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This paper discusses an analysis of the search for a high mass particle similar
to the Z0 boson. This study utilizes data from the ATLAS Detector at the LHC
at CERN. Background simulations were made using Monte Carlo matching the
parameters of the data collected during 2015 and 2016 with a center of mass
energy of

√
s = 13 TeV and an integrated luminosity of 36.1 fb−1. Cuts are

optimized for signal samples of 2 TeV and 3 TeV.
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1 Introduction

1.1 The Standard Model

The Standard Model (SM) of particle physics was developed in the early 1970s
after years of previous research and calculations. The SM today still remains as
the most experimentally consistent theory among particle physics. Not only has
the theory passed multiple experimental tests, but the SM has even predicted
new particles. The SM successfully bridged the gap between the electromagnetic
force, the weak force, and the strong force by describing the interactions between
different elementary particles. Elementary particles can be classified into two
groups, fermions and bosons.

Fermions include quarks, which combine to form protons and neutrons, as
well as leptons, including electrons, muons, taus, and neutrinos. Both quarks
and leptons have three generations of paired particles. For quarks, these are the
up and down quarks, the strange and charm quarks, and the top and bottom
quarks, where up and down quarks are first generation particles and top and
bottom are third generation. The lepton generations include the electron and
electron neutrino, the muon and muon neutrino, and the tau and tau neutrino
from first to third generation. All forms of matter that are stable in the universe
can be broken down into a make up of first generation fermions. This does not
mean that second and third generation particles are not found in the universe,
but rather that they are unstable and very quickly decay into the stable first
generation particles.

The other elementary particles found in the universe are bosons. Bosons are
known as ”force-carrier” particles as they mediate the forces felt between the
fermions. Each boson accompanies one of the fundamental forces. The gluon
mediates the strong force, the photon mediates the electromagnetic force, and
the Z0 and W+/− bosons mediate the weak force. The final fundamental force,
gravity, is theorized to correspond with a particle known as the graviton, but
the graviton is yet to be found in an experimental study. The final particle,
the Higgs Boson, is unlike the others because it does not mediate a force. The
Higgs Boson mediates the interaction of particles with the Higgs Field, which
gives particles their mass. [1]

1.2 Beyond the Standard Model

Although the Standard Model has been validated by nearly all experiments, the
latest discovery of the Higgs Boson leaves the theory unfinished. The theory
predicts the interactions between the elementary particles well, but it does not
explain much about why these particles are what they are. Many questions
remain such as ”Why are there multiple generations of particles and do more
exist than we have discovered so far?”, ”Why do the different generations of
particles have major differences in mass?”, and ”How does the gravitational
force fit into the SM and does the graviton exist?”. Theorists have provided
Grand Unified theories which hope to connect gravity to the SM and explain the
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Figure 2: The elementary particles described by the SM.

nature of particle physics. The phenomena that is explained by these theories
includes particles such as the graviton, extra dimensions, and microscopic black
holes. None of these phenomena have been discovered yet, which leaves many
unanswered questions about the SM. [1] [2]

1.3 The Large Hadron Collider

The Large Hadron Collider (LHC) is currently the largest particle accelerator
in the world. The LHC is located near Geneva Switzerland at the European
Organization for Nuclear Research (CERN). Here the accelerator is located
underground composed of the 27 kilometer accelerator as well as a few smaller
accelerators. In these accelerators, there is a high energy proton beam. As the
beam travels from the smallest to the largest accelerator, each successive ring
accelerates the protons to increasingly higher energies. By the time the beam
reaches the main 27 km accelerator, the particles will be traveling near the speed
of light. Once the particles have reached the LHC, the proton beams are split
in order for the particles to travel towards each other. At specified points along
the LHC, where detectors from various experiments sit, the beams are bent in
order to collide the particles. [3] [4]
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Figure 3: The LHC from above near Geneva, Switzerland. Labelled are the
different experiment locations along the LHC. In yellow, the main LHC tunnel
is labeled.

