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Abstract

This report presents a study on the reconstruction of top/anti top quark reso-
nances. Three selection methods for events with low (resolved) and very high (boosted)
invariant masses are investigated with special emphasis on highly boosted systems. Re-
construction properties of the decay of tt pairs originating from a hypothetical, heavy
particle, called Z', are compared to Standard Model top pair decays. A novel variable
for lepton isolation, called mini-isolation, is applied as a selection criterion for leptons,
in order to improve signal e�ciencies with respect to standard isolation variables. Ad-
ditionally the application of jet trimming on large-radius jets is investigated, which
mainly reduces the impact of high luminosity e�ects at the LHC.
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1 Introduction

This report studies tt resonances which are produced by hypothetical heavy particles in
the mass range of TeV decaying into a pair of top (t) and anti-top (t) quarks. Since the
Standard Model does not contain any elementary particle which is heavier than a top
quark (mt ≈ 173 GeV [1]) and therefore cannot decay into tt pairs these studies provide
an approach to new physics beyond the Standard Model. The model which is discussed in
this analysis is a new gauge boson Z' which has the same properties as the known Z boson
but has a much higher mass [2, 3].

A top quark promptly decays into a b quark and a W boson which itself decays either
hadronically or leptonically. This analysis studies the case where the W boson originat-
ing from one of the (anti)top quarks decays into a charged lepton and the corresponding
neutrino and the other into a pair of light quarks (called semileptonic top/anti top quark
decay). All quarks then form jets in the detector.

Standard Model top pairs are mainly produced with an invariant mass close to the mass
sum of both top quarks and only a minority of events reaches very high energy ranges. In
the lower energy ranges the decay products are well separated in the detector which gives a
resolved signature where the decay products can be reconstructed separately. If, however,
the top/anti-top pair originates from the decay of the heavy Z' their decay products are
always highly boosted leaving a signature in the detector where they are very close together
or overlap each other and therefore cannot be detected separately.

This report investigates reconstruction methods for the resolved and boosted events,
aiming to improve the selection criteria for the boosted case in order to gain a better signal
to SM-tt background discrimination. A detailed analysis concentrates on the isolation cri-
teria for the lepton related to the nearby b quark jet in the boosted case. A new isolation
algorithm, called mini-isolation, is compared to standard �xed cone isolation variables1.
Furthermore the substructure of the fat merged jet in boosted events originating from the
overlapping of the two jets from the hadronically decaying W and the b quark jet is inves-
tigated. Therefore the impact of �jet grooming�, in particular jet trimming, on the boosted
event reconstruction is studied.

Within these studies Monte-Carlo (MC) generated samples for tt background and Z'
production are used2.

In the following section the LHC and in particular the ATLAS experiment are intro-
duced. Section 3 explains how the event selection for the di�erent cases is done. Addition-
ally it gives a short description of the used variables for lepton isolation and jet trimming.
The procedure of event reconstruction is explained in Section 4 and Section 5 studies the
impact of the application of the di�erent variables on the invariant mass of the tt system.

2 LHC and ATLAS

2.1 The LHC

The LHC (Large Hadron Collider) is a particle accelerator situated at CERN near Geneva
on the border between Switzerland and France. It provides the worlds biggest physics
instrument in order to study elementary particles in an unprecedented energy range. It is

1For mini-isolation MiniIsolation10 and for the standard isolation Ptcone30 and Etcone20 are used.
2For tt using MC@NLO [4, 5] with shower generator HERWIG [6, 7] and JIMMY [8] and for Z' using

PYTHIA [9]. For ATLAS detector simulation GEANT4 [10] was used.
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built 100 m underground for cosmic radiation background rejection. The LHC is a proton-
proton collider currently operating at a center-of-mass energy of 8 TeV. Since protons
are not elementary particles but instead consist of quarks and gluons (called partons) the
actual interaction happens between the partons inside the protons. The collider has two
beam pipes, one for each of the two proton beams traveling in opposite directions. Each
proton beam is divided into several bunches which are separated by 25 ns and contain
about 1011 protons each. At design luminosity about 20 collisions per bunch crossing take
place, but only very few interaction are of physics interest. This phenomenon is called �pile
up� and physics analysis has to deal with it since every event is a superposition of several
parton-parton collisions. It is hard to determine the original interaction point for every
particle under such conditions since the partons hadronise because of colour con�nement
in strong interactions and form showers of many hadrons.

