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Chapter 1

Introduction

1.1 Overview of the thesis

The purpose of this thesis is the study of the single Higgs boson production at Muon Collider at a
center of mass energy of 3 TeV. The Higgs boson is reconstructed via the decay into two W bosons.
In particular it will be considered the following channel:

ptpy™ = H+ X - WW+ X = qquv + X, /s =3TeV (1.1)

The Higgs boson, discovered in 2012 at the Large Hadron Collider (LHC), still has many aspects
unknown. It has to be proven that it is the particle predicted by the Standard Model (SM), therefore
experimental measurements of its properties are needed. In particular, it is important to measure the
coupling constants, i.e. the parameters that determine the strength of the interaction of the Higgs
boson with SM bosons and fermions that are the elementary constituents of matter. In addition, the
determination of the self-couplings which determine the shape of the Higgs Boson potential, will shed
light on New Physics. In order to accomplish this research program, it is necessary to investigate the
multi-TeV energy scale.

LHC and its upgrade HL-LHC will not be able to perform all these measurements with the neces-
sary precision, therefore a next-generation of particle accelerators are needed.

Among the projects currently under studies, the Muon Collider represents a unique machine which
is able to provide lepton collisions at energies of several TeV.

In this thesis the study on the precision achievable on the measurement on the cross section
o(ptpu~ — H+X = WW*+ X — gquv + X) is presented.

This measurement, combined with the measurement of the Higgs boson width I'y, will allow to
determine the precision on the coupling constant of the Higgs boson to the W boson.

The thesis is organized as follow:

e In Chapter 2 a theoretical introduction on Higgs physics will be given. The measurements
available as of today at the existing colliders will be presented. The physics goals of future
colliders will be discussed with a focus on the Muon Collider.

e Chapter 3 will illustrate the Muon Collider project including the accelerator complex and its
challenges.

e In Chapter 4 the detector will be presented as used in this thesis.

e Chapter 5 will discuss the Beam Induced Background, which is one of main issues to be faced
by the Muon Collider detector design. Strategies to mitigate the effects of the beam-induced
background are also presented.

e In Chapter 6 simulation tools and reconstruction algorithms will be described including the
effects of the beam-induced-background.
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e Chapter 7 concerns the study of the H — WW™ process at the Muon Collider, in particular the
kinematics and spatial characteristics of the events will be compared to those of the physical
backgrounds, in order to define the observables that provide the best discrimination.

e Chapter 8 describes the multivariate analysis performed to estimate the precision on the mea-
surement of the cross section o(utu~ — H + X — WW* + X) at the Muon Collider.

e In Chapter 9 the analysis performed in this thesis is summarized and the estimation of the
precision on the measurement of the cross section o(u™pu~ — H+X — WW* + X) is compared
to the result obtained by other future accelerator projects.



Chapter 2

Physics case

2.1 Higgs physics in the Standard Model

The Standard Model (SM) is the theory which describes quantum-mechanically three of the four
fundamental interaction: electromagnetic, weak, strong and gravity. According to the SM the particles
interact via vector bosons which are the force carriers: photons v for electromagnetic interaction, W=+
and Z bosons for weak interaction and gluons g for strong interaction.

The mathematical description is based on the gauge symmetry SU(3)c x SU(2)r, x U(1)y. The
first group concerns the strong interaction, while SU(2))r x U(1)y is related to the electro-weak
interaction and it is spontaneously broken by the higgs mechanism (SSB).[1] This is a key concept
because it is responsible for the mass of elementary particles and the flavor mixing. Thus, a careful
study on the Higgs boson and its interaction with the other particles is crucial to understand the SM
and to find evidences of new physics.

The Higgs Boson is added to the SM through its lagrangian:

Litiggs = (D"®)'D,,® — V(¢) (2.1)
Where @ is Higgs doublet defined as

_ L (o +ige
*= V2 < P3 + iy > (2:2)

with ¢; real scalar fields. D, is the covariant derivative:
D, =9, + igTng + §g'B#, j=1,2 3 (2.3)

with 7; the Pauli matrices, g and g’ are the coupling constants related respectively to SU(2); and
U(1)y gauge symmetry, Wj, and B,, are the gauge fields and V(®) is the Higgs potential, defined as:

V(®) = 1 20Td + A\(DTD)? (2.4)

with A and p parameters of the theory. To require the stability of the vacuum state, A > 0 is a
necessary condition, while to not have a vacuum expectation value equal to zero, it need to be u? < 0.
Thus, the Higgs potential assume the shape reported in figure 2.1. It is clear that there is not an
uniquely defined minimum for the potential, but an infinite set of values that differ by a phase. By
choosing a particular state as the minimum, the symmetry is spontaneously broken. The ground state

doublet is:
1 0
@ =25 (1) (25)
where
— 2
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Figure 2.1: Higgs potential, picture taken from [2]

Then, the Higgs field can be expressed as its expansion around the minimum:

=75 (os'hin ) (20)

with h(z) the real scalar field of the Higgs Boson. [3] By rewriting equation 2.1 using equation 2.7 it
becomes:
1 2 2, 2 \
Lrtiggs = 50uhd"h + (v + h)? [ZWJW“ + (gj;g)zjtzﬂ — ?h? = Awh® — 2h (2.8)
In this equation, there are the physical fields corresponding the bosons, that can be expressed as
combination of gauge ones. After SSB several terms can be individuated in equation 2.8, starting
from the masses of the bosons:

M+ = % (2.9)
v
mz =5 g% + g (2.10)

myg = V2\v? (2.11)
And the coupling constants of interactions between higgs and vector bosons:

2

gawwW = %U (2.12)
that is the object of this thesis,

2 4 g2
gHZZ = =V (2.13)

g2
gHEWW = " (2.14)

2., 2
+

JHHZZ = % (2.15)

And the last two terms of equation 2.8 are the trilinear and quadrilineaer higgs self-interaction terms.

The SSB of the Higgs field gives mass also to quarks and charged lepton. The detailed description
can be found in [4].

So far, a theoretical expression of some physical quantities has been given. In the next sections, the
measurement done is summarized and then a panoramic of what could be measure in future colliders
is given.

Measuring the coupling constants and the Higgs potential with high precision is crucial to verify
the Standard Model predictions and to put constrains on new physics. In fact, the couplings are

4
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fully determine within the SM, therefore deviations would be evidence of physics beyond the SM. The
investigation of the Higgs potential is even more interesting because it can reveal the nature of the
Higgs sector, explaining the reasons behind the SSB, and it can give evidence of new physics as well
[5].

2.2 Higgs physics at present colliders

The discover of the Higgs boson at LHC were announced in July, 2012. It was just the beginning
of several studies which aim is to find answers to many open questions about the Higgs itself. To
understand the Higgs boson is necessary to investigate its properties and how it interacts with other
particles.

In this section a panoramic of the measurements performed and their precision on the parameters
described above is given.

For the purpose of this thesis it is interesting to deepen the discussion on the coupling measurement
performed at LHC, in particular by ATLAS and CMS collaboration.

First of all, it is important to underline how the Higgs boson can be produced at a colliders. There
are five production processes: gluon fusion (ggF), vector boson fusion (VBF), associated production
with vector bosons (WH and ZH) and top quarks (ttH). Their cross section depends on the kind of
collider and on the center-of-mass energy of the collision. At LHC, the most relevant process is the
gluon fusion, as it can be seen in figure 2.4 [6].

In figure 2.2 the results obtained for the u parameter, called “signal strength modifier” defined as
follow are shown:

BRI
wl =1 oiBR (2.16)

oiBR s
and it is computed for specif processes i — H — f, where i« — H is the Higgs production method,
with o; its cross section, and H — f is the decay channel, with BR/ its branching ratio. (o;)sa and
(BR;)sa are the correspondent SM expectation values. The production process studied are the ones
mentioned above, while the decay channels are clearly reported in figure 2.2. The equation 2.16 can
be rewritten in the so-called k-framework as follow:

2,2

KiK
== (2.17)

Kr

where k are called “coupling modifier” and they are defined in this way:

w2 = 2
(0i)sm
r
2 f
Ky =
f (Ff)SM (2.18)
(Tr)sm
with I'y the partial decay with of the final state f and I'y the Higgs total width.
In this formalism, it became:
K2 K>
o;BR; = ;Tf(UiBRf)SM (2.19)
H

and so the deviation from the SM are given by the x factors. The results obtained by ATLAS and
CMS, together with the expectation for HL-LHC are shown in figure 2.3.

These results show that LHC allows measurement with precision of few % at HL-LHC on several
parameters. The goal is to reach the precision of 1% on the couplings, therefore HL-LHC is not enough.
Also, it will be challenging to study the Higgs self-coupling. Figure 2.4 helps to understand why: at
Vs = 14 TeV proton-proton interactions, the double Higgs production cross section is suppressed by
three order of magnitude with respect to the single Higgs, therefore the expected number of events
is too small to measure couplings [6]. This is the reason why new facility which will allow a precise
measurement of the Higgs self-interaction are needed.

5
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Figure 2.2: ATLAS and CMS measurements and predictions on the signal strength modifiers. Plot from [7]
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Figure 2.4: Cross section of Higgs production at pp collider. Figure taken from [6]

2.3 Higgs physics at future colliders

The purpose of future colliders are to reach the precision of 1% on the Higgs coupling, in order
to verify the SM predictions, to determine the trilinear and quadrilinear Higgs self-coupling and to
search for new particles with masses at the TeV scale.

In order to increase the number of events it is necessary to have machine with high luminosity and
high center of mass energy.

Others then Muon Collider, that will be described later, some proposed projects are listed below:

e Future Circular Collider (FCC): it is the evolution of LHC. It is supposed to be a 100 km tunnel.
Three different designs are under studies: FCC-ee (/s from 91 to 365 GeV), a ete™ collider,
FCC-hh (1/s up to 100 TeV), a proton-proton collider, and FCC-he, collisions between a proton
beam (50 TeV') and electron beam (60 GeV') [9];

e Circular Electron Positron Collider (CEPC): as the name suggest, it is a proposed ete™ circular
collider, with a tunnel about 100 km long [10];

e International Linear Collider (ILC): e*e™ linear collider working at /s from 250 GeV to 1 TeV
[11];

e Compact Linear Collider (CLIC): eTe™ linear collider working at /s from 380 GeV to 3 TeV
[12].

Muon Collider and CLIC will have one experiment on their collider, FCC, instead, will have two of
them. Further details can be found in [13], while in table 2.1 are reported the machine parameters
including the Muon Collider.

As enlightened in the previous section, the future colliders are needed to deeply investigate Higgs
sector. As shown in figure 2.4 for p-p machines and in figure 2.5 for lepton colliders, the Higgs
production cross section at different center-of-mass energies is sufficiently large to produce a large
amount of Higgs Bosons.

The expected precision that the colliders could reach on the measurement of the k parameters are
reported in table 2.2.
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Collider Type Vs Linst[103*em 2571 L[ab~™!] Time [years]
FCC-ee ete™ 91 GeV 100/200 150 4
FCC-ee ete” 160 GeV 25 10 1/2
FCC-ee ete™ 240 GeV 7 5 3
FCC-ee ete” 365 GeV 0.8/1.4 1.5 5
FCC-hh ‘ pp 100 TeV 30 30.0 25
FCC-he | ep  35TeV L5 2.0 25
CEPC ete” 91 Gev 17/32 16
CEPC ete™ 160 Gev 10 2.6 1
CEPC ete™ 240 Gev 3 5.6 7
ILC ete™ 250 Gev 1.35/1.7 2.0 11.5
ILC ete”™ 350 Gev 1.6 0.2 1
ILC ete” 500 Gev 1.8/3.6 4.0 8.5
ILC ete” 1 Tev 3.6/7.2 8.0 8.5
CLIC ete™ 380 Gev 1.5 1.0 8
CLIC ete”  1.5Tev 3.7 1.5 7
CLIC etem 3.0 Tev 6.0 5.0 8
Muon Collider | uTp~ 1.5 TeV 1.25 0.3 2.0
Muon Collider | uTp~ 3.0 TeV 4.4 1.0 2.0
Muon Collider | uTp~ 10 TeV 20 12.0 5.0

Table 2.1: Parameters of proposed future colliders taken from [11](ILC), [9](FCC), [14] (CLIC), [10](CEPC)
and [15] (Muon Collider)

Q2 10°
© 10°
102
10

’

107"
19
107°

HHe'e

30
/s [TeV]

Figure 2.5: Cross section for [T/~ — X, for this thesis the processes containing the Higgs are the ones of
interest. In case of the Muon Collider, the v, are v, . Figure taken from [16]
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Par. | HL-LHC MuColl (10 TeV) CLIC (=3 TeV) CEPC FCC ILC(=1TeV)

Ky 1.7 0.06 0.11 13 014 0.24
Ky 1.5 0.23 0.23 0.14  0.12 0.22
Ky 2.3 0.15 0.9 15  0.49 0.66
oy 1.9 0.64 2.2 3.7 029 1.9
K2y 10. 1 6.9 82  0.69 85
Ke - 0.89 1.4 22 095 0.9
Ky 3.3 6.0 2.7 - 1.0 1.6
Kb 3.6 0.16 0.37 12 043 0.48
K 4.6 2.0 5.8 89 041 6.2
Ky 1.9 0.31 0.88 1.3 044 0.57
A3 ~ 50 6 (20) 10 - 5 -

A - ~ 50 ~ 500 - ~ 300 -

Table 2.2: Expected precision expressed in % on x and A3 parameters for future colliders (1o C.L. if not specified
otherwise). In this table only the values expected for the last stage of each collider are reported. For further
details see [17], [18] and [19]

In the last rows of table 2.2 are reported also the expected sensitivity on A3 and A4. For what
concern the Higgs self-couplings, the parameters are usually expressed in the SM Effective Field
Theory, instead of the k one, so:

A34 = k34(A34)5M (2.20)

The table clearly shows the potential of the Muon Collider with respect to the other future colliders.
For most of the parameters it returns the best estimation or it is very close to the best one. For the
Higgs self-couplings, instead, it appears as the only machine able to investigate the quadrilinear
coupling and the best one for the trilinear one.

