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Abstract

One of the main purposes of the Large Hadron Collider (LHC) is to investigate the mechanism behind

electroweak symmetry breaking. The Standard Model top quark plays a key role in this task, as it has

by far the largest coupling constant to the Higgs field. Due to the large centre-of-mass energy in run II of

the LHC, processes involving top quarks with large kinetic energy will come into focus more than before.

Furthermore, similar final states can be significantly enhanced if the top quark is the decay product of

a yet undiscovered heavy resonance. In fact, many theories that address electroweak symmetry breaking

introduce addition resonances at the TeV scale. These particles can subsequently decay into “boosted” t,

H, and electroweak gauge bosons. In this thesis, we review state-of-the-art tagging algorithms for boosted

top quarks and also develop new algorithms. Our guiding principle is the energy frontier accessible at

the LHC.

We investigate pair production of vectorlike tops with TeV-scale mass. In our scenario, this process

leads to a high-multiplicity final state with two boosted top quarks and two boosted Higgs bosons.

Common tagging algorithms developed for well-isolated boosted particles struggle, and we apply new

top and Higgs taggers based on a novel jet clustering algorithm. We find good reconstruction quality

and significant improvement over benchmark analyses with standard present-day algorithms. The key

ingredient is jet clustering with a terminating veto, which we dubbed “mass-jump” clustering. We also

find merits under simpler, well-controlled circumstances, where we investigate similarities and differences

between the novel mass-jump algorithm and commonly used tools.

If existent, very heavy resonances with masses of multiple TeV will also become accessible. Their

Standard Model decay products can be so highly boosted that common reconstruction techniques seize

to be applicable. For highly boosted top quarks, we refine a tagger based on charged particle tracks.

We generalize the algorithm to highly boosted W and Z bosons as well. For all taggers we find good

discrimination power and kinematic reconstruction quality. Implementing them in dedicated searches can

expand the discovery reach of new heavy resonances significantly.

Both scenarios described above did not receive much attention in the literature so far, but are likely

to become accessible in run II at the LHC. Our algorithms can play important roles in searches for new

physics, pushing further the energy frontier.
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— The unknown knowns. Things

that you possibly may know that

you don’t know you know.

Donald Henry Rumsfeld

1
Introduction

Man’s desire to discover and understand the mysteries the universe holds for us has driven philosophers

throughout the ages. Yet what we consider modern science is based on reproducible experiments, or in

other words observations of well-prepared systems that are intended to answer specific questions posed

on Nature. Without technology to enhance our five senses, our conception of the world could not have

taken the radical turns it experienced during the last centuries. Telescopes allow us to peak far into

other galaxies and the very beginning of the universe, where on the other end of the spectrum energetic

particle colliders empower us to study the very building blocks of matter beyond the subatomic scale.

In order to probe smaller and smaller distances, the collision energy of these particle colliders has been

increased steadily. As a result, now all fields of the Standard Model of Particle Physics (SM) are confirmed

experimentally. The Standard Model merges electroweak theory of the electromagnetic and weak nuclear

forces [1]–[3] with quantum chromodynamics of the strong nuclear force [4]–[7]. It can successfully explain

the results of almost every experiment conducted so far to great precision and incorporates all observed

matter and forces except gravity. Despite this triumph, a few unpleasantries do remain. Some of them

are of the aesthetic kind like the large and “unnatural” [8] range of elementary masses and coupling

constants, others are severe incompatibilities with experiment. The quest for the ultimate theory of

nature is far from being over.

The Large Hadron Collider (LHC) operated at CERN in Geneva once again pushes the energy frontier

to an unprecedented centre-of-mass energy of
√
s = 13 ∼ 14 GeV. One of the main purposes of this

machine is to solve the mystery of electroweak symmetry breaking [9]–[12], the very mechanism that lead

to a Nobel Prize for François Englert and Peter W. Higgs in 2013. The particle bearing responsibility,

the Higgs (sometimes labelled Brout-Englert-Higgs) boson, was found at the LHC [13], [14], but many
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CHAPTER 1. INTRODUCTION

questions – whether it is indeed the particle of Standard Model, whether it is elementary or composed

and held together by a new force, whether there are additional Higgs particles – all these questions remain

unanswered.

Many theories beyond the Standard Model (abbreviated BSM) introduce new particles, many of which

have escaped observation just because they are very heavy. We briefly review some models later in this

thesis. When these new states are connected to the mechanism of electroweak symmetry breaking, they

are expected to have a mass around the TeV scale if the theory wants to be labelled “natural” (see

e.g. Refs. [15]–[17]). In the upcoming run, the LHC can and will penetrate this regime and put severe

constraints on many such BSM models.

With the immense collision energy of the LHC, the window to more energetic final states is pushed

wide open. In particular if the predicted heavy resonances at the TeV scale do exist, processes with large

centre-of-mass energy will be significantly enhanced. The heavy resonances may decay into Standard

Model particles around the electroweak scale and leave a footprint visible to the detector. A typical final

state thus can contain either highly boosted top quarks, Higgs and gauge bosons, or a larger multiplicity

of these particles with only moderate boost. The term “boost” refers to a particle with large kinetic

energy compared to its rest mass, at hadron colliders defined using transverse momentum p⊥ & 2m; the

highly boosted regime roughly refers to particles from p⊥ & 5m. When boosted particles decay, their

decay products are collimated in the detector, leaving a characteristic image. Substantial progress has

been made in the field of identification and reconstruction of boosted Standard Model resonances during

recent years, see e.g. Refs. [18]–[21] for reviews. Many different proposals of tagging algorithms that do

these tasks have been proposed and already included into experimental analyses. Most of them rely on

the relatively new idea to collect all radiation from the resonance in one large-radius “fat” jet and study

its substructure [22]. However, not quite as much focus has yet been put on tagging tops, Higgses, gauge

bosons etc. at the very energy frontier to be probed soon.

When the final-state multiplicity is large and the fat jet intended to gather all radiation from the

boosted resonance is not isolated from the rest of the event, most algorithms must struggle. Energy

deposits may fall outside the jet if it is built too small, and radiation not correlated with the resonance

may end up inside the jet if it is too large. In this thesis, we develop and discuss a novel jet algorithm that

solves this problem in a unique way based on work by the author [A]. Dubbed “mass-jump clustering”,

it harnesses the strengths of fat jet substructure analyses [23], [24] without constructing the intermediate

fat jet at all. We investigate the algorithm in different scenarios ranging from QCD dijets, via boosted

top quarks, to very busy final states emerging from the production of TeV-scale BSM particles. For

“standard” top tagging we find interesting properties and improved rejection of non-top-initiated jets.

We develop a specific analysis for a benchmark BSM process with two boosted top quarks as well as two

boosted Higgs bosons. We find that we can tag them with good quality, thus enhancing the regime of

fat-jet based algorithms to very busy final states [B].

Also, highly boosted resonances force us to reconsider building jets from calorimeter information. The

electromagnetic and hadronic calorimeters offer precise measurement of the energy deposit, but lack the

spatial resolution when it comes to top quarks with boosts from p⊥ ∼ 1 TeV or electroweak gauge bosons

above p⊥ ∼ 500 GeV. We introduce dedicated taggers for these highly boosted tops and electroweak

gauge bosons in this thesis based on work by the author [C]. These algorithms combine calorimetric

2



information with the good spatial resolution of the charged particle tracker, allowing good performance

up to boosts of several TeV. This idea is not completely original and in fact we build on earlier work [24],

[25], improving and enhancing performance as well as the field of applications. The energy regime under

consideration will already be accessible at the LHC, but is also of importance at a future 100 TeV collider,

both during design and analysis.

The core of this thesis is concerned with the tagging of top quarks, Higgs and electroweak gauge

bosons at the very energy frontier. Boosted resonances have already been observed, and will be produced

copiously during the upcoming run at the LHC, whether from Standard Model processes or from new

physics on top of that. We improve on existing methods in two directions: multiplicity and boost.

The thesis is outlined as follows. In Chapter 2 we briefly review the Standard Model and the role the

top quark plays regarding electroweak symmetry breaking and new physics. We describe common jet

clustering algorithms, top taggers and recent approaches based on fat jet shapes and clustering history in

Chapter 3. From Chapter 4 we depict original work, and develop the mass-jump jet clustering algorithm

and investigate its properties in conventional environments. In Chapter 5 we then show shortcomings of

fat-jet-based analyses in very busy final states at the energy frontier, and apply the algorithm in a realistic

study. Lastly we turn to highly boosted resonances and develop and investigate the HPTTopTagger,

HPTWTagger, and HPTZTagger algorithms in Chapter 6. We review the key aspects of this thesis and

draw conclusions in Chapter 7.
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— That rug really tied the room

together, did it not?

Walter Sobchak

2
The top quark in elementary particle physics

2.1 The standard model of particle physics

The Standard Model of Particle Physics (SM) is a relativistic quantum field theory that describes all

known fundamental particles and their interactions (except gravity) in Nature. After the discovery of the

Higgs boson in 2012 at the LHC [13], [14], its entire particle contents is now experimentally confirmed.

It is based on the gauge symmetry group SU(3)C × SU(2)L × U(1)Y . The electroweak force emerges

via the SU(2)L×U(1)Y group of Glashow-Weinberg-Salam theory [1]–[3], which is spontaneously broken

by the Higgs field [9]–[12]. The SU(3)C symmetry describes the strong interaction between quarks and

gluons known as quantum chromodynamics [4]–[7]. For a detailed discussion of the Standard Model we

refer to the many textbooks (see e.g. [26]–[29]).

2.1.1 Electroweak theory

The electroweak sector of the Standard Model unifies the electromagnetic interaction via photons with the

weak nuclear force, mediated by massive W± and Z gauge bosons. The matter content of the Standard

Model is grouped into three copies of fermions with same quantum numbers, known as generations and

summarized in Table 2.1. All fermionic fields carry U(1)Y hypercharge Y . The left-handed degrees of

freedom transform as doublets under the group SU(2)L and carry weak isospin T 3 = ±1/2, while the

right-handed fields are uncharged and transform as singlets. Electric charge Q is recovered by

Q = T 3 +
Y

2
. (2.1)
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CHAPTER 2. THE TOP QUARK IN ELEMENTARY PARTICLE PHYSICS

SU(3)C SU(2)L U(1)Y Q

quarks

(
u

d

)

L

(
c

s

)

L

(
t

b

)

L

3 2 +1/3
+2/3

−1/3

uR cR tR 3̄ 1 +4/3 +2/3

dR sR bR 3̄ 1 −2/3 −1/3

leptons

(
νe

e−

)

L

(
νµ

µ−

)

L

(
ντ

τ−

)

L

1 2 −1
0

−1

e−R µ−R τ−R 1 1 −2 −1

Table 2.1: Transformation behaviour and quantum numbers of the Standard Model matter content.

When these symmetries are promoted to local (i.e. spacetime-dependent) symmetries, four massless

gauge fields arise, W i
µ and Bµ. A priori all fields in the Lagrangian are massless. The näıve introduction

of mass terms

−mf Ψ̄Ψ = −mf (Ψ̄LΨR + Ψ̄RΨL) , (2.2)

1

2
M2
V VµV

µ (2.3)

for fermions and gauge bosons, respectively, is not possible as these terms explicitly break SU(2)L gauge

invariance. In the Standard Model, the masses of all elementary particles are generated by the Higgs

mechanism introducing a new elementary field Φ. It is an SU(2)L doublet of complex scalar fields with a

quartic potential that develops a minimum at 〈Φ†Φ〉 = v2. This vacuum expectation value spontaneously

breaks SU(2)L symmetry. Only one physical degree of freedom, the Higgs field H, remains and the other

three degrees of freedom are “eaten” by the gauge bosons. Their mass eigenstates are the physical weak

force particles W±µ , Zµ and the massless photon Aµ.

Yukawa couplings of the Higgs to the elementary fermions are invariant under SU(2)L and yield the

desired mass terms after spontaneous symmetry breaking. As a result, all fermions interact with the

Higgs field where the coupling constant is proportional to the respective fermion’s mass.

2.1.2 Quantum chromodynamics

Quantum chromodynamics (QCD) is implemented as an SU(3)C gauge symmetry. Among the Standard

Model fermions, only quarks are charged under this symmetry and come in triplets of three “colours”.

The corresponding gauge interaction is given by eight gluon fields Gaµ, which mediate the strong nuclear

force.

QCD phenomenology is shaped by an effect known as asymptotic freedom, which is understood from

the perturbative expasion in the coupling constant αS . In general, higher-order corrections in a quantum

field theory exhibit ultraviolet divergencies. They can be handled by renormalization, a procedure that

defines appropriate physical quantities from the bare quantities that appear in the Lagrangian. The

renormalized coupling constant then incorporates higher-order effects and exhibits a dependence of the

dimensionful renormalization scale, α ≡ α(µ2). As physically meaningful results should not depend on

6



2.2. THE SPECIAL ROLE OF THE TOP QUARK

the arbitrary scale µ, one can derive a renormalization group equation for the coupling,

∂

∂(lnµ2)
α(µ2) = β(α(µ2)) . (2.4)

With the β function at one-loop order, the solution for the running coupling of QCD becomes

αS(Q2) =
αS(µ2)

1 + αS(µ2)
12π (33− 2nf ) log(Q2/µ2)

. (2.5)

Q2 denotes the scale of the momentum transfer in the interaction vertex, and nf = 6 is the number

of different quark flavours. At large energy scales, the strong coupling constant gets increasingly small

and quarks and gluons behave as asymptotically free particles. This is the energy regime of the hard

interaction and the parton shower at collider experiments.

At small energy scales (corresponding to large distance scales), on the other hand, αS increases and

perturbation theory breaks down. As a result only composite SU(3)C singlet states (baryons and mesons,

commonly denoted hadrons) are experimentally observed. This effect is known as confiment.

In a typical event at hadron colliders, the hard interaction of asymptotically free partons (quarks and

gluons) is followed by a cascade of final-state radiation off the outgoing coloured particles. After the

energy scale has evolved down to the regime governed by confinement, these “jets” of particles undergo

hadronization. The detectors then measure the final state consisting of hadrons, charged leptons, and

photons. Other sources of radiation are jets from initial-state radiation, underlying event (the soft reaction

of the two beam remnants) and pile-up (more than one interaction in the same bunch crossing).

2.2 The special role of the top quark

The top quark stands out of the Standard Model’s particle zoo in several ways. With a mass of roughly

mt ≈ 175 GeV it is almost two orders of magnitude heavier than the second heaviest fermion, the bottom

quark. In fact it is the only quark with a mass around the electroweak scale populated by the H, W

and Z bosons, see Fig. 2.1. This hierarchy is not explained by the Standard Model, but has important

implications on phenomenology.

After the discovery of the Higgs boson, the prime goal of the LHC is to establish the mechanism

of electroweak symmetry breaking. Because the Yukawa couplings to the Higgs are proportional to the

respective fermions’ masses, the top quark exhibits a large coupling constant of O(1), connecting it tightly

to the Higgs sector. In fact, Higgs production at the LHC is dominated by gluon fusion via a top quark

loop and strongly depends on the t–H coupling [31]–[33]. A different process which has raised much

attention is the production of a pair of top quarks in association with a Higgs boson (for some recent

studies see Refs. [34]–[40], or Refs. [41]–[48] for experimental searches). This makes the top quark the

key to Higgs physics, and to whatever lies beyond this mysterious elementary scalar (see illustration in

Fig. 2.2).

The identification and reconstruction of top quarks with good efficiency is necessary for Standard

Model physics and to pin down the mechanism of electroweak symmetry breaking. The tagging procedure

is quite unique as the top is the only quark with a lifetime so short that it decays before hadronization [50].

7
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Figure 2.1: Masses of Standard Model particles (from Ref. [30]).

With more than 90% probability the decay proceeds in two steps starting from t→W±b. The W boson

then further decays into a pair of leptons or quarks. This distinguishes the top quark also from the weak

gauge bosons and the Higgs, which dominantly decay into only two prongs.

2.3 A key to new discoveries

During countless experimental tests at particle colliders during the last decades, the Standard Model

has been crowned with success. With the discovery of the Higgs boson its particle contents is complete,

which raises the question whether there might be no new discoveries at all up to the Planck scale. On the

other hand we know that the Standard Model can not be the final answer. In particular when looking

beyond collider experiments, there are a few obvious shortcomings that demand a substantial extension.

As a first example, oscillations between different neutrino flavours have been observed, a fact that can

only be theoretically explained if neutrinos carry a finite mass. Moving to the cosmological scale, there is
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Figure 2.2: The top quark as a key to Higgs physics – opening the door to new physics (from Ref. [49]).

evidence for an unknown non-baryonic kind of matter, called Dark Matter. A suitable explanation could

be given by a weakly-interacting massive particle (WIMP). There is no such candiate in the Standard

Model, however. Other observations imply the existence of a new source of energy that leads to an

accelerating universe, the Dark Energy. A cosmological constant as originally introduced in the Einstein

equation of gravity can serve as a candidate, but its origin lacks an explanation. On a related note,

there is still no convincing embedding of gravitation into quantum field theory. Furthermore, in order to

explain the dominance of matter over antimatter in the universe, a process called baryogenesis (possibly

by leptogenesis) is necessary to produce an asymmetry in the early stages after the Big Bang. The

Standard Model cannot explain the observed asymmetry.

Besides these obvious shortcomings, there are also theoretical considerations that have guided the

development of extensions to the Standard Model, and experimental searches. The hierarchy problem

is introduced with the elementary scalar particle, the Higgs boson. Quantum corrections to its mass

mH are sensitive to physics at very large energy scales, and it is conceptually not clear why mH is so

much smaller than the Planck scale in the first place. To comprehend the problem, consider the one-loop

correction to the Higgs mass ∆m2
H induced by a massive Dirac fermion. If the ultraviolet divergence is

regularized by a cut-off scale ΛUV, the leading contribution reads

∆m2
H = −

λ2
f

8π2

[
Λ2

UV + · · ·
]
. (2.6)

λf is the Yukawa coupling between the fermion and the Higgs boson, so the largest contribution stems

from the heavy top quark. The Standard Model is known to be a renormalizable theory, i.e. the divergent

terms can be absorbed into counterterms at any order in the perturbative expansion. The hierarchy

problem (or similarly the fine-tuning problem, as the counterterm needs to be delicately adjusted in

order to yield the physical Higgs boson mass), however, gives a hint as to where to expect new physics

when the Standard Model is interpreted as an effective theory where resonances above the cutoff scale

9
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ΛUV have been integrated out. This scale can be estimated by the argument of naturalness. Here, the

theory is called natural if the loop corrections to the Higgs mass are of the same order as the mass itself.

In this sense BSM physics is expected at the TeV scale, and the LHC will be pushing into this regime

during its upcoming run II.

Different models have been proposed in order to solve the hierarchy problem, out of which in the

following two possible solutions are briefly introduced with a focus on new top quark production channels.

• Composite Higgs

If the Higgs mass is protected against large mass corrections by a symmetry, the fine-tuning problem

can be circumvented. First we briefly review a special class of composite Higgs models, called the

Little Higgs models [51]–[54]. Little Higgs models introduce an enlarged approximate symmetry

group, which is then spontaneously broken. The coset can be as simple as [SU(3)/SU(2)]2 in the

“simplest little Higgs” [55]–[57]. One of the pseudo-Nambu-Goldstone bosons that appear in the

process is identified with the physical Higgs, which is now naturally much lighter than the scale of

the underlying new strong dynamics. The explicit breaking (which is necessary to obtain a non-zero

Higgs mass) of the symmetry is done “collectively”, i.e. the symmetry is only broken when two or

more couplings in the Lagrangian are non-vanishing. The Yukawa couplings to fermions are also

embedded in the enlarged symmetry, which introduces a top partner that is necessary to cut off the

quadratically divergent loop in the Higgs mass, Eq. (2.6). This heavy particle is called the vectorlike

top T and can be directly searched at particle colliders from its decay channels T → tH, T → tZ,

and T → bW+ (some models also contain a bottom partner B or more exotic states T5/3 and B−4/3).

By naturalness arguments, its mass is expected to be . 2 TeV [16]. Heavy SU(2) gauge bosons

are predicted and can be readily searched in collider experiments, while the production rate and

partial decay widths are model-dependent. In order to recover hypercharge, an additional U(1)X is

gauged, and the final particle spectrum also contains a heavy gauge boson called Z ′. Other cosets

discussed in the literature are [SU(3)L × SU(3)R/SU(3)V ]4 (Minimal Moose [58]), SU(5)/SO(5)

(Littlest Higgs [59], [60]), and many more (for a review, see e.g. Ref. [16]).

Technicolour models introduce an additional strong sector [61], [62] (for reviews also see Refs. [63]–

[65]). Similar to QCD, the theory is asymptotically free but becomes confining at the electroweak

scale. The global chiral symmetry of new, massless fermions is spontaneously broken by the for-

mation of a “technifermion” condensate. Through this process, Standard Model gauge bosons and

fermions can aquire mass. The large mass of the top quark compared to the other fermions in

the Standard Model suggests that the third generation plays a special role in the process of elec-

troweak symmetry breaking. Embedding the SU(3)C gauge group of QCD into a larger structure,

e.g. SU(3)1 × SU(3)2 where SU(3)2 (SU(3)1) only couples to the third (first and second) gener-

ation, leads to topcolour models. The top quark condensate, a tt̄ bound state, is identified with

a composite Higgs boson. Together with technicolour (or a different mechanism that can provide

the correct scale of the top mass) these models can give the correct Higgs mass and allot a special

role to the third generation of quarks. One more component is necessary to enhance the formation

of the tt̄ condensate, while suppressing the formation of the bb̄ condensate in order to obtain a

relatively light b quark. This so-called tilting can be achieved by an additional neutral gauge boson
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Z ′. In Refs. [66], [67] a leptophobic, topophyllic topcolour Z ′ is introduced that dominantly decays

into a pair of top quarks.

• Supersymmetry (SUSY)

To see how supersymmetric models cure the hierarchy problem, consider the one-loop correction to

the Higgs mass from a complex scalar field,

∆m2
H =

λs
16π2

[
Λ2

UV + · · ·
]
. (2.7)

Comparing this expression to Eq. (2.6), it is observed that the quadratically divergent terms cancel

exactly if the number of fermionic and bosonic degrees of freedom is identical and the respective

couplings fulfill λs = λ2
f . For the leading contributions from massive Standard Model particles,

this implies the existence of two scalar top partner fields as well as fermionic partners for the

electroweak gauge bosons. Supersymmetry (see e.g. Ref. [15]) introduces such superpartners for

each elementary particle, thus solving the hierarchy problem. To prevent couplings that violate

lepton and baryon number conservation and mediate the SUSY-induced decay of the proton, R-

parity conservation is typically imposed. Superpartners can then only be produced in pairs, and

the lightest supersymmetric particle (LSP) is stable and can serve as a dark matter candidate.

Supersymmetry also gains theoretical motivation from the Coleman-Mandula no-go theorem [68].

This theorem states that there is no interacting quantum field theory where the generators of the

internal symmetries of the S-matrix are combined with the Poincaré group in any but a trivial

way. However, supersymmetry introduces antisymmetric Fermi-type generators that avoid these

constraints. It has been shown [69] that the supersymmetric Super-Poincaré group is the only

graded Lie algebra that leads to a consistent quantum field theory, ergo supersymmetric theories

possess the largest possible spacetime symmetry. On a last note, the running gauge couplings can

be unified at high energies ∼ 1016 GeV, a feature that is not possible in the Standard Model.