1.4 The ATLAS Experiment

The ATLAS (A Toroidal LHC ApparatuS) Experiment operates the largest de-
tector at the LHC located at CERN. The ATLAS Detector spans 25 meters
across and 44 meters long in a cylindrical shape along the LHC beam line. The
detector has multiple layers including a magnet system and various detection
systems. The Magnet System, consisting of toroid magnets and a solenoid mag-
net, causes the charged particles to alter trajectories through the detector, which
allows for the momentum of particles to be measured. The detection systems
take the measurements and include the Inner Detector, which measures the mo-
mentum of particles, the Calorimeter, which measures the charge of particles,
and the Muon Spectrometer, which detects muons and measures their momen-
tum. Along with these systems, there is the Trigger System which determines
which of the millions of events have characteristics that will be interesting in an
analysis. [5] [6]

2 Search Strategy

This analysis is focused on the decay of a potential high mass particle referred
to as the Z’ boson. The Z’ boson stems from many theories with Z’ and gauge
boson extensions with an extra E6 group. The Z’ boson is thought to decay into
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Figure 4: The ATLAS Detector.

two leptons, either an electron-positron pair (dielectron), a muon-antimuon pair
(dimuon), or a tau-anti tau pair (ditau). This study focuses on the dielectron
decay of the Z’ boson. The Z’ boson has a much greater mass than any of the
particles it can decay into. Due to conservation of mass and energy, the leptons
that come from this decay must have a considerable amount of energy, which
in turn gives them a high transverse momentum as well. With the belief that
the leptons from the decay of the Z’ boson have a high transverse momentum,
selections can be made to maximize the chance of finding events with the Z’
boson. [7] [8]

These selections are made in the form of cuts on different parameters of the
events and are optimized for the maximum ratio of signal events over the square
root of the background events, as well as the maximum signal events remaining
(signal efficiency) after each cut. The cuts are optimized one parameter at a
time and build off one another, meaning that the optimization of the first cut
will be prevalent in the optimization of the second cut and so on. By optimizing
on multiple parameters, attempting to maximize the ratio of signal events over
the square root of the background events as well as the signal efficiency is found
to be very difficult. As you maximize the ratio, the signal efficiency will begin
to drop and if you maximize the signal efficiency you will lose the maximization
of the ratio. This leads to loose cuts on the events in order to have the best
optimization of both the ratio and the signal efficiency.

The mass of the signal sample also affects the analysis of the cuts made. For
example, in this study, two signal samples were analyzed one at a mass of 2
TeV and the other at a mass of 3 TeV. Many of the cuts taken were the same
for each of these mass samples, but a few of the parameters did show a slight
difference between them, such as the transverse momentum cut. Although there
was a difference in the cuts that would allow for a better maximization of the
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3 TeV sample, the cuts that maximized the 2 TeV sample were used since this
would leave a loose cut on the 3 TeV sample instead of having a tight cut on
the 2 TeV sample.

3 Data and MC Simulations

3.1 Data

The data analyzed in this paper was gathered using the ATLAS Detector during
2015 and 2016. At the time, the LHC focused on proton-proton collisions at
an energy of

√
s = 13 TeV. The integrated luminosity corresponding to this

data was 36.1 fb−1. The only events that were recorded were ones with stable
beam conditions and fully operational subsystems in the ATLAS Detector. Also,
events which passed the single electron or muon triggers were the only events
recorded.

3.2 Monte Carlo

The Monte Carlo events for both the signal and background were generated
using the PYTHIA and POWHEG methods. All the MC samples were gener-
ated using a center of mass energy of 13 TeV and a luminosity of 36.1 fb−1.
The signal samples were given a set mass of 2 TeV and 3 TeV. The generator
includes events in which there are loops, such as a gamma ray being emitted
then absorbed shortly after. With this, the MC generator allowed for the closest
simulation of events to the particle accelerator possible.

Among the background samples includes Drell-Yan, Diboson, and Top events
processes. For Diboson and Top there are more than one way for that process
to occur. Included in the Diboson events are WW , WZ, and ZZ events, along
with variations between matter and antimatter bosons. Top also has multiple
types of events including t, t, tt, Wt, and Wt events. All of these events are
considered in order to describe the data as accurately as possible using the
MC generator. These events include all of the background processes that are
analyzed in this paper.

Figure 5: A Feynman Diagram of the Diboson processes.
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Figure 6: A Feynman Diagram of the Drell-Yan process.

Figure 7: Feynman Diagrams of the t, tt, and Wt processes of Top, respectively.