2.4 Goal of the thesis

The Muon Collider is the most recent proposal among the future colliders, therefore many studies
have not been done yet. The goal of this thesis is to estimate the sensitivity on the cross section
o(H — WW?*) in order to determine the sensitivity on ggww at Muon Collider. This parameter is
particularly important, because, as figure 2.5 shows, the WW-fusion is the main production process
of the Higgs in a lepton collider, thus the parameter ggww appears in almost every calculation
concerning the Higgs boson decay.

To find this estimation a simulated sample of the signal u™u~ — H+X — W*W+X — q¢'uv+X
will be studied in order to determine the characteristics. Then, it will be compared to the physical
background. The considered processes are shown in Chapter 7. The comparison will show which
observables are the most suited to separate signal from background.

Then, a Boosted Decision Tree algorithm will be trained using the selected observables and its
performance will be studied. This process allows to compute how many events are expected for both
signal and background in the Muon Collider, at a given integrated luminosity, and from those the
sensitivity on o(utpu~ — H+ X — W*W + X — q¢’uv + X) can be calculated.

2.5 Physics at Muon Collider

As discussed above, the Muon Collider could be a powerful tool for the Higgs physics, but this is
not the only field that can be explored. Here are reported some examples:

e Direct searches: the collision of elementary particles prevents energy loss due to parton distri-
bution functions, thus Muon Collider allows the direct exploration of physics at 10 TeV. This

10
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means that EW particles pairs that would require a /s ~ 100 TeV in a pp-collider can be pro-
duced. Also, information about WIMP Dark Matter can be achieved, because many candidate
have mass in the multu-TeV range [19];

e High-rate measurement: this category includes the Higgs production and its decays, but also
the top quark and others;

e High-energy probes: the Muon Collider can study the sensitivity of th EFT for high-energy
di-boson and di-fermion production [19];

e Muon physics: several hints of new physics are related to muons and at Muon Collider problems
such as the Lepton Flavor Universality, the B meson decay and the magnetic moment g-2 can
investigated [20].

11



Chapter 3

Muon Collider Complex

3.1 Overview

The Higgs physics panorama presented in the previous chapter shows that many aspects are still
to be investigated. For example, it is not known if the particle identified as Higgs is the only one
existing or if it is just the first of many others. Neither the reason why the electroweak symmetry is
broken is fully understood. To answer these questions new facilities are needed, in order to reach high
energies and high luminosity to obtain higher precision on the measurements.

Thus, the answer to the question: “Do we need a next generation collider?” is “Of course we do”.
It is just to decide which facility better suits the purposes.

The most relevant characteristics is that muons are sufficiently heavy elementary particle. With
respect to a p-p collider, muons collisions have the great advantage that all the energy of the beams
is available for the physic process, because there is no energy share among partons. In addiction they
are more clean, the amount of physics background is largely reduced because there are no interaction
between other partons [21]. With respect to eTe™ colliders, the main advantage arise from the mass
of the muon which is heavy enough to reduce the energy losses by synchrotron and bremsstrahlung
emission, allowing to build a circular facility.

However, also the Muon Collider has its challenges to face [22]. First, it is complex to obtain a high
collimated and compact beam, because the muons are produced as secondary decay products with
high energy spread. Second, even if the muon are accelerated to relativistic energies and their lifetime
increase, they decay along the beam pipe and this produce the so-called “Beam induced background”
[23].

In the following section the main characteristics of the collider complex are shown.

3.2 Muon Collider Framework
3.2.1 Luminosity
A key parameter for a collider is the instantaneous luminosity that can be expressed as follow [24]:

fning
40,0y

Linst = (3.1)

Where the parameters are defined as follow:
e f: frequency of collision;
e n;, i = 1,2: number of particle in each bunch;

e 0; j = x,y: under the assumption that the spacial distribution of beam particles have a gaussian
profile, o; is the width in the j-direction. It can be written as:

o =/Bj€; (32)

12
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Figure 3.1: Layout of the Muon Collider proposed by MAP (top) and LEMMA (bottom)

where * is the amplitude function  evaluated at the interaction point (IP) [25], and e is
the emittance along the axis. Each particle along the beam is considered as a point in the
six-dimension phase space and the emittance is a measure of the average spread of particles
coordinates in both position and momentum phase space [26].

The expected L;,s¢ values for the three stages of the Muon Collider are reported in table 2.1.

In order to obtain high £ the parameters must be properly tuned. In the Muon Collider case the
main challenge is to produce beams with low emittance. A solution will be briefly discussed in section
3.2.3.

3.2.2 Muon production
Two methods have been proposed to produce muon beams:

* are produced and they decay into muons, 7% —

e Proton beam hitting a thick target. Thus, 7
p* +(;? This method have been extensively investigated by Muon Accelerator Program (MAP)

[27);

e Positron beam hitting a target. The muons are produced by the reaction ete™ — p™p~. This
method is proposed by Low Emittance Muon Accelerator (LEMMA) collaboration [28].

The latter case, a 45 GeV positron beam hits the target and the annihilation process happens at
Vs ~ 0.212 GeV, close to the energy threshold for muon pair production. This allows the production
of a high collimated and low emittance muon beam. However, the low cross section of the process,
olete™ — putp™) ~ 1 ub for /s ~ 0.230 GeV, implies that to obtain enough muons, the intensity
of the proton beam source needs to be very high, inducing a high stress on the target. This scheme,
shown in the bottom part of figure 3.1, needs further development. This thesis refers to the MAP
configuration that will be now illustrated.

3.2.3 Accelerator scheme

The accelerator scheme developed by MAP is reported in the top part of figure 3.1 [29].

e Proton Driver: Through a chain of accelerator developed by Project X [30], an 8 GeV proton
beam, characterized by ~ 2 ns bunches, 2 - 101 protons at a 15 Hz repetition, is obtained:;

13
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Figure 3.2: Schematic view of ionization cooling. Figure taken from [33]

e Front end: Here the beam hits an high-Z target to product the pions (6 ~ mb.) A transversal
confinement is obtained by a magnetic field of ~20 T at the target, which slows down to 1.5-2
T in the decay channel. Here the pions decay into muons to form a beam with high emittance.
At this point, muons have a momentum of 100-200 MeV /c. After the decay channel there is the
buncher, made by a system of RF cavities, in where the beam is splitted in a train of bunches.
Last, in the phase rotator section, the leading high-energy bunches are decelerated and the late
low-energy bunches are accelerated . So far, the normalized r.m.s. emittance of muons captured
in a bunch is ~ 2 c¢m in all planes [31];

e Cooling: In this part of the Muon Collider the emittance is reduced by at least six orders of
magnitude by ionization cooling [32]. First, an absorber reduces the initial momentum (p;, to
Dout = Pin —Abaps) along every direction, while a system of radio-frequency cavities (RS) restores
only the component along the beam direction (Apgrp) [33]. A schematic representation of the
process is shown in figure 3.2. In this way a cooling along the transversal plane is achieved,
but a full reduction of emittance in 6D phase space is needed. The next step consists on a
bending magnet which separates particles with different momentum [34]. The particles hit an
absorber with a proper geometry such that particles with higher momentum lose more energy.
In this way there is a reduction of momentum dispersion along the beam axis, at the prize of a
larger position spread in the transversal plane. For this reason, this method is called emittance
exchange and a schematic representation is reported in figure 3.3 [35]. In the Front End, an
initial 6D cooling is applied, then the muon of opposite charge are separated and then another
cooling procedure allows to form the single bunches. Last, another 6D cooling is performed;

e Acceleration: In this step, the beam is accelerated by a series of acceleration stages till the
desired energies. So far, a final design for this step is not available and three different approaches
are under studies: Recirculating Linacs Accelerators (RLA) [36] or Fixed Field Alternating
Gradient (FFAG) [37] and Rapid Cycling Synchrotron(RCS) [38];

e Collider ring: Last part of the collider facility is the collider ring, in which the beams are
injected and collide. In order to minimize the muon losses by decay, it is necessary to minimize
the circumference of the ring and so to maximize the magnetic field used to curve the beams.
So far, the collider ring has been designed for center of mass energies of /s = 125 GeV [39],
Vs =15TeV [40], /s =3 TeV [41] and /s = 6 TeV [42].

The parameters of the muon beams at 3 TeV are reported in table 3.1.

3.2.4 Interaction Region

In figure 3.4 is shown a model of the interaction region (IR) [44]. In light blue is enlightened the
area outside the detector and the beam pipe, filled with air. In the interaction region the beam pipe
is surrounded by tungsten (cyan), iron (brown and black) and concrete (grey and green). A layer
of borated polyethylene (purple), BC Ha, envelops the last part of the beam pipe and the tungsten
nozzles. These are visible inside the detector, in green. The last portion of the nozzles is made in
beryllium.
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Figure 3.3: Schematic view of emittance exchange. Figure taken from [35]

Parameter ‘ Unit Value
L 103%em =251 4.4
f Hz 12
B* cm 0.5
n 10%2 2
€ um 25

Table 3.1: Beam parameter for Muon Collider at /s = 1.5 TeV [43]

A detailed scheme of the nozzles is reported in figure 3.5. Their role in the BIB mitigation is
discussed in section 5.2.
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Figure 3.5: Geometry and materials of the nozzles. Figure form [44]
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Chapter 4

Detector

4.1 Overview

In order to study the potential of the Muon Collider, a layout of the detector has been designed
starting from the one proposed by the CLIC collaboration [45]. However, different colliders require
different detectors, so the layout has been modified by MAP [17].

If not specified otherwise, the technical notions in this chapter are taken from [46] and the pictures
from [47].

The current design consists in a cylindrical-shaped detector with a diameter of 12.8 m and a length
of 11.4 m. It is composed by the following sub-systems:

e Tracking system;

e Electromagnetic calorimeter;
e Hadronic calorimeter;

e Superconducting solenoid;

e Muon detectors.

In figure 4.1 it is possible to see how these are located inside the whole detector. The coordinates
quoted in the following sections refers to the frame in which (0,0,0) is the exact center of the detector,
the z-axis is oriented along the beam pipe, the y-axis is parallel to the gravity acceleration and the
x-axis is perpendicular to the other two.

4.2 Tracking system

The tracking system is composed by three detectors: the vertex detector, the inner tracker and
the outer tracker. Together they allow to reconstruct the charged particles tracks and compute their
momentum.

Each detector is composed by a set of co-axial barrels and endcaps. Barrels are cylindrical surfaces,
whose axis coincides with the beam axis. Endcaps are disc centered as well on the beam axis and
they located at both ends of the barrels. Figure 4.2 presents a schematic view of the geometry of the
tracking system.

On barrels and endcaps are installed different silicon sensors. The details are given in the following
section.