At LHC there are mainly four experiments: ALICE, ATLAS, CMS and LHCb. In this
study, simulations of interactions in ATLAS are used. The ATLAS detector is described
in the next section.

2.2 The ATLAS detector

ATLAS (A Toroidal LHC ApparatuS) is a general-purpose detector for high energy
physics [11]. In �gure 1 a scheme of the ATLAS detector is shown.

Figure 1: The ATLAS detector (Image from atlas.ch)

It has a barrel region, which is built up in several concentric layers around the beam
pipe, and two end cap regions perpendicular to the beam pipe. The whole detector consists
of four major components: the inner detector, the calorimeters, the muon spectrometer
and the magnet system.

The inner detector traces the tracks which charged particles leave when interacting
with the detector material. Since the particles interact via ionization only the tracking of
charged particles is possible. It contains a high-resolution pixel detector at its innermost
layer, a semiconductor tracker (SCT) in the middle layer, and a transition radiation tracker
(TRT) at the outermost layer. All components are enclosed by a magnetic �eld which al-
lows to measure the particle momentum and to determine the particle charge using the
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curvature of its track (Lorentz force). Although the TRT is not as precise as the other
two detectors it has the capability to signi�cantly distinguish between electrons and other
(heavier) particles. Additionally by following the tracks of the particles to their origin it
is possible to reconstruct the interaction point (vertex).

The calorimeters measure the energy of the particles through total absorption. Elec-
trons and photons form electromagnetic showers mostly in the electromagnetic calorimeter.
Hadrons propagate further causing more wide-spread hadronic showers mainly in the denser
hadronic calorimeter. Unlike the tracking detectors the calorimeters can also detect neutral
particles.

The outermost detector parts are the muon chambers. Since muons are leptons, like
electrons, but 200 times heavier they travel through all the previous detector layers only
losing a small amount of energy through ionization. The muon chambers are surrounded
by large toroid magnets for high precision measurements of the muons momentum.

In order to handle the huge amount of data a trigger system is implemented in the data
taking process. It is divided into three levels. The �rst-level trigger analyzes information
from the calorimeters and the muon chambers. It keeps the interesting events and passes
the regions of interest to the second-level trigger. The third trigger level, called event �l-
ter, then does a more detailed investigation of these regions of interests. The whole trigger
system reduces the event rate from 40 million per second at the beginning to 300.

The ATLAS coordinate system is brie�y introduced here since it will be used through-
out this report. The interaction point of interest (nominal vertex) is chosen as the origin
of a right-handed coordinate system. The beam pipe de�nes the z-axis and the x-y plane
forms the transverse plane which lies perpendicular to the beam pipe providing the az-
imuthal angle φ. θ de�nes the angle between the measured particle and the positive z-axis.
The rapidity is de�ned as:

y =
1

2
ln

[
E + pz
E − pz

]
which has the essential properties of being invariant to Lorentz boosts. In the limit of
massless particles the rapidity is equal to the geometrically de�ned pseudorapidity η:

η = − ln tan

(
θ

2

)
Since mainly all particles can be considered massless in respect to the nominal center-

of-mass energy the pseudorapidity is a good approximation of y. An angular distance can
then be de�ned through the distance parameter:

∆R =
√

(∆η)2 + (∆φ)2

The transverse momentum pT , the transverse energy ET and the missing transverse
energy Emiss

T are de�ned in the x-y plane.

3 Event selection

Top quarks have a very short lifetime (τ ≈ 10−25 s) compared to the timescale for strong
interactions [12]. Therefore they do not form hadrons like the other quarks, but decay via
the weak force. Top quarks are only detected via their weak decay into a W boson and a
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b quark in most of the cases (99, 8% [1]).
This analysis considers only semileptonic tt decay processes (Figure 2(a)). This leads

to events where a charged lepton and its neutrino (from the leptonic W decay), and one
b jet is produced in one (anti)top decay and the other (anti)top decay produces two light
quark jets (from the hadronic W decay) and one b jet. Only electrons and muons are
included in the analysis since tau leptons decay mainly and quickly into hadrons. Only the
leptonical decay of the τ is counted via the resulting electrons or muons. Neutrinos do not
interact with the detector material and therefore cannot be detected directly but they carry
away a certain amount of momentum and energy. This amount can be calculated through
energy and momentum conservation. But since the exact initial energy/momentum in the
direction of the beam collision is unknown, energy conservation can only be considered in
the transverse plane to the beam. Neutrinos then are associated with the missing transverse
energy Emiss