Already the Minimal Supersymmetric Standard Model (MSSM) introduces more than 100 parame-

ters in addition to the Standard Model parameters, motivating simplified models under additional

assumptions for phenomenological analyses. One of the simplest models, the Constrained MSSM,

however, could already be excluded at 95% confidence level by combined results [70]. In particular

all experiments to date gave null results in direct searches of the predicted superpartners, which

suggests that supersymmetry is broken and the superpartners potentially carry a large mass. A

typical decay chain of a heavy superpartner contains boosted Standard Model particles and missing

energy from the undetected LSP.

Among other non-minimal setups, vectorlike top partners can be added to supersymmetric models

to increase the light Higgs boson mass while other SUSY particles are kept relatively light [71]–[73].

This can simulateously explain the measured Higgs boson mass and the discrepancy of the muon

anomalous magnetic moment with its Standard Model prediction [74]–[76].

There are many more theoretical concepts that predict heavy resonances, some of which decay into

top quarks. So far none of these predicted particles could be observed experimentally, and Fig. 2.3 shows

exclusion bounds from ATLAS and CMS after run I of the LHC. The experimental searches referenced
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there can also serve as a good starting point to study relevant BSM models that are currently under

investigation.

A novel search for the vectorlike top with subsequent decay T → tH is developed in Chapter 5 based

on a global top quark and Higgs boson tagging algorithm. Chapter 6 describes the search for a very heavy

topophyllic topcolour Z ′ decaying into a pair of highly boosted top quarks using the new HPTTopTagger.

The tagger is also adapted to identify highly boosted W and Z bosons in searches for a heavy charged

gauge boson W ′.
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SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass
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Figure 2.3: Exclusion bounds on heavy resonances as observed by ATLAS (upper, from Ref. [77]) and

CMS (lower, from Ref. [78]) during LHC run I.
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3
Top quark tagging

Now that the motivation or the “why” has been established, we turn to the “how”. Top quark tagging

describes the procedure of identification and possibly also kinematic reconstruction of top quarks, and

the simultaneous rejection of backgrounds of different origin. From the first discovery 20 years ago, the

focus recently shifted towards reconstruction of hadronically decaying top quarks with large transverse

momentum. This “boosted” regime has been made accessible by the large centre-of-mass energy of the

LHC on the one hand, as well as progress in jet substructure analysis methods on the other hand. In this

chapter, we give a brief review of the history of top quark tagging and finish with an overview of some

of the essential state-of-the-art tagging algorithms. On this journey we go into the details of sequential

jet clustering, point out sources that disturb jet–parton correspondance at the LHC as well as possible

solutions, then describe intrinsic jet properties known as shapes, before finishing off with current taggers

based on jet clustering history. The main parts of this thesis are later built on the firm foundations set in

this very chapter: a new class of jet algorithms in Chapter 4 and its application to very busy final states

in Chapter 5, as well as dedicated tagging algorithms for highly boosted top quarks and electroweak

gauge bosons based on jet substructure in Chapter 6. The high-energy frontier is penetrated from two

directions, high-multiplicity and high-energy.

3.1 Overview

At collider experiments, not the final-state particles of a hard process are detected, but rather their trace

in the detector in the form of charged tracks, electromagnetic and hadronic calorimeter energy deposits

(“towers”), and muon signals. When pseudo-events are simulated with Monte Carlo event generators,

15



CHAPTER 3. TOP QUARK TAGGING

Figure 3.1: Visualization of the top decay t→ bW+ → bjj in different frames of observation. In the top

quark rest frame, the decay products are well-separated (left). When the top quark is boosted, the three

prongs start to merge and can be caught in a single large-radius “fat” jet (middle). In the highly boosted

regime, a smaller fat jet is sufficient to catch all radiation. Angular distances between the prongs may

become too small to be resolved by the calorimeter (right).

one distiguishes between three stages of the final state: The parton level, which is the evolved final state

after parton showering consisting of the elementary quarks, gluons, leptons, etc. – the hadron level, which

is the state after hadronization and hadronic decays and is supposed to be the realistic set of particles

entering the detector – and finally the detector level, which is the simulated detector response, including

deficiencies and finite resolution effects.

Isolated charged leptons (e±, µ±) can be identified by their clear signal, and the undetected neutrinos

show up in the form of missing energy. Coloured particles on the other hand are only reconstructed

as finitely distributed jets from the energy deposits in an approximately circular neighbourhood of the

detector (usually characterised by an angular radius parameter R). The jets are assumed to correspond

to the final-state light quarks and gluons after parton shower and hadronization. Assuring this kinematic

one-to-one correspondance is the task of jet algorithms. A splendour of jet reconstruction algorithms has

been proposed, and starting from the next section we go into many more details about jet properties and

analysis methods.

It was the year 1995 when the CDF [79] and DØ [80] collaborations simulateously announced the

discovery of the top quark at the Tevatron proton-antiproton collider. This completed the matter content

of the Standard Model, and it would take another 17 years to find the last (presumably) elementary

particle, the Higgs boson. Both collaborations found an excess in events with one or two isolated charged

leptons, missing transverse energy, and additional jets (including bottom quark tags). In the channel

where one charged lepton and four (or more) jets could be identified, they were kinematically fitted

to the assumed final state tt̄ → W+W−bb̄ → lνqq̄′bb̄, and the reconstructed top quark mass could be

extracted.
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At Tevatron centre-of-mass energy of
√
s = 1.8 TeV, the top quarks do not acquire large momentum

and their decay products are well separated in the detector. Still at the LHC the majority of top quarks

are produced with low momentum. However, due to the much larger collision energy, boosted tops became

accessible and will be copiously produced during run II and even more at a future 100 TeV collider. The

term “boosted” was coined for heavy particles whose transverse momentum exceeds twice their rest

mass, p⊥ & 2m. Phenomenology significantly changes, as the decay products are now collimated in the

laboratory frame. (Also see Fig. 3.1.) For the 1–to–2 decay of a heavy particle with mass m and transverse

momentum p⊥, the separation is typically ∆R & 2m/p⊥.1 At high boosts, the individual jets become

very close, merge and cannot be separated with classical methods any more. If instead all decay products

are caught in one large-radius jet, its multi-prong substructure differs characteristically from pure single-

pronged QCD jets. This proposal [22] led to a highly active field of research in recent years focusing on

those “fat jets”. Fig. 3.2 schematically depicts different regimes of top boosts and event multiplicity and

a selection of tagging algorithms. The remainder of this chapter briefly recaps these algorithms. Here

and throughout this thesis, we focus on the hadronic decay of the top quark t→ bW+ → bjj. The reason

is that the classic handles of the semileptonic decay – a bottom-flavoured jet, an isolated charged lepton,

and large missing transverse energy Emiss
⊥ from the undetected neutrino – are diminished when the top

quark is boosted. First of all, bottom tagging discrimination power is degraded at high p⊥ [81]. Then,

as the decay products of boosted top quarks tend to be collimated, the charged lepton often merges with

the b jet and isolation criteria fail.2 The neutrino can have low transverse momentum and not leave a

clear trace of Emiss
⊥ . Therefore the hadronic decay is more promising for boosted top quarks, due to its

larger branching fraction ∼ 2/3.

To channel the developments in tagging of boosted resonances, the BOOST conference was established

and is held every year since 2009. The conference reports are an excellent source of recent progress and

benchmarks. However, a trend can be seen when comparing the performance of various top tagging

algorithms in the reports of the 2010 [18] and 2011 conferences [19]: Progress has significantly slowed

down and many algorithms show remarkably similar performance, cf. Fig. 3.3. The algorithms included in

the comparison are listed in Tab. 3.1. In the 2012 summary [20], the focus already shifted to experimental

validation and the study of jet substructure from first principles. The latest report to date, summarizing

BOOST2013 [21], also does not add any new top tagging algorithm with superiour performance to the

analysis portfolio, but rather focuses on correlations to improve performance. This suggests that based

on the ideas and data currently on the market, there is only little room left for further improvement.3

Consequently the goal of this thesis is to fill those gaps in Fig. 3.2 that become relevant at LHC run II.

1At hadron colliders, the angular separation between two particles is defined ∆R =
√

∆y2 + ∆φ2 where ∆y and ∆φ are

the distances in rapidity and azimuthal angle, respectively.
2For studies of semileptonically decaying boosted tops see e.g. Refs. [82]–[84].
3A combination of orthogonal observables can significantly improve jet discrimination compared to the respective stand-

alone algorithms, see e.g. Refs. [85] and [21].
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CHAPTER 3. TOP QUARK TAGGING

Figure 3.2: Schematic overview of selected top tagging algorithms and their favoured application regime

in terms of boost (horizontal axis) and multiplicity in the event (vertical axis). Most algorithms operate in

the low-multiplicity region, in other words the top quark is required to be sufficiently separated from other

hard radiation. The algorithms marked with bounding boxes cover two regions that become accessible

during run II at the LHC and are developed in this thesis: mass-jump jet clustering in combination

with buckets in Chapter 5, and the HPTTopTagger in Chapter 6. The other algorithms are referenced in

Tab. 3.1.

• ATLAS default top tagger [86], [87], reviewed in Sec. 3.6.

• CMS top tagger [88], reviewed in Sec. 3.6.

• HEPTopTagger [24], reviewed in Sec. 3.6.

• Johns Hopkins tagger [89], reviewed in Sec. 3.6.

• N-Subjettiness [90], [91], reviewed in Sec. 3.4.

• Pruned jet mass [92], [93], reviewed in Sec. 3.3.

• Thaler/Wang top tagger [82], we refer to the literature.

• Trimmed jet mass [94], reviewed in Sec. 3.3.

Table 3.1: Selection of common top tagging algorithms with reference to their reviews.

18



3.2. JETS AT THE LHC
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Figure 3.3: Receiver-operator characteristic (ROC) curves for several top tagging algorithms, taken from

the BOOST2010 (left) and BOOST2011 (right) conference reports. The horizontal axis depicts the

efficiency to correctly identify a boosted top quark, and the vertical axis depicts the corresponding mis-

identification rate for QCD-initiated jets. Events were generated with the HERWIG 6.510 [95] event

generator for the LHC at
√
s = 7 TeV. The efficiencies are calculated from a flat distribution of fat jets

in p⊥, ranging from 200 GeV to 1.6 TeV. The different algorithms are listed in Tab. 3.1.

3.2 Jets at the LHC

The standard jet clustering algorithms used at the LHC are members of the infrared and collinearly safe

family of generalized-kT sequential recombination algorithms. Input to these algorithms are so-called

topo-clusters, objects constructed from long-lived particles’ energy deposits in the electromagnetic and

hadronic calorimeter [96]. The CMS collaboration primarily uses so-called particle flow objects [97], which

are constructed from all visible particles in an event, i.e. muons, electrons, photons, charged hadrons, and

neutral hadrons. The topo-clusters or alternatively particle-flow objects (or pseudo-particles in simulated

data) are referred to as protojets in the context of jet clustering. An angular distance measure is defined

between pairs of them,

dij =
∆R2

ij

R2
min

[
p2n
i⊥, p

2n
j⊥
]
, diB = p2n

i⊥ , (3.1)

where n = 1 corresponds to the kT algorithm [98]–[100], n = 0 to the Cambridge/Aachen algorithm [101],

[102], and n = −1 to the anti-kT algorithm [103].

The algorithms then proceed as follows:

1. Find the smallest dij among protojets. If it is given by a beam distance, diB , label i a jet and

repeat step 1.

2. Otherwise combine ij → k by summing their four-momenta, pk = pi + pj (E-scheme, see

e.g. Ref. [104]). In the set of protojets, replace i and j by k and go back to step 1.

Clustering eventually terminates when all particles have been merged into jets. All jets are separated by
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CHAPTER 3. TOP QUARK TAGGING

an angular distance larger than the radius parameter R, because a minimal beam distance diB in the

clustering sequence implies ∆Rin > R ∀ protojets n.

Whenever jets are used as input for an analysis, the significance of the results crucially depends

on the validity of the kinematic correspondance to the respective jet-initiating partons. Besides the

before-mentioned sequential recombination algorithms, there has been ongoing effort to construct new

and improved jet algorithms that are also infrared and collinear safe. Some proceed via cones [104]–[107],

while others follow completely different original ideas [108]–[110]. In the majority of these algorithms,

jets are constructed with fixed angular size R, though.

Despite the large portfolio of jet algorithms to select from, choosing the optimal radius R is always

a compromise [111]–[113] as it may be different for jets of different energy or position in the detector.

Possible effects that compromise the kinematic validity of the reconstructed jet and that are directly

related to the jet radius are splash-out (not all final-state radiation is caught inside the jet) and splash-in

(radiation from a different source such as another nearby hard parton ends up inside the jet).

Hadronic final states are subject to other sources of QCD radiation as well. Soft and collinear jets

from incoming partons are labelled initial-state radiation, and are well described by the parton shower.

Underlying event denotes soft QCD activity that arises from interactions of the proton remnants. Its

distribution is isotropic and depending on the jet radius it can have a large effect on the jet’s invariant

mass [111],

〈δm2
j 〉 ' ΛUE p⊥,j

(
R4

4
+

R8

4608
+O(R12)

)
. (3.2)

ΛUE is the amount of the transverse momentum contribution from the underlying event per unit rapidity.

At the LHC, ΛUE ∼ O(10) GeV [114]. Multiple proton-proton collisions in the same bunch crossing are

known as pile-up. Its effects have already been observed and during run II at the LHC, pile-up levels

are expected to peak around 40–50 [115], [116]. Similarly to initial-state radiation and underlying event,

pile-up effects diminish the accuracy of the reconstructed jet momenta particularly for large radii and in a

realistic setup they have to be removed with grooming methods. The essential algorithms are introduced

in the context of jet mass in the following section.

3.3 Jet mass and grooming

The invariant mass of the four-momentum of a jet is known as (plain) jet mass. In the parton-shower

picture, it is induced by perturbative QCD emissions off the jet-initiating coloured parton, with each

emission accounting for a contribution

δm2 = 2z(1− z)E2(1− cos θ) (3.3)

to the jet mass. The two daughter partons carry energy fractions zE and (1− z)E of the mother parton,

and the emission is described by the opening angle θ in an angular-ordered parton shower (other common

approaches are parton showers ordered in virtuality or transverse momentum of the emissions). Under

certain approximations jet mass has been studied analytically and differences between quark- and gluon-

initiated jets as well as the impact of different jet definitions have been investigated [117]–[120] (for a

qualitative discussion see Ref. [21]).
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3.3. JET MASS AND GROOMING
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Figure 3.4: Jet invariant mass for tt̄ (left) and QCD dijet (right) events with parton-level

p⊥ ∈ [500, 600] GeV, taken from Ref. [18]. The red solid line depicts plain jet mass. The effects of

the different grooming methods described in the text are visualized by the other three curves, with

parameters given in the legend.

There are two main questions related to top quark (or equally gauge boson, Higgs, etc.) tagging.

The first is the origin of jet mass, which is perturbatively induced as described above and relevant for

a description of the QCD background. For a fat jet that contains all decay products of the top quark,

the heavy mass is the result of the 4-momenta sum of its three reconstructed partonic constituents. The

plain jet mass is therefore correlated with the top parton mass and allows discrimination against QCD

jets, which typically have much lower values, see Fig. 3.4.

As discussed in Sec. 3.2, uncorrelated radiation stemming from underlying event or pile-up can increase

the measured mass and thus impede tagging performance especially for the large-radius jets typically

considered. Hence the second question is how to identify signal in such noisy environments.

The following three tools proved successful in “grooming” the jet from this soft radiation and can give

a signifant improvement on the plain jet mass, in particular by pushing background jets to lower values.

While they were originally proposed in different contexts, they all rely on the same observation: The

energy of the uncontaminated jet is concentrated in only a few small regions, where on the other hand

radiation from underlying event and pile-up has characteristically lower energy deposits. All groomers

start from a jet with radius R and transverse momentum p⊥,J ≥ pmin
⊥ .

Trimming [94]: The constituents of the jet are reclustered into subjets of smaller radius Rtrim < R.

Only subjets i with transverse momentum p⊥,i ≥ fcut p⊥,J are accepted and recombined into the trimmed

jet. Ideally, QCD jets only consist of the leading subjet after trimming, while in fat jets from a heavy

resonance decay, all subjets associated with the hard prongs remain. Typical parameters are Rtrim =

0.2 ∼ 0.35 and fcut = 0.03.

Filtering [23]: Similarly to trimming, the jet is reclustered into subjets with radius Rfilt. In most

applications, the Cambridge-Aachen jet algorithm is applied. The filtered jet is then built from the nfilt

hardest subjets, where nfilt is typically one or two more than the number of hard partons in the decay of

the heavy resonance to also include the leading gluon emissions.
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CHAPTER 3. TOP QUARK TAGGING

Pruning [92], [93]: Pruning is designed to discard large-angle and soft radiation during the sequential

clustering of the jet. A recombination step is vetoed if the angular distance between the two protojets i, j

is large, ∆Rij > Rcut
2mJ

p⊥,J
≡ Dcut, and the transverse momentum is asymmetric,

min(p⊥,i,p⊥,j)
p⊥,ij

< zcut. In

this case, the softer of the two protojets is discarded. Otherwise clustering proceeds as usual. Common

choices for the parameters are zcut = 0.1 and Rcut = 0.5.

Fig. 3.4 shows the impact of the three groomers on fat jets in tt̄ event and QCD dijets. For the chosen

parameters pruning and trimming act most aggressive, resulting in low QCD jet masses and an additional

peak around the W mass for t-initiated jets when one of the hard prongs is mistakenly groomed away.

Conversely, the filtered jet always includes nfilt subjets and does not form a second peak in signal events.

Likewise single-pronged QCD jets cannot be stripped to the hardest prong only such that the filtered

mass is still relatively large.

Grooming methods are not the only answer to the questions above given in the literature. Jet shapes

based on the energy flow inside a jet (see Sec. 3.4) and the identification of subjets (see Secs. 3.5 and 3.6)

are currently under lively discussion, too.

3.4 Jet shapes

In order to discriminate between jets of different origin, say top-quark-initiated jets versus light-quark-

or gluon-initiated jets, it is necessary to probe the inner structure of the jet. Jet shapes, which are often

derived from classical event shapes [121], are substructure observables that take the four-momenta of the

jet’s constituents as their argument. Jet mass was discussed in the previous section and constitutes the

simplest jet shape.

Another basic question one can ask is the number of hard subjets inside a given jet. N-subjettiness [90],

[122] quantifies the degree to which the energy flow is aligned along N specified subjet axes. It is defined

as

τβN =

∑
i p⊥,i min

(
∆Rβ1i,∆R

β
2i, · · · ,∆RβNi

)

Rβ0
∑
i p⊥,i

, (3.4)

where the sums run over the jet constituents, R0 is chosen such that τβN < 1 and the exponent β is

typically set to one. Optimal axes are those that minimize N-subjettiness. Small values of τβN indicate

that the energy distribution inside the jet is localized around the N axes, i.e. it contains at most N

relevant hard prongs. The ratio

τβN,N−1 ≡ τβN/τβN−1 (3.5)

is a powerful discriminant in top quark (τβ32) and W boson (τβ21) tagging, and it is less prone to effects

of typical QCD radiation than plain N-subjettiness. It can be made infrared-collinear safe with a loose

lower cut on τN−1 and used as a tagger.

Shower deconstruction [123], [124] is a highly effective approach, which calculates the probability

that a parton shower MC simulation of a hadronically decaying top quark reproduces the jet under

consideration including its substructure. The same calculation is repeated for all relevant background
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3.5. JET CLUSTERING HISTORY: THE BEGINNINGS

processes, and from the two probabilities a likelihood ratio is formed. Because all possible radiation

patterns need to be taken into consideration, the evaluation is computationally very expensive. Elaborate

implementation and large computation time are the reasons why shower deconstruction is rarely applied,

despite outperforming all other algorithms developed to date.4

Any algorithm that relies on subjets is limited by the possibility that a wrong set of subjets is chosen

by the jet algorithm. Because sequential jet reconstruction is deterministic, one intermediate clustering

step that does not correspond to the shower history can compromise the results. Qjets [125], [126]

generalize the distance measure dij (Eq. (3.1)) to a probability

Pij ∝ exp

(
−αdij − dmin

dmin

)
, (3.6)

according to which the recombination step is chosen randomly. The rigidity α is typically chosen 0.1

or 0.01, and dmin is the smallest distance measure in the respective recombination step. The classically

inaccessible mass volatility

V =

√
〈m2〉 − 〈m〉2
〈m〉 (3.7)

is calculated from the pruned jet mass (cf. Sec. 3.3) of a number of Qjets clustering histories and tends to

be smaller for W jets compared to QCD jets. The same observable has also been applied in quark/gluon

discrimination, see e.g. Ref. [21] for an overview.

Many more genuine jet shapes exist in the literature, and here we gave only a very small selection.

For a brief overview in the context of boosted resonance tagging, the reader is referred to the BOOST

reports [18]–[21].

3.5 Jet clustering history: the beginnings

The three canonical sequential jet clustering algorithms of the generalized-kT family (cf. Sec. 3.2) all

reconstruct jets with a mutual separation larger than the radius parameter R, ∆R(ja, jb) > R ∀a 6= b.

Each recombination step ij → k involves protojets separated by less than the radius, ∆R(i, j) < R.

However, due to different distance measures, the order of recombination steps, known as clustering

history, differs significantly.

The kT algorithm was proposed first, and was designed to reverse the splitting history of the physical

process, in particular the parton shower. Mergings of soft and collinear protojets, which are enhanced in

the parton shower splitting kernels, are favoured. This is manifest in the distance metric

dij =
∆R2

ij

R2
min

[
p2
i⊥, p

2
j⊥
]
, diB = p2

i⊥ . (3.1 a)

When all decay products of a heavy resonance are caught in one fat jet, the final recombination step

therefore usually corresponds to the merging of the two energetic decay products to the heavy object.

The first W boson tagger [22] based on jet substructure exploited this fact by un-doing the last clustering

4It has been shown [85] that similar or even better performance can be achieved in a multivariate approach including

the HEPTopTagger, N-subjettiness, and Qjets.
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CHAPTER 3. TOP QUARK TAGGING

Figure 3.5: The “active catchment areas” in the η–φ plane of the final hard jets obtained with different

jet clustering algorithms for the same event. The towers denote cells with energy deposit. The areas of

each jet are obtained by including randomly distributed “ghost” particles with infinitesimal transverse

momentum in the clustering procudure: those ghosts that end up in a certain jet define its area [128].

Figures taken from Ref. [103].

step to obtain two subjets. A cut on their R separation constitutes the tagging algorithm. Whereas QCD

jets can also acquire a mass of order mW , this typically happens through large-angle soft radiation.

A different algorithm, the so-called YSplitter [127] simply employs a cut on the value of y1−2 ≡ dij
in the final merging step. This value is correlated with the mass of the heavy resonance and QCD events

tend to have very small y1−2. A generalization of this approach to the two-step top decay directly leads

to the ATLAS default top tagger and will be described in Sec. 3.6.

One characteristic of the kT algorithm is that in the early clustering stage, only soft protojets are

recombined. This leads to the formation of “junk” clusters, from which the final jets are built. As a

result, kT jets can experience quite different geometric shapes and areas even for the same radius R, see

Fig. 3.5. This is to some extend avoided by the Cambridge-Aachen algorithm, which employs a purely
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3.6. TOP TAGGING WITH FAT JET UNCLUSTERING

geometric distance metric,

dij =
∆R2

ij

R2
, diB = 1 . (3.1 b)

The corresponding clustering history is in closer resemblance to an angular-ordered parton shower, and

has been exploited in the BDRS Higgs tagger [23]. In contrast to the kT algorithm, however, it is not

sufficient to undo the last clustering step. Because of the absence of any momentum scale in the distance

metric, soft and uncorrelated radiation from the edge of the jet is often clustered during the final steps.