4.2.1 Vertex detector

The vertex detector is composed by four barrels and eight endcaps, four per side. Figure 4.3 helps
to understand how the structures are disposed. On both barrels and endcaps are installed double-
sensor layers. The cells are pixel of 25 pm x 25 um and 50 pm thick with a time resolution of 30 ps
and a spacial resolution of 5 x 5 um spatial resolution [50].
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Figure 4.1: Muon collider detector. Figure from [48]
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Figure 4.2: Overview of the tracking system. In red is boxed the vertex detector, while in green the trackers.
The dotted line divides the inner tracker from the outer one. Figure taken from [49]
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Figure 4.3: Longitudinal view of the barrels (left) and longitudinal section of both barrels and endcaps in the
region z € [—17 em; 28 em]

Barrel ‘ Diameter [cm]

B 6.2
By 10.2
B3 14.8
By 204

Table 4.1: Diameter of the four barrels

The vertex detector is the closest to the interaction point and it has the best resolution in order
to identify secondary vertices due to hadrons decay.

In table 4.1 and 4.2 are summarized the geometrical parameters of the detectors.

4.2.2 Trackers

Inner and outer trackers surrounds the vertex detector as it can be seen in figure 4.2.
Their structure is the following [49]:

e Inner tracker: it has three barrels and fourteen endcaps, seven per side. The sensors are strips of
50 pmx1 mm, 100 um thick, with time resolution of 60 ps and spacial resolution of 7 um x90 um.
The geometrical parameter are reported in table 4.3 and 4.4;

e QOuter tracker: it has three barrels and eight endcaps, four per side. The sensors are strips
of 50 um x 10 mm, 100 pm thick, with time resolution of 60 ps and spacial resolution of
7 pm x 90 um. The geometrical parameter are reported in table 4.5 and 4.6.

In figure 4.4 and 4.5 are shown the section and the transverse view of the whole system.

The discussion about the tracking performance is presented in section 6.2.1 together with the track
reconstruction algorithm.

Endcap ‘ z [cm] Internal Radius [cm] External Radius [cm)]

Ey 8.0 2.5 11.2
Ey 12.0 3.1 11.2
Es 20.0 3.8 11.2
Ey 28.0 5.3 11.2

Table 4.2: z coordinate, internal and external radius of endcaps 1 to 4. Endcaps 5 to 8 have the same parameters
of endcaps 1 to 4 but the sign of the spacial coordinate [51].

19



Tracking system Detector

Figure 4.4: Section of the full tracking system

Figure 4.5: Transverse view of last endcap of outer tracker and sixth endcap of inner tracker. Picture from [45]

Barrel | Diameter [cm]

By 254
By 68.0
B3 110.8

Table 4.3: Diameter of the three barrels of the inner tracker [51].
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Endcap ‘ z [cm| Internal Radius [cm] External Radius [cm]

B 52.4 9.5 42.7
E, 80.8 14.7 55.8
Es 109.3 19.0 55.6
Ey 137.7 21.2 56.1
Es 166.1 23.7 55.7
Eg 194.6 26.4 55.4
E; 219.0 28.4 55.8

Table 4.4: z coordinate, internal and external radius of endcaps 1 to 7 of the inner tracker. Endcaps 8 to 14
have the same parameters of endcaps 1 to 7 but the sign of the spacial coordinate [51].

Barrel | Diameter [cm]

By 163.8
By 230.6
Bs 297.2

Table 4.5: Diameter of the three barrels of the outer tracker [51].

Endcap ‘ z [cm] Internal Radius [cm] External Radius [cm)]

Ey 131.0 61.7 143
Es 161.7 61.7 143
Es 188.3 61.7 143
Ey 219.0 61.7 143

Table 4.6: z coordinate, internal and external radius of endcaps 1 to 4 of the outer tracker. Endcaps 5 to 8 have
the same parameters of endcaps 1 to 4 but the sign of the spacial coordinate [51].

21



Calorimeter Detector

Figure 4.6: Section of the calorimetry system, composed by electromagnetic calorimeter (green) and hadronic
calorimeter (purple)

4.3 Calorimeter

The calorimetry system, formed by an hadronic and an electromagnetic calorimeter, allows to
measure the energy of the particles. In figure 4.6 a section of the system is visible. Its design is based
on the detectors designed for CLIC. The design and the resolution for the Muon Collider are still
under study.

The electromagnetic calorimeter (ECAL) structure is formed by a dodecagonal barrel and two
endcaps, one per side. On it are installed 40 layers of silicon detectors in cell of 5 x 5 mm? sep-
arated by a Tungsten absorber 1.99 mm thick. This configuration of silicon layers allows to op-
timize the spacial resolution, while the choice of Tungsten absorber is justified by the large ratio
interaction length/radiation length, so the electromagnetic shower can start earlier in the detector
and the fraction of hadronic shower in the ECAL is reduced.

The hadronic calorimeter (HCAL) has a structure very similar to the electromagnetic one. It has
a dodecagonal barrel and two endcaps as well. However, in the HCAL there are 60 layers with plastic
scintillating tiles characterized by 30 x 30 mm? cells. The absorber layers are steel layers 19 mm thick.

As mentioned above, an estimation of the energy resolution for the Muon Collider has not been
computed yet. However, studies on jet reconstruction performances have been done and they will be
discussed in section 6.5.2

4.4 Solenoid and Muon detector

In figure 4.7 the last parts of the detector are shown. In cyan, right outside the calorimeter system,
there is the superconducting solenoid. It produces the magnetic field By = 3.57 T" on the inside region
needed to bend the trajectory of charged particles.

An iron return yoke, in red in figure 4.7, envelops the solenoid generating a magnetic field By =
1.4 T in the opposite direction with respect to By. This configuration confines the particles that reach
the yoke, except for muons and weak-interacting particles [52].

The dimensions of the system is reported in table 4.7.

On the return yoke is installed the Muon system. It is visible in figure 4.7, in green and blue.
It has a structure similar to the calorimeters and the trackers, made by a barrels and endcaps. In
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| Internal Radius [cm] External Radius [cm]

Solenoid 364.9 399.3
Return yoke 446.1 645.0

Table 4.7: Internal and external radius of the superconducting solenoid and the return yoke [51].

Figure 4.7: Section of solenoid and RCPs

particular, the muon system has seven layers of Resistive Plate Chamber with cells of 30 mm x 30 mm
in the barrel and six layers in the endcaps.
As for the other detectors, the performances are discussed in chapter 6.
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Chapter 5

Beam Induced Background

5.1 BIB characteristics

One of main challenges of the Muon Collider is dealing with the so-called Beam Induced Back-
ground (BIB) mentioned in the previous sections. Muons have a lifetime 7 = 2.2 us at rest, in the
collider they are accelerated to relativistic energies, as consequence the lifetime in the laboratory frame
is longer. For example, the decay length is Ap = 4.7 x 10° m for a 0.75 TeV beam. The amount of
BIB it is very high: 1.28 primary decayxm ™! x s~! for a /s = 1.5 TeV.

From secondary reactions following muon decays, a flux of 0.5-1 kW /m arises in the collider ring
and the detector causing two different problems. The first one concerns the hardware, because this
high amount of particles at high energies will damage the detector. The second one concerns the
reconstruction of the events: particles will leave signals in the apparatus and this will affect the
measurement. [23]

A detailed simulation of BIB in the interaction region requires a lot of computational resources.
MAP studies found that the all the particles arriving in the detector come from muons decayed in
the range of 25 m from the interaction point. The Bethe-Heitler muons behave differently. These
arise from pair production after the interaction between photons in the electromagnetic shower and
the detector matter. In this case, a range of £100 m has to be considered.

The final simulation, performed using MARS15, only muons which decayed in the proper range
were considered and a sample of Bethe-Heitler muons were added. A part the Bethe-Heitler muons
already mentioned, the other particles of the BIB are electrons and positrons coming directly from the
decay, which emit themselves photons by synchrotron radiation. When these particles interact with
the detector, they produce electromagnetic showers, hadrons and muons.

In figure 5.1 the particle composition of the BIB is plotted as function of the muon decay distance
from the interaction point.

The BIB particles momentum distributions are shown in figure 5.2 and in table 5.1 are reported the
fractions of particle in the BIB and the average momenta. The dominant fraction of BIB is composed
by low-energy photons, electron and positrons and neutrons[54]. The most energetic particles in the
BIB are muons, which usually have a momenta of few GeV, but they can reach energies of ~ 160 GeV .

Particle | Fraction [%] (p) [MeV]

photon ~ 94 1.7
neutron ~ 4 477
electron ~1 6.4
Others! <1 4812

Table 5.1: Fraction and average momentum for the different particles which compose the BIB

1Others means charged hadrons and muons
2The average momentum is referred only to charged hadrons
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Figure 5.1: Particles per bunch crossing which arrive in the IP as function of decayed muon distance from IP
itself. Figure from [53]
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Figure 5.2: Momentum distributions for the different particles of the BIB. Figure from [55]
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Figure 5.3: Particle per bunch crossing as function of the arrival time minus the bunch crossing time. Figure
from [47)

At /s = 3 TeV the BIB has not been fully studied yet, however, there are hints that its amount
is lower with respect to 1.5 T'eV, so the results that will be shown are obtained with a conservative
approach to the BIB. [23]

5.2 BIB mitigation

Mitigation strategies have been studied since the very begging of the Muon Collider proposal in
the 90s [53]. The most updated simulations have shown that the high flux of particle can be reduced
by two tungsten absorbers cone shaped nozzles, mentioned above and visible in figure 3.4. These two
shields start 6 cm far form the interaction point (IP) and their length is of 6 m. They start with an
angle of 10° close to the IP, then, at 1 m, the angle is reduced to 5°. Also at 1 m a capsule in borated
polyethylene starts . While the tungsten is effective in minimize the electromagnetic components, this
shell is able to reduce the flux of neutrons, which usually come at low-energies [56].

Despite the nozzles, a huge amount of particles reach the detector, therefore further strategies are
needed to reduce the impact on the detector. One is to consider the arrival time of the particles with
respect to the bunch crossing, shown in figure 5.3. A large spread in the time distribution suggests
that a cut around the ¢y could remove a meaningful amount of background [47]. In fact, the bunch
crossing is considered at 0 ns, where a peak is visible. The plot refers only to the BIB, so this peak
cannot be due to signals. Instead, its origin can be addressed to muon decayed close to the IP and to
particles re-emitted by the nozzles after interactions with other BIB particles.

The tracker and the calorimeter requirement are studied in detail. A sample of prompt muons
produced at the interaction point at t = 0 s has been generated and compared to BIB sample. In the
left plot of figure 5.4 the arrival time distributions on the first layer of vertex barrel detector of the
two samples are compared. On the right, the same plot has been produced for the first layer of the
outer tracker barrel. The arrival time is defined as:

|7 bt

Tarrival = Thit -
with Th; the arrival time of particles at the layer and [P sl h”' = /22 4+ y2 + 22 the time of flight of a
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Figure 5.4: Timing of arrival (T};;) - time of flight |rp;:|/c distribution in the first layer of vertex barrel detector
(left), and in the outer barrel (right). Figure from [47]

photon. In both cases, the signal presents a well-defined gaussian, that be can fitted, therefore the
standard deviation of the curve, op, can be extracted. The o depends on the detector considered,
however, figure 5.4 suggest that a timing cut at £3 o will suppress a large portion of background in
each layer. More recent studies suggest that a better window is [-3o7, 5o7] [52]. Figure 5.5 shows the
effects on the tracker system of the proper requirements. There, the average density of BIB particle
hits, namely the average number of hits per event per unit of surface, has been plotted for every layer
of the tracking system before (blue) and after (yellow) the application of the timing cut. The hit
density is reduced significantly. In particular, in the first layer of the vertex detector, where the BIB
hits density is higher, the reduction is about 65%.

Similarly, the arrival time in the calorimeter has been plotted in figure 5.6. The distribution for
prompt muons is peaked close to zero, while the BIB one presents tails in both directions of the axis,
therefore, a proper time window can be applied to reduce the BIB.

Requiring a time window is not the only strategy adopted to mitigate the BIB effects in the
calorimeter. Figure 5.7 shows the energy deposited on the calorimeters by the BIB particles. These
distribution can be subtracted before the reconstruction of the event.

In figure 5.8 the energy released by BIB particles in the ECAL has been compared to the one
released by the signal utpu~ — vv — bb, /s = 1.5 TeV. The plot shows that BIB particles (the red
distribution) release energy in the first layers of the calorimeter, while the peak of the signal (blue) is
shifted of about 5 cm with respect to the BIB one. Therefore, inserting a pre-shower absorber before
the ECAL could reduce the BIB energy released in the detector.

For the purpose of this thesis is important to discuss also the effect of the BIB on the muon system.
Figure 5.9 shows the spacial distribution of BIB particles in the muon system. A sizeable contribution
is present only in the very forward region, namely 6 < 10° and, symmetrically, 8 > 170°.

