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It’s the questions we can’t answer that teach us the most.
They teach us how to think. If you give a man an answer,
all he gains is a little fact. But give him a question and
he’ll look for his own answers.

Patrick Rothfuss, The wise man’s fear





Contents

1 Theoretical overview 1
1.1 The Standard Model of particle physics . . . . . . . . . . . . . . . . 1

1.1.1 Experimental evidence of the Standard Model (SM) . . . . . 5
1.2 Beyond the Standard Model . . . . . . . . . . . . . . . . . . . . . . 7

1.2.1 Supersymmetry . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.2.2 Dark matter . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.3 Hidden sectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.3.1 Dark photon . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2 Theoretical implementation of the model 23
2.1 Minimal Supersymmetric Standard Model Dark . . . . . . . . . . . 23
2.2 Extension of the MSSMD . . . . . . . . . . . . . . . . . . . . . . . 24

2.2.1 Implementation of the model . . . . . . . . . . . . . . . . . 25
2.2.2 Evaluation of the cross section . . . . . . . . . . . . . . . . . 27

I Search at the CMS experiment 33

3 The experimental apparatus: the Compact Muon Solenoid 35
3.1 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . . . . . 35

3.1.1 High-Luminosity LHC . . . . . . . . . . . . . . . . . . . . . 38
3.2 The Compact Muon Solenoid experiment . . . . . . . . . . . . . . . 39

3.2.1 The inner tracker . . . . . . . . . . . . . . . . . . . . . . . . 40
3.2.2 The calorimeters . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.3 The muon spectrometer . . . . . . . . . . . . . . . . . . . . 43
3.2.4 The trigger system . . . . . . . . . . . . . . . . . . . . . . . 45

3.3 Physics objects reconstruction and identification . . . . . . . . . . . 46

i



Contents

3.3.1 Muon reconstruction . . . . . . . . . . . . . . . . . . . . . . 49
3.4 CMS Run 2 data flow . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4 Dark-SUSY analysis 53
4.1 Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.1.2 Signal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.2 Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.3 Selection algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.3.1 Additional cuts . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.4 Systematic uncertainties . . . . . . . . . . . . . . . . . . . . . . . . 68

4.4.1 Theoretical uncertainties . . . . . . . . . . . . . . . . . . . . 68
4.4.2 Experimental uncertainties . . . . . . . . . . . . . . . . . . . 68

4.5 Statistical interpretation for upper limits . . . . . . . . . . . . . . . 69
4.6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

II A future outlook 75

5 The Muon Collider 77
5.1 Proposed future machines . . . . . . . . . . . . . . . . . . . . . . . 77

5.1.1 Advantages of a Muon Collider . . . . . . . . . . . . . . . . 79
5.2 The physics case of a multi-TeV Muon Collider . . . . . . . . . . . . 81
5.3 Muon Collider machine and detector design . . . . . . . . . . . . . 84

5.3.1 Accelerator complex . . . . . . . . . . . . . . . . . . . . . . 85
5.3.2 Beam-induced background . . . . . . . . . . . . . . . . . . . 86
5.3.3 Detector description . . . . . . . . . . . . . . . . . . . . . . 88

5.4 Physics objects reconstruction . . . . . . . . . . . . . . . . . . . . 90
5.4.1 Track reconstruction . . . . . . . . . . . . . . . . . . . . . . 91

5.5 Design the muon system . . . . . . . . . . . . . . . . . . . . . . . . 95
5.5.1 BIB in the muon system . . . . . . . . . . . . . . . . . . . . 95
5.5.2 Considerations about the technologies . . . . . . . . . . . . . 98

6 Dark-SUSY predictions 103
6.1 Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.1.1 Signal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.1.2 EW background . . . . . . . . . . . . . . . . . . . . . . . . . 105

6.2 Muon reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.3 Analysis strategy and preliminary results . . . . . . . . . . . . . . . 108
6.4 Further studies for muon reconstruction . . . . . . . . . . . . . . . . 110

6.4.1 Pandora combined with Conformal Kalman Filter . . . . . . 110

ii



Contents

6.4.2 Standalone muon processor . . . . . . . . . . . . . . . . . . 112

Conclusions 115

A MSSM parameters 117

B MC signal samples for CMS 119
B.1 Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
B.2 Results of sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . 121

List of Acronyms 123

Bibliography 126

iii





Introduction

The last sixty years have been a constant stream of achievements for particle
physics. The experimental discovery of the Higgs boson, which was for decades
just a prediction, decreed the completion of the Standard Model (SM). This gauge
theory is the current framework to describe elementary particles and their interac-
tions. Its predictions have been verified with great precision, but many questions
remain unsolved.

Why is electroweak symmetry broken and what sets the scale? Is it broken
by the SM Higgs or by a richer Higgs sector? Is the Higgs an elementary or a
composite particle? What is dark matter made of? What is the origin of the
asymmetry between baryons and anti-baryons in the Universe? These are only a
few hints that the SM is not the end of the story and there is physics beyond to
explore.

In order to try to answer these questions, new theories have been proposed such
as supersymmetry (SUSY). This is a generalization of the space-time symmetry of
a quantum field theory that associates a fermion to each SM boson and the other
way around. It also foresees the existence of a particle, the lightest neutralino,
which is one of the most promising candidates for dark matter (DM).

DM is the most fascinating evidence of physics beyond SM. The existence of
DM is in fact confirmed by astrophysical observations but its nature is still a
mystery. Collections of new particles, called hidden sectors, have been proposed
to solve this issue. They are not directly charged under SM strong, weak and
electromagnetic forces, and interact with ordinary matter through a mediator.
According to the mediator’s spin and parity, different portals between SM and DM
can be distinguished. The dark-SUSY is a vector-portal hidden sector that adds
to the minimal SUSY model the gauge symmetry group U(1)D that spontaneously
breaks giving rise to a light dark photon.

A possible strategy to search for DM exploits the potential of colliders. The
latest achievements confirm that these machines are at the forefront of scientific
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Introduction

discoveries in high-energy physics.
The Compact Muon Solenoid (CMS) is one of the experiments hosted along

the ring of the Large Hadron Collider (LHC). Together with ATLAS, it announced
the discovery of the Higgs boson in 2012 and is still working incessantly to collect
data and shed light both on the SM and new physics. In addition to existing
apparatus, new colliders are proposed to deepen our understanding of the SM open
questions and to tackle novel challenges that might emerge from future discoveries
at the LHC. Among these, the Muon Collider would combine the high precision
of electron-positron colliders and the high center-of-mass energy and luminosities
of hadron machines leading to an unprecedented discovery potential.

In this context, we examine an extension of the dark-SUSY model with a dark
Higgs boson, originating from a neutralino, decaying into two dark photons that
then decay into pairs of muons. In total, starting from neutralino pair production,
eight muons are present in the final state. The thesis deals with the search for
this hidden sector in the CMS experiment (Part I) and also furnishes preliminary
predictions for a future Muon Collider (Part II).

The work is organised as follows. After a brief introduction about the SM,
Chapter 1 presents an overview of the physics beyond the SM, focusing in particular
on supersymmetry, dark matter and hidden sectors. Chapter 2 shows the work
done from a theoretical point of view to implement the extension of the model to
be used in event generators.

Concerning the CMS experiment, Chapter 3 describes the LHC machine with
design and operational parameters and the CMS detector with information about
physics object reconstruction. Chapter 4 reports the search including signal sample
generation, background estimation, analysis strategy for event selection, discussion
of systematic uncertainties and statistical interpretation of the limits found on the
cross section.

For the Muon Collider, on the other hand, Chapter 5 introduces the physics
case and the machine and detector design. The last section is dedicated to studies
performed on the muon system. The contribution of the beam-induced background
(BIB), i.e. the collection of particles originating from the interaction of electrons
and positrons from muon decay with the machine, in this region is examined and
different technologies to be implemented are discussed. Finally, Chapter 6 presents
the preliminary predictions obtained on the signal yield and the algorithms tested
and developed for muon reconstruction with and without the BIB.

vi



Chapter 1

Theoretical overview

Our current knowledge is encompassed in the Standard Model of particle physics,
whose development and experimental evidence are here summarised. This, how-
ever, is not the end of the story: many questions still unsolved are presented
together with one of the new theories proposed, supersymmetry.

Dark matter represents the most compelling piece of evidence of physics beyond
the Standard Model. Its existence is confirmed by astrophysics, but its nature is
still unknown. Hidden sectors have been suggested as a possible solution. The
case of the dark photon is discussed in more detail.

1.1 The Standard Model of particle physics

The Standard Model (SM) of particle physics is the current framework that de-
scribes elementary particles and their interactions. Some key issues are here de-
scribed, further information can be found in Refs. [1, 2, 3, 4]. The SM is a gauge
theory, where forces are mediated by the exchange of gauge fields, based on the
unitary symmetry group:

SU(3)C ⊗ [SU(2)L ⊗ U(1)Y ] . (1.1)

The two factors in square brackets refer to the electroweak (EW) theory that uni-
fies electromagnetism and weak nuclear force, while the first to Quantum Chro-
modynamics (QCD), the theory of the strong nuclear interaction. The fourth
fundamental force of nature, i.e. gravitation, is not included.

