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Abstract. The Higgs boson is unique among all known particles, and intimately connected to the breaking of
electroweak symmetry that shaped the fundamental forces in the universe today. The study of its properties
and interactions can give us invaluable clues to what new physics may be behind the Standard Model. In this
internship, we studied the production of events containing two Higgs bosons, at the Future Circular Collider, a
giant collider being planned at CERN to reach even higher energy than the Large Hadronic Collider. For this,
we use a Monte Carlo simulation of the collisions and we analyzed the results.
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1 Introduction

Our current model of particle physics, the Standard
Model, describes three of the four fundamental forces
(Strong, Weak and Electromagnetic) classifying all cur-
rently known elementary particles. One of the elementary
particles has been studied not only to have a better under-
standing of it but also because it is a source that may in-
dicate the existence of new physics, the particle being the
Higgs boson [[1]. For a more advanced survey of this sec-
tor of the Higgs, a new infrastructure is being prepared, the
Future Circular Collider, FCC [2], allowing a more pre-
cise and in-depth study of this boson, which could lead to
the answer to many of the produced questions of modern
physics. In our study, we intend to simulate the collision
between an electron and a positron to electron, a positron
and two pairs of b and anti b quarks. These b quarks come
from the decay of the Higgs boson, whose decay branch-
ing ratio is 57.1% [3.

For all processes, 10000 events were generated with-
out systematic uncertainties, in order to obtain results with
an acceptable level of precision in the construction of the
figures and the table, which will be presented throughout
the article.

2 MadGraph

During the internship, we used the MadGraph software
(which is a Monte Carlo event generator for collider stud-
ies) for basic simulations of particle collisions in high
energy physics. We generated the electron-positron col-
lisions producing one electron-positron, and one pair of
Higgs bosons, using the Standard Model (SM). With this
study we hope that our results and conclusions presented
here will be promising for later in the study of Higgs
physics at the FCC-ee. The implemented model, SM, is
specified by a Lagrangian that contains all information
about the interactions of the particles present in this model.
Programs used:
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1) MadAnalysis4 is a program that allows to do physical
analysis of event files;

2) Gnuplot served to plot graphs taking into account the
points provided when using MadAnalysis4;

3) Delphes is a detector response simulation framework
that receives as input a file of monte-carlo events and
produce as output a .root file, which containg C++ ob-
jects stored on disk. These files can be opened by start-
ing the ROOT program;

4) ROQOT is designed for particle physics data analysis
and contains several features specific to this field;

5) ExRootAnalysis was used to convert LHE files to
ROOT format;

6) MadSpin was indispensable to cause the decay of
some particles into others;

3 Example of how the FCC-ee will work

In the collision of one positron with one electron, produc-
ing HZ, with a given Center of Mass Energy, Ecy ,be-
tween 220 and 800 GeV, it is possible to observe a peak
at 240 GeV. This peak indicates the center of mass energy
predicted by the FCC-ee [4] (approximately equal to the
sum of the masses of the two bosons present after decay).
The cross-section was calculated for E¢j, between 220 and
800 GeV at 10 GeV intervals, as shown in Figure E}
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Figure 1: Z Higgs bosons production cross section as a
function of Ecyy
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The effective cross-section predictions presented below in
this section are calculated with MadGraph, which gen-
erates and evaluates all possible diagrams in leading or-
der. Figure [2]shows the Feynman diagrams for the signal,
where each Higgs decays into a pair of bottom and anti-
bottom quarks.

Figure 2: Signal diagrams

4.2 Background

The estimate of background processes is a fundamental
task for FCC-ee analyses, therefore, a brief overview of
background determination methods follows.

No signal diagram should be expected in background.
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Figure 3: Background diagrams: The process e* e~ — h
— e* e~ bb bb contains 16 diagrams, whose contribution
is high in the background calculation, two of which are a)
and b). The process e* e~ — ¢* e~ bb bb /h (excluding
the Higgs boson as intermediate particle) contains 476 di-
agrams, 4 of which are c), d), e) and f).

4.3 Background reduction

All 592 Feynman diagrams corresponding to background
had only one or no Higgs. It should be noted that the sum
of the signal and background is not equal to the total, yel-
low color line, because there is interference and because
not all background contributions can be determined with
sufficient accuracy for a background estimate based solely
on Monte Carlo simulations. It is easily observed graphi-
cally that the signal to noise ratio is very small, as we will
show further up in the table. The process generated for the
noise and for the total are illustrated in the figure 4
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Figure 4: Relation Signal-Background

The measurement of the production of pairs of Higgs
bosons is a large scale scientific project that aims to extract
a tiny signal from a large background.

In the next two subsections we will show ways to im-
prove the signal to noise ratio.

For all the cuts that we applied to the different pairs
of particles resulting from the decay, the signal remained
practically the same as the blue curve of the graph in the
figure above.

4.3.1 PT cuts

The background effects are sizeable, but they can be re-
duced by appropriate choice of cuts.

For the graph of Figure[5a} as the detector cannot de-
tect low energy electrons, we will cut the electron energy
above 20 GeV, which causes a small decrease in back-
ground compared to the previous graph. The same does
not happen in the graph of Figure[5b that when we impose
a minimum energy on the bb quark pair, we cut off a large
part of the background. As in the background (orange line)
we produce 2 bb pairs with only 1 Higgs or none, these bb
pairs can come directly from the collision between elec-
tron and positron, that is, bb quarks can be produced with
a much lower energy, which when cut leads to the reduc-
tion of much of the background, in this way we start to be
competitive with the signal. The background ranges from
1073 pb to 1077 pb for+/s = 280 GeV.