However, the BIB contribution in the very forward region can be suppressed by requiring the
presence of a cluster, which is a group of hits built with the algorithm PandoraPFA (more details
in the next chapter), # > 10° and the transversal momentum greater than 5 GeV. The results are
reported in figure 5.10.
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(right). Figure from [57]
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Chapter 6

Simulation tools

In this chapter a overview of the tools used for the whole simulation process is presented. First,
the generation and simulation of the events will be discussed, then there will be a focus on the
reconstruction part.

6.1

Event generation and simulation

The generation process is developed in three steps:

e Generation of the main process: using a dedicated software, the event is produced. For this

6.2

thesis two different programs were used. The one adopted in the first analysis was PYTHIA [59]
which generates event at the Leading Order (LO). In a second moment, for a correct study of
the signals and backgrounds, it has been used WHIZARD [60], which, instead, generates events
at higher orders;

Passage through the detector: using GEANT4 [61], the particles, generated at the origin of
the system, are propagated through the detector, whose geometry is simulated with DD4HEP
[62]. During this step there is the so-called BIB overlay. The BIB, in fact, is not present in the
file produced by PYTHIA or WHIZARD. To reproduce the BIB behaviour, the BIB particles
are generated in a specific point in the detector, not in the origin. GEANT4 propagates also
the BIB particles. This last process is extremely slow, therefore a pool of reusable events has
been produced [63]. The output of GEANT4 contains the signals recorded by the sensors, the
so-called simulated hits, which includes physics hits plus BIB;

Hits digitization: to simulate the effects of detectors, the simulated hits are digitized. A
digitization of the tracking detector is not available yet, so the hits are treated differently from
the calorimeter and muon system ones. To reproduce the detector effects, the hits coordinates x
and y in the tracking are smeared with a gaussian distribution peaked in the simulated position
with a o equal to the single point resolution of the sensor. The same process is applied to the
timing response, with the gaussian distribution with o equal to the time resolution of the sensor
[63].

The digitization of the calorimeters and muon system hits, instead, works by summing for each
cell all the hits arrived in the cell in the readout time window|[63].

Track reconstruction

The track reconstruction is performed in two step:

e Track finding: using the conformal tracking algorithm, the hits belonging to the same particle

are identified and the track candidates are built;

e Track fitting: using the Kalmar filter the parameters of the particles trajectory are estimated.
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Figure 6.1: Projection of a trajectory segment in the x-y plane. The projection is an arc centered in P¢. Figure
from [64]

6.2.1 Tracks parametrization

Before entering in the details of the track reconstruction processes, it is important to define tracks
parametrization.

With a magnetic field parallel to the z-axis, as in the case of Muon Collider, the trajectory of a
charged particle, under the assumption of negligible energy losses and multiple scattering, is an helix.
The projection on the x-y plane is an arc of circumference, while the z displacement can be expressed
as a linear function of the arc length, s, in the x-y plane.

The parametrization is defined by an arbitrary reference point P" = (Py, Py, P; ),in this case the
origin of reference frame has been chosen, and five track-parameters: €2, ¢g, Dy Zg and tan A\. These
parameters refer to a specific point P? in the helix, in this case chosen as the closest point to P" in
the x-y plane. Figure 6.1 shows the projection of a trajectory segment in the x-y plane. The arc is
described by three of the five parameters:

e (): it is the curvature parameter of the track and it is related to the curvature radius R, in
particular 2] = 1/R. Q €] — 0o, 00[ and its sign is defined by the particle momentum. € > 0
implies that the trajectory is traveled clockwise and, because of the magnetic field is parallel to
the z-axis and oriented in the positive direction, the particle has positive electric charge. For
the same considerations {2 < 0 means a negative charged particle;

e ¢p: it is the azimuthal angle of the particle at PY;

e Dy: it is the impact parameter, defined as the signed distance in the x-y plane between P" and
P, where the sign is positive if the particle travels left to right, looking from P" to PY. With
this definition the sign of Dy and €2 are correlated, in particular they have the same sign if P”
is inside the arc, otherwise opposite sign. The impact parameter is computed as follow

Do = —(P; — P))singo + (P} — P)))cosgg (6.1)
Figure 6.2 shows the trajectory in the s-z plane, which is a straight line parametrized by the last
parameters of the track:

e Zy: it is the longitudinal impact parameter, i.e. the z position of the track at P? with respect
to the reference point P", namely:
Zy=P% - Pr (6.2)

e tanA: it is the slope of the trajectory in the s-z plane and it is related to the momentum of the

particle and the polar angle 6:
Dz

\/D2+ D3
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P, ®

Figure 6.2: Projection of a trajectory segment in the x-y plane. The projection is a straight line. s(P) is defined
as the arc length in the x-y plane between P and P°. Figure from [64]

From the parameters of the tracks the charge Q and the momentum of the particles can be

computed:
Q D (6.4)
=sgn | = .
M\ q
cBQ@
_ 6.5
pr=—q (6.5)
p =prv 1+ (tan))? (6.6)
where pr = |/p2 + pg is the transversal momentum, B is the z component of magnetic field, which

coincides with the total magnetic field in the Muon Collider detector, c is the speed of light and p is
the module of the momentum ? The components of 7 are computed as follow:

Pa = PrCosdy (6.7)
Py = prsingo (6.8)
p. = prtan) (6.9)

6.2.2 Track finding

As mentioned above, the track finding step is needed to identify hits belonging to the same track
and to build the track candidates that will be fitted in the last step of the track reconstruction process.
For these purposes, the conformal tracking is adopted [65]. This is a pattern recognition algorithm
that combines two different methods, namely the conformal mapping and the cellular automaton-based
track finding.

The first method consists in mapping each hit in the conformal space: (x, y) — (u, v) using the

following transformation [66]:
x?2 9

_* 6.10

u=— +y (6.10)
2

v:% + 2 (6.11)

The reason behind this transformation is that charged particles trajectories that are circles passing
through the origin in the (z, y) space became straight lines in the conformal space coordinates (u, v).
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It is important to underline the fact that not every trajectory is mapped in a straight line in the
conformal space for two possible reasons. The first one is that the particle may not be generated in
the origin of the (x, y) space. These particles are defined as “displaced”. The second reason is that
particle generated in the origin may undergo multiple scattering, therefore the trajectory in the (x, y)
space deviates from a circle.

In order to consider these deviations, the pattern recognition is performed with a cellular automa-
ton algorithm (CA)[67] which builds the so-called “cellular track” candidates in two steps:

e Building: the algorithm takes a subset of hits (e.g. the hits in the vertex detector), called
“seeding collection”. Each hit in the seeding collection is called “seed”. For each seed, one
or more “seed cells” are created by connecting the seed with its closest “neighbor hits”. The
neighbor hits are hits which respect the following conditions: they must lay on a different
detector with respect to the seed, and have a polar angle © = arctan(u/v) + 7 belonging to
[Osced — AO, Ogeeq + AB], with AO a fixed parameter. If a seed sell length is greater than a
fixed parameter l,,,4., the cell is discarded.

All the seed cells created from a seed are extrapolated for a fixed distance in the cell direction
and a new search for neighbor hits is performed. At this point a new extrapolation is performed.

To each cell is given a “weight” equal to the number of cells further connected to the cells,
therefore the higher the weight the higher the potential of the cell to make a track.

The cellular track candidates are created as chains of cells which lay in a certain angular window.
Candidates which do not have a minimum number of hits are discarded. For each candidate a
linear regression fit is preformed in both (x, y) and (s, z) planes. If both reduced x? obtained
are below a fixed parameter, x2,,,, the candidates are kept, otherwise they are discarded. For
further details see [67].

e Extension: the extension of cellular track candidates is performed in two different ways. If
the transversal momentum computed from the parameters fitted in the previous step is greater
than a fixed threshold p%‘, the candidate is extend using as seed the endpoint of the track and
searching the nearest neighbor hits in the the adjacent detector layer. More than one extension
can be created in this way, but only the one with the minimum reduced x? is selected. The
procedure is iterated till the final layer of the tacking system is reached.

The tracks with transversal momentum below the threshold are extend after the others, using
all the remaining hits. No neighbors search is performed and all the hits which lay in the same
side of the detector considering the z-coordinate with respect to the seed. For further details see
[52] and [67].

6.2.3 Track fitting

The estimation of the trajectory parameters is not straightforward, in fact, due to possible energy
losses or multiple scattering, the trajectory can deviate from the expected helix.

To properly deal with these phenomena the fitting procedure is performed with the Kalman filter
algorithm[68]. First, a x? fit is performed to the first, the middle and the last hit of a cellular candidate.

Using the output parameters and their uncertainties from the x? fit as input, the Kalman filter is
applied. The algorithm works progressively from one hit to the other, updating the parameters of the
track at each iteration. It works in two steps:

e Prediction step: calling g; the vector of the parameters at the detector layer of the hit k, the
algorithm compute:

qk+1, predicted = fk+1, k(Qk)

where f11, 1 is the propagator function from the layer £ to the layer k+1. In the same step, the
uncertainties on the parameters (covariance matrix) are propagated using the Jacobian matrix
of the propagator;
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Figure 6.3: On the left the structure of the tracking system in the region z € [—240, 240] cm and r = /22 + y2 €
[0,160] cm. In cyan is indicated the region occupied by the nozzles. On the right, the structure of the tracking
system is reported considering z € [0, 240] cm. The red lines form a the polar angle § = 13, 30, 89°. Figure
from [52].

e Update step: the vector of the parameters is updated using a weighted average in the following
way:
Qi1 = Qt1, predicted + K1 [Mr — g1 (Qut1 predicted)]

where hi11 is a function that relates the measured parameters my, to the estimated parameters
qi+1 (see [68] for further details). K is the gain matrix built with the covariance matrix of
the parameters.

6.3 Tracks reconstruction performance with no BIB overlaid

In this section the performance of the track reconstruction algorithm is discussed. Efficiency and
resolution of the transversal momentum will be defined and plotted as function of the polar angle 6
and the transversal momentum of the particles.

For this study six Monte Carlo samples of 100000 prompt muons were generated with the following
characteristics [52]:

e three samples with fixed muon momentum, respectively at 1, 10 and 100 GeV, and 6 uniformly
distributed in the range [10°, 170°], that is the acceptance region in the current detector config-
uration;

e three samples with fixed polar angle, respectively at 13°, 30° and 89°, and pr uniformly dis-
tributed in the range [0.1, 100] GeV.

Figure 6.3 reports the layout of the tracking detector (left) and highlights the three different polar
angle at which prompt muons were generated [52].
Tracking efficiency

The tracking reconstruction efficiency €1 is defined as:

N, reco
Ntot

€trk = (6.12)
where Nyec, is the number of reconstructed tracks, while Ny, is the number of reconstructable MC
particles, i.e. particles with a polar angle within the acceptance region and a transversal momentum
greater than 0.1 GeV.

In figure 6.4 the efficiency is plotted as function of 6 for the three samples with fixed momentum.

Due to the symmetry of the detector the events in the range 6 € [90, 170]° were folded into the range
6 € [10, 90]°.
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Figure 6.4: Tracking efficiency as function of the polar angle, for prompt muons with momentum fixed at 1, 10,
100 GeV. Figure from [52]

The three samples behave similarly. At low angles the efficiency is ~ 42 % for p = 10, 100 GeV
samples and ~ 35% for the last one. This is due to the presence of the shielding nozzles which
cover a region of § = 10°. Efficiency increases rapidly and reaches the plateau at 8 ~ 18°. For the
p = 1 GeV sample the efficiency is ~ 98% while for the other two is close to 1. The p = 1 GeV
sample suffers also of efficiency decreases in the transition zones between barrels and endcaps. Due to
the low momentum, the muons of this sample are more subject to deviations, therefore they are more
sensitive to the detector structure. This is the reason why the other samples do not present the same
behaviour.

In figure 6.5 the efficiency is plotted as function of the muon transversal momentum for the three
samples with 0 fixed. The samples with 6§ = 30° and 89° the efficiency has a minimum at very low
momenta, while for py > 1 GeV it reaches the plateau of ~ 1. Instead, for 8 = 13° the efficiency
remains around 87%, lower than the other samples, as one can expect from figure 6.4.

Transversal momentum resolution
The transversal momentum resolution is defined as:

APT __ PTyreco — PTtrue

6.13
p% p%,true ( )

with pr trye is the Monte Carlo truth, i.e. the transversal momentum of the Monte Carlo particles,
DT ,reco is the transversal momentum of the reconstructed track.

In figure 6.6 the resolution is plotted as function of the polar angle for the three samples at fixed
momentum.