Figure 1.1 summarizes the SM content. The basic constituents of matter are
six quarks and six leptons, with their respective antiparticles, divided into three

1
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Figure 1.1: Standard Model of particle physics.

generations. They are all fermions (spin S = 1
2
) described by the Dirac spinors ψ

satisfying the equation:

(iγµ∂µ −m)ψ = 0,

where γ are the Dirac matrices and m the mass of the particle. They are all mas-
sive, except the neutrinos. Leptons interact only weakly and electromagnetically,
if charged, while quarks also strongly since they carry color charge.

The force propagators, also called mediators, are bosons. The number of gauge
bosons for a certain symmetry group U(n) is n2 − 1. Therefore there are: one
photon (γ) for the electromagnetic force, the W± and Z bosons for the EW and 8
gluons (g) for the strong interaction.
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1.1. The Standard Model of particle physics

Quantum Chromodynamics (QCD)

The first and most successful quantum field theory was the Quantum Electrody-
namics (QED) presented in the 1940s [5, 6, 7]. All electromagnetic processes can
be described in terms of the elementary Feynman diagram

e− e−

γ

where the vertex (−ieγµ) is proportional to the fine structure constant α:

α =
e2

4π
=

1

137
.

The QCD is the non-abelian quantum generalization of the QED and was proposed
in 1954 by Yang and Mills [8]. It was promoted to the theory of the strong inter-
action in 1973-74 with the discovery of asymptotic freedom by Gross, Wilczek [9,
10] and Politzer [11].

The color charge is the analogue of the electric charge but there are some
remarkable differences due to the fact that there are three kinds of color (red,
blue, and green) and only one electric charge. First of all gluons self-interact
because they themselves carry color and anticolor charges. Thus there are tri- and
quadri-linear vertices (ggg and gggg) that make QCD extremely rich. Moreover,
the strong coupling constant αs is running, because it depends on the distance
between the interacting particles. At low energy scales, αs is O(1), at modern
collider energy scales is O(10−1), and αs → 0 at very high energies. This behaviour
is known as asymptotic freedom and is due to the fact that the theory is not
abelian. Finally, quarks are confined in colorless packages called hadrons : mesons
(one quark and one antiquark) and baryons (three quarks or three antiquarks).

The electroweak (EW) theory

The EW theory is somehow “rebel”, it has to take into account the parity viola-
tion proved by the famous experiment of Madame Wu in 1957 [12], the charge-
conjugation parity (CP) symmetry violation observed by Christenson, Cronin and
Fitch [13], and the spontaneous symmetry breaking (SSB). In 1933 Fermi first de-
scribed the weak force as a contact interaction of four fields with coupling GF [14];
the theory was put in its present form in the 1960s by Glashow [15], Weinberg [16]
and Salam [17]. The U(1)Y group in Eq. (1.1) is abelian and Y stands for hyper-
charge, which generalizes the electric charge Q and, according to Gell-Mann and
Nishijna formula, is:

Q = I3 +
1

2
Y,

3



Chapter 1. Theoretical overview

where I3 is the third component of the isospin, which plays the role of charge in the
weak interaction. The subscript L in Eq.(1.1) means left-handed1 and accounts for
parity violation. The EW force is successfully described by a V −A (vector minus
axial) theory and, in the limit of massless particles charged current processes, i.e.
mediated by W± bosons, involves only left-handed fermions.

Due to unification, the electric and weak charges are connected through the
Weinberg angle θw:

e = g sin θw = g′ cos θw.

The weak coupling strength is connected to the Fermi constant through:

g2 =
8GFm

2
W√

2
.

In the lepton sector, the weak force conserves the flavour as it couples, for
example, the electron only with the νe, but this is not true for the quarks. The
quarks listed in Figure 1.1 are mass eigenstates but not weak eigenstates. In a
weak process, the up quark is coupled with d′ which is the linear combination of
down, strange and bottom quarks according to the Cabibbo-Kobayashi-Maskawa
matrix (VCKM) [18, 19]:



d′

s′

b′


 =



Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb





d
s
b




VCKM is not perfectly diagonal and therefore CP-violating processes, such as the
decay of baryons Λ0 and Ω−, are allowed.

The Higgs mechanism

The Higgs mechanism is an SSB process that permits giving mass to the W and
Z bosons, conserving the gauge invariance [20, 21]. It is spontaneous because no
external agency is involved and arises from the fact that the vacuum does not
share the same symmetry as the Lagrangian.

In the so-called Minimal Higgs model, which leads only to a neutral Higgs field,
a doublet of complex scalar fields is added:

φ =

(
φ+

φ0

)
.

The Lagrangian is:
LHiggs = (Dµφ)†(Dµφ)− V (φ) (1.2)

1Helicity is defined as the projection of the spin in the direction of motion. A spin-half fermion
has two helicity states: right- and left-handed.
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1.1. The Standard Model of particle physics

with the covariant derivate

Dµ = ∂µ + igTjW
µ
j − ig′

Y

2
Bµ,

where Tj are the three generators of the SU(2) symmetry. The potential has the
form:

V (φ) = µ2φ†φ+ λ(φ†φ)2 (1.3)

with µ2 < 0 and µ2 = −λv2, where v is the vacuum expectation value. After the
SSB the exact symmetry U(1)em is obtained. The four gauge bosons are:

◦ W±µ = 1√
2
(W µ

1 ∓W µ
2 ) with mass mW = 1

2
gv

◦ Aµ =
g′Wµ

3 +gBµ√
(g2+g′2)

with mass mA = 0, corresponding to the photon

◦ Zµ =
gWµ

3 −g′Bµ√
(g2+g′2)

with mass mZ = 1
2
v
√

(g2 + g′2).

The mass of the Higgs boson is mH =
√

2λv and the vacuum expectation value is
found to be v = 246 GeV.

The Higgs mechanism is responsible also for the mass of fermions through the
Yukawa coupling (yf ):

LYukawa = −
∑

f

yf ψ̄
fφψf . (1.4)

The mass of each fermion is given by:

mf =
yfv√

2
. (1.5)

1.1.1 Experimental evidence of the SM

To summarize, the Lagrangian density of the SM is:

LSM = Lkin, gauge + Lkin, f + LHiggs + LYukawa,

where the first two addends are the kinetic terms for the gauge fields and the
fermions respectively, LHiggs is the one reported in Eq. (1.2) and LYukawa in
Eq. (1.4). The model has 18 free parameters: the masses of the nine charged
fermions plus the one of the Higgs boson, the three coupling constants (α, αs and
GF ), the vacuum expectation value of the Higgs v, the three mixing angles and
the phase of the CKM matrix.

The first experimental evidence of the SM was the discovery in 1973 of the
neutral weak current, i.e. interactions mediated by the Z boson, by Gargamelle
at CERN (Conseil Européen pour la Recherche Nucléaire) [22, 23]. Ten years

5



Chapter 1. Theoretical overview

Figure 1.2: Left: Distribution of the four-lepton invariant mass for the ZZ → 4`
analysis. The points represent the data, the filled histograms represent the background,
and the open histogram shows the signal expectation for a Higgs boson of mass mH =
125 GeV, added to the background expectation. Right: The diphoton invariant mass
distribution with each event weighted. The lines represent the fitted background and
signal, and the colored bands represent the 1 and 2 standard deviations σ uncertainties
in the background estimate [31].

later, again at CERN, the two experiments UA1 (Underground Area 1) and UA2
(Underground Area 2) found the W± and Z bosons [24]. Experiments at the
Large Electron-Positron (LEP) and Tevatron colliders provided extremely precise
measurements of the model parameters. Worth mentioning is the confirmation
of the existence of three generations of leptons from the decay width of the Z
boson [25]. All the particles listed in Figure 1.1 were discovered before the end of
the century: in 1975 the Stanford Linear Accelerator Center (SLAC), for example,
observed the charm quark in the J/ψ resonance [26], together with Brookhaven
National Laboratory [27], and indirectly confirmed the τ lepton [28]. In 1995 the
top quark was discovered at the Tevatron [29, 30].

The Higgs boson has remained only predicted for many years. Finally, in
2012, the CMS (Compact Muon Solenoid) [31] and ATLAS (A Toroidal LHC
ApparatuS) [32] experiments at CERN announced its discovery. Figure 1.2 shows
the signals that confirmed the evidence in ZZ → 4` and γγ analyses for the CMS
apparatus. This completed the SM of particle physics.

The last result on the W boson mass by the CDF (Collider Detector at Fer-
milab) experiment [33] is the only measurement not in agreement with the theory
and it is added to the list of open questions still unsolved that go beyond the SM.

6



1.2. Beyond the Standard Model

1.2 Beyond the Standard Model

Despite all the phenomenological confirmations, the SM is not the end of the story.
As an example of these outstanding issues, the problem of neutrinos’ mass, the
matter/antimatter asymmetry, the force unification, and the hierarchy problem
are here discussed.