T in an event. Semileptonic events are chosen for analysis because events with
jets only are hard to reconstruct and su�er from huge QCD background. Events with two
charged leptons have also two neutrinos both carrying away transverse energy. But as only
the sum of this missing ET is known, the information about the direction and energy of
each single neutrino is lost.

3.1 Object de�nitions and Common event selection

All physics objects used to reconstruct an event have to follow certain object de�nitions
and the whole event has to pass quality requirements for the measurements of the di�erent
detectors. Electrons, muons and jets measurements have for example restrictions on their
pseudorapidity η (de�ned in Section 2.2) to make sure that they lie within the acceptance of
the detector and trigger mechanism. Furthermore the lepton has to be isolated from jets to
increase the reliability on the lepton reconstruction from the detector measurements and to
make sure that the energy deposits in the calorimeters are not counted twice. The di�erent
isolation methods are discussed in detail in Section 3.4. Jets are reconstructed from the
energy deposition in the hadronic calorimeter with the inclusive anti-kt [13] jet �nding
algorithm. These algorithms then de�ne jets with a certain radius parameter (similar to
the radius of a η−φ-cone). Normal jets occurring in resolved events are de�ned by a radius
parameter R = 0.4.

After passing these quality requirements which de�ne good objects, common event
selection cuts are applied which are used for both the resolved and boosted analysis to
increase the tt signal fraction. Since only semileptonic events shall be considered there
has to be at least one good electron (muon) with a transverse energy ET (momentum pT )
higher than 25 GeV. Furthermore the event should not display a second good electron
(muon) with ET > 25 GeV (pT > 20 GeV) but can contain leptons with lower ET /pT . The
missing transverse momentum Emiss

T is required to be larger than 30 GeV for electron events
(larger than 20 GeV for muon events) to count for a high energetic neutrino. The transverse

massMT =
√

(Elepton
T + Emiss

T )2 − (pleptonT + pmiss
T )2 of the lepton + Emiss

T system which is
related to the transverse mass of the leptonically decaying W boson has to ful�ll MT > 30
GeV in the electron channel and MT + Emiss

T > 60 GeV in the muon channel.
After this common selection, speci�c selection cuts according to resolved or boosted

analysis are applied, as described in the following sections.
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Figure 2: (a) Scheme of a pp collision producing a tt pair which decays semileptonically (b) Scheme
of the boosted event selection where tt pair originates from a Z'

3.2 Resolved event selection

In Standard Model events the tt pair decays almost at rest. Therefore the four jets from
this decay are well separated and the angular distribution of the di�erent (anti)top decay
products are unrelated to each other. This leads to the requirement to have at least four
good jets (R = 0.4) with transverse momentum pjetT > 25 GeV. In some cases two jets have
already merged to one bigger jet revealing a slightly boosted top quark pair. In this case
the selected event has to contain at least 3 jets of R = 0.4, j0.4 where one of these jets has
transverse mass mj0.4 bigger than 60 GeV. The transverse mass of a jets in obtained by
summing over the energy-momentum four vectors of all jet constituents:

mj =

√√√√(∑
i

Ei

)2

−

(∑
i

pi

)2

In both cases one of these jets has to originate from a b quark which is proved by
special algorithms for �b-tagging�.

3.3 Boosted event selection

A schematic view of a boosted tt decay from a Z' is shown in �gure 2(b). The massive Z'
decays at rest. For this reason the top quarks of the tt pair are sent out in opposite direction
to each other having a very high transverse momentum in their direction of �ight. This
leads to highly collimated decay products which have a very high pT because of the large
invariant mass of the Z'. Therefore the hadronically decaying top quark is reconstructed as
one fat jet with radius parameter R = 1.0, j1.0. Since this jet should contain three jets its
mass and substructure has to be investigated. For the jet mass mj1.0 a lower limit of 100
GeV is set while pT > 350 GeV. For substructure studies the variable