In both figures, a minimum transversal moment cut of
20 GeV was applied to the e e~ pair and to the bb pair, in
which we verified that the signal is very little affected.

In the Center of Mass Energy range from 350 GeV to
370 GeV we are already sensitive to the signal.
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Figure 5: Transverse momentum distributions

4.3.2 Invariant mass of bb pairs

Signal events have Higgs bosons and then the invariant
mass of the bb pairs has to give the Higgs mass, 125 GeV.

In the second figure that is the background, the peak
is no longer the same because there are more diagrams in
which there is production of a pair of bb from a Z boson
with a mass of 91 GeV [3]]. Hence the peak is close to this
point, but below this value because the Z boson will radiate
the second pair of bb. Even so, it is said that the mass of
the bb pair can be 125 GeV, but with little probability.

Without applying invariant mass bb Invariant mass bb above 90 Gev Ratio

Eom(Gev)|  Signal (pb) Background (pb)  SA(B) | Signal(pb) | Background (pb) | S/V(B)  |S/VBimprovement (%
280 | 34UED | 3197605 | 6038E10 | 34ME12 | 1020613 | 1,069E05 99994
20 | 5950E11 | 3142605 | 9901E-09 | 556911 | 410913 | 8688E05 99989
300 | 2906E-10 | 3067E:05 | S247E08 | 290310 | 1392612 | 246104 99979
300 | 2S3E09 | 2976E05 | AGASE07 | 2556E09 | 702312 | 9 4SE04 99952
30 | 1S19E08 | 288905 | 2806E06 | 1518E08 | 2291E11 | 3A7IE03 99911
30 | 604907 | 2776E05 | L4BE04 | 6010607 | 9030E11 | 6325602 99818
400 | LSSTE06 | 2696E-05 | 299904 | 1573E06 | 2581E10 | §791E02 99,694

Figure 6: Comparison between the SignalA/Background

ratios without applying cuts and Signal/A/Background with
cuts above 90 GeV of the bb pair

For an invariant mass cut above 90 GeV, the back-
ground is drastically reduced, capturing almost the entire
signal, as visible in the table of the Figure [6] and the red
line in Figure[7]
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Figure 7: Invariant Mass of the bb pair

5 Data Analysis

Using MadGraph, e*e™ — e*e™ h h events with h — bb,
were generated for the following Center of Mass Energy
( Ecpy ) range from 280 to 600 GeV. for the detector sim-
ulator, Delphes was used, generating a output ROOT file,
containing information about the outgoing particles gen-
erated by the process, about the jets, photons, and other
parameters, all organized in classes(TTree) to be read by
ROOT.

For our study, we analyzed some parameters of the fol-
lowing particles: electrons (e¢™), positron (e*), quark and
anti-quark b, for the following Ecj,: 280 and 600 GeV.
From the output file, we only use the class GenParticle,
which give us the outgoing particles and with the Monte
Carlo Particle Number Scheme, we choose the particles
we want to study, which for our case are: ID(e¥)==11
and ID(b/b)=5/-5 [6]].

Our goal for this section is the track the following prop-
erties: Energy, components of the momentum, azimuthal
angle and its cosine and pseudorapidityﬂ

!'This is only for electrons and positrons



Quarks b and b

In this section, we will see the plots for b and b quarks.
We will compare the results from events with 280 GeV
and 600 GeV of E¢y,. For the first plot,Fi g.@]), we want to
observe the difference in the energy range of the outgoing
quarks and anti-quarks b,Fig.(9).

With the increase of the E¢yy, the energy range of this
outgoing particles increase as well.

To see if the particle have any preference of outgoing
direction, we use the azimuthal angle for these particles,

see Fig.(10).

From the Fig. and Fig., we observe that bb
do not present any preferred direction.

In order to visualize the distribution of momentum of
b and anti b, a two-dimensional histogram was made be-
tween momentums P, and P, Fig.@).

Its is possible to observe that with the increase of the
energy of the center of mass, from Fig.(ITa) to Fig.(ITb),
the particles begin to taper in relation to the axis of the
beam of incident particles.

Electron and Positron

In this section we will track the outgoing electrons and
positrons. However, Delphes does not differentiate be-
tween incoming and outgoing particles, so we need to im-
pose the condition to track particles whose pseudorapiditly
is less than 10, Fig(8).

Particle.Eta {abs(Particle.PID)==11 && abs(Particle.Eta)<10}
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Figure 8: Pseudorapiditly

One more time, is possible to see that the the electron
and positron energies increase when we change the center
of mass energy from 280 GeV to 600 GeV, Fig(12).

The azimuthal angle distribution, Fig.(I3), shows us
that we have an isotropic distribution of these outgoing
particles.

For the x and y components of the momentum,
Fig.@]), we make a two-dimensional histogram, we see
again that it is possible to observe that with the increase
in the energy of the center of mass, the particles begin
to align with the beam. It is also possible to observe a
ring around the center, this could be due to the choice for
pseudo-rapidity, or due to the type of process that origi-
nates these particles. Unlike quarks, these electrons and
positrons can come from Z-boson decay or they can come
from scattering, which creates a cone around the center.
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6 Results and Conclusions

The objective of this work was to analyze the Higgs sector,
more precisely, namely the triple Higgs coupling (Higgs
decaying to two Higgs). More work is needed to perform
such an analysis.

Taking into account the simulated data collected, we can
say that they were as expected.
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Figure 10: Azimuthal angle, bb
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Figure 11: P, versus Py, bb
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Figure 12: Energy, e~ e*
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Figure 13: Azimuthal angle, e~ e*
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Figure 14: P, versus Py, e” e*
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