Experiments with solar, atmospheric and reactor neutrinos, such as Super-
Kamiokande [34] and SNO (Sudbury Neutrino Observatory) [35], observed the
phenomenon of oscillations, i.e. the changing of neutrinos’ flavour while they are
travelling in space. This can be explained only by abandoning the SM hypothesis of
massless neutrinos. The easiest way to extend the SM is the introduction of a right-
handed Dirac neutrino that allows writing a Yukawa term of the form in Eq. (1.4).
This neutrino is called sterile because it is not affected by the EW and strong
interactions. Such an extension does not change the nature of the neutrino, but,
being the only neutral elementary fermion, it could be a Majorana particle with
the antiparticle equal to the particle itself. The observation of a double beta decay
with no neutrinos is the experimental evidence expected to confirm this nature.
The see-saw mechanism is a possible solution to the problem of a Dirac-Majorana
neutrino [36]. Because of the oscillation, reasoning similar to one of the quarks can
be done. The Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix [37, 38] can be
introduced in analogy with the CKM matrix to relate weak and mass eigenstates.
This can be expressed in terms of four new free parameters, one of which allows for
the CP-violation in the leptonic sector. These four plus the three neutrino masses
are free parameters to be added to the 18 listed above. Absolute masses are not
determined yet, mass-squared differences and mixing angles have been measured
by Super-Kamiokande [39], KamLAND [40], T2K [41] and Chooz [42] experiments.

In the early Universe, there was an equal number of baryons and antibaryons
(nB = nB). Now, however, there is an evident dominance of matter. The process
that led to the matter/antimatter asymmetry starting from the baryon symmetric
Universe is called baryogenesis. The ratio of baryons and antibaryons to photons
is:

nB − nB
nγ

= 10−9.

Sakharov in 1957 listed the three conditions that generated such an imbalance: the
violation of baryon number conservation, the CP-violation and the non-thermal
equilibrium [43]. The SM predicts the CP-violation by the EW force in the quark
and lepton sectors connected to the complex phase in CMK and PMNS matri-
ces. In the quark sector, it has been observed firstly indirectly in K0 decays in
1964 by Christenson, Cronin and Fitch and directly in 2001 at BaBar and Belle
experiments in the B0 decays [44, 45]. Finally, the LHCb experiment announced
the discovery of CP-violation in B0

s [46] and D0 decays [47]. But there are no

7



Chapter 1. Theoretical overview

pieces of evidence up to now of CP-violation for neutrinos that might shed light
on the so-called leptogenesis, the model for baryogenesis through the lepton num-
ber violation. Moreover, CP-violation in the strong interaction is given by a phase
(θQCD) in the QCD Lagrangian that has been found very small experimentally
θQCD < 10−10 [48]. This phase is the 26th free parameter of the SM. All these
SM-accounted CP-violating terms are insufficient to explain the matter/antimat-
ter asymmetry. Solutions have to be found beyond the Standard Model (BSM).
Today the only explanation for such a small number, together with many other
outstanding issues, is given by Grand Unified Theories (GUTs) that unify strong,
weak and electromagnetic interactions at a certain scale of energy MGUT. The
first GUT was the one by Georgi and Glashow in 1974 [49], they accommodated
the SM symmetry in Eq. (1.1) within a SU(5) symmetry.

The running of the three proper renormalised gauge coupling constants (αa)

α1 =
5

3

g′2

4π
, α2 =

g2

4π
, and α3 = αs

is a hint of unification. From the values measured at the EW scale (MZ), using
the renormalization group equation (RGE):

1

αa(µ2)
=

1

αa(M2
Z)
− 4πba ln

µ2

M2
Z

,

where ba are the number of fermions and boson loops to gauge boson self-energy,

H

f

f

H

Figure 1.3: A fermion antifermion
contribution to the self-energy of
the Higgs boson in the SM.

the evolution shown in Figure 1.4 (left) is
obtained. In QED b1 is positive and α1

decreases because photon self-energy presents
only fermion loops. In EW and QCD, instead,
there are also boson loops and the constants in-
creases with energy. In the SM they converge
at a scale MGUT ∼ 1015 GeV, although not ex-
actly at the same value. This is orders of mag-
nitude below the Planck scale (MP ∼ 1019 GeV)
where quantum effects of gravity are expected
to dominate and are closely related to the so-
called hierarchy problem.

This issue concerns one-loop corrections to scalar bosons’ mass. In the SM the
only scalar boson is the Higgs boson. From loop diagrams as the one in Figure 1.3
the tree level mass received quadratically divergent quantum corrections

m2
H = (m2

H)tree level +O(λ, g2, yf )Λ
2,

with λ the coupling of the potential in Eq. (1.3), g the weak coupling strength
and yf the fermion Yukawa coupling as in Eq. (1.5). In the context of the SM

8



1.2. Beyond the Standard Model

Figure 1.4: Running of the coupling constants for SU(3)C in green, SU(2)L in orange
and U(1)Y in blue for the SM (left) and the Minimal Supersymmetric Standard Model
(right) [50].

interpreted as an effective field theory, Λ is the cut-off scale, i.e. the mass scale
of particles BSM. If Λ is of the order of the unification scale in GUT, or even
worse of the Planck mass, the correction is enormous. The measured parameter
mH appears to be finely tuned, i.e. much smaller than the expected value and
with huge corrections. The so-called naturalness criterion [51] states that, in an
effective field theory, any parameter measured in unit of Λ is allowed to be smaller
than unity only if setting it to zero increases the symmetry of the theory [52].
In the SM in the limit of a massless electron, the chiral symmetry appears, but
no symmetry protects the Higgs mass. Thus, the naturalness paradigm suggests
exploring new physics and an elegant solution to the hierarchy problem is provided
by supersymmetry.

1.2.1 Supersymmetry

Supersymmetry (SUSY) is any symmetry which connects particles and fields with
different spin-statistics. Since the early 1970s, many supersymmetric theories have
been proposed and their mathematical structure has been defined. A detailed
description of the algebra is reported in Refs. [53, 54, 55]. To summarize, SUSY
algebra is generated by anticommuting generators Q with spin 1/2 that, therefore,
transform fermions into bosons and the other way around:

Q|fermion〉 = |boson〉
Q|boson〉 = |fermion〉.

Particles and their associated superparticles, called superpartners, have the same
electric, weak isospin, and color charge, and are degenerate in mass. They are
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grouped in supermultiplets:
(
q
q̃

)
spin

(
1/2
0

)
,

where q is any quarks taken as an example. Fermions are coupled with sfermions,
where the initial s stands for scalar, while bosons with bosinos.

As already mentioned, SUSY is the most appreciated solution to the hierarchy
problem. Going back to the correction to Higgs boson’s mass, for any loop of
particles as the one in Figure 1.3 there is a corresponding sparticle loop with
an opposite sign that allows canceling the divergence. This is true if partners
in the supermultiplet have the same mass, but SUSY has to be broken because
no supersymmetric particle has been observed yet. The mass difference between
ordinary particles and sparticles is of the order of the SUSY breaking scale. To
keep the Higgs mass small O(100 GeV), SUSY particles are expected to have a
mass of around 1 TeV and to be detected at powerful enough accelerators. SUSY
phenomenology strongly depends on the breaking mechanism.

Minimal Supersymmetric Standard Model

The simpler SUSY extension of the SM is the so-called Minimal Supersymmetric
Standard Model (MSSM) where soft mass terms are introduced and the gauge cou-
pling constants for sparticles are the same as particles. In MSSM, these constants
converge exactly at the same value at the scale MGUT (see Fig. 1.4 right).

The particle content is summarised in Table 1.1. The Higgs sector is rich
compared to SM. Two complex Higgs doublets

H1 =

(
H+
u

H0
d

)
and H1 =

(
H0
u

H−d

)

are required to give mass to charged 2/3 and -1/3 quarks and to ensure the can-
cellation of gauge anomalies, i.e. higgsinos that appear as internal lines in triangle
diagrams with three external EW gauge bosons. The two doublets have eight de-
grees of freedom: three give mass to W+, W− and Z, and the others are the Higgs
sectors. H0, h0 and H± are CP-even neutral and charged bosons respectively, A is
a CP-odd neutral pseudoscalar. The h0 corresponds to the Higgs boson found by
ATLAS and CMS. Gauginos and higgsinos are not mass eigenstates. These last,
called neutralinos2 and charginos, are linear combinations:

χ̃0
i = aiγ̃ + biZ̃ + ciH̃0

u + diH̃0
d with i = 1, 2, 3, 4

2In this work the lightest supersymmetric neutralino is referred to as Ñ1, n1 or χ̃0
1 equivalently.
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1.2. Beyond the Standard Model

χ̃+ = a′W̃+ + b′H̃+
u χ̃− = c′W̃− + d′H̃−d .

The MSSM has 105 additional free parameters. It has also another discrete
symmetry, the R-parity, defined as:

R = (−1)3(B−L)+2S,

with B and L baryonic and leptonic numbers and S spin. Ordinary particles are
R-even while sparticles are R-odd. In MSSM R-parity is conserved and, because
of this, SUSY particles are always produced in pairs, and the lightest supersym-
metric particle (LSP) is stable and therefore a good candidate for dark matter (see
Section 1.2.2).