√
d12 is used which

is related to the mass splitting of the two highest pT subjets which have merged in this fat
jet [14]. If the R = 1.0 jet contains constituents of a two body decay (like for t→Wb) the
mass splitting for the highest pT subjets is expected to be half the mass of the originating
particle, in the tt case

√
d12 ≈ mt/2 ≈ 85 GeV. Therefore a cut on

√
d12 > 40 GeV is

applied. Additionally to one fat jet, one jet with R = 0.4 has to meet the same selection
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requirements like in the resolved case.
Due to the back-to-back structure of the event the decay products show relations be-

tween their angular distribution. Hence, cuts that pay attention to this can be applied.
The closest small jet to the lepton is considered as the lepton jet jl. Moreover the fat jet
is required to have a large azimuthal distance to the lepton ∆φ(lepton, j1.0) > 2.3 and also
a large transverse distance to the lepton jet ∆R(jl, j1.0) > 1.5.

Here again any of the small jets in the event has to be b-tagged.

3.4 Lepton isolation

Selected events are required to have at least one isolated lepton. An isolated lepton is
expected for decays when the (anti)top quark pair is created at rest. In this case the
standard relative isolation criteria for leptons is used which count up the energy deposited
in a �xed cone around the lepton [15, 16]. Since, however, the decay products originating
from one of the tops in a boosted con�guration are highly collimated, the lepton and the
accompanying b jet from the leptonically decaying W boson will often overlap or at least
occur in a narrow cone close together. In order to reject background from light QCD jets
with embedded hard leptons when applying no isolation, but meanwhile keep high signal
e�ciencies, the normal isolation criteria has to be modi�ed. The so called mini-isolation
[17, 18], is de�ned through a cone which depends on the lepton pT :

∆R(lepton, track) =
10GeV

plT

All tracks which have ptrackT > 1.0 GeV and lie within this cone (except the lepton
track) are added up forming the mini-isolation variable I lmini. This variable is then divided
by the lepton pT and has to meet an upper limit for selection. With this isolation criterion
the separation between the lepton and the b jet scales inversely with the lepton pT leading
to that softer leptons has to be more isolated that harder leptons.

3.5 Jet trimming

Due to the high-luminosity conditions at the LHC hard-scatter processes are always accom-
panied by soft-scatter interactions like pile-up (Section 2.1) as well as initial- and �nal-state
radiation. Particularly large jets with R = 1.0 su�er from this contamination since they
cover a wide area of the detector. This leads to di�culties to resolve the particles in the
jet, which come from the hard interaction and therefore the mass resolution in boosted
topologies, where one large jet contains all decay products, is diminished.

The jet trimming algorithm [14] reduces the in�uence of these soft contributions in
large jets using of the structural di�erences (like the splitting variable

√
d12 introduced in

Section 3.3) between jets formed from light quarks or gluons and large jets which contain
boosted decay products. It takes advantage of the fact that those contaminations men-
tioned above are often much softer than the contributions of the hard-scatter partons.

The algorithm proceeds by reclustering the jet with the inclusive kt algorithm [19], [20]
to create subjets of a radius parameter Rsub from the original jet. It removes subjets with
piT /p

jet
T < fcut where p

i
T is the transverse momentum of the subjet, pjetT the initial large

jet pT and fcut the algorithm parameter. The remaining subjets form the trimmed jet.
This process retains the characteristic substructure within the jet while mitigating the

in�uence of soft radiation.
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4 Event reconstruction

The aim of the event reconstruction is to calculate the invariant mass of the tt system
which is determined by the selected objects.

For both the resolved and boosted selection, the longitudinal momentum pz from the
neutrino is added to the reconstruction procedure. It is calculated by assuming that the
main part of the missing transverse energy comes from the neutrino and the W boson
indeed decayed into the selected charged lepton and a neutrino [21].

For the resolved selection the simplest approach, of just adding up the four vectors of
the four highest pT jets, the charged lepton and the neutrino, is extended to a method,
called dRmin algorithm [16]. This method aims to identify the jets originating from the
tt decay while rejecting jets which stem from initial or �nal state radiations, and thereby
improving the mass resolution of the reconstruction. It starts to treat the four jets with
the highest pT but excludes one, if it meets the requirement ∆R(jet, lepton/closest jet) >
2.5− 0.015 ·mj [GeV] for the angular separation between the chosen jet and the lepton or
the closest jet. This results in discarding a jet, if it is too far away from other jet clusters.
This procedure is iterated if more than 3 jets remain. These remaining jets together with
the charged lepton and the neutrino are then used to reconstruct the tt invariant mass.