4 Analysis

Before performing any of the analysis, a few baseline cuts were made at different
stages. One of the first baseline cuts that occurs with the selection of events in
the detector was on the transverse momentum of the leading and second leading
leptons. The detector only records events with leading and second leading lep-
tons with a transverse momentum greater than 30 GeV. By requiring the main
leptons to have a transverse momentum greater than 30 GeV, the majority of
the fake events that occur in the detector will be discarded as well as this keeps
the less interesting events out of the analysis. In this analysis, this is especially
important because the signal samples being optimized lie at 2 and 3 TeV where
there are usually 10 or less events at, where at less than 30 GeV there will be 1
to 10 million events.

Another baseline cut made for this analysis was on the invariant dilepton
mass. This cut required all events to have a dilepton mass of greater than 80
GeV. The purpose behind this cut was to obtain the best fit between the MC
and Data in the Z0 region of the invariant dilepton mass plot. This also helps
with the issue with how many events are in the analysis that was described
earlier.

The other baseline cuts made are standard cuts on η of the leading and
second leading leptons. The variable η originates from the transverse plane.
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Figure 8: The invariant dilepton mass greater than 80 GeV.

Figure 9: η of the leading lepton from 0 to 1.37 and 1.52 to 2.47.
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The transverse plane is the plane perpendicular to beam-line. The η variable
is calculated by the equation:

η = −ln[tan(θcm)/2],

where θcm is the angle from the beam-line towards the transverse plane. η is a
measurement of the angle from the transverse plane towards the beam-line. The
first cut only allows events where η < 2.47. This cut prevents having any events
where the leptons went too far down the beam-line. Events where the leptons
go down the beam-line are thought to be unusable events since the lepton could
not be tracked as accurately as leptons out of the beam-line. The second cut on
η gets rid of events where 1.37 < η < 1.52. In this area of η, the crack region
exist, where there is cabling and services running through this area. The crack
region can fake leptons when other particles go through this region, so to avoid
any of these fake events this area is cut out of the analysis.

4.1 MC and Data Comparison

After making the baseline cuts to the data, signal, and background samples, a
comparison between the MC and Data was conducted. Multiple variables were
compared as the Data divided by the MC Background ratio differed in shape
depending on the variable. For φ, which is the angle around the transverse plane,
the background and data are spread equally throughout the angles between
negative pi and pi. This makes sense because the leptons could scatter in any
direction. The most noticeable part about the ratio plot is that the data and
background are nearly identical in the number events. A thought of where the
slight offset stems from will be discussed later.

The next variable analyzed was ∆φ of the dielectron pair of the leading and
second leading leptons. Notice that for ∆φ, the majority of events are located
at or near pi. This occurs due to conservation of momentum and energy. Before
the particles collide, they only have momentum down the beam line and have
no transverse momentum. When they collide and release other particles, the
leading and second leading leptons will have the most transverse momentum
and will scatter in nearly opposite directions due to conservation. The tailing
off of events as ∆φ gets further from pi is due to some events releasing more than
just two leptons which will then bring in another factor into the conservation
of the particles. Another noticeable part of the tailing off is how the data and
background begin to disagree the further from pi ∆φ is. This disagreement does
not affect the remainder of this analysis as the analysis focuses on optimizing
the signal samples regions which sit mainly inside of the disagreement. The
shape of the data over background ratio would be a great study as an addition
to this one in the future.

The next variable with an analysis performed was the transverse momentum
of the leading lepton. The baseline of transverse momentum greater than 30
GeV is noticeable in this plot as there is a large dip in the first bin containing
0 GeV to 40 GeV. Notice that at low transverse momentum, there are less data
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Figure 10: φ of the leading lepton.

Figure 11: ∆φ of the dielectron pair of the leading and 2nd leading leptons.
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Figure 12: Pt of the leading lepton.

events than background events as well, but this quickly reverses. There is a
similar effect that is seen in the mass which stems from the effect seen in the
transverse momentum.

The final data and background comparison analyzed was the invariant dilep-
ton mass. At low mass, the ratio starts off very high and then quickly drops to
being very low, then as mass increases the ratio increases until it levels off with
there being slightly more data than background. At high mass, there are very
few events in the data therefore the shape will be inconsistent with the back-
ground simulations. The entirety of the shape of the data over background ratio
can be broken up into different sections and further explained from there. At
low mass, where the ratio drops from being very high to being very low, lies the
peak of the Z0 boson. With that peak being where most of the strange shape
of the ratio plot occurs, the MC simulations could possibly not be modeling the
Z0 peak accurately. This would be another great study in the future that would
help clarify this study. In the middle of the mass range, there is a slight excess
of data compared to the background. Part of this offset comes from the fact
that in this study jets were not taken into account because at high mass, where
the optimization of the signals was taking place, there tends to only be one or
two jet events. [9] Along with not taking the jets into account, a normalization
of the data and background was not performed. A normalization was not seen
as needed since the jets were not being accounted for and the ratio of data over
background sufficed for this analysis.
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Figure 13: Invariant mass of the dielectron pair of the leading and 2nd leading
leptons.