Table 1.1: Ordinary particles and superpartners, including right-handed particles and
mass eigenstates.

Ordinary particles SUSY particles
Quarks Squarks

spin 1/2
(
u
d

)

L

uR dR spin 0
(
ũ

d̃

)

L

ũR d̃R
(
c
s

)

L

cR sR

(
c̃
s̃

)

L

c̃R s̃R
(
t
b

)

L

tR bR

(
t̃

b̃

)

L

t̃R b̃R → t̃1,2 b̃1,2

Leptons Sleptons

spin 1/2
(
νe
e

)

L

eR spin 0
(
ν̃e
ẽ

)

L

ẽR
(
νµ
µ

)

L

µR

(
ν̃µ
µ̃

)

L

µ̃R
(
ντ
τ

)

L

τR

(
ν̃τ
τ̃

)

L

τ̃R → τ̃1,2

Gauge bosons Gauginos
spin 1 g spin 1/2 g̃

γ γ̃

Z Z̃ Neutralinos
W± W̃± → χ̃0

1,2,3,4

Higgs bosons Higgsinos Charginos
spin 0 H0 h0 A0 spin 1/2 H̃0

u H̃
0
d → χ̃±1,2

H+ H− H̃+
u H̃−d
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Figure 1.5: Rotation curves for
the spiral galaxy NGC6503. The
rotation velocity is plotted from
the centre of the galaxy to the
edges. The black dots show the
measured values, and the solid
line is the curve that best fits the
measurements when dark matter
and matter in the stars are in-
cluded. If the galaxy consisted of
just matter in the disk the curve
would be the dashed line. The
dotted/dashed line is the curve
needed from the extra dark mat-
ter in the halo. The dotted curve
is the contribution of the gas [61].

Experimental evidence

Up to now, no supersymmetric particle has been detected. Experiments simply put
exclusion limits which depend on the model. In general, inclusive searches at the
Large Hadron Collider (LHC) probe production of gluinos at 2.3 TeV, first and
second generation quarks in the range 1-1.9 TeV while third generation quarks
in 0.6-1.2 TeV, EW gauginos at scales of 400 to 1100 GeV and sleptons around
700 GeV [56]. All the results for the CMS experiment can be found in [57].

1.2.2 Dark matter

Dark matter (DM) is the most compelling evidence of physics BSM. It does not
interact with any type of matter other than the pull of gravity and we do not know
what it is [58]. The first evidence dates back to 1933 when Fritz Zwicky observed
that the Coma cluster rotates faster than expected on the outside, suggesting the
presence of additional and not visible matter [59]. DM was accepted later in the
1970s with the studies of Vera Rubin [60]. The typical astronomical indirect clues
of the existence of DM are the rotational velocity of galaxies and the gravitational
lensing.

Looking at the light from a spiral galaxy, the number and the mass of stars
can be estimated. Then, using the standard equation of gravity, it is possible to
calculate the rotational velocity. This is expected to decrease as 1/

√
r moving from

the centre towards the edges as shown by the curve labelled “disk” in Figure 1.5.
However, the values measured with the Doppler effect remain constant and this
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1.2. Beyond the Standard Model

Figure 1.6: A map from Planck Collabo-
ration of dark matter across the whole sky
produced by gravitational lensing of CMB.
Dark blue areas are where the dark matter
is denser, and light yellow areas have less
dark matter. The solid grey strip across the
centre has been blocked out and is where the
light from the Milky Way would be [64].

can be explained only by adding the contribution of a dark matter halo.
Gravitational lensing, instead, is the phenomenon of light magnification and

distortion due to the presence of a massive object. It was first used for the Bullet
Cluster, which are two colliding clusters of galaxies, to evaluate the distribution
of DM [62]. In the last years, the Planck Collaboration3 used the gravitational
lensing of Cosmic Microwave Background (CMB) to map DM across the whole sky
(see Figure 1.6), and recently it has been used to probe the distribution of dark
matter around some of the earliest galaxies in the Universe, at a redshift of 4 [63].

Dark matter and CMB are two fundamental ingredients of the Standard Model
of cosmology.

Standard Model of cosmology: ΛCDM

The Lambda Cold Dark Matter (ΛCDM) model is the current Standard Model of
cosmology. Its key ingredients are the Big Bang, dark matter and dark energy.
Λ, in fact, is the name initially given by Einstein to the cosmological constant in
the general relativity field equation to describe a static Universe and was chosen
at the end of the 20th century to refer to dark energy, the one responsible for the
acceleration in Universe’s expansion. The model is based on the

◦ cosmological principle, according to which the Universe is homogeneous and
isotropic,
◦ expanding Universe, i.e. every galaxy is moving away from other galaxies

with a velocity of recession
dl

dt
= H0l

, where l is the mean distance between two objects and H0 the Hubble
constant at present time,
◦ general relativity,

3Planck was the first ESA (European Space Agency) mission to study the Cosmic Microwave
Background.
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Table 1.2: Some of the possible important events during the evolution of the Uni-
verse [65].

Events E (GeV) time T (◦K)
Big Bang ∞ 0 ∞
Planck scale 1019 10−44 s 1032

Grand Unification 1015 10−37 s 1028

L-violation, SUSY, baryogenesis, infla-
tion, ...
EW symmetry breaking 102 10−10 s 1015

QCD chiral symmetry breaking and color
confinement

10−1 10−5 s 1012

Nucleosynthesis 10−4 100 s 109

Matter dominates over radiation, forma-
tion of atoms and decoupling of matter
and radiation

2× 10−10 3× 105 y 3000

Formation of large scale structures 10−12 109 y 15

Present Universe 2.3× 10−13 13.7× 109 y 2.73

◦ CMB, i.e. the relic radiation from the Big Bang.

Table 1.2 shows some of the important events during the Universe’s evolution
that begins with the so-called Big Bang. The Universe’s temperature is the average
energy per particle at a given time; as it expands, the Universe starts to cool
and the cooling allows for different physical processes. All the phase transitions
correspond to gauge symmetry breaking of particle physics. Therefore, increasing
the energy to unification scales (Fig. 1.4) is equivalent to looking back in the
past. As an example, L-violation is the lepton number violation responsible for
the asymmetry in matter and antimatter.

The evolution depends crucially on the total energy-matter density Ω, which
is linked to the Universe’s curvature. From CMB deviations from a black-body
curve at ∼ 2.73◦K [66], the total density is measured:

Ω = 0.9993± 0.0019

compatible with the value of 1 of a flat geometry. The most updated values
for cosmological parameters here reported are taken from Ref. [67]. Baryonic
matter, dark matter, radiation (photons and relativistic neutrinos) and dark energy
contribute to Ω:

Ω = Ωb + ΩDM + Ωγ + ΩΛ. (1.6)
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Figure 1.7: Pie chart of Universe
energy density.

Each density is normalised to the critical den-
sity (ρc):

Ωx =
ρx
ρc

with ρc =
3H0

8πG

, where G is the gravitational constant and H0

is usually written in terms of h0:

H0 = 100h0
km

s Mpc
h0 = 0.677± 0.004.

In Eq. (1.6) Ωγ is negligible and the remain-
ing three parameters are Ωb = 0.0486± 0.0010,
ΩDM = 0.2589 ± 0.0057, and ΩΛ = 0.6911 ±
0.0062. Thus, dark matter contributes to ∼
26% of the entire density of the Universe and∼ 85% of the total mass (see Fig. 1.7).
According to the ΛCDM model, DM is cold, i.e. moving at not relativistic speed.
In fact, computer simulations [68] proved that only cold dark matter matches the
cosmic web which is the interconnected walls and filaments galaxies are arranged
in.

Many candidates have been suggested as dark matter constituents. The first
solution was a baryonic matter of astronomical remnants such as white dwarfs,
neutron stars and black holes. These objects were called MAssive Compact Halo
Objects (MACHO), but from gravitational lensing observations, it is evident that
they can not account for all dark matter. Besides, MACHO do not explain the
baryonic acoustic oscillation, i.e. the oscillations of matter in the very early Uni-
verse that created the temperature fluctuations in the CMB and a distinct dis-
tance that galaxies prefer to be apart from each other (today it is 490 million
light-years). Therefore, non-baryonic candidates are now seriously investigated:
axions, the already mentioned sterile neutrinos and Weakly Interacting Massive
Particles (WIMPs). Moreover, there are complex models including a full dark
matter sector that will be described in Section 1.3.

Axions are particles hypothesised by Peccei and Quinn [69] with no charge
and weakly interacting with light but not matter. They offer a solution to many
problems beyond that of DM, such as the strong CP-violation.

WIMPs, as the name suggests, are cold, heavy and weakly interacting particles.
The most notable example of WIMP is the LSP of the MSSM.