The BDRS algorithm works its way backwards through the clustering history until a substantial “mass

drop” is found,

max[mi,mj ]

mij
< µ ,

min[p2
i⊥, p

2
j⊥] ·∆R2

ij

m2
ij

∼ min[pi⊥, pj⊥]

max[pi⊥, pj⊥]
> ycut . (3.8)

The second condition requires the energy sharing in the splitting to be symmetric. In any splitting

where these condidtions are not met, the less massive prong is discarded.5 The cut is governed by

two dimensionless parameters µ and ycut (with default values µ = 0.67, ycut = 0.09) and un-clustering

can continue down to arbitrarily small scales, making the algorithm well-suited for searches of boosted

resonances of unknown mass. If a mass drop is found, the two subjets are then filtered (cf. Sec. 3.3) with

a radius

Rfilt = max ( 0.2, min(0.3,∆Rj1j2/2) ) , (3.9)

and the Higgs momentum and mass are reconstructed from the three hardest filtered subjets to also

capture the leading gluon emission. If no mass drop is found, the candidate is discarded.

The anti-kT algorithm is the most recent of the generalized-kT clustering algorithms, and favours the

recombination of protojets with large transverse momentum.

dij =
∆R2

ij

R2
min

[
p−2
i⊥ , p

−2
j⊥

]
, diB = p−2

i⊥ . (3.1 c)

Jets are sequentially built around hard prongs, leading to circular jets in the y–φ plane (unless jets are not

separated by ∆R(j1, j2) > 2R and overlap) as expected from an experimental point of view, see Fig. 3.5.

Although the distance metric is formulated similarly to the kT and C/A algorithms, its clustering history

is generally not suited for substructure analyses. The reason is that when two hard prongs are merged in

a fat jet, this does not happen in a single step but the hardest protojet typically absorbs the softer one

across a multitude of recombination steps.

3.6 Top tagging with fat jet unclustering

Due to their large mass, boosted top quarks became accessible only after the electroweak gauge bosons.

The tagging algorithms described below all build on the ideas based on the hadronic W or Higgs boson

taggers outlined in Sec. 3.5, and are adapted to the two-step decay of the top quark.

5It has been pointed out in a related setup [119] that following the heavier prong leads to a (small) wrong-branch

contribution. This can be avoided by discarding the subjet candidate with smaller transverse mass m2
⊥ ≡ m2 + p2⊥ instead.

This modification is known as modified mass-drop tagger (mMDT).
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ATLAS default top tagger [86], [87]: Building on kT splitting scales and the YSplitter, the ATLAS

default top tagger reveals further information on the clustering history. The first two scales y1−2 and

y2−3 correspond to the subsequent decays t→W+b and W → jj. A multivariate cut on y1−2, y2−3, y3−4

as well as jet mass and transverese momentum gives good discrimination against QCD jets. In recent

implementations, all splitting scales are processed through a neuronal network.

Johns Hopkins tagger [89] and CMS top tagger [88], [129]: The Johns Hopkins tagger uses a

C/A fat jet of radius R = 0.8 as input, giving good efficiencies for top transverse momenta around

p⊥ ∼ 800 GeV. It derives from the BDRS Higgs tagger, implementing several important changes due

to the two-step decay of the top quark. The algorithm does not stop after the first splitting has been

identified, but both subjets are kept and are candidates for an additional splitting. This results in three

or four subjets for successful candidates. Instead of mass drop and a symmetry criterion, the requirement

is formulated in terms of transverse momentum (min[pi⊥, pj⊥]/p⊥,fatjet > δp) and angular separation

(|∆ηij | + |∆φij | < δr). Cuts are applied on the top candidate mass mjjj(j), the mass of the best W

candidate mjj , and the helicity angle θh. The latter is the opening angle between the top momentum

and the softer of the two W decay subjets, measured in the rest frame of the W boson candidate.

A modified version of the algorithm is known as the CMS top tagger. It uses a slightly different

splitting criterion based on R separation. In addition, the cuts on the W candidate mass and θh are

replaced by requiring all pairwise masses of the three leading subjets to fulfill mjj > 50 GeV.

HEPTopTagger [24]: The HEPTopTagger (where “HEP” stands for “Heidelberg–Eugene–Paris”) also

generalizes the BDRS Higgs tagger. Because of its relevance to the original parts of this thesis, we

describe the algorithm in more detail for later reference. The HEPTopTagger starts from C/A fat jets

with a large radius R = 1.5 to access top quarks down to very moderate boosts p⊥ & 200 GeV. The

following procedure is imposed on the fat jet:

1. Undo the last clustering of the jet j into j1, j2, ordered mj1 > mj2 .

2. If a significant mass drop occurred, mj1 < θ · mj , both j1 and j2 are kept as candidate subjets.

Otherwise discard j2.6

3. Repeat these steps for the kept subjets unless mji < µ, in which case ji is added to the set of

output subjets.

4. For all three-subjet combinations, apply a filtering stage (cf. Sec. 3.3) using Rfilt =

min( 0.3,min ∆Rij ). The five hardest subjets are then reclustered to exactly three filtered subjets.

Choose the combination whose filtered mass is closest to the true top mass mt as top candidate.

Tagging fails if less than three subjets are found or the candidate mass is not within mt ± 25 GeV.

5. The three subjets are ordered by transverse momentum, p⊥1 > p⊥2 > p⊥3. Their pairwise masses

(m12,m13,m23) have to satisfy one of the following three conditions known as the A-cut (because

6Note that one could again define a modified mass-drop tagger similar to footnote 5. As this modification is irrelevant

for the main parts of this thesis, we do not further follow this notion.
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they form the letter “A” if m23/m123 is plotted against arctanm13/m12):

[
0.2 < arctan

m13

m12
< 1.3 and Rmin <

m23

m123
< Rmax

]

or

[
R2

min

(
1 +

(
m13

m12

)2
)
< 1−

(
m23

m123

)2

< R2
max

(
1 +

(
m13

m12

)2
)

and
m23

m123
> Rsoft

]

or

[
R2

min

(
1 +

(
m12

m13

)2
)
< 1−

(
m23

m123

)2

< R2
max

(
1 +

(
m12

m13

)2
)

and
m23

m123
> Rsoft

]
.

(3.10)

Default cut parameters are Rmin = 0.85 mW

mt
, Rmax = 1.15 mW

mt
, and Rsoft = 0.35.

6. For consistency, the top candidate must satisfy p⊥ ≥ 200 GeV.

The mass-drop (MD) procedure (steps 1–3) serves two purposes: It grooms the jet from (large-angle)

soft radiation and applies a criterion to identify a non-specified number of separate prongs based on jet

mass. The default values of the two free parameters are chosen as θ = 0.8 and µ = 30 GeV [24], [130].

The filtering stage makes the HEPTopTagger (and all other BDRS derivatives) robust against additional

soft radiation from pile-up or underlying event as discussed in Sec. 3.3. Due to the mass-drop procedure

with no reference to an external mass or energy scale nor a fixed number of subjets, the algorithm is also

robust against splash-in from other hard jets. As long as the top subjets are identified correctly all other

subjets will be ignored.

We only briefly described a small and subjective selection out of the bountiful mass of recent tagging

methods. For a broader overview and more details the reader is referred to the existing excellent reviews

on the topic [18], [20], [21], [131].

Note that we only focused on those tagging algorithms for boosted top quarks that rely on the notion

of a large-radius fat jet and its substructure analysis. Indeed this class constitutes the vast majority

of recent top taggers7. These taggers often involve a grooming stage to reduce the effects of soft QCD

described in Sec. 3.2. They are also naturally vulnerable to splash-in from unrelated hard partons, hence

they mainly populate the low-multiplicity region in Fig. 3.2.

7Notable exceptions are shower / event deconstruction [132], [133] and template overlap [134].
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— I could offer a million answers -

all false.

Mark Renton

4
More flexibility with jet clustering with a terminating

veto

This chapter is based on work by the author [A, E].

We introduce a new class of jet clustering algorithms. In these algorithms, a criterion inspired by

successful mass-drop taggers is applied that prevents the recombination of two hard prongs if their

combined jet mass is substantially larger than the masses of the separate prongs. This “mass jump” veto

effectively results in jets with variable radii in dense environments. We investigate differences to existing

methods. For boosted top quarks we show that the new algorithm has beneficial properties, which can

lead to improved tagging purity.

4.1 Introduction

Many different jet algorithms have been proposed so far. In Sec. 3.2 we reviewed the most commonly

used ones and commented on the problem of choosing the optimal radius parameter R. As the majority

of algorithms construct jets with fixed R, this choice is always a compromise that has to balance between

splash-in and splash-out. The authors of Ref. [135] point out that jet clustering with a radius depending

on the jet momentum can be advantageous and give more accurate results. They consequently propose

to cluster with R ∝ 1/p⊥, resulting in jets with variable radii. An entirely different approach to the same

problem is taken by mass-drop tagging algorithms like the BDRS Higgs tagger or the HEPTopTagger

(cf. Secs. 3.5 and 3.6). They address heavy resonances that are so highly boosted that their subsequent
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decay products cannot reasonably be resolved with conventional jet algorithms. Due to the high centre-

of-mass energy of the LHC, boosted top quarks, Higgs bosons, etc. are expected to be produced in larger

numbers during the upcoming run. To identify these resonances, it is possible to capture all decay

products in a large-radius fat jet and apply substructure methods. In short, the basic idea states that

a jet should be broken up into two separate subjets if the jet mass experiences a significant drop in the

procedure. These algorithms identify hard substructure without referring to a fixed (sub)jet radius and

turned out to perform very well in Higgs boson and top quark tagging (see e.g. Refs. [18], [19], [131]

for reviews). Implicitly, a p⊥-dependent subjet radius is given by the mass cut, as the characteristic

separation between the daughters of an energetic resonance is ∆Rdaughters & 2mmother/p⊥.

In this chapter, we supplement existing jet algorithms with a recombination veto, which may prevent

further clustering at a jet radius smaller than the given R. The working principle is similar to mass-drop

tagging: if the recombination of two protojets leads to a significant mass jump, they should be resolved

separately. In contrast to other algorithms with variable radii, the veto is a property of two jets, i.e. the

effective clustering radius now also depends on the jet’s vicinity. In this way well-separated jets are

clustered conventionally with only small deviations, whereas on the other hand the merging of two hard

prongs into a heavy resonance is vetoed.

The introduction of a clustering veto is not a novelty. One notable example is given by pruning

(cf. Sec. 3.3), which follows a different philosophy, though. There a recombination step is vetoed if it

resembles large-angle soft radiation (expressed in terms of transverse momentum and R separation) in

the sense that jet clustering proceeds as usual after the softer part has been discarded from the event.

Using this procedure only hard substructure is kept and the algorithm can already be used as a tagger.

In contrast, here we suggest what we call a terminating veto for the mass-jump procedure: when the

merging of two hard prongs is vetoed, they no longer participate in jet clustering. By this procedure

(sub)jets are identified without reference to an external energy or angular scale, while keeping all the

radiation present in the event.

4.2 The algorithm

4.2.1 A comment on mass-drop unclustering

We reviewed the mass-drop (MD) unclustering procedure in the context of the HEPTopTagger in Sec. 3.6.

The crucial criterion here is the mass drop: if a splitting j → j1, j2 satisfies mj1 < θ ·mj , both subjets

are kept as hard substructure; otherwise the prong with a smaller invariant mass j2 is discarded. Subjets

are not unclustered any further if their jet mass is below the scale µ.

Note that the un-clustering algorithm is designed to follow the cascade decay chain of the top quark,

t→ bW+ → bqq̄′ . (4.1)

At parton level the successive mass drops τ =
mj1

mj
are given by

τ1 =
mW

mt
≈ 0.46 , τ2 =

mq

mW
≈ 0 , (4.2)
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hence the parameter θ has to be chosen sufficiently large to incorporate the first decay (the default value

is θ = 0.8 [24], [130]). This is in contrast to the mass-jump clustering algorithm to be introduced below.

There, the equivalent of the first mass drop is absent and all mass ratios τ are expected to be of same

order. In Sec. 4.3.2 we argue that this feature is beneficial for boosted top quark tagging.

We note that in case the unclustering proceeds via t→ j(bj)→ jbj one obtains

τ ′1 =

√
m2
t −m2

W

2mt
∆Rbj , (4.3)

which is typically smaller than τ1. ∆Rbj =
√

∆y2 + ∆φ2 is the R-distance between the subjets b and j.

4.2.2 The mass-jump clustering algorithm

In the following we present the mass-jump (MJ) clustering algorithm. This algorithm is a modification

of the infrared and collinearly safe generalized-kT clustering algorithms reviewed in Sec. 3.2. They define

a distance measure d,

dij =
∆R2

ij

R2
min

[
p2n
i⊥, p

2n
j⊥
]
, diB = p2n

i⊥ . (3.1)

In the commonly used generalized-kT algorithms, it serves two purposes. First, it is an ordering variable:

it determines the order of recombination given by the pair with the smallest distance dij at each step.

Second, it is a test variable: it acts as an upper bound on the jet radius, because a minimal beam distance

diB implies ∆Rin > R ∀ protojets n.

To construct the mass-jump clustering algorithm, we modify the test variable by introducing an

additional veto.1 In the spirit of a reverse mass-drop procedure, “sub”jets are directly constructed by

examining the veto condition at each recombination step, where the parameter θ now acts as a mass-

jump threshold. First, all input particles are labelled as active protojets. The recombination algorithm

is defined as follows:

1. Find the smallest dij among active protojets; if it is given by a beam distance, diB , label i passive

and repeat step 1.

2. Combine ij → k by summing their four-momenta, pk = pi + pj (E-scheme). If the new jet is still

light, mk < µ, replace i and j by k in the set of active protojets and go back to step 1.

Otherwise check the mass-jump criterion: if θ ·mk > max [mi,mj ] label i and j passive and go back

to step 1.

3. Mass jumps can also appear between an active and a passive protojet. To examine this

a. Find the passive protojet n that is closest to i in terms of the metric d and is not isolated,

din < dnB .

b. Then check if these two protojets would have been recombined if n had not been rendered

passive by a previous veto, i.e. din < dij .

1Separate measures for ordering variable and test (veto) variable were first introduced in Ref. [101].
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c. Finally check the mass-jump criterion, mi+n ≥ µ and θ ·mi+n > max [mi,mn].

If all these criteria for the veto are fulfilled, label i passive. Do the same for j. If either of i or j

turned passive, go back to step 1.

4. No mass jump has been found, so replace i and j by k in the set of active protojets. Go back to

step 1.

Clustering terminates when there are no more active protojets left. Passive protojets are then labelled

jets. Note that for θ = 0 or µ = ∞ standard sequential clustering without veto is recovered, which in

this case can be reduced to steps 1 and 4.

The mass-jump algorithm described above is the first member of the family of jet clustering algorithms

with a terminating veto and has been made publicly available as part of the FastJet contribution

package [E]. The plugin is dubbed ClusteringVetoPlugin and accepts any user-defined veto function.

Its exemplary usage is illustrated within the package. and in Appendix A.1.

4.2.3 Properties

The mass-jump veto only has an impact on protojets that are separated by ∆R < R and whose combined

mass would be above the (arbitrary) scale µ. It is designed to resolve close-by jets (which could come

from the decay of a boosted resonance such as t, W±, Z, H, ...) separately. As the vetoed jets are

excluded from further clustering, their effective jet radius is smaller than the parameter R, which now

gives an upper bound. A lower bound is indirectly induced by a finite threshold scale µ.

There are several similarities and differences compared to MD unclustering. Fig. 4.1 schematically

depicts a standard clustering sequence (e.g. of a hadronically decaying boosted top quark) and how the

two algorithms act on the given event. The clustering sequence is to be read from right to left; hard

prongs are depicted as straight lines, whereas wiggly lines symbolize soft radiation. The mass-drop tagger

(MDT) sequentially unclusters a fat jet (which can be an actual large-radius jet or the whole event) from

left to right, whereas the MJ algorithm starts from the fat jet’s constituents and proceeds to the left.

The final (sub)jets are indicated by red cones.

In the MDT algorithm (upper panel), starting from a fat jet soft radiation is groomed away (1)

until at one unclustering step the mass-drop criterion is fulfilled, resulting in two subjets (2). The same

grooming–tagging procedure continues for every prong that experiences a further mass drop (3+4). More

soft radiation is removed (5) until the subjet masses are below the threshold µ (6). The remaining prongs

are now labelled “subjets”.

MJ clustering (lower panel), on the other hand, is identical to standard clustering algorithms until

the jet mass exceeds µ (a).2 Clustering continues (b) until the next recombination step would result in

a substantial mass jump (c), at which step clustering is vetoed and the two prongs turn passive. Active

protojets continue clustering (d) unless a veto is called, which can also act against a (hypothetical)

recombination with a passive jet (e). Jet clustering continues for the remaining particles, giving additional

jets (f).

2Or the jet has reached its size given by the radius R – for the sake of comparison with the MDT procedure, we take

R =∞ for the moment.
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mass-drop unclustering of a fat jet
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Figure 4.1: Key differences between MD unclustering (top) and MJ clustering (bottom) are visualized

for a schematic clustering sequence (e.g. of a hadronically decaying boosted top quark). Sequential

recombination is performed starting from the constituents at the right-hand side, such that in the upper

panel the very left line symbolizes the whole fat jet, which is then sequentially unclustered again (bottom

panel: MJ clustering works its way from the constituent particles to the left). Inside the cluster sequence,

hard prongs are depicted as straight lines, whereas wiggly lines symbolize soft radiation. Black dots denote

the jet mass threshold m = µ, and green circles indicate a mass drop (or mass jump). The final (sub)jets

are indicated with red cones. The individual steps of the respective two algorithms (steps 1–6 for MD

unclustering, steps a–f for MJ clustering) are described in the text.
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In the idealized case, the output jets of both algorithms are comparable but differ in two aspects.

First, MDT subjets are groomed even after a mass drop until they reach m < µ whereas MJ jets continue

collecting radiation in the regime between m > µ and the mass jump. Although this effect is expected to

be absent for reasonably large values of µ, if undesired it is straightforward to apply MDT-like grooming

on the MJ jets. Second, the MJ clustering algorithm also returns jets that did not experience mass jumps

(f) that are absent among MDT subjets (1,3,5). These can be desirable (well-separated jets for finite R)

or can be considered junk; in the latter case it is again straightforward to remove them as these are the

only jets turned passive by the upper bound on the jet radius instead of a mass jump.

Also note the important property that MD unclustering experiences cascade mass drops (cf. Sec. 4.2.1)

while MJ clustering does not. This results in all mass jumps being among single hard prongs with a typical

scale ∼ mheavy resonance/µ, i.e. the threshold parameter θ can be chosen substantially lower.

4.3 Performance

4.3.1 Sparse environment: QCD dijets

We compare the MJ clustering algorithm to its standard counterparts. QCD dijet events are expected

to contain two well-separated hard jets, but more jets may be found due to large-angle emissions or

jet substructure induced by the parton shower. In particular MJ clustering is prone to misidentify jet

substructure as separate hard objects, and this section aims to quantify this effect of the veto. 10,000 QCD

dijet events are simulated with Pythia 8.186 [136] where the minimum parton transverse momentum at

matrix element level is chosen p̂min
⊥ = 40 GeV. The analysis is implemented as a Rivet 2.1.2 [137] plugin.

Jets are constructed from all (visible) final-state particles with pseudo-rapidity |η| ≤ 4.9. The clus-

tering parameters are chosen R = 0.8 and p⊥ ≥ pmin
⊥ = 50 GeV, also jets are required to be sufficiently

central, |η| ≤ 4.0. We compare the jets clustered with a standard algorithm (anti-kT , Cambridge/Aachen,

or kT algorithms as provided by FastJet 3.0.6 [138], [139]) to those obtained with the corresponding MJ

algorithm on an event-by-event basis. Only events that contain at least one hard jet from the standard

algorithm, p
std(1)
⊥ ≥ 150 GeV, are accepted. This assures that the leading jet is still present among the MJ

jets and does not drop below pmin
⊥ , even if torn apart by the clustering veto. For each of the algorithms,

∼ 100 events pass this cut.

The three standard algorithms agree very well in the number of jets nstd, which is 2 (in roughly

one in two events) or above. We perform a parameter scan for the MJ clustering arguments θ and µ.

Fig. 4.2 (bottom panel) shows the difference in the average number of jets per event (∆n̄ = n̄MJ − n̄std).

The mutual leading jets (i.e. the min [nMJ, nstd] jets with largest p⊥) in each event are matched, and

differences between the MJ and standard algorithms are investigated on a jet-by-jet basis. For each

pair (jMJ, jstd), we obtain the R-distance (∆RjMJ,jstd) and relative difference in transverse momentum

(∆p⊥/pstd
⊥ =

pstd⊥ −pMJ
⊥

pstd⊥
). The upper two panels of Fig. 4.2 show the values of these two observables

averaged over all matched jet pairs. For large parts of the parameter space, the effects of the clustering

veto are only limited in the QCD dijet scenario considered here.

Differences between individual jets (upper two rows) are negligibly small in the small-θ and large-µ

parameter regions for all three jet algorithms. This behaviour is expected as these are the limits where
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Figure 4.2: Comparison between MJ clustering and its standard counterparts for the anti-kT (left),

C/A (middle) and kT (right) algorithms. All jets were clustered with R = 0.8 and p⊥ ≥ 50 GeV, and

only events where p
std(1)
⊥ ≥ 150 GeV were accepted. The averaged values of the three observables ∆R,

∆p⊥/pstd
⊥ and ∆n̄ are shown from top to bottom for a range of parameters θ and µ.
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the veto is rendered ineffective. The closer the parameters are chosen to the strong-veto region (θ → 1,

µ → 0), deviations between the vetoed and standard algorithms grow larger. In particular for the kT

algorithm these differences can be substantial, namely ∆R ∼ 0.5 and ∆p⊥/pstd
⊥ ∼ 0.6 for the considered

setup. The C/A and especially the anti-kT algorithm behave much more moderately under the MJ veto.

For the latter, deviations only reach ∆R ∼ 0.1 and ∆p⊥/pstd
⊥ ∼ 0.2 even in the strong-veto region, and

are almost absent in the bulk of parameter space.

Generally the differences between MJ-vetoed and standard clustering are smallest for the anti-kT

algorithm and largest for the kT algorithm, with the C/A algorithm taking an intermediate position.

This characteristic is directly related to the ordering of the cluster sequence (cf. Sec. 3.5), which is crucial

in the MJ algorithm. If soft particles are clustered first (kT ), it is very likely to induce fake substructure

that will fulfill the mass-jump condition at the stage when these soft clusters are recombined. The anti-kT

algorithm on the other hand ignores the parton showering history and clusters around hard prongs. It

is therefore much more robust, while the purely angular-based C/A algorithm is moderately prone to

vetoing fake soft clusters.

The number of jets is naturally equal or larger in the vetoed algorithms compared to the standard

algorithms with equal jet clustering radius (Fig. 4.2 lower panels). If, however, the veto acts too strong,

hard jets are split and may not pass the p⊥ ≥ pmin
⊥ cut any more, resulting in a decreasing number of jets

again. For large minimum jet transverse momentum close to p
std(1)
⊥ , say pmin

⊥ = 100 GeV for our analysis,

∆n̄ can ultimately become negative.

Also for other jet clustering radii and p⊥ thresholds, results are qualitatively very similar to the ones

described above. We therefore omit further plots.