In each sample the resolution follows the same trend, reaching the best values in the region 6 €
[50,90]°, while it gets worse in the forward region. The plot shows that the resolution improves for
muons with higher momentum, in fact, the best results are obtained with the p = 100 GeV sample
in the right portion of the plot, where the resolution is ~ 0.004%. Instead, the worst value is ~ 5%,
obtained for the p = 1 GeV sample in the forward region. In figure 6.7 the same behaviour is
highlighted. In this plot the resolution for the samples at fixed 6 has been plotted as function of the
pr. The maximum value of ~ 0.004% is now obtained for muons with a transversal momentum greater
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Figure 6.5: Tracking efficiency as function of the transversal momentum, for prompt muons with 6 fixed at 13°,
30°, 89°. Figure from [52]
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Figure 6.6: Transversal momentum resolution as function of the polar angle, for prompt muons with momentum
fixed at 1, 10, 100 GeV. Figure from [52]
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Preliminary Muon Collider

Figure 6.7: Transversal momentum resolution as function of the polar, for prompt muons with 6 fixed at 13°,
30°, 89°. Figure from [52]

than 80 GeV in the sample with 6 fixed at 89°, while the minimum of ~ 0.4% occurs in the sample
with # = 13° in the region of pr € [0, 5] GeV.

6.4 BIB effects on tracking performance

As discussed in chapter 5, the BIB consists in a high flux of particles leaving signals in the detector
and increasing the combinatorics and this reduces the reconstruction performances. The tracking
system is the most affected by this fact because is the closest to the interaction region.

In section 5.2 it has been shown the result that an hit rejection method based on the arrival time
can achieve. However, this strategy is not enough to prevent the worsening of the tracking performance
and other methods are under studies. For further details see [69] and [70].

In the following paragraphs the tracking efficiency and the transversal momentum resolution are
studied using the same samples as in the section above, but with a BIB simulation overlaid.

Efficiency

In figure 6.8 the tracking efficiency is plotted as function of 8. As it can be seen, the BIB mostly
affects the region # < 45°. In particular for 10°< 6 < 15° there is an efficiency drop around 20% for
each sample. In the interval [15, 40]°, the sample with p = 1 GeV suffers more the BIB effects, in fact,
the efficiency drops by about 15-20%, while the worsening of the other two samples is about 5-10%.
Instead, for # = 45° the efficiency reaches a plateau at ~ 100% for every sample.

The results obtained for higher polar angles is confirmed by figure 6.9. It can be noticed that the
sample with # = 89° is unaffected by the BIB and the efficiency remains at ~ 100%. Instead, a drop
of about 20% occurs for the § = 13° sample and about 2% for the last one.

Transversal momentum resolution

In figure 6.10, the resolution on the transversal momentum is plotted as function of the polar
angle. Similarly to the tracking efficiency, the BIB effect can be seen in the region 6§ < 45° for the
three samples but it differs from the no-BIB case only by less than an order of magnitude. For higher
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Figure 6.8: Tracking efficiency as function of the polar angle, for prompt muons with momentum fixed at 1, 10,
100 GeV with BIB overlaid. Figure from [52]

Prefiminary Muon Collider

B Lol # E A L S
*

Eprk
—t

L B s . TSN
08§ % .

0.6
e 0 i o A B B e B

[}2 o e e e e e e e e e e e e e e e e
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30°, 89° with BIB overlaid. Figure from [52]
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Figure 6.10: Transversal momentum resolution as function of the polar angle, for prompt muons with momentum

fixed at 1, 10, 100 GeV with BIB overlaid. Figure from [52]

0 the BIB effects become negligible for the p = 10 GeV and p = 100 GeV samples, while it affects the
last sample till 6 ~ 80°.

Figure 6.11 highlights the fact that the higher is the momentum of the muons, the less the BIB
affects the resolution.

It can be noticed that for the p = 10 GeV and p = 100 GeV samples at 34 < 6 < 40° the resolution
is higher. This behaviour is due to the fact that for these angles the muons do not hit all the layer of
the endcap, as it can be seen in figure 6.3. Therefore, in these cases, the track is reconstructed with
less information, and the resolution worsens.

The results obtained on resolution and efficiency are good despite the BIB presence and allow
to perform physical measurements. However, new reconstruction algorithms which may improve the
results presented in this section are under studies.

6.5 Particles and jet reconstruction

Jet reconstruction and particle identification at Muon Collider is performed with the Particle Flow
Calorimetry approach, implemented with the PandoraPFA algorithm [71, 72]. The PFA approach
consists in the reconstruction of the four-momenta of every visible particle in the event, extracting
energy and momentum from the subdetector with the best accuracy. In this way, the momentum
of charged particles is obtained from the tracking system and the energy of the neutral ones by the
calorimeters, therefore a significant improvement in energy resolution can be achieved. Figure 6.12
gives a schematic view of the particle flow concept[71].

In the next sections the reconstruction with PandoraPFA and the particle identification will be
discussed.

6.5.1 PandoraPFA

The PandoraPFA is the algorithm used in the Muon Collider for the particle reconstruction ex-
ploiting the particle flow approach. It takes as input the reconstructed tracks and the digitized hits
from the calorimeters and it reconstructs the particles in eight steps [72]:
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Figure 6.11: Transversal momentum resolution as function of the polar, for prompt muons with 6 fixed at 13°,
30°, 89° with BIB overlaid. Figure from [52]
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Figure 6.12: Schematic view of the standard calorimetric (left) and particle flow (right) methods. In the first
approach the jet energy is measured using only the calorimeters. In the Particle Flow Calorimetry approach
the charged particles are measured in the tracking system, which has a greater resolution with respect to the
calorimeters, the photon are measured in the ECAL and only the neutral hadrons in the HCAL, which is the
detector with the worst resolution. Figure from [71]
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Figure 6.13: Schematic view of cone clustering in PandoraPFA algorithm. Figure taken from [72]

e Track selection/topology: tracks are projected into the front face of the electromagnetic
calorimeter. Tracks topologies such as kinks (charged particle decaying into a single charged
particles plus neutral particles) or decays of neutral particles into a pair of charged particles are

identified;

e Calorimeter Hits Selection and Ordering: isolated hits, defined by proximity to others, are
removed and the remaing hits within each layer of the calorimeter are ordered by their energy;

e Cone clustering: hits in the calorimeter are grouped into clusters by a cone based algorithm.
Figure 6.13 may give an idea of the working principle. The first hit, the seed, is obtained by
projecting a reconstructed track on the ECAL;

e Topological association: clusters with specific characteristic are associated together, an ex-
ample is given in figure 6.14;

e Reclustering: clusters are compared with associated tracks. If there are significant discrepan-
cies, the clusters are splitted or merged;

e Photon identification and recovery: more sophisticated photon identification algorithm are
applied to identify clusters of calorimeter hits which are consistent with photons and to recover
photons merged with clusters associated to a hadronic shower;

e Fragmental removal: clusters that do not have a track associated, but are not identified as
neutral particles, are then considered as fragment of other clusters and treated properly;

e PFO construction: the last step produces the outputs, so particles whose energy is calculated
from tracks if they are charged or taken from the calorimeters if they are neutral.

6.5.2 Jet identification with BIB overlaid

The particles reconstructed by PandraPFA are used as input for the jet identification, which is
performed with the “kp algorithm”, provided by the FastJet package [73]. The algorithm works in
three steps:
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Figure 6.14: Example of clustering association in PandoraPFA algorithm. Clusters are combined on the basis
of clear topological signatures, e.g. showers associated with a hadronic interaction, back-scattered tracks and
looping minimum ionising calorimeter tracks. Figure taken from [72]

e Computing the kr-distance: for each pair of reconstructed particles the following observable
is computed:
ARfj
R2

dij = min(p}i, p7;)

where
ARY = (yi — ;) + (¢ — 85)°

with p; transversal momentum, y rapidity, ¢ azimuthal angle and R a parameter of the algorithm.
In the first and last step of the jet reconstruction is equal to 0.5, while in the second is equal to
0.7;

e the distance from the z-axis is considered as d;p = p;

e the minimum among all the d;; and the d;p is computed. If the minimum is a d;; the particles
1 and j are merged together and considered as a single particle with 4-momentum equal to the
sum of the particles 4-momentum. The algorithm is reiterated till the minimum is d;g. The last
particle, obtained by merging the input ones, is the jet and its energy and momentum are the
sum of all the particles merged.

Efficiency and resolution are obtained by comparing the Monte Carlo truth and the reconstructed
data of a sample of simulated data and they are computed as follow:

o Ny C,matched
NMC,matched + NMC,unmatched

€

where Npsc matched/ NMC matched 1S the number of true jets matched/unmatched with reconstructed
ones;

Apr  PT,MC — PTreco

pr.mcC B bpr.mcC

In figure 6.15 are reported the results obtained. As for the track reconstruction, the performance is
not optimized for low momenta jets. However, as for the track reconstruction, efficiency and resolution
are good enough to perform physical measurements.
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Figure 6.15: Jet reconstruction efficiency (left) and resolution (right) as function of the Monte Carlo transversal
momentum of jets. Figure taken from [57]

6.5.3 Muon reconstruction

For the muon reconstruction the performance of PandoraPFA algorithm are not good for muons
inside jets, due to the large number of hits inside the calorimeter [74]. In fact, muons leave a small
number of hits with respect the other particles of a jet. Therefore a better approach, called “inward
projective reconstruction” has been adopted, and it is implemented in the PandoraPFANew framework.
In this method first a track made from the hits deposited in the muon system is identified and
matched to a track in the tracking system, and then the direction of the track in the tracking system
is extrapolated to the track in the muon system [74]. The muon reconstruction is achieved through
three steps [74]:

e Identification of yoke track candidates: the same clustering algorithm used in the third
step of PandoraPFA is applied to the muon system, but it is optimized to deal with the smaller
number of layers with respect to the calorimeter (for further details see [74]). If a reconstructed
cluster occupy at least 5 layers, it has less than 30 hits and its depth, defined as the difference
between the first and the last layer number, is less than 5, then the cluster is considered as a
track in the muon yoke;

¢ Extrapolation of inner tracks to the muon system: the tracks are taken and for each of
them an helix trajectory is computed using the reconstructed momentum of the track and the
magnetic field in the detector. During this process, the change of the magnetic field along the
detector is taken into account, in order create a external helix, which is the propagation of the
trajectory outside the solenoid;

e Track matching: in this step to each yoke track is associated one valid inner track. Valid inner
tracks are inner tracks which respect the following requirements:

— the track momentum is > 7 GeV;

— the angle between the direction of the external helix at its entry point to the muon system
and the direction of the yoke track is < 0.2 rad;

— the distance of closest approach between the helix and the cluster (i.e. the shortest distance
of the external helix to the mean position of the hits in the innermost layer of the yoke
track) is < 200 mm.

The valid track with the minimum distance of closest approach with a yoke track is matched
with that yoke track.

The performance in terms of efficiency and transversal momentum resolution are reported respec-
tively in figure 6.16 and 6.17. The efficiency is defined as:

_ NMC,matched
NMC,matched + NMC’,unmatched

€
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Figure 6.16: Muon reconstruction efficiency as function of transversal momentum (left) and polar angle (right).
The sample has no BIB overlaid and the muons are generated with a polar angle in the range [8°, 172°]. Outside
this range it is not possible to reconstruct muons due to the presence of the nozzles. Plot taken from [75]

where Nasc matched/ NvcC matched is the number of montecarlo muons matched /unmatched with recon-
structed ones. The resolution is defined as:

ApT __ Pr,MC — PT,reco
br.mc pr.mc

The plots shows that the efficiency is ~ 100% for muons with pp > 0.1 GeV and for each 6
considered. The efficiency drops for low momentum muons.

The resolution is of the order of 103 for low momentum muons and it improves to ~ 10~% for
higher transversal momentum.

The plot presented in this section are obtained from a sample without BIB overlaid, however, as
discussed in section 5.2, the BIB effects in the muon system are negligible, therefore no serious issues
are expected for muon reconstruction.

The muon identification during the analysis is performed just by requiring that a particle has a
track matched with a track in the muon system. This is not optimal because other particles can leave
signal in the muon system. These particles are called “fake muons”. New identification algorithm are

under studies.
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Figure 6.17: Muon reconstruction resolution as function of the transversal momentum of the muon. The sample
has no BIB overlaid and the muons are generated with a polar angle in the range [8°, 172°]. Outside this range
it is not possible to reconstruct muons due to the presence of the nozzles. Plot taken from [75]
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Chapter 7

Reconstruction and identification of
the H — WW™ process

In this chapter the analysis performed to estimate the precision with which it is possible to perform
the measurement of the cross section of the process u*u~ — H + X — WW* — uvqq is reported.
Here "X” can be v, as result of WW-fusion, or u*u~ as result of ZZ-fusion. The analysis has been
performed following four steps that will be discussed in a dedicate section:

e Samples generation: signal and relevant physical backgrounds production;

e Pre-selection requirements: requests on the events have been studied in order to discard
physical background events;

e Topology study of events: the topology of signal and background events have been compared
in order to understand which observable are suited for signal to background discrimination;

e Multivariate analysis description: by exploiting the Toolkit for Multivariate Data Analysis
(TMVA) package, a machine learning (ML) algorithm has been used to separate signal from
background.