Table 1. Ratio of Jet to Total Events [9]

Mass Range (GeV) Jet Events Total Events Ratio (J/T)
80-120 11000 11900000 0.000924
120-250 5600 273000 0.020513
250-400 780 27600 0.028261
400-500 151 4150 0.036386
500-700 113 2440 0.046311
700-900 39 590 0.066102
900-1200 16.1 237 0.067932
1200-1800 7.9 81 0.097531
1800-3000 1.6 11 0.145455
3000-6000 0.08 0.45 0.177778

4.2 Signal Mass Resolution

The next step in the analysis was to find the signal mass resolution for each
of the signal samples. For this study, the mass resolution for the 2 TeV signal
sample was 24.72 GeV and the resolution for the 3 TeV signal sample was 31.11
GeV. These resolutions came as a bit of a surprise as in a previous ATLAS
Collaboration study they found resolutions of 15 GeV and 20 GeV for their 2
TeV and 3 TeV signal samples, respectively.[9] Studying the difference between
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Figure 14: Signal Mass Resolution for 2 TeV sample.

Figure 15: Signal Mass Resolution for 3 TeV sample.

14



Z’ Boson Search August 3, 2018

this study’s resolution and the resolution of the ATLAS Collaboration study
would be another project that would help build on this study. Although com-
paring the resolution to another study is helpful in knowing how the signal sam-
ples in this study are working, this was not the main purpose behind finding
the resolution. By finding the resolution, myself and Ian Koenig, who worked
on a similar project but studying the dimuon channel instead of the dielectron
channel, were able to compare the resolution between the two channels. The
dielectron resolution was found to be much higher than the resolution of the
dimuon channel, which means that a potential Z’ signal would most likely be
easier to resolve in the dielectron channel. Another reason for finding the res-
olution is that the resolution will help determine the window size needed for
analyzing the data over background ratio for optimization.

4.3 Optimization

The optimization of the ratio of data over background is one of the most im-
portant steps in attempting a search for new physics. During optimization,
there are two parameters being optimized, the ratio of the signal events over
the square root of the background events (signal ratio), as well as the signal
efficiency. There must be a balance between the two or a cut may just end up
getting rid of the signal being searched for. Before analyzing any of the param-
eters, the first optimization must be done on the window size that will be used
for analyzing the signal ratio. This optimization is important because it will
give a range in which to look for potential new signals. One way of analyzing
that is not performed in this particular study is running that range down the
entire invariant mass plot in order to check along the entire mass range to see
if anywhere along it there might be new physics hiding. In this study, the op-
timization window gives a reference point for optimizing the remainder of the
cuts.

The first parameter optimized was the number of leptons allowed in each
event. This optimization was particularly tricky since it was the first one and
also a dramatic cut. By allowing only two leptons in an event, this would cut
out many other events with three, four, and even five leptons. Even though the
amount of these events is much smaller than the number of two lepton events,
excluding the events with three plus leptons would get rid of all of certain
processes in the background. By doing this, there would be a chance of getting
rid of the process of a potential Z’ signal, therefore all of these events were
allowed and the little signal ratio gained by cutting them was sacrificed for the
signal efficiency.

The next parameter analyze for optimization was the transverse momentum
of the leading lepton. For this optimization, the signal ratio peaked where all of
the events with less than 275 GeV transverse momentum were cut. This cut also
had a signal efficiency of 99.66% of the signal events passing the cut. Making a
cut on low transverse momentum helps get rid of most of the events that this
analysis sees as clutter. This analysis is focused on events near or greater than
an invariant dilepton mass of 2 TeV. The invariant dilepton mass is calculated
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Figure 16: Pt of the leading lepton greater than 275 GeV.

using the transverse momentum of the leading and second leading leptons. If
an event has leptons with low transverse momentum, the event will usually
have a low invariant dilepton mass. This allows for the cut at low transverse
momentum as it will not cut the events that this analysis is interested in but
only the events the analysis is not interested in.