Detection of dark matter

There are three strategies to search for DM: experiments essentially “make it, break
it or shake it”. It corresponds, respectively, to the production of DM particles at
colliders, indirect and direct detection (see Figure 1.8).
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Direct searches look for the elastic scattering of DM off nuclei. They detect
nuclear recoil through ionization, scintillation light in sodium iodide or liquid noble
gas detectors, and energy deposition in bolometers.

DM

D
M

SM

SM

production at colliders

indirect detection

d
ir
ec
t
d
et
ec
ti
on

Figure 1.8: Strategies for dark
matter (DM) searches.

The signal is very small: for a neutralino of
mass in the range 10 GeV-1 TeV the deposited
energy is below 100 keV. They are also very
rare events, for a target nucleus of mass mN

with a DM flux φX the rate is:

Rdirect =
1

mN

φχσXN =
1.4

mX [GeV]
kg−1yr−1,

where σXN is the nuclear-DM cross section. In
general, the cross section can depend or not on
nuclear isospin, and interactions are called re-
spectively SD (spin dependent) or SI (spin in-
dependent). In SI the cross section is simply
a function of the atomic number of the tar-
get nucleus. Experiments, like XENON [70] in
Europe, LUX [71] in North America and Pan-
daX [72] in China, have found no particle yet,
but put strong limits on the cross section. Figure 1.9 shows the recent results of
SI interaction for WIMPS searches.

Indirect detection looks for the decay products from DM annihilation: gamma
rays (observed by telescopes such as Fermi-LAT [73], HESS [74], and VERI-
TAS [75]), neutrinos (detected by experiments like IceCube [76]), and antimatter
(AMS [77] spectrometer on the International Space Station). Any excess in the
observation of these particles, not accounted for by any other source, is a signal
of dark matter. An example is the discovery of an unexplained excess of high-
energy positrons in cosmic rays by the AMS experiment in 2013 [78]. As for direct
detection, the events are very rare. For a flux of neutrinos φν , assuming P the
probability to detect a neutrino, the rate is:

Rindirect = φνP =
1.8

mX [GeV]
kg−1yr−1.

Finally, at colliders, DM is tentatively produced by colliding SM particles. This
leads to a variety of signatures such as the imbalance in the transverse momentum
in an event due to the presence of undetectable dark matter particles or a bump
in the di-jet or di-lepton invariant mass distributions. No one of these signals
has been observed in the LHC experiments so far, but limits on the cross section
have been put and compared with the ones from direct searches. The most recent
results from ATLAS and CMS have been presented in [79].
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Figure 1.9: Upper limits on the spin independent DM-nucleon cross section as a function
of DM mass [56].

1.3 Hidden sectors

Astrophysical observations confirmed the presence of dark matter, but its nature
is still a mystery. Many solutions have been suggested to explain it and some of
these ideas incorporate DM particles in the so-called hidden sectors or dark sectors
They are collections of several new types of particles (dark bosons, fermions and
scalars) that are not directly charged under SM strong, weak and electromagnetic
forces, and interact with ordinary matter through a mediator. A detailed review
is reported in Refs. [80, 81].

Dark sectors are so interesting because they can easily explain the known gaps
of the SM model, such as naturalness, dark matter abundance and interaction,
baryon asymmetry and neutrino masses. They might account for the enhancement
of positron fraction in cosmic rays [82] or for the total CMB radiation energy
density [83], and they appear naturally in GUT theories and SUSY models [84].
Moreover, a non-trivial hidden sector could affect high-precision measurements
such as the anomalous magnetic momentum [85] of the muon or the proton charge
radius [86].

According to the aforementioned mediator’s spin and parity, different portals
between SM and DM can be distinguished: spin-1 vector (dark photon and Z
boson), spin-0 scalar (dark Higgs), spin-1/2 fermion (sterile neutrino) and pseu-
doscalar (axion). The gauge operators are shown in Figure 1.10. The case of the
dark photon is discussed in detail because it is of interest to this work.
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Standard Model

SU(3)⊗ SU(2)⊗ U(1)

Hidden sector

new symmetriesfermion portal L ⊃ ynLHN

pseudo-scalar portal L ⊃ a
fa
Fµν F̃

µν

vector portal L ⊃ − ϵ
2 cos θw

BµνF
′µν

scalar portal L ⊃ (µϕ+ λϕ2)H†H

Figure 1.10: Dark sectors portals with gauge operators. Above, ε is the kinetic mixing
parameter, Bµν , Fµν and F ′µν are the hypercharge, the SM photon and U(1)D boson
field strength tensors respectively. H is the SM Higgs doublet (H+, H−), L is a lepton
doublet of any generation. In the fermionic portal, the mediator N plays the role of a
right-handed neutrino with Yukawa coupling yn. In the pseudo-scalar portal, a is the
axion mediator with mass scale fa.

1.3.1 Dark photon

The prototypical hidden sector foresees a dark photon4 from a spontaneously bro-
ken dark U(1)D gauge symmetry. It is present in many models, one of which will
be described in the next chapter, to explain the excesses of gamma rays at the cen-
tre of the galaxy and of antiprotons in cosmic rays, and the abundance in excited
Beryllium decays.

The interaction takes place because of the mixing of the dark and visible pho-
tons. Therefore, the parameters are the kinetic mixing term ε and mass mA′ .
A massless dark photon does not couple directly to any SM currents and re-
quires operators of dimensions higher than four to explain the interaction with
ordinary matter. A great deal of effort has been put into this as reported in
Refs. [87, 88, 89]. A massive dark photon, on the other hand, is produced
through Bremsstrahlung with target nuclei N (e−N → e−NA′), annihilation
(e−e+ → γA′), meson decay (π0/η/η′ → γA′, K → πA′ or φ → ηA′) and Drell-
Yan (qq̄ → A′ →leptons/hadrons). The detection techniques are: bump hunt in
visible final state invariant mass, bump hunt in missing mass and vertex detec-
tion. Figure 1.11 illustrates the strategies for the visible dark photon, i.e. the one
with mass mA′ > 2me ∼ 1 MeV. The horizontal axis is related to the available
kinetic energy while the vertical to the integrated luminosity (increasing down-
wards). The diagonal direction corresponds to the increasing decay length. The

4In this work the dark photon is referred to as A′, ZD or γd equivalently.
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Figure 1.11: Cartoon of the
sensitivity regions for the three
generic experimental approaches
in the ε2 vs A′ mass parameter
plane. Region A includes prompt
decays to (in)visible particles and
bump hunt for resonance (miss-
ing mass). Region B and C repre-
sent displaced vertex searces with
short and long decay lengths, re-
spectively [81].

so-called Mont’s gap could be closed from above improving the systematics with
increased luminosity and from below with a great vertex resolution.

No single experimental approach is sufficient alone to cover the large parameter
space. Collaborations and synergies are mandatory. The current constraints for
the visible dark photon are shown in Figure 1.12. Similar results and perspectives
for the non-visible massive dark photon are reported in Ref. [90]. Two kinds of com-
plementary methods are involved: beam dumps and experiments at colliders with
the latter typically sensitive to larger values of ε (ε > 10−3) and mass. Collider ex-
periments exploit different production mechanisms: meson decays at NA48/2 [91],
Bremsstrahlung at A1 [92], annihilation at BaBar [93] and all three of them at
KLOE [94, 95, 96, 97]. The LHC (CMS [98] and LHCb [99]) uses meson decays,
Bremsstrahlung and Drell-Yan. At the beam dump experiments (E141 [100] and
E137 [101] at SLAC, E774 [102] at Fermilab, CHARM [103] at CERN, ν-Cal [105,
104]) the collisions of an electron or proton beam with a fixed-target produce dark
photons via Bremsstrahlung, meson production and QCD processes. Recent results
from CMS and ATLAS are not included because framed within restrictive models,
a selected list is discussed in Ref. [106]. Bounds from supernovae (SN1987A) [107]
and from the precise determination of the electron magnetic momentum [85] are
also shown.