If, in the resolved selection, there exists a jet with mass higher than 60 GeV, this jet is
considered to originate from the hadronic W decay. Then this jet together with its closest
jet form one top quark decay while the leptonically decaying W (from the charged lepton
and the neutrino) and the closest jet to it are combined to form the other top quark decay
products.

In boosted event reconstructions simply the four-vectors of the remaining highest pT
jet with R = 1.0, the R = 0.4 lepton jet (closest jet to the lepton), the selected lepton and
the neutrino are summed up to form the invariant system.

5 Results

5.1 Comparison of Z' and tt MC-simulated data

The distribution of the reconstructed invariant tt mass for resolved and boosted reconstruc-
tion are compared. All Monte Carlo samples are reweighted such that they agree with data
distributions3. For the Z' a mass of mZ′ = 1600 GeV is chosen. The cross section for Z'
multiplied by the branching ratio4 for the decay Z ′ → tt for the chosen Z' mass is 0.09
pb [2, 3] whereas for the semileptonic decay of Standard Model tt background it is 90.55
pb [22]5. As this gives a di�erence of three orders of magnitude between these values, the
shown histograms are not normalized to the cross section unlike conventionally done. In
order to compare them, both Z' and tt background distributions are each normalized to
unity instead. Furthermore the electron and muon channel are treated separately.

Figure 3(a) shows the invariant mass of the resolved selection combining the 3 and 4
jet reconstruction method. In both distributions a peak around the invariant mass of the

3The following weights were applied: MC, pile-up, electron and muon scale, btag scale and jet vertex
factor scale.

4The branching ratio gives the fraction of cases among all other decay possibilities where the Z' decays
into a pair of top and anti top quark.

5These values for the cross sections are multiplied with a K-factor to contribute to higher-order QCD
corrections.
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originating particle(s) can be observed. For Z' the mass resolution is worse compared to tt
because of a long tail towards lower invariant masses. The boundary for tt pair production
at twice the top quark mass (2 ·mt ≈ 350 GeV) is clearly visible whereas the number of
events steeply falls towards higher invariant masses.

For boosted con�gurations (see �gure 3(b)) the two peaks are less separated due to the
selection of boosted contributions of the tt background.

Although the boosted event selection in total picks up less events for Z' and tt (as
shown in table 1), it increases the fraction of signal to background events

Figure 3: Reconstructed invariant massmtt of the top/anti top pair for resolved (a) and boosted (b)
event selections (electron channel). Both Z' (in blue) and tt (in green) distributions are normalized
to unity each. For the resolved event reconstruction 3 and 4 jet reconstruction methods are
combined. Comparable distributions result in the muon channel (not shown).

tt Z'

Channel Electrons Muons Electrons Muons

resolved (mini-isolation) 3,29 % 4,04 % 4,70 % 4,91 %

boosted (trimmed, mini-isolation) 0,02 % 0,02 % 1,4 % 1,8 %

Table 1: Number of selected events for the resolved and boosted event selection with respect to
the total number of events before selection cuts were applied.

5.2 Comparison of normal lepton isolation and mini-isolation

In this section two di�erent methods of lepton isolation are compared, the traditionally
used �xed cone isolation and mini-isolation.

Figure 4 and 5 show the invariant mass distributions for resolved and boosted selection
respectively. For both con�gurations a similar e�ect for the Z' signal is observable. Mini-
isolation noticeably enhances the number of selected events for electrons (while keeping
the same shape compared to normal isolation) whereas for muons only a small e�ect is
visible (table 2). This is due to the already weaker reconstruction requirements for muons
because of the fact that they cannot be so easily faked in the detector than electrons.
For tt the e�ect for boosted selections is similar while in the resolved case only small
di�erences can be seen. This is because in the resolved event selection, mainly tt events
with smaller invariant mass are selected. Therefore the lepton is usually more isolated and
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the standard �xed cone isolation shows already a good e�ciency for those leptons (since
is was introduced for these cases).
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Figure 4: Comparison of �xed cone isolation (in blue) and mini-isolation (in red) for the electron
(on the left) and muon (on the right) channel for resolved event selection. Z' (full lines) and
tt (dashed lines) events are normalized to unity each. The distributions for mini-isolation are
normalized with respect to the �xed cone isolation distributions.
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Figure 5: Comparison of �xed cone isolation (in blue) and mini-isolation (in red) for the electron
(on the left) and muon (on the right) channel for boosted event selection. Z' (full lines) and tt
(dashed lines) events with �xed cone isolation are normalized to unity each. The distributions for
mini-isolation are normalized with respect to the �xed cone isolation distributions.