4.3.2 Busy environment: boosted top quarks

Tagging boosted top quarks is an important target in many current experimental studies and also an

ideal playground to investigate the performance of MJ clustering in busy environments. In order to probe

the moderately boosted energy regime and illustrate the algorithm, we simulate top pair production via

a hypothetical heavy vector boson,

pp→ Z ′ → tt̄→ hadrons (4.4)

for three different resonance masses mZ′ = 500 GeV, 700 GeV, and 1 TeV. Using the Cambridge/Aachen

algorithm we construct fat jets with radius R = 1.5 and transverse momentum p⊥ ≥ 200 GeV. The first

sample with a relatively light Z ′ results in fat jets whose p⊥ distribution drops steeply to mimic top

quarks produced in SM processes. The latter two samples emulate a generic heavy resonance and yield

top quarks with transverse momenta peaking around ∼ 300 and ∼ 450 GeV, respectively. The fat jets

are fed to the HEPTopTagger, which performs the following three-step procedure (for details see Sec. 3.6).

i. Subjets are obtained from the fat jet via mass-drop unclustering.

ii. The subjets are filtered (cf. Sec. 3.3).

iii. Cuts on subjet mass ratios and the candidate’s transverse momentum are applied.
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For comparison with our veto algorithm, we apply the same HEPTopTagger algorithm but where the

subjets are now obtained directly with MJ clustering, starting from the fat jet’s constituent particles.

Steps ii and iii remain unchanged such that the difference in tagging performance can be directly com-

pared. We take R = ∞ and scan the parameter space in θ and µ. Results are based on each 10,000

signal and background events (QCD dijets with p̂min
⊥ = 150 GeV) generated with Pythia 8 and analyzed

within Rivet. The resulting tagging efficiencies ε = #tags
#fat jets are shown in Fig. 4.3.3

Indeed the peak tagging efficiencies are equal for both algorithms and constant over a relatively

large part of parameter space. However, as argued in Sec. 4.2.3, mass-jump jet finding allows for well-

performing top tagging in a much wider range in the parameter θ. The reason for this behaviour lies in

the absence of an equivalent to the cascade mass drops experienced in MDT’s (such as t→ bW+ → bjj).

This feature can also be directly seen in Fig. 4.3 where in the MDT case (left) the onset of top tagging

is around θ = 0.5 ≈ mW

mt
, whereas for MJ clustering (right) the characteristic scale is much lower. In

particular, lower values of θ correspond to a much stricter identification of separate jets, which might

turn out beneficial for background rejection.

A comparison of the plots reveals some additional interesting features. For MD unclustering (left), a

low parameter θ increases the possibility of too strong grooming. This effect is further enhanced for low

µ, which leads to a rounded corner in the available parameter space. In the MJ algorithm on the other

hand, non-vetoed prongs are merged instead of groomed for low θ. Very low values of µ allow additional

(unphysical) vetoes among soft prongs. Both effects separately worsen the correspondance between the

subjets and the MC truth quarks. As they are complimentary in terms of subjet multiplicity, however,

their delicate interplay leads to the complicated structure of the available parameter space.

A feature common to both algorithms is the decreased dependence on µ for higher top quark boosts.

Jet mass is a Lorentz invariant and theoretically expected to peak around m2 ∼ p2
⊥R

2 e−1/
√
αSCF /π for

isolated quark jets [119].4 With a top boost around 400 GeV, a rough estimate for the softest (leading)

subjet with p⊥ ' 50 GeV (250 GeV) and radius R ' 0.6 (see also Fig. 6.1 for the correlation between

top boost and radial distances) yields m ' 3 GeV (16 GeV) where we used αS = 0.12 and CF = 4/3.

Another source of jet mass is uncorrelated radiation from nearby partons or the underlying event. Eq. (3.2)

estimates the latter to contribute δm ' 8 GeV. The lower plots of Fig. 4.3 suggest that µ should be chosen

larger than the mass of the softest subjet, which is dominated by soft uncorrelated radiation. For mild

boosts, the characteristic subjet radius increases as 1/p⊥ and for p⊥ ' 30 GeV (130 GeV) and R ' 1 we

obtain estimates m ' 3 GeV (14 GeV) and δm ' 17 GeV respectively, consistent with the low-µ region

in the upper plots.

The effect of jet contamination cancels to some extent in mass ratios, which makes the dependence

on θ independent of the top quark boost. From the results obtained with MJ clustering (right) we can

get another estimate of the scale of subjet masses. The onset value θ ∼ 0.3 yields m ∼ 0.3mW ∼
25 − 30 GeV depending on the contribution from uncorrelated radiation to the W jet mass, consistent

with our estimates for the leading subjet above.

3Fat jets that deviate too much from their Monte Carlo truth top quark (∆Rjfat,tMC > 0.6) are ignored in signal events.
4Note that the characteristic angular distances are inversely proportional to the relevant object’s transverse momentum.

Hence boost invariance of jet mass is manifest in this expression if the jet radius is adjusted accordingly.
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Figure 4.3: Top tagging efficiency ε for the HEPTopTagger with MD un-clustering (left) and MJ clustering

(right). For both algorithms the parameter space θ, µ is scanned. From top to bottom, the panels show

signal rates for the mZ′ = 500 GeV, 700 GeV, and 1 TeV samples.
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Figure 4.4: Receiver-operating characteristic (ROC) curves for top tagging using the HEPTopTagger.

Subjet finding with the MJ clustering algorithm (black solid) is compared to the original algorithm,

which employs MD un-clustering (red dashed). From left to right, the upper panels show results at

hadron level for the mZ′ = 500 GeV, 700 GeV and 1 TeV sample, respectively. The lower panels are

similar but obtained from hadrons centred into cells of size 0.1 × 0.1 in η–φ space to emulate finite

detector resolution. Parameters at exemplary benchmark points are given for illustration in the format

(θ, µ/GeV). If high purity is desired, MJ clustering gives improved performance.

The observed overall increase in tagging efficiency for larger resonance masses mZ′ is a simple con-

sequence of the underlying kinematics. The majority of fat jets carry a larger transverse momentum

than the respective initiating top quark. As a result, the very last cut (ptop candidate
⊥ ≥ 200 GeV) re-

jects many moderately-boosted candidates even in the case of perfect reconstruction. With larger boost

(corresponding to larger mZ′), this fraction becomes smaller.

Fig. 4.4 compares the receiver-operating characteristic (ROC) curves of the original HEPTopTagger

and the modified algorithm where MD unclustering has been replaced by MJ clustering.5 It is observed

that signal tagging efficiency and background rejection coincide for large efficiencies, giving εsig ≈ 0.12

and R = 1 − εbkg ≈ 0.991 for the mZ′ = 500 GeV sample, (0.26, 0.991) for the mZ′ = 700 GeV sample,

and (0.34, 0.992) for the mZ′ = 1 TeV sample, respectively. These values correspond to the plateau

at large θ and medium-to-large µ in Fig. 4.3. However, due to the enlarged parameter space, the MJ

algorithm outperforms the standard procedure and should be preferred in the transition (high-purity)

region. This result is even more pronounced if limited detector resolution is taken into account. For our

5These curves are obtained from the full parameter scan. Among all setups (θ, µ) that give a similar signal tagging

efficiency, only the one that yields the highest background rejection is picked and plotted. Note that different setups can

yield very similar efficiencies, and that the benchmark points given in the figure are chosen somewhat arbitrarily in this

sense.
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simple analysis, this is implemented by applying a cellular grid in the η–φ plane (cell size 0.1× 0.1) and

replacing all stable hadrons to the centre of their respective cells. For most working points, the inevitable

decrease in performance is less pronounced when MJ clustering is used. At maximum tagging efficiencies,

the two algorithms still give the same results.

4.4 Conclusions

We developed and investigated a new jet clustering algorithm that includes a recombination veto based on

jet mass. In this mass-jump (MJ) procedure, the clustering radius R now acts as an upper limit on jet size

and the merging of two hard prongs is prevented. We showed that in sparse events with well-separated

jets, the effects of the veto are very limited in a large range of the parameter space. Also the anti-kT

clustering algorithm is more robust against fake two-prong substructure than the Cambridge/Aachen

and kT algorithms. In the dense environment of hadronically decaying boosted top quarks, MJ clustering

gives results comparable to those of mass-drop taggers (MDT) by which the veto was inspired in the first

place; the main difference being that cascade mass drops as present in MDT’s are avoided, which in turn

allows for stricter threshold parameters. The larger parameter space then leads to improved ROC curves

for the HEPTopTagger when the mass-drop procedure is replaced by MJ clustering.

Until the veto is interposed, MJ jet clustering proceeds identically to its standard counterpart. In

particular, no soft radiation is removed and after the veto (multiple vetoes) additional jets are formed

from the remaining particles. Especially in realistic scenarios when soft QCD radiation (from underlying

event or pile-up) is present, the application of grooming techniques (cf. Sec. 3.3) can improve jet shape

observables by removing these uncorrelated energy deposits.

Jet algorithms with a terminating veto are a promising tool for collider experiments as they make

room for more flexibility. The optimal clustering radius depends on various parameters such as the type

of initiating particle, its energy or transverse momentum, and the surrounding topology of the event. The

MJ veto automatically adjusts the jet radius such that hard substructure is separated into isolated jets.

This feature may prove helpful in a variety of events where jets are not well-separated and is investigated

in a realistic process in the next chapter.
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— If you do not dance you have no

purpose.

Vera Gorski

5
Boosted top quarks in a very busy environment

This chapter is based on work by the author [B].

At the LHC, tagging boosted heavy particle resonances which decay hadronically, such as top quarks

and Higgs bosons, can play an essential role in new physics searches. In events with high multiplicity,

however, the standard approach to tag boosted resonances by a large-radius fat jet becomes difficult

because the resonances are not well separated from other hard radiation. In this chapter, we propose a

different approach to tag and reconstruct boosted resonances by using the mass-jump jet algorithm of

Chapter 4. A key feature of the algorithm is the flexible radius of the jets, which results from a terminating

veto that prevents the recombination of two hard prongs if their combined jet mass is substantially larger

than the masses of the separate prongs. The idea of collecting jets in “buckets” is also used. As an

example, we consider the fully hadronic final state of pair-produced vectorlike top partners at the LHC,

pp→ T T̄ → tt̄HH, and show that the new approach works well. We also show that tagging and kinematic

reconstruction of boosted top quarks and Higgs bosons are possible with good quality even in these very

busy final states. The vectorlike top partners are kinematically reconstructed, which allows their direct

mass measurement.

5.1 Introduction

The prospect of boosted heavy resonances at the LHC has sparked the whole field of tagging algorithms

based on fat jet substructure described in Secs. 3.5 and 3.6. An even more challenging situation that

is accessible in the upcoming run arises when multiple heavy resonances are produced simultaneously.
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Such processes lead to very busy final states where the heavy particles under consideration (such as top

and Higgs) as well as their daughter particles are not well separated. As a result, fat jets merge in most

events, and a majority of the jets contain decay products from more than one resonance. Such a scenario

is not adequately addressed by most tagging algorithms based on (isolated) fat jets.

In this chapter, we suggest a new framework of jet tagging that allows particle reconstruction with

good quality compared to traditional methods in such a busy hadronic environment. A key ingredient

is the mass-jump jet clustering algorithm developed in Chapter 4. There it has been shown that the

algorithm gives competitive performance when employed in the HEPTopTagger, but now the “sub”jets

are formed directly without the definition of an intermediate fat jet. Mass-jump clustering harnesses the

advantages of fat jet substructure algorithms of resolving small jets without reference to a fixed radius.

The absence of the fat jet, however, reintroduces the issue of large combinatorics in such busy envi-

ronments, since the decay products of the heavy resonances cannot be disentangled a priori. To facilitate

event reconstruction, the idea of collecting jets into separate “buckets” [140], [141] is applied, which allows

efficient assignment of jets to their respective resonances.

The jet-tagging method proposed here is applicable to a broad range of Standard Model and BSM

phenomena at hadron colliders. There are indeed important Standard Model processes which involve

decays of multiple heavy particles, resulting in a busy hadronic environment. A prime example is the

associated production of a Higgs boson with two top quarks (pp→ tt̄H), which has attracted attention as

this channel opens up the opportunity to measure directly the Higgs–top Yukawa coupling, an essential

probe toward understanding the Higgs sector.

Some models of supersymmetry also predict large multiplicity of jets with little or no missing transverse

energy (MET). For example, assuming that the gluino is the lightest SUSY particle, it can decay into a

top quark and jets when baryonic R-parity associated to the third generation quark is violated [142]. This

leads to a multijet final state when the top quark decays hadronically (g̃g̃ → ttjjjj). Another example

is the stealth SUSY, where the top and the lighter stop (t̃1) masses are almost degenerate, leading to

final states without significant MET [143]. The heavier stop (t̃2) has a model-dependent decay branching

ratio to the Z or Higgs boson (t̃2 → t̃1Z/H). The hadronic mode of this decay again leads to multijet

final states with little MET [t̃2t̃∗2 → tt̄(H/Z)(H/Z)]. Our method may allow us to fully reconstruct the

underlying new particles in such models, too.

5.2 Benchmark scenario: Ten-jet final state from vectorlike top

pair production

In order to illustrate the strength of our jet tagging method, we investigate a simplified version of heavy

particle production topology in this chapter, i.e. we consider the fully hadronic final state of pair-produced

vectorlike top partners at the LHC (pp→ T T̄ → tt̄HH). For a theoretical motivation of this process also

see Sec. 2.3. In particular, we study the performance of our taggers at the 14 TeV LHC with a vectorlike

top of mass around 1 TeV as our benchmark scenario. Studies of fully hadronic final states in similar

processes have been based on fat jet substructure [D], [144]–[146], including experimental searches at 8

TeV by CMS [147]. Current exclusion bounds on the vectorlike top mass are mT & 700− 950 GeV from
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ATLAS [148]–[150] and mT & 690−910 GeV from CMS [151]–[153], depending on the assumed branching

fractions.

We extend the Standard Model Lagrangian by adding a vectorlike top T that interacts with the

Standard Model top t and Higgs H,1

L = LSM + T̄ (i /D −mT )T + yTHt̄T + h.c. . (5.1)

We assume that the vectorlike top decays exclusively to a top and a Higgs. The mass of the vectorlike

top in consideration is mT = 0.8− 1.2 TeV. The mass of the top is taken to be 173 GeV. The Standard

Model Higgs has mass 126 GeV and decays to bb̄ with branching ratio 56 %.

MadGraph5 aMC@NLO 2.2.1 [154] is used for generating parton-level events, which undergo

hadronization and showering through Pythia 6.426 [155]. Delphes 3.1.2 [156], [157] with parameters

tuned to the ATLAS detector is used for fast detector simulation.

The relevant Standard Model background processes for our analysis and their respective NLO K-

factors are pp→ tt̄ (1.61 [158]), pp→ tt̄bb̄ (1.77 [159]), pp→ tt̄H (1.10 [34]), and pp→ bbb̄b̄ (1.40 [160]).

All final-state top quarks and Higgs bosons are decayed hadronically within MadGraph5 aMC@NLO.

The following generator-level cuts are imposed: minimum transverse momentum of each outgoing parton

p⊥ ≥ 20 GeV, angular separation between outgoing light quarks and between a light quark and a bottom

quark ∆Rjj ,∆Rjb ≥ 0.2, and angular separation between a pair of bottom quarks ∆Rbb ≥ 0.4. The latter

cut is imposed to guarantee sufficient b separation to employ statistically independent b quark tagging.

The overall scalar transverse momentum is imposed Hparton level
T ≥ 1 TeV, consistent with a similar

(but stronger) cut at analysis level, cf. Eq. (5.9).2 The cut on Hparton level
T guarantees a reasonably large

fraction of events in the signal regions. Note that this parton level cut on HT makes it difficult to generate

events at NLO, because it acts differently on processes with additional jets at matrix element level (the

set of partons that contribute to the sum is different). Matching of matrix element with additional jets

is also difficult for the same reason. Therefore, we generate background events at LO without matching

to higher multiplicities at matrix element level. Thus, the absolute numbers of the background events

should be taken with a grain of salt. The generated signal events do not suffer from this approximation.

5.3 Limits of substructure methods: Fat jet contamination

We briefly discuss the expected performance of algorithms using fat jets in the present process, pp →
T T̄ → tt̄HH → 10 jets. We already argued in Sec. 5.1 that the fat jets are not well separated in such a

busy hadronic final state, and this problem is illustrated in Fig. 5.1 for the signal process with vectorlike

top mass mT = 1 TeV. The figure shows the angular distributions of the ten partonic (anti)quark final

state (Monte Carlo truth) daughters. The black solid (dashed) line shows the distribution of the largest

angular distance between the truth daughters of one top quark (Higgs boson) found in an event. The

1In general, there can also be a model-dependent term λHt̄γ5T + h.c. in the Lagrangian. Here we assume λ = 0 for

simplicity.
2To determine the respective cross-section at large scalar transverse momentum, we cut on events generated with

Hparton level
T ≥ 500 GeV to achieve better accuracy. Only for plotting we also generate tt̄ and bbb̄b̄ events with

Hparton level
T ≥ 1.2 TeV.
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Figure 5.1: Angular distances between daughter particles from top and Higgs decays, in the benchmark

process pp→ T T̄ → tt̄HH → 10 jets at the LHC with
√
s = 14 TeV, with vectorlike top mass mT = 1 TeV

(parton level, arbitrary units). The largest R-distance between the daughters of the same top quark (Higgs

boson) is denoted by ∆Rmax(t) (∆Rmax(H)) and plotted with black solid (dashed) lines. The minimal

R-distance between the nearest neighbour daughters coming from different mothers ∆R(NN) is depicted

by the red line.

smallest distance between any truth daughters not coming from the same mother resonance is given by

the red line. It is observed that the distance between the nearest daughter particles coming from different

mother resonances, ∆R(NN), is typically smaller than the angular spread of a t or H decay, ∆Rmax(t/H).

As a result, the fat jets will be contaminated.

To be more specific, we take the default fat jet clustering parameters of the widely used HEPTopTagger

(cf. Sec. 3.6)

Cambridge–Aachen : Rfat jet = 1.5 and pfat jet
⊥ ≥ 200 GeV , (5.2)

and give some concrete results for the process pp → T T̄ → tt̄HH → 10 jets (mT = 1 TeV) in Fig. 5.2

(CA15, upper panels). A different choice of parameters is suggested in comparisons between boosted top

tagging algorithms [19],

anti-kT : Rfat jet = 1.0 and pfat jet
⊥ ≥ 200 GeV , (5.3)

and we also give the plots for these fat jets in Fig. 5.2 (AKT10, lower panel).

The upper panels imply that the clustering radius of the CA15 jets is too large in this situation. The

upper left panel shows the distribution of the number of fat jets. In more than 50% of events, only three

fat jets are found, and even less in another 20% (Fig. 5.2 upper left). A fat jet is labelled “pure truth” t

44



5.3. LIMITS OF SUBSTRUCTURE METHODS: FAT JET CONTAMINATION

all fat jets
pure truth t
pure truth H

0 1 2 3 4 5
0

0.1

0.2

0.3

0.4

0.5

0.6

# fat jets

a.
u.

leading fat jet

0 100 200 300 400 500 600 700 800
0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0.004

mfat jet [GeV]

a.
u.

all fat jets
pure truth t
pure truth H

0 1 2 3 4 5
0

0.1

0.2

0.3

0.4

0.5

# fat jets

a.
u.

leading fat jet

0 100 200 300 400 500 600 700 800
0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

mfat jet [GeV]

a.
u.

Figure 5.2: The upper row shows the results for CA15 fat jets: The number of fat jets is given in the left

plot. A fat jet is labelled pure truth t (H) if all truth daughter partons of one top quark (Higgs boson)

and no other truth daughter partons are ghost-associated. For events in which three fat jets were found,

the distribution of the plain jet mass of the leading fat jet is shown in the right plot. Lower row: The

same plots for AKT10 fat jets.

(H) if all truth daughter partons of one top quark (or Higgs boson) and no other truth daughter partons

are ghost-associated [128].3 In each bin, the fraction of pure truth t (H) fat jets are represented by the

hatched (black) area. One can see that only a relatively small fraction of the fat jets are pure truth ones.

A phenomenological study would have to rely on events with only three fat jets, and the plain jet mass

of those leading fat jets is depicted in the upper right panel. There is a large tail toward very large jet

masses, which suggests that there is a significant amount of splash-in from jets not coming from the same

t or H resonance.

The second setup (AKT10) with a smaller-radius fat jets, shown in the lower row of Fig. 5.2, behaves

better in this respect. In roughly 40% of events the correct number of four fat jets is identified (lower

left), although three-jet events are still dominant. For the events with three fat jets, the leading jet mass

is shown in the lower right panel. It can be seen that the distribution still shows a tail, but now large

jet masses are much less present than in CA15 jets, implying less contamination through splash-in. On

3The truth partons’ momenta are rescaled to infinitesimal p⊥ and energy while η and φ are kept fixed (”ghosts“), and

participate in jet clustering. Those partons that end up as constituents of a certain jet are called ghost-associated. Due to

the vanishing energy of the ghosts, the final jets are unaffected.
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the other hand, when we compare the fraction of pure jets in events with four fat jets between the two

setups, we observe that AKT10 jets behave worse: While almost 75% of the respective CA15 fat jets are

pure, this number is degraded to 65% for AKT10.

We conclude that the study of our high-multiplicity benchmark process pp→ T T̄ → tt̄HH → 10 jets

is difficult if we rely on fat jets.4 Also see Appendix 5.A at the end of this chapter for a numerical

analysis using self-adaptive fat jets of variable size. The problem of insufficient separation of the boosted

resonances (t and H) is not generically avoided even if a different fat jet radius is chosen – the smallest

distance between truth daughters from different mothers is typically smaller than the angular spread of

the top quark and Higgs boson, as shown in Fig. 5.1. There is no apparent solution to this contamination

within fat jet algorithms, and the choice of clustering algorithm and parameters is related to finding

a balance between splash-in (the fat jet contains energy deposit from a different resonance, too) and

splash-out (the fat jet does not contain all radiation from a given resonance). As will be demonstrated

in the following sections, this problem is circumvented when the mass-jump algorithm is used.

5.4 Back to separate jets – with a terminating veto

We investigate a new approach of analyzing high-multiplicity final states based on separately resolved

jets. The process pp → T T̄ → tt̄HH → 10 jets of Sec. 5.2 serves as the benchmark scenario. We try to

answer the two key questions that arise in such an analysis: (1) which algorithm to use to construct the

jets, and (2) how to reduce the sheer combinatorial choices of assigning the jets to the resonance particles

of the process. We examine the first question by comparing the mass-jump algorithm of Chapter 4 with

the corresponding jet clustering algorithm of the generalized-kT family. The latter question is addressed

by the bucket algorithm, which we review first.

5.4.1 Recap: The bucket algorithm

In high-multiplicity events, the assignment of jets to their respective heavy resonances can easily get out

of hand. There are 6!/(3!3!) = 20 possible combinations to assign six jets to two top quarks, and for eight

jets coming from two tops and a Higgs boson this number already reaches 8!/(3!3!2!) = 560. The bucket

algorithm [140], [141] was proposed in the context of these two final states and introduces a “bucket” for

each top quark (and one additional bucket of unassigned jets BISR), into which the jets are allocated.

For a bucket Bi the metric

∆Bi = |mBi −mt| with m2
Bi

=


∑

j∈Bi

pj




2

(5.4)

measures the similarity of a collection of jets inside the bucket with a top quark. In Refs. [140], [141],

the combination is determined by minimizing a global χ2-like metric defined as

∆2
global = ω∆2

B1
+ ∆2

B2
, (5.5)

4For mT . 900 GeV, an analysis based on fat jets can still reconstruct the vectorlike top [D]. An experimental analysis

of the same process also relies on fat jets [147].
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and choosing a large ω = 100 effectively decouples the two buckets. Thereby ∆B1 < ∆B2 holds and

the problem of unfeasible combinatorics is circumvented because the buckets can be filled independently.