The goal for future machines is to close the gap between beam dumps and col-
liders and extend to larger masses. The sensitivity of future experiments is shown
in Figure 1.13. The results reported for future proton-proton colliders [119], i.e.
High-Luminosity LHC (HL-LHC) and hadron Future Circular Collider (FCC-hh),
are worth discussing in light of the work presented in this thesis. So far, only the
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Figure 1.12: Existing limits on the massive dark photon for mA′ > 1 MeV from di-
lepton searches at experiments at collider/fixed target (A1, NA48/2, KLOE, CMS, LHCb,
BaBar) and beam dump (E141, E137, E774, CHARM). Bounds from supernovae and (g-
2)e are also included. Figure taken from [90].

mixing ε between the dark photon and the ordinary hypercharge gauge bosons has
been considered. In addition, a dark Higgs mechanism can be responsible for the
U(1)D spontaneous symmetry breaking. In this case, the dark Higgs boson has a
renormalizable coupling κ′ to the 125 GeV SM-like Higgs. The hypercharge (or vec-
tor) portal allows for the direct production of the dark photon (pp→ ZD →lepton
pair) and generates the exotic Higgs decay (h→ ZZD) in Figure 1.14 top left. The
scalar portal with Higgs mixing allows for h→ ZDZD decay (Fig. 1.14 top right).
In this last case, for a dark photon mass in the range 2mµ < mZD < mh/2, a kinetic
mixing parameter ε = 10−9−10−6 and ε = 10−10−10−7 can be investigated at the
HL-LHC and FCC-hh respectively. The expected 95% confidence level (CL) limits
on κ′ at the LHC and future hadronic collider are shown in Figure 1.14 at the
bottom. Since the SM predicts a very narrow decay width for the Higgs, even a
small coupling to the new particles could result in a significant branching fraction,
i.e. the ratio of the number of particles which decay via a specific decay mode
with respect to the total number of particles which decay via all decay modes.
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Figure 1.13: Colored curves are projections for existing and proposed experiments on
the massive dark photon form′A > 1 MeV: Belle-II [108] at SuperKEKb; LHCb [109, 110]
upgrade at the LHC; NA62 [111] in dump mode and NA64(e)++ [112] at the SPS; FASER
and FASER2 [113] at the LHC; SeaQuest [114] at Fermilab; HPS [115] at JLAB; an NA64-
like experiment at AWAKE [116], and an experiment dedicated to dark photon searches
at MESA [117, 118]. For masses above 10 GeV projections obtained for ATLAS/CMS
during the high luminosity phase of the LHC (HL-LHC [119]) and for experiments running
at a future FCC-ee [120], LHeC/FCC-eh [121], and FCC-hh [119] are also shown. The
vertical red line shows the allowed range of couplings of a new gauge boson X to electrons
that could explain the 8Be anomaly [122, 123]. The existing limits are shown as grey
areas. The bottom plot is revised from [124]. Figure taken from [90].

Therefore, the search for Higgs boson exotic decays, as those just shown, presents
a good opportunity for BSM physics and provides an interesting window into dark
matter.
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Figure 1.14: Exotic Higgs decays to four leptons induced by intermediate dark photons
in the higgsed dark U(1) model. Top left: h → ZDZ

∗ → 4 leptons via the hypercharge
portal. Top right: h→ ZDZD → 4 leptons via the Higgs portal. Bottom: Expected 95%
CLs limits on the effective Higgs mixing parameter κ′ at the LHC (left) and a 100 TeV
pp collider (right). Gray bands correspond to regions where quarkonium background
(J/ψ, ψ(2S), and Υ) may invalidate the analysis. The limits obtained during Run 1 are
shown in red and blue shaded regions for the CMS [125] and ATLAS [126] experiment,
respectively. In orange the limit from the CMS 8 TeV h→ 2a→ 4µ search [127]. Figure
taken from [119].
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Chapter 2

Theoretical implementation of the model

In this chapter, the extension of the Minimal Supersymmetric Standard Model
Dark (dark-SUSY), with the addition of a dark Higgs boson, is described.

Moreover, the physics channel studied in this work is introduced.
Finally, the details of the model passed to the FeynRules tool are reported

together with some considerations on the cross section.

2.1 Minimal Supersymmetric Standard Model Dark

The Minimal Supersymmetric Standard Model Dark (MSSMD), also known as
dark-SUSY, is a vector portal dark sector that extends the MSSM by adding the
gauge symmetry group U(1)D [128, 129, 130]. This is spontaneously broken giving
rise to a light dark photon that mixes kinematically with the SM photon. The
hidden sector communicates with the MSSM through

Lmix =
1

2
εAµνD Bµν ,

where ε is the kinetic mixing parameter, AµνD and Bµν the field strength of U(1)D
and U(1)Y respectively.

A search has been done using a data sample of proton-proton collisions acquired
by the CMS experiment at a center-of-mass energy of 13 TeV [142]. This looked for
a Higgs boson that decays to two n1, the lightest MSSM neutralino. Both of them
then decay via n1 → nD + γD with nD the dark neutralino that is undetected and
γD the dark photon. Finally, this last decays in a pair of muons. The mass of n1

was set to 10 GeV and the one of nD to 1 GeV. Figure 2.1 shows the 90% CL upper
limits on the Higgs boson production cross section and branching ratio in the two-
dimensional plane ε and mγD . The value for the branching ratio B(h→ 2γD +X)
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Figure 2.1: The 90% CL upper limits (black solid curves) from dark-SUSY search. The
limits are presented in the plane of the parameters (ε and mγD). Constraints from other
experiments [80, 92, 93, 96, 103, 104, 131, 132, 133, 134, 135, 136, 137, 138, 139, 140, 141]
showing their 90% CL exclusion contours are also presented. Figure taken from [142].

ranges from 0.1 to 40% with the last one given just for comparison since it has
been excluded from results in Ref. [143]. The mass of the dark photon investigated
goes from 0.25 to 8.5 GeV. The kinetic mixing parameter is related to the lifetime
(see Section 2.2.2) which varies from 0 to 100 mm. These results improve those in
Ref. [144] by a factor of approximately 2.5.

2.2 Extension of the MSSMD

The simplest way to generate dark photon mass is through a dark Higgs mech-
anism [145]. Thus a self-consistent hidden sector contains a massive photon γd,
three hidden neutralinos nid, which are a mixture of hidden gauginos and higgsinos,
two CP-even scalars hd and Hd, and a CP-odd scalar ad [128].

Figure 2.2 shows the decay modes associated with these dark bosons. The
channel studied in this work is a neutralino pair production event with the neu-
tralino ultimately decaying in the dark sector and, in particular, to a dark Higgs

24



2.2. Extension of the MSSMD

Figure 2.2: The different decay modes associated with the dark bosons: a) γd direct
decay into leptons through kinetic mixing; b) Hd decays into two on-shell γd which then
decay into two leptons each; c) ad decays into nd and dileptons through an on-shell or
off-shell dark vector-boson depending on the detailed spectrum; d) nd if lighter than the
other bosons typically decays outside the detector and constitutes missing energy. Figure
taken from [146].

and a dark neutralino that escapes the detector. Each dark Higgs decays in two
dark photons (as in Fig. 2.2 b) and each of these last in a pair of muons (as in
Fig. 2.2 a). The entire process is depicted in Figure 2.3. Therefore, the expected
signature consists of four muon pairs and missing energy. The CP-even Hd has to
be added to the MSSMD.

2.2.1 Implementation of the model

To use the extended dark-SUSY model in event generators, it has to be first im-
plemented in FeynRules. FeynRules is a Mathematica [147] package that allows
for the calculation of Feynman rules in momentum space for any quantum field
theory physics model [148]. The user provides the package with minimal infor-
mation through a model file. Starting from the one for the MSSMD1, all the
details needed for the implementation have been added. The U(1)D is defined as
an Abelian group with coupling constant gd fixed as default to 0.1:

gd :={ParameterType→ External , ComplexParameter→ False,
Value→ 0.1, InteractionOrder→ {DV,1}}.

Since only the leading-order (LO) matrix element is considered, the interaction
order is set to 1.

The maximum value to be allowed in the entire diagram for the power of the
coupling is

InteractionOrderLimit = {DV,8}.

1https://feynrules.irmp.ucl.ac.be/wiki/MSSMD
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Figure 2.3: Feynman diagram of the dark-SUSY channel analysed in this thesis for an
hadron collider.

in fact, there is one gd factor from the vertex Ñ1 → Hd + nd, one for Hd → γdγd
and two for each γd → µ+µ−, for a total of four Then, they have to be doubled
because the event is a neutralino pair production.

The desired hierarchy coupling is set as:

InteractionOrderHierarchy = {QCD, 1}, {DV, 2}, {QED, 2}

which means that a power of gd is considered equivalent to g2
s .

Since the physics field for the vector dark photon and the fermionic dark neu-
tralino were already defined as

V[5] :={ClassName→ AD , SelfConjugate→ True, Mass→ MAD,
Width→ WAD, ParticleName→ "ad", PDG→ 3000022,
PropagatorLabel→ "AD", PropagatorType→ Sine,
PropagatorArrow→ None}

and

F[8] :={ClassName→ neuD , SelfConjugate→ True, Mass→ MneuD,
Width→ WneuD, ParticleName→ "nD", PDG→ 3000001,
PropagatorLabel→ "neuD", PropagatorType→ Straight,
PropagatorArrow→ None}
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only the scalar field for the dark Higgs boson has to be added:

S[11] :={ClassName→ Hdark , SelfConjugate→ True, Mass→ MHd,
Width→ WHd, ParticleName→ "Hdark", PDG→ 3000025,
PropagatorLabel→ "Hdark", PropagatorType→ ScalarDash,
PropagatorArrow→ None}

The self-conjugate flag set to True indicates that it is equivalent to its antiparticle.
The mass and the width are variables to be set in the event generator. The
propagator type suggests that it propagates as a scalar boson with spin 0.

The user has finally to write the different terms of the Lagrangian. The coeffi-
cients have been adapted from Ref. [149]. For the decay of the MSSM neutralino
in the dark Higgs and dark neutralino, the Lagrangian is:

L1 := ε′
e

2 cos θw
N1ndHd.

Similarly, for the decay into a dark photon and neutralino, it is:

L2 := ε′
−ie

2 sin θw cos θw

(
N1γ

νnd
)
· Adν

where Ad is used instead of γd for the dark photon to avoid confusion with Dirac
matrices (γν).