7.1 Samples preparation

For the studies of this thesis, several samples were generated using two different Monte Carlo,
namely, PYTHIA and WHIZARD, as mentioned in section 6.1. In the latter case, the hadroniza-
tion process is performed with PYTHIA. In a first moment, only the signal and the main physical
background, ptu~ — WW?* — uvqq have been generated, in order to compare the generation tools.
Therefore, the four samples generated were:

e Signal with PYTHIA Monte Carlo: a sample of 10000 events ptu~ — Hvv — WW*vw —
uv + X + v at /s = 3 TeV has been produced using PYTHIA [59]. The muon in the final
state has been required to have a transversal momentum pr > 10 GeV. X means everything,
i.e. one of the two W boson was bind to decay into a muon and a neutrino, while the other one
was let free. Therefore, not the entire sample was relevant for the studies of this thesis, because
the desired final state requires one W boson to decay into a muon and in a neutrino and the
other W boson to decay into a couple of quarks. The branching ration of W — q¢’ is 67.41%
[76], therefore about 6700 events out the total sample were interesting for this study;

It is important to remind the fact PYTHIA considers only diagrams at the Leading Order;

e Main physical background with PYTHIA Monte Carlo: a sample of 10000 events of the
main physical background events. In this case the selected process was pu™pu~ — WW*vw —
uv + X +vv at /s = 3 TeV. As for the signal, only the decay of one out two W bosons has
been forced to a muon. The only background processes relevant for the study of this thesis are
the ones with the same final state as the signal, therefore only the 67.41% generated event were
interesting for this study;
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Figure 7.1: Comparison between the reconstructed sample of main background generated with WHIZARD
(blue) and PYTHIA (red). On the left is presented the polar angle of the pseudo-H, on the right there is the
acollinearity between pseudo-H and p. In each plot the histograms are normalized to the same area, i.e. the
area of the WHIZARD sample

e Signal with WHIZARD Monte Carlo: a sample of 2000 events utu~ — Hvv — WW*vv —
urqqu at /s = 3 TeV has been generated with WHIZARD. “q” indicates a generic quark with
different flavors. The main difference with PYTHIA is that WHIZARD includes higher order
diagrams.

e Background with WHIZARD Monte Carlo: a sample of 10000 events u*u~ — uvqq at
/s =3 TeV has been generated with WHIZARD requiring the muon in the final state to have
a transversal momentum greater than 10 GeV. This requirement has been imposed to remove
events that will not enter in the analysis sample.

The signal samples show the same behavior within statistical fluctuation, but significant differences
appear for the background, in particular for the angular related observables. Figure 7.1 shows the
comparison of the WHIZARD background sample (blue) and PYTHIA background sample (red) for
two observables. These observables are taken as example and their definition will be given in the next
section, for the moment it is enough to see the different behaviour in the two samples.

PYTHIA does not include all the processes present in WHIZARD. The plots in figure 7.1 enlighten
the fact that something relevant is missing. The analysis is performed by using WHIZARD samples,
while PYTHIA samples are used only for some controls when specified. The background processes
considered relevant are reported below. For each, a sample of 10000 events has been generated.

o ut T — Hvv — WW*vw — qqqquv;

o utp~ — Huv — bbuw;

pwrtpT — Hov — 7777w,
o utpT = qqll;
o utuT — qquu.

From now on, the set of background events which do not have the Higgs boson production is called
“no-Higgs sample”, while the “Higgs sample” refers to the set of background events that have the
Higgs boson.

The Higgs boson production mechanism considered in the samples above is the WW-fusion, which
is the main process, as shown in figure 2.5, and it occurs ~ 90% of the times. However, at /s = 3 TeV,
also the ~ 10% due to the ZZ-fusion is relevant and it has to be taken into account.

Producing the all the samples with the ZZ-fusion would have been challenging in terms of time and
computational resources. Therefore a different approach has been adopted. Only the signal process
pwtpT = ZZptum — Hutp~ — WW* +ut ™ — gqquv + pp~ has been generated. The two signal
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Figure 7.2: On the left the number of daughters particle per jet (black) and fake jet(red). On the right the jet
maximum transversal momentum fraction carried by a single daughter.

samples with the different Higgs boson production mechanism have been compared. The topology
of the events were compatible within statistical fluctuation, as it is expected from the fact that the
characteristic momentum of neutrinos (in case of WW-fusion) and muons (in case of ZZ-fusion) is much
larger than their masses. Therefore it has been assumed that the event selection does not depend on
the Higgs boson production mechanism and the results concerning the expected number of events at
the Muon Collider were computed using the total Higgs production cross section. The comparison of
the observables can be found in appendix A.

7.2 Pre-selection requirement

In order to keep the signal and discard the physical background, each event has to satisfy several
requirements.
The first cuts presented are the so-called “jet quality cuts”, namely:

i Ndaughters > 2
® Pratio < 0.8

where Nygughters 15 the number of particles which lay inside the associated jet, while pyq4, is the
maximum fraction of the jet momentum carried by a single daughter.

These cuts aim to remove the fake jets, namely hits due to combinatorics reconstructed as jets by
the algorithm, caused by the presence of the BIB. In figure 7.2 the two variables have been plotted
comparing jets and fake jets. Actually in the right figure pr ,qti0 is defined using the transversal
momentum instead of the total momentum as in this thesis.

It can be seen that most of the fake jets have one or two daughters, therefore the requirement
is able to discard the majority of fake jets. When there is only one daughter, it carries the whole
momentum of the jet, therefore p,qt;0 = 1. This explain the peak at prqtio = 1 in figure 7.2. Also
in the region p,qio > 0.8 the amount of fake jets is relevant, doubled with respect to the true ones,
therefore this cut has been adopted.

The third cut presented in this section concerns the number of muons in the final state, namely:

® Nyuons > 1

because in the desired final state there must be at least one muon, the product of the W boson decay.
However, other muon may arise from the BIB events or from jets, therefore, only a lower bound has
been fixed.

The muons produced by the W boson decay usually have a transversal momentum of few tens of
GeV, while muons coming from other sources, i.e. BIB or jets, mostly have low transversal momentum,
as it can be seen in figure 7.4. Therefore a cut on the transversal momentum of the muon has been
implemented, namely:
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® DT, Muons > 10 GeV

The nozzles in the very forward region absorb particles produced at low polar angles, therefore a
cut concerning the muon polar angle has been implemented:

e 6, >10° and 0, < 170°

It is particularly interesting to see how the muon cuts affect the samples. In figure 7.3 the signal
(in blue) has been compared to the backgrounds (in red). On the left is presented the comparison
with the no-Higgs sample, on the right the comparison with the Higgs sample. As it can be seen, in
both background sample there is a significant amount of events in which there is not a muon that
fulfill the requirements, therefore those events are discarded.
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Figure 7.3: Number of muons with pr > 10 GeV per events. On the left the signal (in blue) has been compared
to the no-Higgs sample, on the right to the Higgs sample. Both plot are normalized to the area of the signal
sample.

As shown in figure 7.3, there great majority of events in signal and backgrounds have one or zero
muons, but, in case more than one is detected, the algorithm have to choose the one coming from
the W boson. The criterion adopted in this thesis is the isolation. For each muon, the AR (defined
in equation 7.1) of the muon with each jet is computed. Then the jet with the minimum AR is
considered. If AR < 0.5, the muon isolation is defined as %. Otherwise, if the AR > 0.5, the muon
lays outside the jet cone and is considered isolated, therefore the isolation is fixed to 1. The muon
with the maximum isolation is chosen as the muon coming from the W boson decay and kept in the

analysis.

AR;j = \/(met —)° + (Bjet — B)” (7.1)
with ¢ the azimuthal angle and 7 the pseudo-rapidity:

n=—In [tan (g)] (7.2)

Another interesting aspects of cut on the transversal momentum of the muon is that it is able
to discard a significant fraction of fake muons and particles from BIB that leave signal in the muon
detector. This fact can be understood by looking at the plot in figure 7.4. The muon coming from the
W boson decay (on the left) is separated from every other particle tagged as a muon by the algorithm
(on right). These particles can be muons coming from hadrons decay in jets which leave signal in the
muon system or fake muons.

The separation has been done using the Monte Carlo truth, which allows to know from which
particle the selected one comes from.

In the plots the transversal momentum has been plotted for signal (blue) and main physical
background (red) using the PYTHIA samples.

It is clear that a significant fraction of particles tagged as muons that are not from W boson decay
are cut out by the muon pr requirement.
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Figure 7.4: Monte Carlo transversal momentum of muons produced by W boson decay (left) and from jets
(right). In blue it is shown the signal, in red the physical background, normalized to the same area. The
distributions are zoomed at low momenta. Each plot is normalized to the area of the signal.

Once the quality cuts are applied, the algorithm proceeds analysing only the survived jets and it
asks:

i Njets > 2

This requirement fix a lower bound in the jets number because additional jets may be produced
as consequence of gluons emission.
In order to discard jets close to the nozzles a cut on the jets pseudorapity has been implemented:

[ ] |77Jets| < 2.5

For each pair of jets, the algorithm computes the W boson invariant mass and selects the pair of
jets which minimizes the deviation from the nominal one.
In table 7.1 signal pre-selection efficiency of the cuts are reported. The first row shows the effect

Cuts Efficiency [%]
Quality, Ny, Njet 38.7
Quality, Ny, Njet, pty 29.0
All cuts 29.0

Table 7.1: Pre-selection efficiency on the signal sample depending on cuts. Only the quality cuts, the require-
ments on the number of particles and the cut on the muon transversal momentum affects the efficiency. The
other cuts, as it can be seen in the third row of the table, are irrelevant on the signal sample.

of the application of quality cuts and the requirements on number of muons and jets in the final
state. These cuts are crucial because the quality cuts remove fake jets that cannot be included in the
analysis, while the others establish the minimum number of particles needed in the final state. These
requirements lead to an efficiency of 38.7%.

The only other relevant cut, concerning the signal, it the one on the muon transversal momentum
which reduces the efficiency down to 29.0%. The other cuts do no affect the signal efficiency.

To better understand these results, the signal sample without the BIB has been studied. In this
case, the quality cuts are not needed, because there cannot be fake jets caused by BIB.

The results are reported in table 7.2. The final efficiencies on the two samples are similar. It can
be notice that the cut on the transversal momentum of jets is particularly effective on the sample
without the BIB overlaid. This behaviour enlightens the fact that the quality cuts which act on the
BIB sample remove the jets with low momentum.

At this point, an estimation of the expected number of events at the Muon Collider can be calcu-
lated by the formula:
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Cuts Efficiency [%]
N,LLa Njet 71.0
Nln Nj6t7 Pty 60.9
Ny Njet, ptu, Ptjet 30.4

Table 7.2: Pre-selection efficiency on the signal sample without BIB depending on cuts

Process | €pre[%)] o [fb]  Expected Events
ptp™ — How — WW*uw — qquovp | 29 £ 1 17.3 5020 + 190
ptp= —— qquv 6.5+0.3 5.02-10° (326+12)-103
utp= —— qqll 23+02 1.04-10° (24.3+1.5)-10%
ptpT —— qquv 46+0.3 1.56-10%  (72+4)-10°
pwrpm — H — WW* = qqqq 3.94+0.2 108 4250 £ 210
wtp~ — H — bb 1.14+0.2 313 3600 + 800
putpT — H— 77 0.3£0.1 34.3 93 & 21

Table 7.3: Pre-selection efficiency, cross section and expected events for signal and background events.

Nevents =L -0 - € (73)

were L is the integrated luminosity, o is the cross section of the process considered and e the selection
efficiency.
Assuming £ = 1 ab™!, achievable in about two years, and the pre-selection efficiency, namely:

Nafter cuts
€pre = ———— (7.4)
pre Ntotal
the expected number of events for each process has been reported in table 7.3.