Top tagging is performed by imposing cuts on each bucket later on. Whereas in the original proposal the

number of jets inside each bucket is not fixed, in our analysis we require strictly three jets in each top

bucket, and also introduce Higgs buckets that contain exactly two jets.5

We apply the bucket algorithm in conjunction with mass-jump jet clustering as well as conventional jet

clustering for comparison. Our benchmark scenario is given by tt̄HH production from a pair of vectorlike

tops. Clearly the naive combinatorics are overwhelming even for the minimal final-state multiplicity of

ten jets: 10!/(3!3!2!2!) = 25200. To tackle this problem we formally define a global metric

∆2
global = ω1∆2

Bt1
+ ω2∆2

Bt2
+ ω3∆2

BH1
+ ω4∆2

BH2
(5.6)

and explicitly decouple the four buckets by choosing the (positive) weights such that

ωi+1

ωi
= +0 i = 1..3 . (5.7)

Therefore, the buckets are filled separately in order (Bt1, Bt2, BH1, BH2) and the computational load is

reduced to only 10!/7!/3!+7!/4!/3!+4!/2!/2! = 161 comparisons.6 In reality the number of jets will often

be larger than the minimum of ten, where the speedup indicated here becomes even more prominent. A

detailed description of our specific algorithm is given below. We address possible issues related to the

explicit decoupling of the buckets in Section 5.5.2.

5.4.2 The analysis

We present an analysis that aims to identify the fully hadronic final state tt̄HH from vectorlike top

pair production. We do not rely on large-radius “fat” jets and their substructure, which has become a

standard approach whenever boosted heavy particles are involved. Conversely, the approach presented

here focuses on separately resolved (small-radius) jets and is intended as a proof-of-concept in a realistic

and relevant process.

The proposed analysis consists of the following steps, each of which is described in detail in the

remainder of this subsection.

1. Event preselection cuts:

Scalar transverse momentum HT ≥ 1400 GeV and number of b-tagged jets #b ≥ 4.

2. Jet reconstruction and cut #jets ≥ 10. Here, we use several different benchmark algorithms includ-

ing the mass-jump algorithm.

3. Assignment of jets to the four buckets Bt1, Bt2, BH1, and BH2 and cuts.

5In the top quark rest frame, in a large fraction of events, one of the decay products from t → bW+ → bjj carries low

transverse momentum and thus fails to be reconstructed as a jet. As we are concerned with boosted top quarks from a

heavy resonance decay, this problem does not occur.
6If the Higgs buckets are filled before the top buckets, the combination is further reduced to 10!/8!/2!+8!/6!/2!+6!/3!/3! =

93. However, this would increase the wrong assignments for both the signal and background. See also discussion in

Section 5.5.2.
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4. Kinematic reconstruction of the vectorlike tops, depending on the number of identified top and

Higgs buckets.

Event preselection

The decay cascade of a heavy vectorlike top pair leads to an energy deposit of HT ∼ O(2mT ) in the

detector. HT is the scalar transverse momentum, defined as

HT ≡
∑

jets j

p
(j)
⊥ . (5.8)

We require

HT ≥ 1400 GeV (5.9)

to retain the majority of signal events for a vectorlike top with mT ∼ 1 TeV while strongly suppressing all

nonresonant background processes. In the event preselection, jets are clustered with the anti-kT algorithm

as implemented in FastJet 3.0.6 with parameters R = 0.4 and p⊥ ≥ 20 GeV. Note that the jets are

reconstructed differently after the preselection.

As the signal process contains six b quarks in the final state, we also cut on the number of bottom

tags. Tagging is performed by Delphes using the jets defined above. We select a conservative working

point where 70% of b-initiated jets are identified correctly, εtag = 0.70, and assume the mistag rates of

charm-initiated jets to be ε
(c)
mis = 0.10, and ε

(udsg)
mis = 0.01 for light (quark- or gluon-initiated) jets. Cutting

on

#b ≥ 4 (5.10)

reduces the relevant backgrounds to b-rich processes with high multiplicity, pp→ tt̄, pp→ tt̄bb̄, pp→ bbb̄b̄,

and pp→ tt̄H. In particular we estimate the rate of mistagged bottom quark pair production to be less

significant than the bbb̄b̄ process. By the same argument we can neglect pure QCD multijet production,

which cannot be simulated reliably and is typically extracted from data.

Jet reconstruction

Jets are reconstructed from all calorimeter towers that lie within |η| < 4.9. To avoid “chopped” jets at

the boundary of the detector, we require |ηjet| < 4.0 so that all jets are sufficiently central. The key

ingredient to this analysis is the choice of jet clustering algorithm. In our study, we adopt the following

benchmark algorithms and compare them:

• A C/A-like mass-jump clustering algorithm with parameters

[MJ06] : (R = 0.6 , p⊥ ≥ 25 GeV , θ = 0.7 , µ = 50 GeV ) . (5.11)

[MJ10] : (R = 1.0 , p⊥ ≥ 25 GeV , θ = 0.7 , µ = 50 GeV ) . (5.12)

• A standard setup with the Cambridge-Aachen algorithm and commonly used clustering parameters

[CA03] : (R = 0.3 , p⊥ ≥ 25 GeV ) . (5.13)

[CA04] : (R = 0.4 , p⊥ ≥ 25 GeV ) . (5.14)
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The minimum jet p⊥ is set to be the same to allow for easy comparison of the results. The additional

veto parameters specific to mass-jump clustering, θ and µ in Eqs. (5.11) and (5.12), are motivated by the

results obtained from boosted top quarks, cf. Sec. 4.3.2. The mass-jump veto leads to jets whose effective

radius can vary, and it is this inherent flexibility that will lead to improved results compared to standard

jet clustering with fixed angular size.

Because some jets reconstructed with the mass-jump algorithm may experience a very large effective

radius,7 contamination from pile-up and underlying event can pose problems in a realistic environment.

We therefore apply a trimming stage (cf. Sec. 3.3) with parameters Rtrim = 0.2 and ftrim = 0.03 as

suggested in the original paper [94]. Trimming is applied to all the benchmark points, MJ06, MJ10,

CA03, and CA04.

After the jets are reconstructed, we require

#jets ≥ 10 , (5.15)

three for each top quark and two for each Higgs boson.

Bucket construction and tagging

In order to keep the combinatorial choices of this multijet process at a manageable level, we make use of

the idea of buckets as reviewed above. First of all, the first top bucket Bt1 is filled with the three jets

that minimize

∆ = |mbucket −mt| . (5.16)

Here and for all other buckets, we limit the allowed jet combinations to those that fulfill

p⊥,bucket ≥ 200 GeV . (5.17)

This prevents wrong assignments from widely separated low-energy jets, which are possible due to the

sheer number of possible choices. In addition, only combinations with minimum mutual jet separation

∆R(j, j) ≥ 0.3 (5.18)

are considered, because smaller distances cannot reasonably be resolved by the hadronic calorimeter any

more. This cut is also consistent with the cuts applied on generator level, cf. Sec. 5.2. Note that we

do not impose an upper cut on angular spread of the top decay products, as is implicitly done in all

substructure methods which rely on a fat jet of fixed radius. Also note that Eq. (5.18) does not restrict

the analysis if all jets are mutually separated by more than ∆R(j, j) = 0.3, i.e. the fixed-R setups CA03

and CA04 are unaffected. If two top subjets are very close by and merge in the CA03 setup, even in

the ideal case that the MJ algorithm can resolve them separately, they could not contribute to the same

bucket. In this sense the cut helps to allow a fair comparison between the mass-jump setups and the

Cambridge-Aachen setups.

After the first top bucket has been fixed, out of the remaining jets the second top bucket Bt2 is filled

with three jets, then the first Higgs bucket BH1 with two jets, and finally BH2 again with two jets. This

7This effect will be investigated later, cf. Fig. 5.5.
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SR1 SR2 SR3

number of tagged t = 1 = 2 = 2

number of tagged H = 2 = 1 = 2

Table 5.1: The three signal regions.

course of action corresponds to a global metric with explicitly decoupled buckets as defined in Eqs. (5.6)

and (5.7). Again for each bucket, out of all possible jet combinations that fulfill Eqs. (5.17) and (5.18),

the combination with minimum metric (Eq. (5.16), where mt is replaced by mH for Higgs buckets) is

selected. Events where there is no viable jet combination for a bucket are negligibly rare. Remaining jets

are assigned to a fifth bucket BISR and not further considered in our analysis.

Only after all buckets have been filled, cuts are applied. For top candidate buckets, we require

∆ ≤ 25 GeV , (5.19)
(
mW

mt

)

bucket

∈ mW

mt
± 15% , (5.20)

(
m23

mt

)

bucket

≥ 0.35 . (5.21)

Eq. (5.19) is a simple cut on the reconstructed top mass. The mass ratio in the left-hand side of Eq. (5.20)

is constructed from the two jets that best reconstruct the W boson mass (mW,bucket) and the total jet

mass of the bucket (mt,bucket), as proposed when the bucket algorithm was introduced in Ref. [140]. The

final cut in Eq. (5.21) was introduced in the HEPTopTagger, where m23 is the combined mass of the two

subleading jets in the bucket (in terms of p⊥). In our study, it helps to suppress top candidates whose

momentum is dominated by one very hard prong.

Higgs candidate buckets have to fulfill

∆ ≤ 20 GeV . (5.22)

The 4-momentum of the successful top or Higgs candidate is given by the momentum sum of the jets

inside the bucket.

Signal regions and kinematic reconstruction

We define three signal regions depending on the number of tagged buckets, see Tab. 5.1. In addition to

event rates, we kinematically reconstruct the vectorlike top from the momenta of a tagged top quark and

a Higgs boson to assess its invariant mass

M(t,H) =
√

(pt + pH)2 . (5.23)

In the case of a fully reconstructed event (SR3), we choose between the two possible pairings,

{(t1, H1), (t2, H2)} and {(t1, H2), (t2, H1)}, such that the mass difference of the two vectorlike tops is

minimal,

min [|M(t1, H1)−M(t2, H2)|, |M(t1, H2)−M(t2, H1)|] . (5.24)
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Process T T̄ b.g. bbb̄b̄ tt̄ tt̄bb̄ tt̄H

800 GeV 900 GeV 1.0 TeV 1.1 TeV 1.2 TeV

number of events for 100 fb−1

HT ≥ 1.4 TeV 507 306 167 86.7 43.6 25600 4130 20600 772 52.9

#b ≥ 4 356 217 118 60.8 30.6 1730 990 506 218 16.4

#jets ≥ 10 306 185 101 52.7 26.8 518 166 201 141 9.5

MJ10 SR1 14.9 10.4 6.4 3.8 1.9 3.3 0.5 1.1 1.5 0.1

SR2 36.5 20.7 11.5 5.7 2.7 22.2 1.8 11.4 8.1 0.9

SR3 10.5 6.0 3.9 2.2 1.0 2.1 0.1 1.1 0.8 0.1

#jets ≥ 10 282 172 90.6 45.6 22.9 392 121 145 118 7.7

CA03 SR1 8.4 8.0 4.7 2.4 1.2 2.4 0.4 1.0 0.9 0.1

SR2 24.4 14.1 6.8 3.6 1.8 11.1 0.8 5.3 4.5 0.5

SR3 5.6 2.9 1.8 1.1 0.4 0.8 0.0 0.4 0.4 0.1

Table 5.2: Expected event numbers for two benchmark setups, mass-jump clustering MJ10 [Eq. (5.12)]

and standard Cambridge-Aachen clustering CA03 [Eq. (5.13)]. Numbers are given for an integrated

luminosity of 100 fb−1 at the LHC with
√
s = 14 TeV. Results for the signal are shown separately for

different values of the vectorlike top mass ranging from 800 GeV to 1.2 TeV. All relevant background

processes as well as their sum (“b.g.”) are given in the right-hand columns. The three signal regions

(SR) are defined in Table 5.1.

The majority of events, however, fall into signal regions 1 and 2, and we are left with three tagged and

one untagged bucket. As the untagged bucket also contains a significant energy deposit, its momentum

can be used as an estimate for the fourth particle. Again we apply Eq. (5.24) to determine the correct

pairing. Only the vectorlike top that is reconstructed from two tagged buckets is further considered.

5.4.3 Results

The cut flow and expected event numbers at the LHC14 with 100 fb−1 integrated luminosity are shown

in Tab. 5.2 for two benchmark setups MJ10 [Eq. (5.12)] and CA03 [Eq. (5.13)]. For both setups, the T T̄

signal outnumbers the Standard Model background up to mT = 800− 900 GeV in signal region SR2, and

up to mT = 1.1 TeV in the signal regions SR1 and SR3. Note that the absolute numbers should be taken

with great care due to the simplified event generation setup, cf. Sec. 5.2. A comparison of the relative

significances between the employed algorithms is less affected by the uncertainties, though.

We observe that event numbers are largest in SR2 (2 tagged top quarks, 1 tagged Higgs boson). This

is particularly pronounced for the various background processes. It can be understood by the order in

which the four buckets are filled: The top buckets are filled first and reconstruct the truth partons very

well, as will be investigated in Sec. 5.5. If jets originating from a Higgs boson are wrongly assigned to

a top bucket, it becomes unlikely to fill both Higgs buckets from the remaining jets with masses within
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Figure 5.3: Reconstructed mass of the vectorlike top M(t,H) (for truth mT = 1 TeV and 1.1 TeV) with

the MJ10 setup for SR1 (top left), SR2 (top right) and SR3 (bottom), for an integrated luminosity

100 fb−1. The histograms are stacked.

the mass window. This effect is larger for background processes, among which only a vanishing fraction

contains actual Higgs bosons at parton level except the tt̄H background. Thus the Higgs buckets are

dominantly filled from the remaining unrelated jets.

As can be seen in Tab. 5.2, in the conventional clustering setup CA03 event numbers are considerably

smaller than those obtained with mass-jump clustering MJ10, both for the signal and Standard Model

backgrounds. This is already observable at the #jets ≥ 10 cut stage, and the difference becomes even

larger when events in the final signal regions are compared. Due to the fixed jet radius of CA03, hard

prongs that are separated by a distance smaller than R = 0.3 merge. It is thus easily understood that

the number of hard jets is naturally smaller than the one obtained from a (reasonable) mass-jump setup.

As our implementation of the bucket algorithm explicitly requires resolved constituent jets, those merged

jets fail to reconstruct their hard resonance, leading to a large drop in event numbers in all signal regions.

In Fig. 5.3, we show the distributions of the vectorlike top mass, where stacked histograms of all

three signal regions SR1 – SR3 are presented. (In SR3, each event gives two entries.) The kinematic

reconstruction of the vectorlike top works very well, as manifest in a clear peak in the figures.

In order to compare the different jet clustering setups, it is instructive to look at signal significance
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S/
√
B 800 GeV 900 GeV 1.0 TeV 1.1 TeV 1.2 TeV

MJ10 11.77 7.05 4.13 2.22 1.07

MJ06 11.38 6.96 4.06 2.16 1.02

CA03 10.17 6.63 3.49 1.86 0.90

CA04 11.06 5.91 3.36 1.51 0.61

Table 5.3: Comparison of significance S/
√
B (number of signal events S and number of background events

B summed over all three signal regions) for different jet algorithms and benchmark setups for 100 fb−1

integrated luminosity. The numbers for the MJ10 and CA03 setups can be calculated from Tab. 5.2.

S/
√
B, which we take from the number of signal events S and number of background events B summed

over all three signal regions. Numbers are given in Tab. 5.3 for all considered setups. It is observed

that among the standard clustering setups CA03 and CA04, the smaller jet radius yields better results.

The reason is that nearby prongs can only be separately resolved if the radius parameter is smaller

than the mutual separation. For mass-jump clustering MJ10 and MJ06, the opposite is true: the larger

maximum jet radius gives more significant results. Even in very busy final states some prongs end up fairly

isolated, and they are more accurately reconstructed with larger jets. Overall the mass-jump algorithm

outperforms the fixed-radius conventional clustering.

The reconstructed signal mass (for truth mT = 1 TeV) is shown in Fig. 5.4 for all setups. A peak is

visible for all jet clustering setups, but for the fixed-radius algorithms CA03 and CA04 it is shifted to

lower values in the SR1 and SR2. The reconstruction is worse for the CA03 setup. Only the analysis based

on the mass-jump clustering can reproduce the mass of the heavy T in all signal regions. Independent

of the specific clustering algorithm, the reconstructed mass peak has an edge around the true mass, with

the majority of events experiencing a lower value. This may be due to the fact that we do not explicitly

include the leading gluon emission when the buckets are reconstructed.

Possible explanations for these observations and a comparison between standard Cambridge-Aachen

and the mass-jump jets are given in the following subsection.

5.4.4 Comparison of jet clustering algorithms

The results found in the previous subsection have mixed implications for the ideal jet radius when standard

fixed-R clustering is employed. CA03 yields larger overall significance than CA04, cf. Tab. 5.3. This is

not surprising, as only a small radius can separately resolve hard prongs from boosted top and Higgs

decays. In terms of event numbers, this advantage seems to well compensate for possible splash-out,

a loss of final-state radiation that falls outside the cone. On the other hand, Fig. 5.4 shows that the

reconstruction of the vectorlike top mass works better with a larger radius. This illustrates the difficulty

to find an optimal radius R in the fixed-R clustering algorithms.

Instead of employing a fixed clustering radius, the mass-jump algorithm was designed to separately

resolve hard prongs at any distance scale if the terminating veto is called. Fig. 5.5 shows the angular

distance ∆R =
√
dij of the last recombination step in the hardest (left) and tenth-hardest jet (right).

Whereas for CA03 jets (dashed lines) the ∆R distribution peaks at the radius cut R = 0.3 or slightly
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Figure 5.4: Reconstructed mass of the vectorlike top (for truth mT = 1 TeV) in SR1 (top left), SR2 (top

right) and SR3 (bottom) for different jet algorithms, for an integrated luminosity 100 fb−1.
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Figure 5.5: ∆R =
√
dij of the last recombination step in the hardest (left) and tenth-hardest jet (right)

in signal events with mT = 1 TeV (arbitrary units). The solid lines depict values for jets clustered with

the C/A-like mass-jump algorithm (MJ10), whereas jets clustered with the conventional C/A algorithm

(CA03) are given by dashed lines.
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Figure 5.6: Trimmed jet mass of the hardest (left) and tenth-hardest jet (right) in signal events with

mT = 1 TeV (arbitrary units). The solid lines depict values for jets clustered with the C/A-like mass-

jump algorithm (MJ10), whereas jets clustered with the conventional C/A algorithm (CA03) are given

by dashed lines.

below, MJ10 jets (solid lines) observe much more variety. For the hardest jet, ∆R has a peak at around

0.25 but can also take a large value, and for the tenth-hardest jet it has a broader and almost flat

distribution. This inherent flexibility constitutes the key to reconstructing the busy final state considered

here.

The tail up to very large values in ∆R seen for the mass-jump tenth (soft) jets (Fig. 5.5 r.h.s.) may be

a relic of the algorithm. In terms of significance, it was nevertheless observed that the overall performance

is improved when such large radii are allowed.8 These large-area jets can gather additional soft radiation,

e.g. soft gluon emissions, which can lead to a more accurate bucket mass. The fixed-R setups CA03 and

CA04 do not have these features, which could explain why the reconstructed T mass in SR1 and SR2 is

shifted to lower values for these algorithms. We speculate that a dedicated study of this effect may lead

to improved taggers in this context, but it is beyond the scope of this work.

Fig. 5.6 shows the trimmed jet mass (cf. Sec. 3.3), again for the hardest (left) and tenth-hardest jet

(right). A fraction of events experiences a very heavy leading jet around mj = 70 ∼ 80 GeV in the CA03

setup, indicating that nearby hard prongs have merged. The leading mass-jump jet, on the other hand,

has a cutoff at mj = µ = 50 GeV due to the veto condition (cf. Sec. 4.2.2), and very large jet masses are

absent. As plain jet mass roughly scales with p⊥ · R, soft jets clustered with fixed-R algorithms tend to

be very light, as shown in the right panel of Fig. 5.6 for the CA03 setup. However, final-state radiation

of low-p⊥ jets is less collimated and ideally caught in jets with larger radius [135]. In the same figure,

it is seen that the tenth (soft) MJ10 jets are heavier due to the larger effective jet radius as observed in

Fig. 5.5.

8This improvement is diminished due to trimming. By including a trimming stage (cf. Sec. 3.3), we assume that our

results are not affected much if additional soft radiation from underlying event and pile-up are taken into account. These

effects should be included in a realistic study, but pile-up can only be reliably simulated by the experimental collaborations.

We assume that our results, in particular the comparison between conventional jet clustering and mass-jump clustering, are

still qualitatively valid in our simplified setup.
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We conclude that the results found in Sec. 5.4.3, namely that a small jet radius can be of advantage

for conventional fixed-R clustering algorithms, whereas mass-jump clustering benefits from a very large

maximum R, can be explained by looking at jet merging scales and mass distributions. For our process

including four boosted resonances and a very busy final state, it is essential to find jets with a flexible

algorithm. The mass-jump algorithm avoids the problem of searching for a good compromise for the fixed

jet radius parameter and leads to physically more appealing jets. Consequently, it generally outperforms

its standard fixed-R counterpart, the Cambridge-Aachen algorithm, in the phenomenological analysis.

5.5 Performance of top and Higgs tagging

In this section, we investigate the performance of top and Higgs tagging in our approach with the mass-

jump (and the Cambridge-Aachen) clustering algorithms. We also briefly comment on the metric of the

decoupled buckets in Sec. 5.5.2.

It should be emphasized that the tagging efficiencies and the quality of reconstruction depend on the

considered physical processes as well as the event generator by which the samples have been produced.

This is even more true in our study, as the performance of top/Higgs tagging is affected by the hadronic

activity from other top and Higgs decay products in the candidate’s vicinity. Tagging efficiencies and

reconstruction qualities of the present canonical tagging algorithms for boosted resonances are usually

evaluated for isolated fat jets (see e.g. Refs. [19], [21]), which reduces the dependence on the specific

process and makes it possible to compare the results between different algorithms. This condition is not

satisfied in our benchmark analysis and therefore the results for top and Higgs tagging can hardly be

related to other algorithms. In addition, the strong weighting of the global buckets metric in Eq. (5.6)

naturally leads to the first top bucket being much better reconstructed than the second. Similarly, the

reconstruction quality of the top quarks is generally better than that of the Higgs bosons.

Despite those precautionary warnings, the results presented here can serve as a benchmark for other

processes with a similarly busy final state.

5.5.1 Reconstruction quality

In Fig. 5.7 we assess the quality of momentum reconstruction of the tagged buckets for the preferred

MJ10 setup, in the benchmark process pp → T T̄ → tt̄HH → 10 jets at the LHC with
√
s = 14 TeV.

The reconstructed masses of the top quarks and Higgs bosons are shown in the upper row. Due to the

ordering in the metric, the first bucket always gives a better reconstructed mass, leading to the dip for

the second bucket. Both for top and Higgs candidates, there is a central peak at the true mass value for

the first buckets. The top mass peak is much narrower, which is not surprising since Higgs buckets are

filled by the remaining jets only after the two top buckets have been filled. The middle and lower rows

of Fig. 5.7 show the deviation between the bucket momenta and the MC truth parton momenta in terms

of two variables,

∆p⊥
preco
⊥
≡p

reco
⊥ − pparton

⊥
preco
⊥

and (5.25)

∆Rreco,parton . (5.26)
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A narrow peak around 0 is observed for both observables, for top as well as Higgs candidates. In fact,

most of the tagged buckets are reconstructed within 20% in ∆p⊥/preco
⊥ , and ∆R ≤ 0.1, with no significant

differences between the respective first and second buckets. We conclude that (i) the tagged buckets are

built from the correct jets, and that (ii) these jets reconstruct the truth partons’ momenta very well.