The Lagrangian density for the Higgs dark decaying into two dark photons is:

L3 := 2vMHdAdνA
ν
d (2.1)

with a coefficientM proportional to the dark photon mass squared.
For the decay of the dark photon into two muons, it holds:

L4 := εe (µγνµ) · Aνd.

The total Lagrangian is the sum of the one of MSSM with the addition of these four
terms. Based on this information, FeynRules calculates the Feynman rules and
provides the model in UFO (Universal FeynRules Output) format to be imported
into the event generator chosen.

2.2.2 Evaluation of the cross section

Each physics process is characterised by a cross section that represents the prob-
ability to happen as will be discussed in Section 3.1. In the case of the channel
reported in Figure 2.3, the total cross section is:

σ(pp→ Ñ1Ñ1)× B2(Ñ1 → ndHd)× B2(Hd → γdγd)× B4(γd → µ+µ−) (2.2)
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Figure 2.4: Branching ratios for dark photon decay with masses below 3 GeV [150].

where B is the branching ratio for the specific decay that has to be powered to the
number of times it appears in the process.

Starting from the end, the dark photon decays to SM leptons with a partial
width given by:

Γ(γd → l+l−) =
1

3
αε2mγd

√
1− 4m2

l

m2
γd

(
1 +

2m2
l

m2
γd

)
, (2.3)

where ε is the already introduced kinetic mixing parameter. The Γ(γd → hadrons)
is also proportional to ε2 [90]. Therefore, the partial width dependence on ε2 can
be factorised (

Γ

ε2

)−1

= f(mad),

and the branching ratio of the dark photon in muons

B(γd → µ+µ−) =
Γ(γd → µ+µ−)

Γtotal
(2.4)

results independent of ε2. The kinetic mixing parameter has to be taken into
account again when the lifetime is evaluated:

τγd =
h̄

Γtotal
=

1

ε2
× f(mad).
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Some values of the partial width and the branching ratio have been computed2

for the model presented at the end of Chapter 1 and have been used to check the
results of this work3. The leptons considered are just electrons and muons so the
values of B(γd → µ+µ−) are the ones in the table on the website divided by 2.
Figure 2.4 shows the branching ratio, for masses of the dark photon above 2 GeV
it is around 1/4 both for muons and electrons.

The branching ratio B(Hd → γdγd) is supposed equal to 1 and the same holds
for the branching ratio of the MSSM neutralino in a dark Higgs and a dark neu-
tralino. Thus, the neutralino can only decay in this channel. A more general
discussion can be found in Ref. [130, 151].

Therefore, the total cross section in Eq. (2.2) is simply:

σ(pp→ Ñ1Ñ1)× B4(γd → µ+µ−). (2.5)

Finally, the production cross section of a pair of neutralinos has to be computed.
The event generator MadGraph5 [152] has been used to evaluate it in the case of
proton-proton collisions for different masses of Ñ1 at a center-of-mass energy of
13 TeV. The mass choice (10 GeV) of the previous analysis at the CMS experiment,
described at the beginning of this chapter, has been rejected because excluded by
the results of LEP [153]. Values above 60 GeV have been taken into account.
From Figure 2.5 on the left it is evident that the smaller the mass is, the higher
the cross section. In fact, if the neutralino is sufficiently light, the Higgs branching
fraction into it is around 2.5% and therefore at around 60 GeV the neutralino
pair is produced resonantly through an SM Higgs boson. Hence, for the analysis
at the CMS experiment (see Part I of this work) the mass neutralino has been
fixed to 60 GeV to ensure the higher cross section (σ = 1.148 pb). The wino soft-
SUSY breaking mass M2 is 191.5 GeV, the Higgs-higgsino mass parameter µ is
357.7 GeV and the tangent of the vacuum expected value of the two Higgs doublet
fields (tan β) is 9.75. The other MSSM parameters are reported in Appendix A
for the sake of completeness.

2http://insti.physics.sunysb.edu/~curtin/HiggsedDarkPhoton_BrTableData.txt
3For example, from Eq.(2.3) for a dark photon mass (mγd) of 20 GeV:

Γ(γd → µ+µ−)

ε2
= 0.049 GeV

and similar for Γ(ad → e+e−).
The total width is 0.365, according to the second column of the table, and therefore from

Eq.(2.4):

B(γd → l+l−) =
0.049× 2

0.365
= 0.268

In the table at the link in the previous note there is 0.286, which is consistent.
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Figure 2.5: Simulated production cross section of neutralino pairs at a 13 TeV center-
of-mass energy proton collider (left) and at a 3 TeV center-of-mass energy muon collider
(right).

In the case of a muon collider, it has been shown that at a multi-TeV center-
of-mass energy the dominant production mode is through vector boson fusion
(VBF) [154]. Figure 2.6 depicts the case ofWW fusion for neutralino pair produc-
tion with muon neutrinos. On the right, the cross section via VBF is compared
with s-channel annihilation for different neutralino masses and collision energies.
For low masses (0.4-0.8 TeV) the VBF becomes dominant at

√
s = 3−4 TeV, while

for O(TeV) at √s = 7 − 13 TeV. In absence of neutrinos, on the other hand, the
neutralino pair production cross section has been evaluated with MadGraph5. The
results are shown on the right of Figure 2.5: the curve is quite flat over a large Ñ1

mass range. For the predictions in Part II of this work, the mass has been set to
96.68 GeV, which is the default value in MSSM (see Appendix A).
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2.2. Extension of the MSSMD

Figure 2.6: Left: Diagrammatic representation of neutralino pair production through
WW fusion. Right: production cross section via s-channel annihilation (dashed lines)
and VBF (solid lines) in µ+µ− collisions as a function of collider energy for representative
neutralino mass. Figure taken from [154].
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Search at the CMS experiment





Chapter 3

The experimental apparatus: the Compact
Muon Solenoid

The Compact Muon Solenoid is one of the four main experiments at the Large
Hadron Collider, which discovered the Higgs boson and will likely have access to
rare phenomena both included in the SM and beyond it.

This chapter furnishes details of the machine and the future planned increase of
luminosity. All the detector subsystems are briefly described together with infor-
mation on the reconstruction and identification of physics objects performed with
the particle-flow algorithm. In the end, the reprocessing of raw data is schematised.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC), with its ∼ 27 km circumference and 14 TeV
nominal center-of-mass energy, is the largest and most powerful particle accelerator
in the world. It was approved by the CERN (Conseil Européen pour la Recherche
Nucléaire) Council at the end of 1994 and built from 1998 to 2008, aiming at the
discovery of the Higgs boson and the study of rare events [155].

The choice of a proton-proton (pp) machine was dictated by three main reasons.
First of all, hadrons consent to reach higher center-of-mass energy with respect
to electrons because of the low synchrotron radiation. Then, since protons are
not elementary particles and the center-of-mass energy is distributed among the
partons (gluons and quarks), a wider range of energies may be explored with
fixed-energy beams. Finally, proton beams allow obtaining a higher luminosity
compared to antiprotons. Thus, the two crucial features of the LHC are the energy
available at the center-of-mass and the luminosity (other parameters are reported
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Table 3.1: Nominal parameters of the LHC [155].

Parameters
Beams pp
Circumference 26.66 km
Centre-of-mass energy 14 TeV
Number of bunches 2808
Protons per bunch 1011

Bunch crossing 25 ns
Luminosity 1× 1034 cm−2s−1

in Table 3.1).
For the first one, a nominal value of

√
s = 14 TeV was selected to study physics

at the TeV scale. In fact, since only a fraction x of the proton energy is carried by
partons, the mass of the particles produced in the collisions is less than the

√
s:

√
s′ =

√
sx1x2. (3.1)

A complex acceleration chain, consisting of one linear accelerator and three circu-
lar, is used to achieve this energy. The LINAC2 generates 50 MeV protons that
enter the Proton Synchrotron Booster (PSB) and are accelerated up to 1.4 GeV.
Then in the Proton Synchrotron (PS) energy of 26 GeV is reached and proton
bunches are formed with a spacing of 25 ns. Finally, bunches are accelerated by
Super Proton Synchrotron (SPS) up to 450 GeV and injected into the LHC ring
in two parallel beam pipes with opposite directions.

The instantaneous luminosity (L) for two equal Gaussian beams colliding head-
on, usually measured in cm−2s−1, can be calculated as:

L = N2
pnb

γ

4πεnβ∗
frevF F = 1/

√
1 +

θcσz
σ

with

Np number of protons per bunch nb number of bunches per colliding beam
εn transverse normalised emittance γ Lorentz factor
β∗ betatron function at interaction point frev revolution frequency
F luminosity geometrical reduction factor σ transverse r.m.s. size
θc full crossing angle between beams σz longitudinal r.m.s. size.