The error on the expected number of counts is obtaining by:
O-Ne'uents = L ©0 - 0O¢ (75)

where o, is the error on efficiency calculating using a Bayesian approach [77].
The probability P(e; k,n) that e is the true efficiency, given the number of selected events k and
the total number of event n is:

P(k;e,n) - P(e;n)
C

P(e; k,n) = (7.6)

where:

e P(k;e,n) is the probability of having k selected events giving a certain efficiency € and total
number of event n. It follows the binomial distribution, therefore

n!

P(k;e,n) = W — k)l

(1 —enk (7.7)

)

e P(e;n) is the so-call Prior probability, namely the probability of having € giving the total number
of event n. P(e;n) is assumed uniform in [0, 1];
e C is the normalization constant and it can be proven that C' = n%rl
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Therefore,
. _ (n+ 1)ty n—k
P(e; k,n) = R(n = k)!e (I1—¢) (7.8)

2.

From the formula above it is possible to compute the variance V(e) = oZ:

o, (k+1)(k+2)  (k+1)?
Vie)=0f = (n+2)(n+3) (n+2)? (7.9)

The entire derivation can be found in [78].

7.3 Topology of the events

In this section all the observables studied are presented. The goal here is to understand the
differences between signal and physical background. This work allows to choose which observables has
to be given as input to the machine learning algorithm to perform the discrimination.

The observables are separated in two categories: momentum-related and angular related and for
each observable two plots will be presented. The one on the left compares the signal with the no-Higgs
background, the one on the right, instead, has the signal compared to the Higgs background. In both
plots the signal will be in blue and the background in red. Each plot will be normalized to the area
of the signal histogram.

Before proceeding , it is import to specify the notations adopted in this thesis. In each event
there are two W bosons, but only the one which decays hadronically can be reconstructed. In the
final state there are three neutrinos, two coming from the Higgs boson production through WW-
fusion, u*p~ — Hvv, one coming from the W boson leptonic decay, W — uv. The neutrino in the
experiments are reconstructed from the missing momentum. In this case it is not possible because the
missing momentum is the sum of three particles and information about a single one of them cannot
be retrieve and the W boson which decay leptonic cannot be reconstructed. Therefore, for the rest of
the thesis, the W boson which decays hadronically is simply indicated as W.

As consequence, the Higgs boson cannot be reconstructed either. However, observables related to
the Higgs are crucial to separate signal from background. In the following paragraphs, with pseudo-H
it is intended the Higgs boson without the contribution of the neutrino or, in other words, the sum of
the 4-momentum of the W and the u.

7.3.1 Momentum-related observables

The first observable studied was the invariant mass of the W. It is computed with the following
formula:

mw = \/(Ejetl + Ejet2)2 - (?jetl + ?jet2)2 (7.10)

In figure 7.5 the myy distributions for signal and background are superimposed. On the top there
are the full spectrum for no-Higgs and Higgs background, while on the bottom the region around the
nominal mass of the W boson is zoomed.

The W boson invariant mass histogram of the signal sample shows two different distributions. The
first one at low invariant mass, the other one around the nominal mass of the W boson. This behaviour
is expected due to the Higgs boson decay in one W boson on shell and one W boson off-shell. In the
plots in figure 7.5 only the W boson which decay hadronically. Half of the times it will be the W
boson, the other half the W* boson, causing the distribution showed.

The Higgs background does not manifest the same behaviour, instead there is single peak at
~ 80 GeV. The most relevant component in this background is due to p*u~ — Hvv — WW* — qqqq.
In this case both W boson decay hadronically and could be reconstructed by the algorithm, however,
the selection criterion adopted searches for the particle that minimize the distance from the nominal
mass of the W boson, therefore it will always select the W boson produced on-shell.

A peak is visible also in the no-Higgs sample, where the main component of this sample is given
by the process utpu~ — WWvv — uvqquy, where both W boson are produced on-shell, however, the
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Figure 7.5: Invariant mass of W for signal (blue) and background (red). On top the full distribution for no-

Higgs background (left) and Higgs background (right). On bottom the same distributions are zoomed around
the region of W boson nominal mass The histograms are normalized to the same area.

o
o

other contributions affect this peak inducing a large number of counts in the region below the nominal
mass of the W boson, and a lower number in the region above.
The second observable studied was the invariant mass of the pseudo-Higgs that is, remembering

the definition given above, the four-momentum sum of the W and the pu, therefore the invariant mass
is defined as:

Mpseudo H = \/(EW + E,u)2 - (?W + ?M)Q (711)

and its spectrum is reported in figure 7.6, the full view on top left and the zoom on the first 500 GeV
on the bottom.

The plots on the left have predictable shape. The signal shows a resonance peaked around the
mass of the Higgs boson. The constrains on the momentum of jets and muon forbid these plots to
have a tail on the left, at very low energies.

The no-Higgs background shows a peak caused by the W boson, in fact it is centered at lower
energies with respect to the signal.

In the Higgs background events the muon selected arise from the jets, therefore most of the times
it will have a low four-momentum with respect to the di-jet and its contribution to the mass of the
pseudo H will be negligible. Therefore, the invariant mass is computed using only the information on
one W boson. In fact the plot present a peak on ~ 80 GeV'.

The next set of observables presented are the transversal momenta of W, pseudo H and u. Figure
7.7, 7.8 and 7.9 show the three distributions. A common behavior may be notice. Each particle has a
lower pr in the signal with respect to the physical background. The only plot which does not respect
this behaviour is the transversal momentum of the muon in the Higgs background. In this case, the
muon is produced by hadron decay in a jet, therefore it is expected to have a lower momentum.

Another momentum-related observable studied is the missing transversal momentum, due to the
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three neutrinos produced in the event. It is defined as:

Dt, miss = — (p?c +pz2/) (712)

where

Pz,y = Pz,y,mu + pr,y,jet
jets

The distribution is reported in figure 7.10. The signal show a peak at very low momenta, while the
background goes even close to 3 TeV, which is the center of mass energy of the collision. The next
observable presented is the number of isolated muons in the event. A muon is tagged as “isolated”
when the AR > 0.5 for each jet which survives the quality cuts. The distributions are reported in
figure 7.11. The last observable studied is sum of the number of daughters in the two jets selected for
the W boson reconstruction. The plots are reported in figure 7.12. The last two variables presented
are remarkably different between signal and Higgs background.

7.3.2 Angular-related observables

The second category of observables is the so-called angular related. The fact that the Higgs boson
is a spin-0 particle, suggests that the angular related observable could be particularly useful in the
no-Higgs background discrimination, where the Higgs boson is not produced.

The first observables are the polar angles of the W, the pseudo H and the p with respect to the
beam axis. The plots are reported in figure 7.13, 7.14 and 7.15. In the plot 7.13 it is difficult to notice
significant differences in the no-Higgs case, while in the other an abundance with respect to the signal
is present at low angles. A similar behaviour can be seen in both plots of figure 7.14. In this case,
for the no-Higgs background, there is an evident difference also in the central region of the spectrum,
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Figure 7.7: Transversal momentum of W for signal (blue) and background (red). On top the full distribution
for no-Higgs background (left) and Higgs background (right). On bottom the same distributions are zoomed
around the region of W boson nominal mass The histograms are normalized to the same area.

namely 0.7 < 6 < 2.2 rad where the signal is greater than the background. The muon presents
a completely different behaviour among signal and background. The signal distribution is almost
uniform with a slightly abundance close to 10° and 170°. In both backgrounds, instead, presents very
few counts in the central region. Especially the no-Higgs distribution, where the muon comes directly
from the process and not from a jet, two peak are visible at 10° and 170°, while in the central region
the counts drop.

Another set of observables studied was given by the acollinearity between two particles:

I | (P1-72)
A9 =m— cos YRR (7.13)

In particular it has been computed for three pair of particles: pu-W, pu-pseudo H and pseudo H-W,
reported respectively in figure 7.17, 7.16 and 7.18. These observables are very important for the
discrimination. The right plot of figure 7.16 shows a completely different distribution between signal
and Higgs background and so does figure 7.17 as one can expect from the considerations done above on
the muon in this background. Figure 7.17 is particularly significant also for the no-Higgs background,
where almost half on the events lays on the very last region of the plot.

The last observable considered is the minimum separation between the muon and a jet. It is
obtained by computing AR between the muon and each jet of the event that survives the quality cuts
and the minimum among the ARs is stored. The distributions are reported in figure 7.19.

o6



Reconstruction and identification of the H — WW™ process Topology of the events
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Figure 7.8: Transversal momentum of pseudo H for signal (blue) and background (red). On bottom the same
distributions are zoomed around the region of W boson nominal mass The histograms are normalized to the
same area
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Figure 7.10: Missing transversal momentum of the events for signal (blue) and background (red). The histograms
are normalized to the same area.
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Figure 7.11: Number of isolated muons in the events for signal (blue) and background (red). The histograms
are normalized to the same area.
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Figure 7.12: Total number of daughter particles in the jets selected for the W boson reconstruction for signal
(blue) and background (red). The histograms are normalized to the same area
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Figure 7.13: Polar angle with respect to the beam axis of W boson for signal (blue) and background (red). The
histograms are normalized to the same area.
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Figure 7.14: Polar angle with respect to the beam axis of pseudo H for signal (blue) and background (red).
The histograms are normalized to the same area.
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Figure 7.15: Polar angle with respect to the beam axis of u for signal (blue) and background (red). The
histograms are normalized to the same area.
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Figure 7.16: Acollinearity between p and W for signal (blue) and background (red). The histograms are
normalized to the same area.
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Topology of the events
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are normalized to the same area.

Minimum Delta_r jet-mu (No H)

2 350:_
3 = Signal
© 300;
;/ 1 No-H background
2505 %
]
20[)§
g
15077/
rg
100;
]l
=
“H
R0 - AR
0 1 2 3 4 5

Figure 7.19: Minimum AR between the muon and jets for

are normalized to the same area.

61

Gounts

Minimum Delta_r jet-mu (H)

400 =
& — Signal
350 ’Z
] ¥
- ; % H background
250 §
2
200 %
v
150 [
-
100
3
50
J250 yau =V
. =3 L ; s =
0 1 2 3 4 5 6

signal (blue) and background (red). The histograms



Chapter 8

Multivariate analysis and H — WW
cross section

In chapter 7 the observables useful to discriminate signal from background were presented. The
actual classification is performed with a MultiVariate Analysis (MVA) approach, discussed in this
chapter. For this purpose, the TMVA toolkit [79] integrated in the ROOT framework has been used.

TMVA provides several machine-learning algorithms with which perform a multivariate analysis,
for example Boosted Decision Tree (BDT), MultiLayer Percepton (MLP), Multidimensional Likelihood
estimator (PDERS), Functional Discriminant Analysis (FDA), Likelihood classifier.

The signal and background classification is achieved in two steps: train and test. The training of a
machine-learning algorithm is obtained by giving to the algorithm a set of variables to consider and a
set of events whose nature of signal or background is known. From the input variables the algorithm
computes an output, which definition depends on the algorithm itself. Because of the fact that the
algorithm knows the nature of the events, it can calculate the so-called “loss function” which measures
how far an estimated value is from its true value. During the training process the algorithm tunes its
parameters by minimizing the loss function in order to distinguish signal from background.

Once the algorithm has been trained, a test is performed by analyzing a different sample in order
to assert the performance of the algorithm.

As mentioned above, TMVA offers several machine-learning algorithms and the first step of this
analysis is to choose the one that maximize the background rejection (i.e. the fraction of background
events excluded from the whole sample) and the signal efficiency (i.e. the fraction of signal events kept
in the sample) simultaneously. In literature, one of the most used algorithm is the Boosted Decision
Tree (BDT).

The plots in figure 8.1 reports the so-called Receiver Operating Characteristic (ROC) curve for
a series of multivariate analysis methods. There, the background rejection is plotted as function of
the signal efficiency. The plot on the left is obtained by training and testing the algorithms with the
signal sample and the no-Higgs background, the one on the right with the signal and Higgs background
samples. The plot shows clearly that the BDT is the algorithm with the best performances. A detailed
discussion on the Boosted Decision Tree, focusing on its physics application can be found in [80].

8.1 Correlation and overtraining study

For the best discrimination, two different BD'Ts were trained, one with signal and no-Higgs sample,
one with signal and Higgs background. At this point, the events considered are only the ones which
survives at the pre-selection cuts and their number are reported in table 8.1. Half of the samples are
used to train the BDTs, the other half to test it.

All the observables presented in the previous chapter are given as input to the algorithm and the
linear-correlation among those has been studied, where the linear correlation between two observables
i and j is defined as:

cov(i, 7)
Pij = 701,03, (8.1)
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Figure 8.1: ROC curve for a set of MVA algorithms trained and tested on the signal and no-Higgs background
samples (left) and on signal and Higgs background (right).