For completeness, we also show the same results for the standard clustering benchmark setup CA03

in Fig. 5.8. Note that, although the distributions look similar to the MJ10 setup, the total number of

tagged buckets is significantly smaller. The reconstructed Higgs bosons tend to have a broader peak,

shifted to lower values in the CA03 setup. As a result, the mass of the reconstructed vectorlike top is also

shifted to lower values, as has been observed in Fig. 5.4. This is another indication that the mass-jump

algorithm is better suited to this analysis, in addition to larger event numbers discussed in Sec. 5.4.3.

We conclude our discussion with the reconstruction quality of tagged top buckets from the dominating

tt̄ Standard Model background (in the MJ10 setup), which is shown in Fig. 5.9. Deviations from the MC

truth partons are very small and our analysis setup is well suited for the background processes as well.

We observe that, although transverse momentum is reconstructed generally very accurately, the buckets

tend to have lower values than the signal case (cf. Fig. 5.7). Final-state radiation off the boosted top

quark may escape from the respective top bucket, and additional hard prongs from the matrix element

that could lead to splash-in are not present.

A final comment about the accurateness of the reconstruction of Higgs bosons is in order. Although

the buckets show very good quality (see again Fig. 5.7), the reader might wonder about the absence of

a clear structure in the found mass. As noted above, this feature is to some extend expected because

the Higgs buckets are filled only after the top buckets. In Fig. 5.10 we demonstrate that our setup in

general does not affect the reconstruction of Higgs bosons adversely. From left to right, the plots show

the reconstructed mass and the radial distance to the MC truth Higgs in a modified analysis where

the Higgs buckets are built first. Note that due to the multijet final state there is a large number of

wrong assignments compared to our preferred setup. As a result, the complete analysis gives a significant

number of events only in signal region 1 and suffers from large backgrounds. Fig. 5.10 right-hand side

shows the mass of all those Higgs buckets reconstructed with good quality, defined by ∆p⊥/preco
⊥ < 0.2

and ∆R ≤ 0.5. The distribution is not biased by the mass-jump jet algorithm or our simulation.

5.5.2 A note on the global metric

The reader might wonder whether the jets are not optimally assigned to the buckets due to the explicitly

decoupled metric in Eqs. (5.6) and (5.7). This choice was made to reduce the combinatorial workload,

but it is expected that the results do not change much even if a more democratic ordered metric, 0 <

ωi+1/ωi < 1, is used. First, we observe that for any bucket the exchange of a jet with one from BISR does

not yield a lower metric by definition, independent of its weights. Second, interchange of jets between

two buckets (Bi and Bj with ωi > ωj) may lower the measure of Bj , but always at the cost of raising that

of Bi. Because of the relative weight ωi > ωj , most of the interchanges are likely to increase the global

measure. To find the global minimum, one has to consider a reassignment of several jets simultaneously,

the details of which depend on the specific weights chosen and is beyond the scope of this analysis. Note

that, even if finite weights are used, the local minimum found with explicitly decoupled buckets gives an
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Figure 5.7: Reconstruction quality of tagged top (left) and Higgs buckets (right) for the MJ10 setup, in

the benchmark process pp → T T̄ → tt̄HH → 10 jets at the LHC with
√
s = 14 TeV (arbitrary units).

From top to bottom, the reconstructed mass, relative deviation in transverse momentum ∆p⊥/preco
⊥ , and

the angular distance ∆Rreco,parton are shown. The solid curves show results for the first bucket, the

dashed curves for the second bucket.
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Figure 5.8: The same as Fig. 5.7 but for the CA03 setup.
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Figure 5.9: Reconstruction quality of tagged top buckets of the leading tt̄ background events in the MJ10

setup.
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Figure 5.10: Reconstruction quality of tagged Higgs buckets for the MJ10 setup in a modified analysis

where the Higgs buckets are filled first. There is a clear peak in the reconstructed mass (left), but a

large number of buckets does not correspond to a MC truth Higgs boson (middle) compared to Fig. 5.7.

Taking only well-reconstrued buckets into account (see definition in the text), the mass reconstruction

still exhibits a central peak around the true mass value (right). We do not distinguish between the two

buckets here.
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upper bound on ∆2
min, thus helping to reduce the huge number of permutations.

This argument is weakened if a metric is chosen that does not favour top buckets over Higgs buckets,

i.e. ω1, ω2 ≯ ω3, ω4. In our analysis, we chose to reconstruct top quarks from three prongs first, and

only after that Higgs bosons from two prongs each. This order reduces wrong assignments for both the

signal and background. Since Standard Model processes containing Higgs bosons in the final state are

rare, the mass distributions in the Higgs buckets can serve as side bands to experimentally determine the

background cross-sections.

5.6 Summary and outlook

We have presented a novel approach to the very busy all-hadronic final state emerging from multiple

heavy resonances. We focused on vectorlike top pair production at the LHC as the benchmark process of

our studies. Since the standard techniques using large-radius fat jets suffer from splash-in contamination

and jet overlap in such a busy environment, here we completely relied on separately resolved jets. It was

shown that this approach – in combination with a bucket algorithm to reduce computational weight –

gives good results and can serve as an alternative channel in new physics searches, including a kinematic

reconstruction of the vectorlike top mass. The key ingredient is the mass-jump jet clustering algorithm,

which is shown to greatly improve the performance compared to common jet algorithms. This algorithm,

which established the family of jet clustering with a terminating veto, is able to resolve nearby hard

partons into separate jets, while it resembles common jet algorithms if the partons are well isolated.

In addition to intrinsic jet properties, it introduces a dependence of the clustering history on two-jet

properties, all formulated in terms of jet mass and mass ratios. It is this flexibility that outputs jets with

variable effective radii, which leads to superior results compared to the fixed-radius variants.

While a χ2-like measure could give a more accurate assignment of the jets to the various buckets, we

gave an argument that the difference to our computationally inexpensive ansatz is not expected to be

large. Another possible improvement is to require a certain number of b-tagged jets for each top and Higgs

candidate. We did not include this option in our analysis because it would require matching between

tagged jets and mass-jump jets, which have not yet been investigated by the experimental collaborations.

Our results give a conservative estimate in this respect.

On top of the phenomenological study of vectorlike top pair production, we investigated the quality

of reconstruction of the top quarks and Higgs bosons. Whereas the majority of tagging algorithms

for boosted resonances assumes their isolation, we showed that our approach performs excellently in

identifying the correct jet combinations even in this very busy and unclean environment. This study

enters uncharted and often neglected territory when it comes to taggers. Yet the results are promising

and we expect that jet clustering algorithms with a terminating veto will find their place in future studies

of high-multiplicity processes.

5.A An analysis with adaptive fat jets

In this appendix we perform a numerical analysis of our benchmark process, pp→ T T̄ → tt̄HH → 10 jets,

based on fat jets. We argued in Sec. 5.3 that there are unavoidable problems with the definition of a
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fat jet in this scenario, as the decay products of the boosted top quarks and Higgs bosons are not well

separated. In particular the choice of radius for the fat jets has to be a compromise, and we speculated

that the performance of tagging algorithms is thus impeded. In the following we describe a new, adaptive

approach.

Version 2 of the HEPTopTagger includes a procedure that automatically adjusts the fat jet radius,

labelled optimalR mode [85]. First we briefly review the algorithm. For decreasing fat jet radii from

Rmax = 1.8 down to Rmin = 0.5 in steps of 0.1, the HEPTopTagger is applied and a top candidate

constructed (the algorithm was reviewed in Sec. 3.6). The successive fat jets are obtained by reclustering

the initial one with R = 1.8. The respective candidate’s mass is labelled m
(R)
rec . It is expected that the

series of values m
(R)
rec observes a stable plateau until R is too small to capture all three subjets from the

top decay. The smallest radius on the plateau is then defined as Ropt through the condition

m
(Rmax)
rec −m(R)

rec

m
(Rmax)
rec

> 0.2 ⇔ R < Ropt , (5.27)

and the reconstructed momentum from this ”optimal“ fat jet forms the top candidate.

We anticipate that this adaptive top tagging algorithm may help in our scenario, as it can adjust

the size of each fat jet individually. A similar Higgs tagger we define by porting the optimalR mode to

the BDRS Higgs tagger (cf. Sec. 3.5). As the BDRS algorithm is agnostic of the Higgs boson mass and

will yield very large masses for large fat jets due to splash-in, we modify the mass plateau condition in

Eq. (5.27) as follows. While proceeding to smaller fat jet radii, the first candidate with a mass around

the true Higgs mass,

mrec ≤ mH + 20 GeV , (5.28)

determines the true starting point Rmax’ for the optimalR mode. We then find the smallest fat jet on

the mass plateau by Eq. 5.27 with Rmax replaced by Rmax’.

Our exemplary analysis proceeds as follows. Note that all cuts are very similar to those in our novel

analysis of Sec. 5.4 to allow for easy comparison of the results.

1. Event preselection cuts:

Scalar transverse momentum HT ≥ 1400 GeV and number of b-tagged jets #b ≥ 4.

We refer to our novel analysis in Sec. 5.4.2 for details.

2. Build fat jets with R = 1.8 from the calorimeter information and apply the HEPTopTagger with

optimalR mode starting from the leading fat jet. Once a top candidate with p⊥ ≥ 200 GeV is

reconstructed, remove its constituents from the calorimeter signal and repeat step 2. Only the two

candidates with smallest ∆m = |mrec −mt| are finally kept (if there are less than two candidates,

the event is discarded). Note that these candidates are not necessarily tagged: applying cuts after

the identification of candidates reduces background shaping.9 We do not modify the default cuts of

the HEPTopTagger, in particular the allowed mass window for top candidates is mt ± 25 GeV, the

same as in Sec. 5.4.2.

9For the same reason, all tagging algorithms introduced in Sec. 3.6 apply cuts only after the candidate has been fixed.

A similar philosophy is behind our original analysis described in Sec. 5.4 and the HPTTopTagger of Chapter 6.
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3. Do step 2 for the BDRS Higgs tagger with optimalR mode as defined above. Now we do not require

two or more Higgs candidates. The initial fat jets are formed from all calorimeter information but

the constituents of the two top candidates removed. The allowed mass window for Higgs candidates

is mH ± 20 GeV as in Sec. 5.4.2.

We define three signal regions analogously to our original analysis, recall Tab 5.1. The resulting event

numbers and signal significances are shown in Tab. 5.4 for two different initial fat jet radii, Rmax = 1.8

and 1.5. First we observe that signal region 1 is barely populated, i.e. the two top candidates identified

by the procedure described above are very likely to be both tagged. This statement also holds for the bbb̄b̄

background. It is indicated that due to the high multiplicity and scalar transverse momentum, plentiful

top-like substructure is induced. Comparing the two different setups, we observe that background fake

rates are much larger when starting from a very large Rmax = 1.8. The corresponding signal rates, on

the other hand, do not gain similar efficiency. This hints that while the optimalR mode may help to

correctly reduce the size of signal fat jets, splash-in effects and the resulting sheer subjet multiplicity

severely impede background rejection. Even the sophisticated, self-adaptive fat jet algorithm considered

here does not facilitate the problem of optimal jet radius and fat jet identification in a satisfactory manner.

When the results are compared to those of our novel analysis in Tabs. 5.2 and 5.3, we see that the analysis

based on fat jets described above cannot compete with the mass-jump based setup of Sec. 5.4.
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Process T T̄ b.g. bbb̄b̄ tt̄ tt̄bb̄ tt̄H

800 GeV 900 GeV 1.0 TeV 1.1 TeV 1.2 TeV

number of events for 100 fb−1

HT ≥ 1.4 TeV 507 306 167 86.7 43.6 25600 4130 20600 772 52.9

#b ≥ 4 356 217 118 60.8 30.6 1730 990 506 218 16.4

SR1 0.1 0.1 0.2 0.2 0.0 0.2 0.0 0.1 0.0 0.0

Rmax SR2 56.9 31.1 15.9 8.6 4.7 42.2 4.8 22.2 13.5 1.8

= 1.8 SR3 15.0 9.6 6.0 3.5 1.9 3.7 0.6 1.7 1.2 0.2

S/
√
B 10.60 6.01 3.26 1.81 0.97

SR1 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0

Rmax SR2 44.3 24.1 12.7 6.9 3.7 29.9 3.1 15.4 10.0 1.4

= 1.5 SR3 9.7 7.4 4.5 2.6 1.4 2.1 0.3 0.9 0.7 0.1

S/
√
B 9.56 5.57 3.05 1.69 0.90

Table 5.4: Expected event numbers for a fat-jet-based analysis. Numbers are given for an integrated

luminosity of 100 fb−1 at the LHC with
√
s = 14 TeV. Results for the signal are shown separately for

different values of the vectorlike top mass ranging from 800 GeV to 1.2 TeV. All relevant background

processes as well as their sum (“b.g.”) are given in the right-hand columns. The three signal regions

(SR) are defined in Tab. 5.1. The significance is defined as S/
√
B, taken from the number of signal events

S and number of background events B summed over all three signal regions.
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— All my life I’ve had one dream:

to achieve my many goals.

Homer Simpson

6
Top quarks and gauge bosons in the highly boosted

regime

This chapter is based on work by the author [C, F].

Heavy resonances are an integral part of many extensions of the Standard Model. The discovery of such

heavy resonances is a primary goal at the LHC and future hadron colliders. When a particle with TeV-

scale mass decays into electroweak-scale objects, these objects are highly boosted and their decay products

are then strongly collimated, possibly to an extent that they cannot be resolved in the calorimeters of

the detectors any more. Also recall the introductory discussion in Sec. 3.1. We develop taggers for

electroweak-scale resonances by combining the good energy resolution of the hadronic calorimeter with

the superior spatial resolution of the tracking detector. Using track-based techniques we reconstruct

heavy W ′ and Z ′ bosons. The taggers show a good momentum-independent performance up to very

large boosts. Using the proposed techniques will allow experiments at the LHC and a future hadron

collider to significantly extend its reach in searches for heavy resonances. Lastly, we apply a track-based

analysis to constrain the branching ratio of the rare Higgs boson decay H → ZA→ l+l− + jets.

6.1 Introduction

The scale of new physics for many anticipated extensions of the Standard Model has already been pushed

beyond O(1) TeV (cf. Fig. 2.3). If heavy TeV-scale resonances decay into electroweak-scale particles,

which in turn have large branching ratios into quarks, i.e. XTeV → YEW → jets, these quarks are likely to
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be collimated in the lab frame. More precisely, the extent to which the decay products of the electroweak-

scale resonances are collimated depends on the ratio between the mass of the heavy new physics resonance

and the electroweak scale. For central production one finds p⊥,Y ∼ mX/2. As a result, for the decay

products of Y their angular separation scales like ∆Rjets ∼ 4mY /mX . As electroweak-scale resonances

have generically large branching ratios into quarks, the reconstruction and detailed analysis of hadronic

final states is at the core of the upcoming LHC program.

The topo-clusters from which jets are constructed in experiments by the ATLAS collaboration become

the bottleneck of the analysis of highly boosted resonances. The minimal transverse size for a cluster of

hadronic calorimeter cells is 0.3×0.3 in (η, φ), reached if all energy after noise subtraction is concentrated

in one cell. To discriminate two jets the angular separation of their axes in the detector has to be at least

∆R ≥ 0.2. The CMS collaboration instead uses particle-flow objects. The charged hadrons, electrons

and muons that enter these objects are reconstructed from tracks in the tracker, while photons and

neutral hadrons are reconstructed from energy deposits in the electromagnetic and hadronic calorimeters,

respectively. The spatial resolution of jets built from particle flow can be greatly improved with respect

to calorimeter jets, i.e. the use of tracking detectors and the electromagnetic calorimeter’s fine granularity

allow the measurement of charged hadrons and photons inside a jet, which together constitute ∼ 85%

of the jet energy. Nevertheless the jet-energy resolution deteriorates quickly for jets with R < 0.2 [161].

Hence, the way CMS uses its particle-flow objects currently results in a lower limit on the spatial resolution

of jets, similar to ATLAS.

For most Standard Model processes at the LHC this angular resolution is sufficient to separate

the decay products of electroweak resonances. However, when scales are vastly separated and either

4mY /mX � 0.2 or in general p⊥,X � mX , the angular separation of the decay products can be too

small to resolve them individually. While the overall energy deposit of highly boosted resonances can still

be measured, the substructure, i.e. the energy sharing between the decay products, becomes oblivious.

Hence the ability to discriminate between a decaying resonance and QCD jets using jet substructure

observables quickly deteriorates. Obviously, at a possible future 100 TeV proton-proton collider where

larger mX are probed and the rate for electroweak resonances with p⊥,X � mX is bigger, this issue

cannot be ignored.

To recover reconstruction efficiency for highly boosted resonances and extend the multi-purpose ex-

periments’ sensitivity in searches for heavy resonances to larger masses, smaller input objects to jet

algorithms have to be used. Following Ref. [25], we propose to use tracks instead of either topo-clusters

or particle flow objects as input for resonance reconstruction methods1, thereby trading an accurate

measurement of the subjet’s energy against an improved spatial resolution of the jet’s substructure. We

develop and refine dedicated reconstruction procedures for highly-boosted electroweak-scale resonances,

e.g. W/Z bosons and top quarks, designed to exploit this trade-off between a precise measurement of the

jet’s energy and the improved spatial resolution of tracks. While we will focus on subjet-based techniques

the same approach can be used for jet shape observables [163].

1In an earlier proposal [162] the same approach for the electromagnetic calorimetry was discussed for W tagging.

66



6.2. TAGGING HIGHLY BOOSTED TOP QUARKS

6.2 Tagging highly boosted top quarks

6.2.1 The original HPTTopTagger

The HPTTopTagger of Ref. [25] reconstructs the three-prong substructure of hadronically decaying top

quarks from the charged tracks inside a given fat jet. These particle trajectories can be determined in

a tracking detector to very high radial precision. More specifically, the ATLAS inner tracking detector

achieves an angular resolution of ∆η ≈ 10−3 and ∆φ ≈ 0.3 mrad for charged particles with p⊥ =

10 GeV [164], while maintaining a reconstruction efficiency of > 78% for tracks of charged particles with

p⊥ ≥ 500 MeV [165]. Such accuracy cannot be achieved with the hadronic calorimeter where it is not

possible to separately resolve small jets with ∆Rj1,j2 < 0.2.

Tagging algorithms that rely solely on information from calorimeter towers on the other hand – such

as all those reviewed in Chapter 3 – are therefore not applicable any more if the top daughter jets are

strongly collimated. The track-based HPTTopTagger ports elements of the HEPTopTagger algorithm (see

review in Sec. 3.6) to the high-energy regime. However, to avoid combinatorial issues due to the high

multiplicity of tracks and the introduction of artificial mass scales in background events, cuts are only

applied on one three-subjet configuration inside the large-radius fat jet. Hence we do not search for a

top-like structure in every possible subjet combination. The bulk of the top identification is then achieved

by comparing ratios of invariant mass combinations of the three subjets. For example, the ratio m23/m123

corresponds to mW /mt in most hadronic top decays, where m23 is the invariant mass of the sub-leading

and sub-sub-leading subjet in transverse momentum and m123 is the invariant mass of the top candidate.

Due to imperfect knowledge of all energy flow in the tracking detector (only charged particles are

reconstructed), the track momenta are scaled according to the inverse of the energy fraction carried by

charged tracks [25], [162]

αj ≡
Ejet

Etracks
. (6.1)

Because the energy of the (hadronic) fat jet can be calibrated to good precision in the experiment [166],

[167], the sensitivity to fluctuations is hence ameliorated. In essence, the tracker’s spatial and the

calorimeter’s improved energy resolution are combined to perform a local recalibration of the track-based

fat jet.

For completeness, we echo the complete algorithm as presented in Ref. [25]:

1. Define a jet j using the C/A algorithm with R = 0.8 from calorimeter clusters.

2. Take the tracks with p⊥ > 500 MeV that are associated with j and recombine them to a track-based

jet jc.
2

3. Calculate αj of Eq. (6.1) using j and jc.

4. Apply the mass-drop procedure introduced in Refs. [24], [168]: undo the last clustering of the track-

based jet jc into two subjets jc1, jc2 with mjc1 > mjc2 . We require mjc1 < 0.8mjc to keep jc1 and

jc2. If this condition does not hold we keep only jc1. Each subjet jci we further decompose unless

mjci < 20 GeV. The remaining subjets we add to the list of relevant substructures.

2We use ghost-association, cf. footnote 3 in Sec. 5.3.
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5. If we find fewer than two remaining subjets we consider the tag to have failed. Else, we take the

constituents of all subjets surviving the mass-drop procedure and multiply their momenta by αj

each.

6. We take all the rescaled constituents and filter (cf. Sec. 3.3) them with resolution

Rfilt = max( 0.05,min(∆Rij/2) ), in which i and j run over all remaining subjets after the mass-

drop procedure. We recombine all constituents of the four hardest filtered subjets and require the

resulting invariant mass to be in a mass window around the top quark mass. We call this object

our top candidate.

7. Again we follow the HEPTopTagger and construct exactly three p⊥-ordered subjets j1, j2, j3 from the

top candidate’s constituents. If the masses (m12,m13,m23) satisfy the so-called A-cut of Eq. (3.10),

we consider the top tag to be successful.

6.2.2 The new default of the HPTTopTagger

The HPTTopTagger described above is essentially a track-based version of the HEPTopTagger, with reason-

able adjustments to account for very large transverse momenta but no major revisions. In the following,

we describe key observations that lead to an improved top tagger in the highly boosted regime. All

analyses in this chapter are based on this new default.

First we consider energy calibration of the charged tracks in Eq. (6.1). In fact, calibrations of

Cambridge-Aachen (C/A) subjets are available for radius parameters as small as 0.2 [167] which makes

it beneficial to rescale the charged tracks more locally. For boosted tops with transverse momentum at

the TeV scale, typically two or all three top subjets can be resolved in this way and the fluctuations are

expected to be reduced separately. In Fig. 6.1 we show the average mutual separation between top decay

products. Thus, among other improvements, the new default of the HPTTopTagger applies the approach

of Eq. (6.1) to subjets individually instead of the whole fat jet.

We find that the Monte Carlo truth partons from the decay t → bW+ → bjj are separated by a

characteristic R distance of ∼ 200 GeV/p⊥,t and that the energy carried by charged tracks around these

partons is very well localized with a much smaller radius, see Fig. 6.2. Given these observations, we are

led to abandon the mass-drop unclustering procedure, which was inherited from the HEPTopTagger, in

favour of conventional (anti-kT ) subjets with radius parameter R = 100 GeV/p⊥,jc . We label the three

subjets leading in transverse momentum j̃1, j̃2 and j̃3. This procedure renders an additional filtering

stage redundant.

The inclusion of the leading gluon emissions is important to capture all top quark decay products,

in particular when p⊥,t � mt. In Ref. [25] this was not done explicitly, which resulted in relatively low

reconstructed masses. Additional soft emissions can, however, easily be captured if we allow our subjets

to overlap, i.e. we recluster the fat jet jc with R = 0.8 ·min ∆R(j̃i, j̃k) where i, k ∈ {1, 2, 3 | i 6= k}. As the

new radius is smaller than the subjet separation, it is guaranteed that they are still resolved separately.

The new p⊥-leading subjets j1, j2 and j3 form the top candidate.

Typically tagging efficiencies will be larger for the new HPTTopTagger which is a desired feature,

especially when the luminosity of the experiment is limited. To achieve good rejection rates of background
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Figure 6.2: Smallest separation between two MC truth partons in a top decay, scaled with the fat jet

transverse momentum (left) and distribution of transverse momentum carried by charged tracks around

the truth partons (right).
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events, in addition to the so-called A-cut of mass ratios [cf. Eq. (3.10)], we apply a cut based on the

geometric size of the top candidate. The scaled spread of the reconstructed subjets has to satisfy

max ∆R(ji, jk) · p⊥,top candidate ∈ [ 250 GeV, 750 GeV ] (6.2)

where i, k ∈ {1, 2, 3 | i 6= k}, in order to reject fake candidates where the big top-like mass is generated

through soft large-angle radiation.