5.3 Impact of jet trimming on the invariant mass reconstruction of the

ttbar system

In this section the impact of jet trimming on the invariant mass of the fat jet (R = 1.0) and
the entire tt system is investigated. For this analysis the cut parameter on the momentum
fraction of the subjets fcut is set to 5% and the subjet radius parameter Rsub is �xed at
0.3.

Figure 6 (a) shows the invariant mass of the R = 1.0 jet for tt and Z' for trimmed
and untrimmed jets (with R = 1.0). The observation is a slight shift to smaller invariant
masses for Z' events. This is due to sorting out subjets with smaller pT fraction than fcut
which then do no longer contribute to the invariant mass of the jet. The mass drop also
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tt Z'

Channel Electrons Muons Electrons Muons

resolved (mini-isolation) 3,29 % 4,04 % 4,70 % 4,91 %

resolved (standard isolation) 2,77 % 4,05 % 2,89 % 4,91 %

boosted (trimmed, mini-isolation) 0,02 % 0,03 % 1,4 % 1,8 %

boosted (trimmed, standard isolation) 0,01 % 0,03 % 0,80 % 1,63 %

Table 2: Number of selected events for the resolved and boosted event selection for standard and
mini-isolation with respect to the total number of events before selection cuts were applied.

leads to a smaller number of selected event since the jets which, before trimming, have a
slightly higher mass than the mass cut, fall out of the selection after trimming. This can
also be seen in the distribution of the invariant mass (see �gure 6 (b)) of the top/anti top
system. For the tt background the decrease of selected events is about 2 times larger than
for Z' (see table 3).

Figure 6: (a) Invariant mass of the jet with radius parameter R = 1.0 for boosted selection of
Z' (full lines) and tt (dashed lines) events in the electron. (b) Reconstructed invariant mass of
the top/anti top pair for boosted event selection in the electron (on the right) and muon (on the
left) channel for Z' (full lines) and tt (dashed lines) events. The trimmed distributions (in red) are
normalized with respect to the untrimmed distributions (in blue), which themselves are normalized
to unity.

tt Z'

Channel Electrons Muons Electrons Muons

boosted (untrimmed, mini-isolation) 0,03 % 0,04 % 1,70 % 2,19 %

boosted (trimmed, mini-isolation) 0,02 % 0,02 % 1,4 % 1,8 %

Table 3: Number of selected events for the resolved and boosted event selection for trimmed and
untrimmed large-radius jets with respect to the total number of events before selection cuts were
applied.

6 Conclusion

In this report it is demonstrated that the boosted event selection increases the sensitivity
to new physics processes with very massive particles. It enhances the signal to background
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ratio in the search for the Z'.
It is shown that mini-isolation is an isolation criterion for leptons which works better

in boosted environments then the standard isolation. The application of mini-isolation
has a noticeable e�ect on the selection e�ciency for electrons. It enhances the number of
selected events while keeping the shape of the distribution for the reconstructed invariant
mass of the tt system. Moreover this e�ect is larger on the selection of Z' events than on
the top/anti top background.

Jet trimming is applied on large-radius jets in boosted topologies in order to reduce the
sensitivity to pile-up on the reconstruction of the invariant mass. It shows an enhancement
of the signal to background ratio. In total it decreases the number of selected events due
to the mass drop e�ect of trimming and the lower limit cut on large-radius jet mass. This
e�ect, however is lager for the tt background leading to an improved selection e�ciency
for Z'.

Further studies on the impact of mini-isolation and trimming on the event selection
both in the resolved and boosted case have to be done by including a more distinguished
consideration of the Standard Model background processes.
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