Sample ‘ Events
Signal | 493

no-H background | 1176
H background 436

Table 8.1: Events used to train and test the BDTs.

with cov(i, j) the covariance of the observables ¢ and j and o the standard deviation. Figure 8.2 and
8.3 shows respectively the correlation matrix of signal and both backgrounds. The parameter p lays
in the range [—100%;+100%], were —100% means that two variables are completely anti-correlated,
while +100% indicates the complete correlation and 0% means the variables are totally uncorrelated.
Looking at figure 8.2 the greatest correlations are between the transversal momentum and the invariant
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Figure 8.2: Linear correlation matrix of the signal sample

mass of the pseudo H and the W boson. This result is not surprising because the pseudo H is defined
by the W boson and the muon, and the W boson is expected to be more energetic than the muon,
therefore its contribution to the pseudo H will be more relevant. The correlation between the minimum
AR and the acollinearity between the W boson and muon is predictable as well. The minimum AR
is computed using the polar angle between the muon and one of the jets of the W boson while the
acollinearity is computed using the polar angle between the muon and the W boson. It is interesting,
instead, to notice the anti-correlation between the acollinearities and the mass of the pseudo H.
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Figure 8.3: Linear correlation matrix of the no-Higgs background (left) and Higgs background (right) samples

Figure 8.3 shows the behaviour of the background samples. The major correlations, looking at the
no-Higgs background, are for the kinematic variables of pseudo H and the W boson, meaning that
the W boson contribution to the pseudo H is more relevant in the background with respect to the
signal. Another difference is that the minimum AR is anti-correlated not only with the acollinearity
W boson-muon, but also with the other acollinearities computed. Last, the polar angle of the muon
appears very correlated to the polar angle of the pseudo H.

Looking at the right matrix, therefore at Higgs background, it can be seen immediately that the
pseudo H and the W boson are extremely correlated, meaning that the muon contribution to the
pseudo H is minimum with respect to the W boson. In this case, also all three polar angles considered
appear highly correlated as well as the muon momentum and the missing one. An interesting fact is
that the acollinearity between pseudo H-muon and pseudo H-W boson, are 100 % correlated, because
both the muon and the W boson are produced from the same resonance, therefore their direction are
correlated.

The second study performed on the BDTs concerned the overtraining. Overtraining may occur
during the training of a machine-learning algorithm when the are too many input variables and too
few training events. In this case, the algorithm may fit statistical fluctuations in the training sample
[79], worsening the performance of the algorithm with an independent sample.

To understand if overtraining occurred, it is necessary to compare the BDT output distributions for
training and test, if the distributions are compatible within the statistical uncertainties, no overtraining
occurred. Figure 8.4 reports the comparisons for both no-Higgs (on the left) and Higgs (on the right)
backgrounds.

The left plot shows slightly different distributions between training and test for the signal, caused
by the low statistics used in the training process. The BDT's trained on the Higgs background, instead,
does not present evidences of overtraining, despite the statistics is even lower than the no-Higgs case.
The reason of this behaviour is that signal and Higgs background are topologically more different than
signal and no-Higgs background, therefore the training of the BDT is easier in the Higgs background
case and requires lower statistics.

8.2 Precision on the measurement of the cross section

Once the BDTs are trained, the actual discrimination can be performed. Given the fact that
signal and backgrounds are well separated, as it can be seen in figure 8.4, the chosen approach is to
select events by cutting on the BDT output. This means that for each event the response function
of each BDT is evaluated. If both responses are above the correspondent threshold the event is kept,
otherwise it is discarded.

After the analysis with the BDTs it is possible to evaluate the expected number of events and,
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Figure 8.4: Overtraining check for the BDTs trained on signal and no-Higgs background (left) and Higgs
background (right). The output distributions for test samples (filled histograms) have been superimposed the
the output training distributions (dot).

therefore, to compute the precision on the measurement of the cross section, according to:

A vS+ B
2o _voth (8.2)
o S
where S is the number of expected count of the signal and B is the sum of the expected counts of the
background.
The final result depends on the selected cuts on the BDTs. About 9000 combinations of the two

thresholds have been tested and the one which gaves the best A? value has been adopted. The cuts
are reported below:

o BDThyo Higgs Tesponse > 0.22;
® BDTHiggs Tesponse > 0.36;

where the subscript refers to the sample used to train the BDT. The selection efficiency, the cross
section and the expected number of events obtained in this configuration are reported in table 8.2.

The table enlightens the discrimination power of the combined BDTs. They are able to entirely
remove every background but putu~ — WWvv — qquvvv, whose efficiency drops to 0.06%.

Event €[%] o [fb] Expected Events
ptp™ = How — WW* o — qquuvv | 14.1£0.8 17.3 2430 + 150
ut e == qquv 0.05 + 0.03 5.02-10° 2600 + 1300

Wt —— qqll <001 C.L. = 68% 1.04-10° < 100 C.L. = 68%

ut T == qqu <0.01 C.L.=68% 1.56-10° < 100 C.L. = 68%

pwtpT — H — WW* = qqqq < 0.01 C.L. = 68% 108 <10 C.L. = 68%

ptp~ — H — bb < 0.05 C.L. = 68% 313 <150 C.L. = 68%

ptum = H =77 <0.01 C.L. = 68%  34.3 <4 C.L. = 68%

Table 8.2: Selection efficiency, cross section and expected events for signal and background events. The statistical
error on the expected number of event has been obtained with a Bayesian approach as described in [77]

The statistical precision on the measurement of the cross section o(u*tu~ — Hvv — WW*vw —

qqurvv) is:
A
29 _209%

o

This result is obtained considering the expected number of event reported in table 8.2 for the signal

and the p™p~ — gquv background. The other backgrounds are considered negligible since 0 events
in the samples survived to the BDTs cuts.
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With a conservative approach, considering the upper limit on the expected number of events for
the other backgrounds, the result becomes:

A7 3 o0%

g
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Chapter 9

Conclusions

The work presented in this thesis provides an evaluation of the precision on the measurement of
the cross section of p*u~ — H + X — WW* — qquv + X at the Muon Collider with a /s = 3 TeV,
assuming an integrated luminosity of £ =1 ab™?.

A multivariate analysis approach has been implemented in order to discriminate signal from physics
background. Pre-selection requirements were imposed to obtain a first discrimination and to mitigate
the Beam-Induced Background effects on the reconstruction capabilities. Using the selected events
as input, multivariate classifiers based on a boosted decision tree have been trained and applied to
further improve the signal /background separation.

The result is:
Ac(H - WW* — uvqq)

o(H - WW* — uvqq)
The precision obtained in this thesis can be compared with the one published by 3-TeV CLIC, the
only eTe™ collider that can reach the same energy in the center of mass. .
In order to do so, this result has been re-normalized to the same integrated luminosity expected
by CLIC, namely, £ = 2 ab~!, obtaining:
Ao(ptpy™ = H+ X — WW* — qquv)
o(ptpu=— H+ X - WW* — qquv)
The result quoted by CLIC in [81] is:
Ac(H — WW™)
o(H — WW¥)
It has to be noticed that CLIC considered all the W decays, differently from this thesis. However,
CLIC considered only the WW-fusion Higgs boson production mechanism, because they can separate

the events coming from ZZ-fusion [82]. At the moment this is not possible at the muon collider, due
to the presence of the nozzles that reduces the acceptance by excluding the region at low angles with

=2.9%

=2.1%

=1.5%

respect to the beams.

The Muon Collider results are very similar to CLIC. This is encouraging, considering the fact that
the Beam Induced Background is particularly intense in the Muon Collider.

Moreover, s = 3 TeV is the maximum c.o.m. energy at which CLIC would operated, while the
Muon Collider is supposed to reach energy of tens of TeV at which a large increment of the sensitivity
is expected, together with a minor impact of the BIB on the detector performances.

Another important fact to consider is that several developments on the algorithms are under study
and they could improve the results obtained in this thesis. One example is the muon identification.
So far, as mentioned in section 6.5.3, the muon identification is performed by asking that a track has
hits in the muon system. This approach is very simple and is not optimized, and a particle coming
from hadron decay in jets or particles from the BIB can be mis-identified as muon. A dedicated muon
identification algorithm is currently under study.

Similar considerations can be done for the jet reconstruction which is not optimized. New recon-
struction algorithms are currently under development and the goal is to improve the jet reconstruction
efficiency at low momentum.
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In addition, a better treatment of the fake jets caused by the BIB can be implemented using a
multivariate analysis to separate them from jets generated by physics processes.

Finally, developments on the detector and the reconstruction algorithms are currently under study.
In particular, studies on Machine-Detector Interface and detector technologies are in progress to reduce
the BIB impact and the nozzles angle, that will allow to increment the detector acceptance.

This work is the first step of an analysis whose ultimate purpose is to evaluate the precision on
the measurement on the coupling constant grww at the Muon Collider. The cross section and the
coupling constant are related by:

o(H = WIT*) o S0 'g%fWWFJr Ghzz” S (9.1)
H

The first g%IWW and 9121122 are the coupling constants on the production mechanisms of the Higgs
Boson, namely WW-fusion and ZZ-fusion, while other g%{WW contributions are due to the decay
H — WWH*,

To determine the precision on the measurement on ggww the result obtained in this thesis has to
be combined with the precision on the measurement of the Higgs boson width I'yy and on the coupling
constant g%{ 47, which are under study.
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Appendix A

WW and ZZ fusion comparison

In this chapter the observables presented in chapter 7 are plotted for the signal sample where the
Higgs boson is produced via WW-fusion (blue) and for the signal sample where the Higgs boson is
produced via ZZ-fusion (red). The histograms are normalized to the area of the WW-fusion sample.

Each observable shows compatible distributions for the two samples.
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Figure A.1: Invariant mass of W for WW-fusion sample (blue) and ZZ-fusion sample (red). On left the full
distribution, on the right the zoom around the region of W boson nominal mass. The histograms are normalized
to the same area.
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Figure A.2: Invariant mass of pseudo H for WW-fusion sample (blue) and ZZ-fusion sample (red). On left the
full distribution, on the right the zoom around the region of Higgs boson nominal mass. The histograms are
normalized to the same area.
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Figure A.3: Transversal momentum of W for WW-fusion sample (blue) and ZZ-fusion sample (red). On left
the full distribution, on the right the zoom on the region of low pt. The histograms are normalized to the same
area.
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Figure A.4: Transversal momentum of pseudo H for WW-fusion sample (blue) and ZZ-fusion sample (red). On
left the full distribution, on the right the zoom on the right the zoom on the region of low pt. The histograms
are normalized to the same area.
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Figure A.5: Transversal momentum of p for WW-fusion sample (blue) and ZZ-fusion sample (red). On left
the full distribution, on the right the zoom on the right the zoom on the region of low pt. The histograms are
normalized to the same area.
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Figure A.6: Missing transversal momentum of the events for WW-fusion sample (blue) and ZZ-fusion sample
(red). The histograms are normalized to the same area.

Muon Isolation

£ so0f—
£ soof- lWW~fUS|on
S C
: e
400 |— ZZ-fusion
300 —
200 :‘
100 ;
oLl i ] T RS -~ ~ S
0.5 05 1.5 25 3 35

Isclation

Figure A.7: Number of isolated muons in the events for for WW-fusion sample (blue) and ZZ-fusion sample
(red). The histograms are normalized to the same area.
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Figure A.8: Total number of daughter particles in the jets selected for the W boson reconstruction for for
WW-fusion sample (blue) and ZZ-fusion sample (red). The histograms are normalized to the same area.
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Figure A.9: Polar angle of W boson for WW-fusion sample (blue) and ZZ-fusion sample (red). The histograms
are normalized to the same area.
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Figure A.10: Polar angle of pseudo H for WW-fusion sample (blue) and ZZ-fusion sample (red). The histograms
are normalized to the same area.
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Figure A.11: Polar angle of u for for WW-fusion sample (blue) and ZZ-fusion sample (red). The histograms
are normalized to the same area.
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Figure A.12: Acollinearity between p and W for WW-fusion sample (blue) and ZZ-fusion sample (red). The
histograms are normalized to the same area.
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Figure A.13: Acollinearity between p and pseudo H for WW-fusion sample (blue) and ZZ-fusion sample (red).
The histograms are normalized to the same area..
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Figure A.14: Acollinearity between W and pseudo H for WW-fusion sample (blue) and ZZ-fusion sample (red).
The histograms are normalized to the same area.
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Figure A.15: Minimum AR between the muon and jets for WW-fusion sample (blue) and ZZ-fusion sample
(red). The histograms are normalized to the same area.
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