We define the new default of the HPTTopTagger algorithm by the following procedure:

1. Define a fat jet j using the C/A algorithm with R = 0.8 and p⊥ ≥ 800 GeV.3

2. Discard all tracks that are not associated with j or that have p⊥ < 500 MeV.4

3. Scale the remaining track momenta as follows: Recluster j with the anti-kT algorithm employing a

small radius R = 0.2, and calculate αj ≡ Ejet/Etracks for each subjet using its respective associated

tracks. We multiply the momenta of the tracks by αj and recombine the scaled tracks to a track-

based jet jc.

4. Recluster jc using the anti-kT algorithm with R = 100 GeV/p⊥,jc . If there are fewer than three

subjets we consider the tag to have failed.

5. We then calculate the smallest pairwise distance between the three leading subjets, rmin ≡ min ∆Rij

and recluster jc with a new radius R = 0.8 rmin. If the new three leading subjets result in an

invariant mass around the top quark mass, mcandidate ∈ mt± 25 GeV, they form our top candidate.

6. We follow the HEPTopTagger and apply the so-called A-cut of Eq. (3.10) on the pairwise in-

variant masses (m12,m13,m23). If in addition the top candidate satisfies p⊥ · max ∆Rij ∈
[ 250 GeV, 750 GeV ], we consider the top tag to be successful.

6.2.3 Performance

We investigate the tagging efficiency and the reconstructed mass of the HPTTopTagger, as described in

Sec. 6.2.2. Throughout this section, we generate top-initiated jets from the production of a heavy boson

Z ′, pp → Z ′ → tt̄ → jets, for masses in the range mZ′ = 3 · · · 6 TeV. Unless otherwise stated, the

sample with mass mZ′ = 6 TeV is used to generate the plots. For the background we consider QCD jets

from dijet production. Unless stated otherwise, we generate events with Pythia 8.186 at centre-of-mass

energy
√
s = 14 TeV. Fat jets are clustered using FastJet 3.0.6 from stable particles with pseudorapidity

|η| < 4.9. We apply the C/A jet algorithm with radius parameter R = 0.8 and p⊥ ≥ 800 GeV. To assess

the signal efficiency we match the fat jet to MC truth top quarks by requiring ∆R(j, top) < 0.6 and select

jets with |ηj | < 2.5.

A priori, constructing observables from tracks can result in a marked sensitivity on detector resolution

and efficiencies. To evaluate the impact of these effects on the performance of the algorithm we use the

3Note that the choice of fat jet clustering algorithm is less vital compared to previous approaches because we do not

apply an unclustering step. The same holds for our W and Z boson taggers developed in Sec. 6.3.1.
4We use ghost-association, cf. footnote 3 in Sec. 5.3.
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Figure 6.3: ROC curves for scan over m23/m123, p⊥ · max ∆Rij , mt, mW , ∆mt, ∆mW in various

combinations and pre-scan cuts. For details on signal and background generation see the text.

Delphes 3.1.2 fast dectector simulation. Throughout parameters are chosen in accordance with the

default ATLAS parameters provided by Delphes.

Fig. 6.3 shows the receiver-operater characteristic (ROC) curve for our algorithm. By tuning the free

parameters and cuts, background rejection R = 1 − εmis can be maximized for any working point with

given signal tagging efficiency ε. We use TMVA [169] to find optimum cuts on m23/m123, p⊥ ·max ∆Rij ,

as well as the allowed mass windows around mt and mW . TMVA assesses the cut parameters by their

respective discrimination power and applies cuts in this order. To further improve performance, we

run the algorithm for different combinations of fixed and free cut parameters and combine the resulting

curves such that at each working point, the setup with the largest background rejection is selected. To

obtain a dropping p⊥ distribution as expected in a real analysis, we take background QCD jets from dijet

production with p̂⊥ ≥ 700 GeV. p̂⊥ is the transverse momentum in the rest frame of the hard process at

generator level.

In Fig. 6.4 we show the p⊥-dependent tagging efficiencies of the HPTTopTagger. Here we obtain

background QCD jets from dijet production with binned generator-level p̂⊥ in the range [700, 2500] GeV

and p̂⊥ ≥ 2500 GeV to achieve good statistics in all bins. Over the whole studied p⊥ range we find a

flat tagging efficiency and fake rate. The outlined modifications for the new default of the HPTTopTagger

improve the tagging efficiency for fat jets with p⊥,t ∼ 1 − 2 TeV while maintaining a similar fake rate.

For particle-level final states with p⊥,fatjet ∼ 1 TeV the HPTTopTagger has a signal efficiency of roughly

35% which slightly decreases to 30% at p⊥,fatjet = 3 TeV. Including detector effects results in a flat shift

to lower values by 5% over the entire p⊥,fatjet range.
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Figure 6.4: Tagging efficiency of the original HPTTopTagger and the new default at particle level (l.h.s.)

and detector level (Delphes) (r.h.s.).

Fig. 6.5 shows the reconstructed top mass after applying the HPTTopTagger in two different transverse

momentum windows, p⊥,fatjet ∈ [1000, 1500] GeV (l.h.s.) and [2000, 2500] GeV (r.h.s.). In the former,

we generate background events with p̂⊥ ≥ 700 GeV and in the latter with p̂⊥ ≥ 1800 GeV, to obtain a

dropping p⊥ distribution as expected from the SM process. The top mass distribution from the signal

sample shows a clear peak at the correct top quark mass. While the detector simulation does not

affect the position and width of the peak significantly, it is slightly sharper and more pronounced for

p⊥,fatjet ∈ [1000, 1500] GeV compared to the window [2000, 2500] GeV.

As track-based observables are not infrared safe [170]–[173] non-perturbative contributions have to be

taken into account to obtain well-defined results. For practical purposes, in event generators, hadroniza-

tion models including fragmentation functions are used, which in turn follow perturbative evolution

equations to obtain an extrapolated result at energies of interest from LEP data [174]–[177]. Thus,

track-based observables are subject to the parametrisation of non-perturbative physics.

To estimate the impact different hadronisation models can have on the performance of the

HPTTopTagger we compare the tagging efficiency and mass reconstruction for events generated with

either Pythia 8.186 or Herwig++ 2.7.1 [178], see Fig. 6.6. We find that both event generators result

in very similar signal efficiencies, i.e. differences of O(10)% at most. For the backgrounds the differences

are slightly larger but still within generic uncertainties of event generators.

6.2.4 Resonance search with highly boosted top quarks

The discovery of heavy resonances is a prime goal at the LHC and a possible future high-energy proton-

proton collider. In many extensions of the Standard Model heavy resonances are predicted (cf. Sec. 2.3),

leading to highly boosted top quarks. While for top quarks with intermediate boost focusing on

(semi)leptonic top decays can lead to stronger exclusion limits [179], at very high transverse momen-

tum standard lepton-isolation requirements fail and the improved background rejection in leptonic final

states ceases to compensate for the smaller branching ratio. Thus, we will again focus on hadronic top

decays only, as we do throughout this thesis.
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Figure 6.5: Reconstructed top quark mass with the new HPTTopTagger at particle level (upper row) and

detector level (Delphes) (lower row) for different transverse momentum ranges p⊥,fatjet.
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Figure 6.6: Comparison of results for the new HPTTopTagger from samples generated with Pythia (black

curves) and Herwig++ (red curves). Tagging efficiencies and reconstructed mass are shown at detector

level for both top-initiated and QCD jets.
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Figure 6.7: Invariant mass of the two reconstructed top quarks after top tag m12. The left figure

corresponds to benchmark scenarios for
√
s = 14 TeV and the right figure to

√
s = 100 TeV with 300 fb−1

integrated luminosity each.

Results for LHC

Fig. 6.7 shows expected event rates at the LHC with 14 TeV centre-of-mass energy and an integrated

luminosity of 300 fb−1. We generate three signal benchmark scenarios with Pythia, choosing mZ′ =

(3, 4, 5) TeV and universal default couplings to fermions. The resonance widths are ΓZ′ = (95, 128, 160)

GeV respectively, and the branching ratio BR(Z ′ → tt̄) gives 10.5–10.6% in the considered mass regime.

Resulting production cross-sections are σZ′ = (3.45, 0.501, 0.00962) fb respectively, which only include

events where the heavy Z ′ decays into a pair of top quarks, and each top decays hadronically. We generate

QCD dijet background events with p̂⊥ ≥ 700 GeV and find a total cross-section of 111.6 pb.

To reconstruct the Z ′ resonances we require at least two fat jets clustered using the C/A jet algorithm

with R = 0.8. Input to the jet finder are all final state particles with |η| < 4.9, processed through

Delphes. We further impose p⊥,fatjet ≥ 800 GeV.

If both fat jets are tagged we reconstruct the resonance by summing the reconstructed top quarks’

four-momenta, m2
12 = (pt1 +pt2)2. The results are plotted in Fig. 6.7. While the resonance peak is clearly

visible, it is shifted to values below the true resonance mass. In addition, for all resonance masses we find

a long tail towards smaller m12. The shift of the mass peak and the low-mass tail are more pronounced

for heavier resonances. This is a known effect when reconstructing very heavy resonances. Top taggers

aim to reconstruct top quarks that are close to being on-shell. However, top quarks produced in decays of

heavy resonances have a large probability to radiate gluons before decaying. As these gluons are emitted

in a wide angle around the top quark this radiation is lost when recombining the four-momenta of the

reconstructed tops and their invariant mass is shifted towards smaller values.5

We evaluate the required integrated luminosity to exclude the three benchmark resonances using a

simple cut and count method. Based on the invariant mass distribution of the two reconstructed top

5A possible solution to this problem is discussed in Ref. [85]. For the same signal process with a moderately heavy Z′ of

mass mZ′ = 1.5 TeV it was found that using the filtered fat jets (not only the tagged substructure) can restore the Z′ mass

peak. However, background events are also shifted to larger masses, resulting in no improvement in Z′ extraction from this

observable alone.
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Resonance m12 window (TeV) S/B S/
√
B σ (fb) σ for S/

√
B = 2

m′Z = 3 TeV 2.6-3.0 0.27 2.90 3.45 2.38

m′Z = 4 TeV 3.4-4.0 0.13 0.69 0.501 1.45

m′Z = 5 TeV 4.4-5.0 0.07 0.16 0.00962 0.12

Table 6.1: Results for search for Z ′ → tt̄ at the LHC14 in three benchmark scenarios. The last column

shows the required production cross-section to achieve S/
√
B = 2 with 300 fb−1 integrated luminosity.

Note that σ includes the branching fractions BR(Z ′ → tt̄) and BR(t/t̄ → jets). All numbers are based

on the results provided in Fig. 6.7.
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Figure 6.8: Exclusion limits at 90% CL for Z ′ → tt̄ with the new HPTTopTagger depending on production

cross-section and integrated luminosity. The left figure corresponds to benchmark scenarios for
√
s = 14

TeV and the right figure to
√
s = 100 TeV.

quarks m12 we choose the two bins with the best S/B ratio and require S/
√
B ' 2.

For our benchmark scenarios, with only 300 fb−1 of data, a heavy mZ′ = 3 TeV can be excluded at

90% confidence level (CL).

Based on Tab. 6.1, in Fig. 6.8 we show the necessary integrated luminosity for exclusion at 90% CL,

depending on the resonance’s production cross-section.

Results for FCC-hh 100 TeV

We generate events as described above but with a centre-of-mass energy of
√
s = 100 TeV, i.e. we consider

the hadronic final state of top quark pair production via a heavy gauge boson Z ′ over a QCD dijet

background. Note that detector specifications are identical to the LHC analysis for concreteness. We

employ the same analysis to reconstruct the heavy Z ′ from two tagged tops, but now select fat jets with

p⊥,fatjet ≥ 2000 GeV.

Again, we generate three signal benchmark scenarios with Pythia as detailed above, choosing bench-
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Resonance m12 window (TeV) S/B S/
√
B σ(fb) σ for S/

√
B = 2

m′Z = 6 TeV 5.0-6.0 0.098 3.29 26.9 16.39

m′Z = 10 TeV 8.0-10.0 0.054 0.99 3.18 6.45

m′Z = 15 TeV 13.0-15.0 0.052 0.33 0.466 2.84

Table 6.2: Results for search for Z ′ → tt̄ at the FCC-hh100 in three benchmark scenarios. The last column

shows the required production cross-section to achieve S/
√
B = 2 with 300 fb−1 integrated luminosity.

Note that σ includes the branching fractions BR(Z ′ → tt̄) and BR(t/t̄ → jets). All numbers are based

on the results provided in Fig. 6.7.

mark masses mZ′ = (6, 10, 15) TeV. Production cross-sections turn out σZ′ = (26.9, 0.986, 0.328) fb and

resonance widths ΓZ′ = (192, 322, 485) GeV respectively. We generate QCD dijet background events with

p̂⊥ ≥ 2000 GeV and find a total cross-section of 149.3 pb.

Expected event rates at 300 fb−1 are shown in Fig. 6.7 (r.h.s.) for all three benchmark masses and

the QCD background. The mass bins that give the largest significance are listed in Tab. 6.2. Based on

this table, we show 90% CL exclusion limits as a function of the production cross-section and integrated

luminosity in Fig. 6.8 (r.h.s.).

6.3 Tagging highly boosted gauge bosons

6.3.1 The HPTWTagger and HPTZTagger algorithms

Not only boosted top quarks are of interest for searches of new physics at the LHC and future colliders.

Many extensions of the Standard Model predict heavy resonances decaying to W or Z bosons (also see

Sec. 2.3). In addition, SM cross-sections for the emission of electroweak gauge bosons off quarks are

strongly enhanced in energetic final states [180]–[182]. Thus, in this section we outline a proposal for a

track-based tagger for highly boosted W and Z bosons.

In the hadronic decay of boosted electroweak gauge bosons, W± → qq̄′ or Z → qq̄, the two daughter

partons exhibit a typical separation ∆R ∼ 2mW/Z/p⊥,W/Z . A successful tagging algorithms has to resolve

these subjets separately, where the finite resolution of the hadronic calorimeter becomes the bottleneck

for large transverse momenta p⊥ & 500 GeV. Following the arguments above, it is straightforward to

adapt the HPTTopTagger to W and Z boson decays. Due to the two-prong nature of the process, we

replace the cut on mass ratios (“A-cut”) by a cut on the momentum fraction of the leading subjet,

fp⊥ ≡
p⊥,j1

p⊥,W/Z candidate
=

p⊥,j1
p⊥,j1+j2

. (6.3)

Fake candidates from QCD jets can generate a W - or Z-like mass via soft emissions. In this case fp⊥ is

thus dominated by values close to 1.

We propose the following algorithm to reconstruct highly boosted W and Z bosons:

1. Define a fat jet j using the C/A algorithm with R = 0.5 and p⊥ ≥ 500 GeV.
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2. Discard all tracks that are not associated with j or that have p⊥ < 500 MeV.6

3. Scale the remaining track momenta as follows: Recluster j with the anti-kT algorithm employing a

small radius R = 0.2, and calculate αj ≡ Ejet/Etracks for each subjet using its respective associated

tracks. The momenta of those tracks are multiplied by αj . Combine the scaled tracks associated

with the fat jet to a track-based jet jc.

4. Recluster jc using the anti-kT algorithm with R = 80 GeV/p⊥,jc . If there are fewer than two subjets

we consider the tag to have failed.

5. Calculate the distance between the two leading subjets, r ≡ ∆Rij and recluster jc with a new

radius R = 0.8 r. If the combination of the new two leading subjets gives an invariant mass around

the electroweak boson mass, mcandidate ∈ mW/Z ± 10 GeV, they form our boson candidate.

6. If the momentum fraction of the two candidate subjets as defined in Eq. (6.3) satisfies fp⊥ ≤ 0.85 (for

W candidates) or fp⊥ ≤ 0.80 (for Z candidates), we consider the electroweak boson tag successful.

If higher tagging efficiencies are required, we suggest to modify steps 5 and 6 and allow a larger

candidate mass window, mcandidate ∈ mW/Z ± 15 GeV, together with a looser cut on the subjet momentum

fraction, fp⊥ ≤ 0.85. This setup is denoted “working point 2” (w.p. 2) below.

We are not concerned with discriminating between W and Z candidates. While the mass peaks are

fairly well separated (cf. Figures 6.10 and 6.13), one may also consider additional distinguishing features

such as (sub)jet charge [183].

6.3.2 Performance

We investigate the tagging efficiency and the reconstructed mass of the HPTWTagger as well as the

HPTZTagger, as described in Sec. 6.3.1.

The relevant signal fat jets for both taggers are taken from the production of a hypothetical charged

heavy boson at the LHC, decaying into a W and a Z boson,

pp→W ′± →W±Z . (6.4)

We generate events with masses in the range mW ′ = 3 · · · 6 TeV. We consider two semileptonic de-

cay patterns, pp → W ′± → W±Z → (jj)(l+l−) to assess the HPTWTagger, and pp → W ′± →
W±Z → (l±ν)(jj) for the HPTZTagger, respectively. Background events with a generator-level cut

p̂⊥ = 400 GeV · · · 2500 GeV are generated from pp → Zj → (l+l−)j for the HPTWTagger. The back-

ground process to assess the HPTZTagger is pp → W±j → (l±ν)j with the same generator-level cuts.

We generate all events with Pythia 8 at centre-of-mass energy
√
s = 14 TeV. Fat jets are clustered

from stable particles with pseudorapidity |η| < 4.9 using the C/A jet algorithm with radius parameter

R = 0.5 and p⊥ ≥ 500 GeV. To assess the signal efficiency we match the fat jet to MC truth W / Z

bosons by requiring ∆R(j,W/Z) < 0.4 and select jets with |ηj | < 2.5. Additionally, we require the fat

jet to be isolated from the MC truth leptons from the other gauge boson. For a leptonically decaying Z

6We use ghost-association, cf. footnote 3 in Sec. 5.3.
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Figure 6.9: Tagging efficiency of the HPTWTagger at particle level (l.h.s.) and detector level (Delphes)

(r.h.s.) for boosted W bosons (solid lines). Standard Model QCD background mistag rates are given

by the dashed lines. Results are shown for the standard setup (black) and the higher-efficiency working

point 2 (red).

boson, the condition is ∆R(j, lepton) > 0.6. The isolation criterion for a leptonic W boson decay reads

∆R(j, lepton/neutrino) > 0.6.

Fig. 6.9 shows the efficiencies for tagging highly boosted W bosons with the HPTWTagger and back-

ground mistag rates for both working points suggested in Sec. 6.3.1. Results are presented at particle

level (left) and detector level after running Delphes (right). We use all event samples specified above to

generate the plots in order to achieve good statistics over the whole p⊥ range.

We show the reconstructed W boson mass in Fig. 6.10 in two different p⊥ bins, also both at particle

and detector level. In the p⊥ ∈ [1000, 1500] GeV bin (left), we only consider the mW ′ = 3 TeV sample for

signal events. In order to obtain a dropping p⊥ distribution as expected from the SM process, we generate

background events with fixed generator-level cut p̂⊥ ≥ 1000 GeV . At higher transverse momenta in the

p⊥ ∈ [2000, 2500] GeV bin (right), we simulate signal events with mW ′ = 5 TeV and for the background

we impose a generator-level p̂⊥ ≥ 2000 GeV.

In Fig. 6.11 we compare the tagging efficiency of our HPTWTagger to a BDRS-like algorithm as defined

in Sec. 3.5 with default parameters. In accordance with out algorithm, we consider the tag successful if

the invariant mass lies within mW ± 10 GeV. The performance of the BDRS algorithm as implemented

according to Eqs. (3.8) and (3.9) quickly deteriorates for increasing jet p⊥, see Fig. 6.11. For p⊥,j > 1500

GeV it is more likely to obtain a W -tag with a QCD jet than with a W decay. While optimising

the parameters entering Eq. (3.8) might help to recover efficiency, the minimal angular separation of

calibrated filtered subjets ∆Rj1,j2 > 0.2 (for filtering see Sec. 3.3) eventually limits the applicability of

this tagger for highly boosted resonances.

We show the boosted Z boson tagging efficiencies of the HPTZTagger in Fig. 6.12 for both working

points and both at particle level (left) and detector level (right). Again, tagging efficiency and back-

ground rejection are stable over a large range of transverse momentum from p⊥ = 500 GeV up to 3 TeV.

Throughout the remainder of this section, the cuts imposed at generator level, i.e. signal mW ′ and p̂⊥
for the background, are the same as in the corresponding plots of the HPTWTagger.
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Figure 6.10: Reconstructed W boson mass with the HPTWTagger at particle level (upper row) and detector

level (Delphes) (lower row) for different p⊥,fatjet.
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Figure 6.11: Comparison of the tagging efficiencies of the HPTWTagger (black lines) and a BDRS-like tagger

(red lines) at detector level (Delphes) for boosted W bosons. Standard Model QCD background mistag

rates are also given.
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Figure 6.12: Tagging efficiency of the HPTZTagger at particle level (l.h.s.) and detector level (Delphes)

(r.h.s.) for boosted Z bosons (solid lines). Standard Model QCD background mistag rates are given

by the dashed lines. Results are shown for the standard setup (black) and the higher-efficiency working

point 2 (red).
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Figure 6.13: Reconstructed Z boson mass with the HPTZTagger at particle level (upper row) and detector

level (Delphes) (lower row) for different p⊥,fatjet.
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Fig. 6.13 depicts the reconstructed mass of the boosted Z boson. Both in the highly boosted (left)

and very highly boosted regimes (right), a peak at the MC truth mass is found over a flat background

mass distribution. We consider signal events with mW ′ = 3 TeV (5 TeV) and background events with

p̂ ≥ 1000 GeV (2000 GeV) in the p⊥ ∈ [1000, 1500] GeV ([2000,2500] GeV) bins to approximate realistic

p⊥ distributions. No degredation is found in the reconstructed mass when going to high fat jet transverse

momenta.

6.3.3 Resonance search with highly boosted gauge bosons

Production of a charged heavy boson, pp → W ′± → W±Z, as discussed in Sec. 6.3.2 is ideally suited

for resonance searches at the LHC. We note that we set the coupling of the W ′WZ vertex in accordance

with the so-called extended gauge model of Ref. [184] and choose a vector-like coupling to SM quarks.

The branching ratio BR(W ′ → WZ) is 3.1–3.2% in the investigated W ′ mass range mW ′ = 3 · · · 6 TeV.

Again we consider two semileptonic scenarios, depending on whether the W boson or the Z boson decays

hadronically. In either case, a fat jet is formed with the C/A algorithm with parameters R = 0.5 and

p⊥ ≥ 800 GeV. The other gauge boson we force to decay leptonically and we assume perfect reconstruction

of the visible electrons and muons.

In the first scenario pp → W ′± → W±Z → (jj)(l+l−), we apply the HPTWTagger to tag and recon-

struct the W boson. Identification of the decay of the Z boson into a pair of charged leptons (e+e−,

µ+µ−) reduces the relevant Standard Model backgrounds to pp → Zj. Here we assume perfect recon-

struction of the leptons from the Z boson decay. A fat jet is rejected if close to any of the leptons from

the Z decay, ∆R(j, lepton) < 0.6. We generate background events in bins of generator-level p̂⊥ ranging

from 700 GeV to 2.5 TeV, and p̂⊥ ≥ 2.5 TeV.

The heavy W ′ resonance is reconstructed as the vectorial sum of the tagged W and Z four-momenta.

We plot its invariant mass in Fig. 6.14 (l.h.s.), showing expected event rates for an integrated luminosity

of 300 fb−1. For all benchmark masses, the signal peaks outnumber the SM background in the respective

mass bins.