After running the optimization on the transverse momentum of the leading
lepton, the same for the second leading lepton was optimized. The signal ratio
peaked where all of the events with less than 250 GeV transverse momentum
were cut. This cut had a signal efficiency of 99.70% of the signal events passing
the cut. The reasoning behind a cut on the transverse momentum of the second
leading lepton is basically the same as one on the transverse momentum of the
leading lepton. A cut at low transverse momentum allows for the high invariant
dilepton mass events, deemed interesting, to pass the cut, but also cut the lower
mass events to get rid of the clutter of the events this study is not interested in.

The final parameter that was optimized for the signal ratio was ∆φ. This
optimization was a bit different than the previous ones because for ∆φ the cut
can be made on either the upper or lower side of the variable. The reasoning
behind this possibility is because ∆φ measures the angle between the leading
and second leading leptons as they scatter from the collision. This angle will
usually be close to pi due to conservation of momentum, but there can also
be more than just two leptons in an event as discussed earlier as well as fake
leptons, which can lead to the tailing off seen in the ∆φ plot. The reason cuts
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Figure 17: Pt of the 2nd leading lepton greater than 250 GeV.

Figure 18: | ∆φ | less than 5.65
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can be made around pi though is because the leptons that will provide a high
invariant dilepton mass tend to have a high transverse momentum and if leptons
have high transverse momentum then they will most likely scatter in opposite
directions or ∆φ of pi. For the lower limit of ∆φ, the optimization showed that
there should not be a limit as any cut on the variable lowered both the signal
ratio and the signal efficiency. The upper limit on the other showed that a cut
of all of the events with ∆φ greater than 5.65 had a better signal ratio with a
minimal signal efficiency effect.

Along with the optimization of these variables, the other variables were also
analyzed but before even starting the optimization they were able to be ruled
out due to their relationship with the invariant dilepton mass. The φ, η, and
transverse momentum variables have all mass ranges scattered throughout all of
the range of each one of these variables, meaning making a cut on any of these
variables would cut out events in the high invariant dilepton mass region.

After all of the optimizations were considered and completed, the invariant
dilepton mass plot was analyzed again to show the ratio of data events over
the background events. This plot was necessary for the analyzing the cuts to
determine whether a potential Z’ boson signal would be visible.

Figure 19: Invariant dilepton mass from 600 to 4000 GeV after optimization.

18



Z’ Boson Search August 3, 2018

4.4 Significance

The final analysis done in this project was to determine whether there was a Z’
boson signal or not. In order to do this, a significance test was run on the invari-
ant dilepton mass plot before and after optimization. [10] The significance plot
before optimization has many interesting aspects. Where the MC background
and data do not agree entirely at low mass, there is an obvious significance but,
as mentioned before, this is most likely due to an error in the MC simulations
fitting the Z0 peak. At slightly higher mass, there are quite a few areas where
the significance is greater than five sigma which would make this area very in-
teresting, but because the normalization of the MC background and data was
offset slightly earlier in the analysis, the significances there can be ignored in
this analysis. This analysis is mainly focused on high invariant dilepton mass
signals, therefore the most interesting area for this study is at about 2 TeV and
greater. In this area, there is not a significance greater than five sigma, not to
mention three sigma. Therefore this area does not yet show any new particle
signals or any new physics, but the optimization still has to be analyzed as well.

The significance plot after the optimization shows an invariant dilepton mass
range of 600 GeV to 4000 GeV. In this area, there is a closer analysis of the high
mass region of the invariant dilepton mass. Again looking at this plot, there is
not a significance anywhere in this range that would cause an inquiry of if there
was a new particle or any new physics. Therefore, even after optimization, this
analysis was unable to find any new physics.

Figure 20: Significance of the invariant dilepton mass before optimization.

19



Z’ Boson Search August 3, 2018

Figure 21: Significance of the invariant dilepton mass after optimization.