The second scenario is given by a leptonically decaying W boson, pp → W ′± → W±Z → (l±ν)(jj),

and we apply the HPTZTagger to the hadronic decay of the Z boson. The relevant Standard Model

background is pp→W±j in the highly-boosted regime, again generated in generator-level p̂⊥ bins in the

range [700 GeV, 2.5 TeV] and p̂⊥ ≥ 2.5 TeV.

To recover the four-momentum of the W boson, we assume perfect reconstruction of the charged

lepton and obtain the four-momentum of the invisible neutrino as follows. Standard jets (C/A, R = 0.4,

p⊥ ≥ 30 GeV) are used to determine the missing transverse momentum. Jets in the vicinity of the charged

lepton are discarded if ∆Rj,l < 0.5. The neutrino transverse momentum is then given by the negative of

the charged lepton and summed jet transverse momentum. Imposing zero invariant mass of the neutrino

and fixing the W mass (pl + pν)2 = m2
W , we can determine the remaining components of the neutrino

momentum. Of the two solutions of the quadratic equation for pz, we choose the one with smaller ∆Rlν .

Due to imperfect knowledge of transverse momentum, there may be no real solution. In this case we

simply take the real part as pz.

Candidate fat jets for Z boson tagging are rejected if not well-separated from the decay products of
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Figure 6.14: Invariant mass of a heavy boson W ′± → W±Z for three different resonance masses

mW ′ = 3 TeV (red), mW ′ = 4 TeV (blue), and mW ′ = 5 TeV (green). In the left panel the hadroni-

cally decaying W boson is reconstructed with the HPTWTagger, while perfect reconstruction is assumed

for the leptonically decaying Z boson. In the right panel the Z boson decays hadronically and is recon-

structed with the HPTZTagger, while the leptonically decaying W boson is reconstructed as described

in the text. The relevant Standard Model backgrounds consist of Z + jets (left) and W + jets (right)

respectively, and are depicted as black dashed lines. Event rates are given for pp collisions at
√
s = 14 TeV

and an integrated luminosity of 300 fb−1.

Resonance m12 window (TeV) S/B S/
√
B σ(fb) σ for S/

√
B = 2

mW ′ = 3 TeV 2.9-3.1 10.1 11.9 0.139 0.0233

mW ′ = 4 TeV 3.9-4.1 15.8 5.1 0.0192 0.0075

mW ′ = 5 TeV 4.9-5.1 17.3 1.6 0.00322 0.0040

Table 6.3: Expected event rates for a heavy W ′ reconstructed with the HPTWTagger at 300 fb−1. Note

that σ includes the branching fractions BR(W ′ →WZ), BR(W → jets), and BR(Z → l+l−).

the W boson, ∆R(j, lepton/neutrino) < 0.6. We then obtain the tagged mass of the heavy W ′ resonance

from the reconstructed W and Z bosons, m2
W ′ = (pW + pZ)2, see Fig. 6.14 (r.h.s.).

As was done in Sec. 6.2.4, we evaluate the required integrated luminosity to exclude the three bench-

mark resonances using a cut and count analysis. We select the two bins with largest significance (S/
√
B)

for the reconstructed W ′ with the HPTWTagger in Tab. 6.3. Using the HPTZTagger on the second scenario,

we find less significant results, see Tab. 6.4.

Based on the results of the pp→W ′± →W±Z → (jj)(l+l−) process, we give the required integrated

luminosity to exclude a heavy W ′ resonance at the LHC depending on the production cross-section in

Fig. 6.15.
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Resonance m12 window (TeV) S/B S/
√
B σ(fb) σ for S/

√
B = 2

mW ′ = 3 TeV 2.9-3.1 3.80 10.6 0.455 0.086

mW ′ = 4 TeV 3.9-4.1 2.78 2.92 0.0631 0.043

mW ′ = 5 TeV 4.9-5.1 0.087 0.029 0.0108 0.743

Table 6.4: Expected event rates for a heavy W ′ reconstructed with the HPTZTagger at 300 fb−1. Note

that σ includes the branching fractions BR(W ′ →WZ), BR(W → lν), and BR(Z → jets).
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Figure 6.15: Exclusion limits at 90% CL for the process pp → W ′± → W±Z at
√
s = 14 TeV. The

hadronically decaying W boson is tagged and reconstructed with HPTWTagger. Note that σ includes the

branching fractions BR(W ′ →WZ), BR(W → jets), and BR(Z → l+l−).
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6.4 Summary and outlook

The reconstruction of heavy resonances is of great importance for the success of the upcoming LHC runs

and possible future colliders. When heavy resonances decay into electroweak-scale objects, these objects

are highly boosted. The subsequent decay products are then very much collimated and inevitably merge

to a single jet, unable to be separately resolved by the detector’s calorimeter. For the ATLAS and CMS

detectors at the LHC, this angular resolution scale corresponds to heavy resonances with mass & 2 TeV

when the decay products are around the electroweak scale.

We developed dedicated tagging algorithms for the hadronic three-prong decay of the top quark

(HPTTopTagger) as well as for the hadronic two-prong decay of W and Z bosons (dubbed HPTWTagger

and HPTZTagger). The source code has been made publicly available [F]. The implementation and basic

usage are also briefly described in Appendix A.2. Our algorithms show stable efficiencies and kinematic

reconstruction up until boosts of several TeV. The taggers combine the good energy resolution of the

calorimeter with the very fine spatial resolution of the tracker. As only charged particles leave a signal

in the tracking detector, this partial information alone is insufficient. We apply optimized substructure

techniques on highly boosted fat jets and find good discrimination power against QCD-initiated jets,

which form the dominant background.

Track-based tagging algorithms significantly increase the discovery reach of heavy resonances into

the multi-TeV regime. We showed that already in the early stage of run II at the LHC, a heavy Z ′

gauge boson decaying into a pair of top quarks can be excluded up until mZ′ = 3 TeV, resulting in a

much stricter bound than current exclusion limits. A future proton-proton collider with centre-of-mass

energy
√
s = 100 TeV is capable of probing heavy resonances of multiples of O(10) TeV. Applying the

HPTWTagger and HPTZTagger to a search for a heavy charged boson W ′, we find an exclusion reach up

to mW ′ = 4 TeV in the early stage of LHC run II. Probing such large resonance masses is not possible

with current tagging algorithms based solely on jets built with calorimeter information.

In fact the general arguments on spatial resolution do not apply exclusively to very heavy resonances.

The essential quantity that determines whether or not charged tracks have to be taken into the picture is

the mass ratio of the heavy resonance X and the intermediate resonance Y that ultimately decays into the

observed jets. Whenever mX/mY ∼ 20, reconstruction methods relying on calorimeter-based jets break

down and track-based observables start to become indispensable. See Appendix 6.A for a demonstration

using a rare decay of the Higgs boson.

6.A Tagging highly boosted scalars at the LHC

After the recent discovery of a Higgs boson, i.e. the first electroweak-scale scalar resonance, the scalar

sector has become the centre of the focus of both multi-purpose experiments and the theory community.

Whether the Higgs boson is part of a minimal or non-minimal Higgs sector remains to be determined.

While many models predict several scalar resonances, e.g. 2HDM [185] or general NHDM, their masses

are a priori largely undetermined.

To give an example for the benefit of using a track-based tagger for scalar resonances at the LHC

with
√
s = 14 TeV, we will focus on the rare prompt decay of the Higgs boson into a Z boson and a
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2 Z bosons fat jet χjZ < 15 GeV ntracks > 1 and mjc < 3 GeV

(H → ZA)Z 0.513 0.296 0.221 0.131

ZZj 0.497 1.61 · 10−3 4.84 · 10−4 5.43 · 10−5

Table 6.5: Reconstruction efficiencies ε for analysis steps described in Sec. 6.A.

CP-odd light scalar H → ZA. The mass of the CP-odd scalar is assumed to be mA = 2 GeV. Hence, A

is likely to be highly boosted as mH/2 � mA. We assume A to decay into gluons exclusively. To cope

with large backgrounds we study the Higgs boson produced in association with a leptonically decaying

Z boson. The process we consider is

pp→ HZ → (ZA)Z → 4l + gg , (6.5)

where the gluons are likely to merge into one jet.

We generate signal events using Pythia, and for the background process ZZj we use Sherpa [186],

[187]. Including decays of the Z bosons to electrons or muons and imposing p⊥,j ≥ 25 GeV, we find a

leading order cross-section of σZZj = 31.69 fb.

We require exactly four leptons (electrons or muons) with p⊥,l ≥ 10 GeV. To pair the four leptons to

two Z bosons we minimize

χ2
ZZ =

(mli,lj −mZ)2

∆2
Z

+
(mln,lm −mZ)2

∆2
Z

(6.6)

where i 6= j 6= n 6= m and ∆Z = 5 GeV. We require both lepton pairs to be in a mass window of

mZ ± 5 GeV individually. We then remove the leptons from the final state objects and use the remaining

objects in |η| < 5 to cluster C/A jets with R = 0.4 and p⊥,j ≥ 30 GeV. Next we need to identify the jet

containing the decay products of the CP-odd scalar. Thus, we select this jet by minimizing

χjZ = min(|mj,Z1
−mH | , |mj,Z2

−mH |) (6.7)

and veto events where χjZ,min > 15 GeV. We find that this requirement selects the jet with smallest

distance to the CP-odd scalar efficiently, see Fig. 6.16. For the signal jet we expect a very narrow pencil-

like substructure with a high localised energy density, similar to hadronic τ jets. To further remove

background contamination we require at least two charged tracks associated7 with the jet and eventually

use all charged tracks as constituents to construct jc. We veto events if mjc > 3 GeV.

Using the reconstruction efficiencies ε in Tab. 6.5, with σHZ = 883.0 fb and assuming BR(A→ gg) = 1

we can set a limit BR(H → ZA) < 0.001 for 100 fb−1 integrated luminosity. This Higgs decay mode

is usually neglected as it is proportional to cos2(α − β) in a 2HDM, which is due to Higgs coupling

measurements expected to be very small [185]. However, there is no such constraint in general models.

Further, the limit derived in this example indicates that it is possible to use the same reconstruction

strategy to set an upper limit on exclusive rare Higgs boson decays, e.g. H → Zηc with BR(H → Zηc) '
1.4× 10−5 [188], mηc ' 2.984 GeV and BR(ηc → gg) ' 72%.

7We use ghost-association, cf. footnote 3 in Sec. 5.3.
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Figure 6.16: Angular distance between the selected jet and the true CP-odd scalar A.
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7
Conclusions

Expectations on the Large Hadron Collider are immense, and the first run has indeed been a huge success

with the discovery of a Higgs boson. Independent of the outcome of the following runs – whether or not

discrepancies to Standard Model predictions are found, whether or not results on new resonances are

positive, whether or not unforeseen results appear in the data – the theoretical landscape will change.

Many models may be constrained or ruled out completely, while other models may prove to be valid.

At this stage there is strong motivation for new physics around the TeV scale, and also strong mo-

tivation that the new states are connected to the top quark and the Higgs sector. Establishing the

mechanism of electroweak symmetry breaking and the Higgs sector has been the leading motivation to

build the LHC in the first place. Efficient identification of top quarks is a prime tool to gain access to

the relevant processes. As tops emerging from new physics processes are likely to be highly energetic,

boosted top taggers have come into focus. The commonly used state-of-the-art algorithms construct a

large-radius “fat” jet and investigate its substructure to discriminate between signal and background.

Progressing towards the energy frontier to make maximum use of the LHC, there are, however,

scenarios where these tools start to find their limitations. When new heavy particles decay into Standard

Model resonances, the final state may be populated with radiation from several top quarks, Higgs or gauge

bosons. As an example, we investigated pair-production of vectorlike top partners with mass around 1

TeV. Their subsequent decay into a top quark and a Higgs boson each leads to a very busy final state of

boosted top quarks and Higgs bosons, which cannot be easily separated into individual fat jets. In this

dissertation we suggested a new jet clustering algorithm that harnesses the advantages of substructure

analyses without constructing the intermediate fat jet. Its key feature is a terminating veto that will

halt further clustering of two prongs whose combined jet mass is substantially larger than the individual
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invariant masses. This “mass jump” criterion effectively clusters jets with variable radii and helps to

separately resolve nearby jets. Using the mass-jump algorithm, we find that our analysis of this process

is superior to common jet algorithms as well as a similar analysis based on sophisticated fat jet-based

taggers.

The LHC is also capable to produce very heavy new gauge bosons that can decay into highly boosted

Standard Model resonances. Above a certain transverse momentum – typically around 1 TeV for top

quarks and 500 MeV for W and Z gauge bosons – however, their decay products are so closely collimated

that the spatial resolution of the detector’s calorimeters is insufficient to resolve the relevant substructure.

In this regime it becomes necessary to take charged tracks into account and combine their superior

spatial resolution with the good energy resolution of the calorimeters. The resulting algorithm developed

and investigated in this dissertation is dubbed HPTTopTagger. We also proposed similar taggers for

electroweak gauge bosons, the HPTWTagger and HPTZTagger. In realistic analyses we found that these

algorithms can significantly extend the discovery reach for new physics into the multi-TeV regime at the

LHC and also future hadron colliders.

The LHC is pushing forward the energy frontier to a level where the pursuit for the correct theory

of Nature will claim many victims. For the first time, heavy TeV-scale particles could be produced in

an experiment. To make maximum use of this unique opportunity, searches have to be conducted for

their characteristic final states, which may contain a multitude of Standard Model resonances or highly

boosted particles. This dissertation aims to provide a starting point for these very final states. Hopefully

the tools we developed with those scenarios in mind will prove useful during this quest.

88



— I’ll be Mr. Purple.

Mr. Pink

A
Implementation and usage

A.1 Jet clustering with a terminating veto

The code for jet clustering with a terminating veto is written in C++ and implemented as a plugin for the

FastJet contribution package. The implementation is based on the algorithm developed in Chapter 4.

It is publicly available from source [E].

The plugin is dubbed ClusteringVetoPlugin and contains the identically named

class ClusteringVetoPlugin. A minimal usage example for the default mass-jump setup is the

following.

#include <vector>

#include ” f a s t j e t / PseudoJet . hh”

#include ” f a s t j e t / cont r i b / Cluster ingVetoPlug in . hh”

int main {
// read in input p a r t i c l e s //

std : : vector< f a s t j e t : : PseudoJet> event ;

r ead event ( event ) ; // de f ined e l s ewhere

// s e t mass−jump c l u s t e r i n g parameters //

double mu( 3 0 . ) , theta ( 0 . 7 ) , max r ( 1 . 0 ) ;
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f a s t j e t : : c on t r i b : : C luster ingVetoPlug in mj plug in

( mu, theta , max r , f a s t j e t : : c on t r i b : : C luster ingVetoPlug in : : CALIKE ) ;

f a s t j e t : : J e t D e f i n i t i o n j e t d e f ( &mj plug in ) ;

f a s t j e t : : ClusterSequence c l u s t s e q ( event , j e t d e f ) ;

// i n c l u s i v e j e t s //

double min pt ( 2 5 . ) ;

s td : : vector< f a s t j e t : : PseudoJet> j e t s =

f a s t j e t : : s o r t ed by pt ( c l u s t s e q . i n c l u s i v e j e t s ( min pt ) ) ;

}

The currently available options for the distance metric, Eq. (3.1), are collected in the enumeration

fastjet :: contrib :: ClusteringVetoPlugin::ClusterType. Its identifiers are

• CALIKE

• KTLIKE

• AKTLIKE

To allow for maximum flexibility, the user can specify any custom veto function. The user-defined

veto function takes the following form,

f a s t j e t : : c on t r i b : : C luster ingVetoPlug in : : VetoResult u s e r v e t o

( const f a s t j e t : : PseudoJet&, const f a s t j e t : : PseudoJet& ) ;

The enumeration fastjet :: contrib :: ClusteringVetoPlugin::VetoResult contains the identifiers

• CLUSTER

Cluster the two prongs. In the mass-jump setup this corresponds to the case where the combined

jet mass is below the threshold µ, cf. the first sentence in bullet point 2 of Sec. 4.2.2.

• VETO

Veto the merging step and label both prongs passive. In the mass-jump setup this corresponds to

the case where a mass jump could be identified, cf. second sentence in bullet point 2 of Sec. 4.2.2.

• NOVETO

Do not veto the merging step, but active-passive vetos may have to be checked. In the mass-jump

setup this corresponds to the case where the combined jet mass is above the threshold µ, but the

mass-jump condition is not fulfilled, leading to bullet points 3 and 4 of Sec. 4.2.2.
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A simple example of a user-defined veto function is modified mass-jump clustering with the jet mass

threshold µ replaced by a minimum angular separation, e.g.

f a s t j e t : : c on t r i b : : C luster ingVetoPlug in : : VetoResult u s e r v e t o f u n c t i o n

( const f a s t j e t : : PseudoJet& j1 , const f a s t j e t : : PseudoJet& j2 ) {
// DeltaR in s t ead o f j e t mass t h r e s h o l d

i f ( j 1 . de l ta R ( j2 ) < 0 .3 )

return f a s t j e t : : c on t r i b : : C luster ingVetoPlug in : : CLUSTER;

// mass−jump ve to wi th t h e t a =0.5

else i f ( 0 . 5 ∗ ( j 1+j2 ) .m( ) > max( j1 .m( ) , j 2 .m( ) ) )

return f a s t j e t : : c on t r i b : : C luster ingVetoPlug in : :VETO;

// no veto , but a l gor i thm may need to check ac t i v e−pa s s i v e ve to

return f a s t j e t : : c on t r i b : : C luster ingVetoPlug in : :NOVETO;

}

The user-defined veto function can be set with

mj plug in . s e t v e t o f u n c t i o n ( u s e r v e t o f u n c t i o n ) ;

Note that the constructor of the ClusteringVetoPlugin class requires the mass-jump parameters µ and θ,

which can be set to arbitrary values.

A.2 High-p⊥ tagging algorithms

Tagging algorithms designed for the highly-boosted energy regime, HPTTopTagger, HPTWTagger, and

HPTZTagger, were developed in Chapter 6. They are implemented in C++ and available from source [F].

A.2.1 HPTTopTagger

All routines are collected in the class HPTTopTagger. The following describes a minimal usage example.

#include <vector>

#include ” f a s t j e t / PseudoJet . hh”

#include ”HPTTopTagger . hh”

int main {
// f a t j e t and track−based f a t j e t //

f a s t j e t : : PseudoJet j e t , c j e t ;

f a s t j e t : : ClusterSequence c l u s t s e q , c c l u s t s e q ;

// i n i t i a l i z e t h e s e o b j e c t s here

// run the HPTTopTagger //

HPTTopTagger hpttoptag ( c c l u s t s e q , c j e t , c l u s t s e q , j e t ) ;

hpttoptag . run tagger ( ) ;
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i f ( hpttoptag . i s maybe top ( ) ) {
; // top cand ida te w i th in mass window i s found

i f ( hpttoptag . i s t a g g e d ( ) ) {
; // top candida te s a t i s f i e s a l l cu t s

}
}

}

The constructor takes the following arguments,

1. the fastjet :: ClusterSequence of the track/e-cal-based fat jet

2. the corresponding fastjet :: PseudoJet

3. the fastjet :: ClusterSequence of the calorimeter-based fat jet

4. the corresponding fastjet :: PseudoJet

and two optional arguments,

5. top quark mass

6. W boson mass.

Among other objects, the top candidate can be obtained as a fastjet :: PseudoJet by calling

top candidate(). Information about the candidate is written to std :: cout with the get info () routine.

The setup including all relevant parameters is written via the get setting () routine. We refer to the

documented source code for all available options.

In Chapter 6 we suggest to use ghost association (recall footnote 3 in Sec. 5.3 for a definition) to

identify the charged tracks that correspond to a given (calorimeter-based) fat jet. These tracks form the

track-based fat jet. The following depicts one possible implementation.

// necessary o b j e c t s to be i n i t i a l i z e d e l s ewhere //

// ca lor imeter−based f a t j e t

f a s t j e t : : J e t D e f i n i t i o n j e t d e f ;

f a s t j e t : : ClusterSequence c l u s t s e q ;

f a s t j e t : : PseudoJet j e t ;

// charged t r a c k s

vector< f a s t j e t : : PseudoJet> t r a ck s ;

// crea t e ghos t t r a c k s //

vector< f a s t j e t : : PseudoJet> g h o s t t r a c k s ;

f o r each ( f a s t j e t : : PseudoJet const p , t r a ck s ) {
f a s t j e t : : PseudoJet pp ;
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pp . reset PtYPhiM ( 0 .00001 , p . eta ( ) , p . phi ( ) , 0 .00000001 ) ;

pp . s e t u s e r i n d e x ( g h o s t t r a c k s . s i z e ( ) ) ;

g h o s t t r a c k s . push back ( pp ) ;

}

// a s s o c i a t e gho s t s to f a t j e t //

vector< f a s t j e t : : PseudoJet> j e t c o n s t i t u e n t s =

c l u s t s e q . c o n s t i t u e n t s ( j e t ) ;

j e t c o n s t i t u e n t s . i n s e r t ( j e t c o n s t i t u e n t s . end ( ) ,

g h o s t t r a c k s . begin ( ) , g h o s t t r a c k s . end ( ) ) ;

f a s t j e t : : ClusterSequence c lus t temp ( j e t c o n s t i t u e n t s , j e t d e f ) ;

f a s t j e t : : PseudoJet j e t w i t h t r a c k s =

f a s t j e t : : s o r t ed by pt ( c lus t temp . i n c l u s i v e j e t s ( ) ) [ 0 ] ;

// e x t r a c t c on s t i t u e n t s

vector< f a s t j e t : : PseudoJet> g h o s t c o n s t i t u e n t s =

c lust temp . c o n s t i t u e n t s ( j e t w i t h t r a c k s ) ;

// e x t r a c t gho s t s and r e s t o r e t r a c k s

vector< f a s t j e t : : PseudoJet> c h a r g e d c o n s t i t u e n t s ;

for ( unsigned j =0; j<g h o s t c o n s t i t u e n t s . s i z e ( ) ; ++j ) {
i f ( f abs ( g h o s t c o n s t i t u e n t s [ j ] . pt ( ) − 0 .00001) < 1e−8 ) {

c h a r g e d c o n s t i t u e n t s . push back

( t r a ck s [ g h o s t c o n s t i t u e n t s [ j ] . u s e r i ndex ( ) ] ) ;

}
}

i f ( c h a r g e d c o n s t i t u e n t s . s i z e ( ) == 0 )

continue ;

// crea t e track−based f a t j e t //

f a s t j e t : : J e t D e f i n i t i o n c j e t d e f ( f a s t j e t : : cambridge algor ithm ,

2 .∗ f a t j e t R ) ;

f a s t j e t : : ClusterSequence c c l u s t s e q ( cha rged cons t i tuent s , c j e t d e f ) ;

f a s t j e t : : PseudoJet c j e t =

f a s t j e t : : s o r t ed by pt ( c c l u s t s e q . i n c l u s i v e j e t s ( ) ) [ 0 ] ;

A.2.2 HPTWTagger and HPTZTagger

The routines of the tagging algorithms for electroweak gauge bosons, HPTWTagger and HPTZTagger,

closely follow those of the HPTTopTagger. Their classes are dubbed HPTWTagger and HPTZTagger,
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respectively. Both derive from a common class labelled HPTEWBTagger.

The naming of all routines is according to the corresponding ones of the HPTTopTagger implementa-

tion, in particular the calls

• run tagger()

• is maybe w()

• is tagged()

• w candidate()

are implemented, as well as their corresponding calls in the HPTZTagger class.

By default, all parameters are set in accordance to working point 1 (cf. Sec. 6.3.1). Switching to

working point 2 is possible with the routine set working point 2().
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