5 Conclusion

According to the significance plots in this analysis, it is safe to say that there was
not any new physics found in this particular study as there was not a significant
deviation from the background in the high mass region. Even though this study
was not able to identify any potential new physics, the study did help narrow
down the search for the Z’ boson. This study shows that a high mass Z’ boson
would have to occur at a mass greater than 2602 GeV since that was the last
data event found and analyzed. This study also found more questions to study
in the future such as why the signal mass resolution differs from the previous
ATLAS Collaboration study, why the data and MC background seem to differ
around the Z0 peak in the invariant dilepton mass ratio, as well as other question
about the data and MC agreement. Even though this study did not find any
new particle physics, it was able to find new questions to consider further in
future studies.
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A Optimization Tables

Table 1. Optimization of the Window Size

Bins Sigma S/
√
B

0 0.19106 73.38229806
1 0.57318 112.21013959
2 0.95529 127.02821031
3 1.33741 131.41477708
4 1.71953 130.58113443
5 2.10164 119.39446805
6 2.48376 115.93480835
7 2.86588 112.12220227

Table 2. Optimization of the Number of Leptons Allowed

Cut on the number of leptons S/
√
B Signal Efficiency

2 to 5 l’s 131.41477708 1.000000
2 to 4 l’s 131.41477708 1.000000
2 to 3 l’s 131.43923158 1.000000

2 l’s 131.59471216 0.999441

Table 3. Optimization of Pt Leading Lepton

Cut on Pt leading l S/
√
B Signal Efficiency

Pt >30 GeV 131.4147770792 1.000000
Pt >200 GeV 131.4782495090 1.000000
Pt >250 GeV 131.4968656102 0.998212
Pt >275 GeV 131.5894674184 0.996647
Pt >300 GeV 131.5811994793 0.994412
Pt >325 GeV 131.4262289847 0.990389
Pt >400 GeV 131.0613863360 0.974061

Table 4. Optimization of Pt 2nd Leading Lepton

Cut on Pt 2nd leading S/
√
B Signal Efficiency

Pt >30 GeV 131.5894674184 1.000000
Pt >100 GeV 131.5894674184 1.000000
Pt >200 GeV 131.6774667675 0.999215
Pt >250 GeV 131.7431017426 0.996972
Pt >275 GeV 131.7375987164 0.994057
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Table 4. Optimization of ∆φ-Lower Limit

Cut on ∆φ-lower S/
√
B Signal Efficiency

∆φ >0.0 131.74310174 1.000000
∆φ >0.1 131.72277406 0.996963
∆φ >0.2 131.72277406 0.996963
∆φ >0.3 131.72894523 0.996963
∆φ >0.4 131.74021420 0.996963
∆φ >0.5 131.74021420 0.996963
∆φ >0.6 131.74021420 0.996963
∆φ >1.0 131.73689777 0.996851

Table 5. Optimization of ∆φ-Upper Limit

Cut on ∆φ-upper S/
√
B Signal Efficiency

∆φ <6.00 131.73759872 0.997076
∆φ <5.90 131.73759872 0.997076
∆φ <5.80 131.73791032 0.997076
∆φ <5.65 131.73822193 0.997076
∆φ <5.60 131.72336119 0.996963
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B Plots

Figure 22: The invariant dilepton mass greater than 80 GeV.

Figure 23: η of the leading lepton from 0 to 1.37 and 1.52 to 2.47.
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Figure 24: φ of the leading lepton.

Figure 25: ∆φ of the dielectron pair of the leading and 2nd leading leptons.
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Figure 26: Pt of the leading lepton.

Figure 27: Invariant mass of the dielectron pair of the leading and 2nd leading
leptons.
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Figure 28: Signal Mass Resolution for 2 TeV sample.

Figure 29: Signal Mass Resolution for 3 TeV sample.
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Figure 30: Window Size Optimization.

Figure 31: Number of Leptons Optimization.
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Figure 32: Transverse Momentum of the Leading Lepton Optimization.

Figure 33: Pt of the leading lepton greater than 275 GeV.
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Figure 34: Transverse Momentum of the 2nd Leading Lepton Optimization.

Figure 35: Pt of the 2nd leading lepton greater than 250 GeV.
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Figure 36: | ∆φ | Lower Optimization.

Figure 37: | ∆φ | Upper Optimization.
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Figure 38: | ∆φ | less than 5.65

Figure 39: φ of the leading lepton.
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Figure 40: φ of the 2nd leading lepton.

Figure 41: φ of the dilepton
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Figure 42: η of the leading lepton.

Figure 43: η of the 2nd leading lepton.
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Figure 44: η of the dilepton.

Figure 45: Transverse momentum of the dilepton.
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Figure 46: Transverse momentum balance.

Figure 47: Invariant dilepton mass from 600 to 4000 GeV after optimization.
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Figure 48: Significance of the invariant dilepton mass before optimization.

Figure 49: Significance of the invariant dilepton mass after optimization.

38