The interaction rate, i.e. the number of events detected per second, is given
by:

R =
dN

dt
= Lσ,
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Figure 3.1: Left: Integrated delivered and CMS recorded luminosity cumulative over
all years of Run 2 during stable beams for pp collisions at nominal center-of-mass energy
(
√
s = 13 TeV). Right: Distribution of the average number of interactions per crossing

(pileup) for pp collisions including only Run 2 data. The overall mean values (〈µ〉) and
the minimum bias cross section are also shown [156].

where σ is the cross section. The cross section is proportional to the probability
that a specific process will take place, it has the dimensions of an area, and is
measured in barn (1 b ≡ 10−24 cm2). Given the integrated luminosity, usually in
fb−1, during a run period:

Lint =

∫ T

0

Ldt,

the total number of interactions is:

N = Lintσ.

During the so-called Run 2 from 2015 to 2018, the LHC reached and exceeded
the designed luminosity L = 1034 cm−2s−1, delivering an integrated luminosity of
163.55 fb−1, as shown in Figure 3.1 left.

Each of the 2808 bunches circulating in the LHC ring contains O(1011) protons.
They collide every 25 ns giving several simultaneous proton-proton collisions in the
same bunch crossing. This effect is known as pileup. Figure 3.1 right reports the
distribution of the pileup for Run 2 data with the mean values.

Four experiments are located at the points where the collision between the
beams takes place. ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact
Muon Solenoid) are general-purpose, they have been designed to investigate a
wide range of scenarios from the Higgs boson properties to new physics at the TeV
scale. The latter will be described in detail in Section 3.2. LHCb (Large Hadron
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Figure 3.2: Schedule of the LHC and HL-LHC operations [157].

Collider beauty) is focusing on the physics of the hadrons containing a bottom
quark, studying for example the CP -violation in this sector. ALICE (A Large
Ion Collider Experiment) exploits heavy ion collisions (Pb-Pb) to understand the
so-called quark-gluon plasma, i.e. strongly interacting matter at extreme energy
densities.

3.1.1 High-Luminosity LHC

After the discovery of the Higgs boson by the ATLAS and the CMS experiment,
on the 30th May 2013, the CERN Council approved the new European Strategy
for Particle Physics, identifying the HL-LHC project as the top priority. Figure 3.2
shows the schedule for the operations. There are alternating periods of data taking,
called runs, and long shutdowns. The LHC is now in Run 3 with a center-of-mass
energy of 13.6 TeV and a luminosity of 2× 1034 cm−2s−1, which was already reached
in 2018 by reducing the betatron function β∗ from 55 cm to 30 cm.

The HL-LHC project will start in 2026 to sustain and extend the LHC physics
discovery potential, investigating deeply the properties of the Higgs boson such
as the self -coupling, looking for additional bosons with exotic decays, improving
measurements for the top quark and in the EW sector, and searching for SUSY
particles.

The technical goal is to run at the nominal center-of-mass energy
√
σ = 14 TeV

increasing the peak luminosity up to 5× 1034 cm−2s−1 (or even 7.5× 1034 cm−2s−1)
to achieve 3000 fb−1 (4000 fb−1) of integrated luminosity in about twelve years of
operations. The expected pileup is 〈µ〉 = 140. The HL-LHC project foresees the
LHC injector upgrade program and the upgrade of all the experiments in order
to handle the higher particle rates expected [158]. This is scheduled for the Long
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Shutdown 3 (LS3) and is referred to as Phase-2 upgrade.

3.2 The Compact Muon Solenoid experiment

The Compact Muon Solenoid (CMS) apparatus is one of the two general-purpose
experiments of the LHC. It consists of a cylindrical barrel and two endcap disks
to ensure a 4π coverage for particle detection. As the name suggests, it is quite
compact, only 14.6 m high and 21.6 m long, it was especially designed to detect
muons and the main feature is the 3.8 T magnetic field provided by the solenoid.
The superconducting magnet is 12.5 m long with an inner diameter of 6 m and a
1.5 m thick iron yoke. It weighs around 12 000 tons. Figure 3.3 shows the detector
with the reference to all the subsystems. Following the traditional onion scheme,
moving from the interaction point (IP) outward, there are:

1. the tracking system to build the trajectory of charged particles and recon-
struct vertices,

2. the calorimeters to measure electrons, photons and hadrons energy,
3. the muon spectrometer to detect muons.

The first two are inside the magnetic coil, the third is in the gaps of the return
yoke. Further information about the experiment can be found in Refs. [159, 160].

Before describing the subdetectors in detail, the coordinates adopted by CMS
are briefly explained (see Figure 3.4). The origin of the right-handed system is the
IP.

Figure 3.4: CMS coordinate system.

The x-axis points toward the center of
the LHC ring while the y-axis upwards.
The z-axis is parallel to the beampipe
and directed to the Jura mountain. Po-
lar coordinates are used: the radial dis-
tance r =

√
x2 + y2, the azimuthal an-

gle with respect to y-axis φ, and the
polar angle θ from the z-axis.

Two useful quantities are the trans-
verse momentum of a particle:

pT = p sin θ

with p the momentum modulus, and the pseudorapidity:

η = − ln

[
tan

θ

2

]

which provides information about the angle between the particle and the beam
axis. It is equal to zero at θ = 90◦ and tends to infinity at θ = 0◦ .
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SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A
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Figure 3.3: Cutaway diagram of the CMS detector for Run 2 [161].

3.2.1 The inner tracker

The tracker is the closest detector to the IP, deputed to the measurement of the
trajectory of each charged particle and the reconstruction of vertices. It has a total
length of 5.8 m and a diameter of 2.5 m, and it covers the region up to |η| ≈ 2.5. It
is inside the 3.8 T magnetic field that bends the particles in the transverse plane,
allowing for the derivation of the momentum from the radius of curvature R:

pT [GeV] = 0.3B[T]R[m]. (3.2)

The inner part of the tracker is the pixel detector. In the original design, there
were three layers of pixels in the barrel (TPB) and two disks in both endcaps
(TPE). During the Extended Year-End Technical Stop (EYETS) in 2016, a layer
was added both in TPB and TPE to cope with the increase in luminosity. This
upgrade is known as Phase-1. The pixels size is 100 × 150 µm2 and the endcap
disks are arranged in a turbine-like geometry, i.e. with blades 20◦ rotated one
with respect to the other, to benefit from the large Lorentz angle. This ensures a
spatial resolution of ∼ 10 µm in the r − φ plane and ∼ 20− 40 µm in the longitu-
dinal plane. The pixel detector provides pT and impact parameter measurements,
particle identification (b- and t-jets), and vertex reconstruction.
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Figure 3.5: Left: Transverse momentum resolution for single muons with transverse
momenta of 1, 10 and 100 GeV [160]. Right: Relative resolution of the transverse mo-
mentum as a function of the pseudorapidity for the Phase-1 (black dots) and the up-
graded (red triangles) tracker, using single isolated muons with a transverse momentum
of 10 GeV [163].

The silicon strip detector surrounds the pixel one and is made of microstrip
sensors with 80−180 µm pitch distributed in 4 layers in the inner barrel (TIB) and
6 in the outer barrel (TOB), 3 disks in the inner endcap (TID) and 9 in the outer
endcap (TEC). Some modules, called stereo modules, are mounted back-to-back
at an angle of 100 mrad to measure the coordinate orthogonal to the strip. The
spatial resolution of the silicon microstrips is very different from one module to
the other. This system provides momentum and energy measurements. Further
technical details are reported in Figure 3.3 and Ref. [162].

Figure 3.5 left shows the transverse momentum resolution for single muons at
different energies. For high momentum tracks (100 GeV) up to |η| ≈ 1.6 it is
around 1-2%. The performance will be discussed in Section 3.3.

During the LS3, in order to exploit the increase in luminosity of the HL-LHC,
the entire silicon system (both pixels and strips) will be replaced to increase the
forward acceptance up to |η| ≈ 3.8, the radiation hardness and the granular-
ity [163]. In general, an improvement in performance is expected. For example,
the simulation of the pT resolution with the new detector is compared with the
present one in Figure 3.5 right.
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3.2.2 The calorimeters

Calorimetry is the measurement of the energy deposited in a medium. Two systems
are installed in CMS: the inner one, the electromagnetic calorimeter (ECAL), is
designed for electrons and photons, and the outer one, the hadronic calorimeter
(HCAL), for jets and missing transverse energy (MET).

The ECAL is a homogenous calorimeter made of lead tungstate (PbWO4) crys-
tals. The homogeneity guarantees a good energy resolution and thus the capability
to detect the decay of the Higgs boson in two photons which is one of the main
requirements. As for the tracker, it consists of two parts: the barrel (EB) covers
the region up to |η| < 1.48, and the endcap (EE) extends up to η ∼ 3. The PbWO4

is characterised by a short radiation length1 (X0 = 0.89 cm) and a small Molière
radius2 (RM = 2.2 cm), ensuring fine granularity and a compact calorimeter. The
EB has ∼ 20×20 mm2 cells for a total length of 230 mm, corresponding to 25.8 X0.
The EE, instead, is 24.7 X0 long and made of ∼ 30×30 mm2 crystals. The scintil-
lation light produced by the crystals is detected by avalanche photodiodes (APDs)
in the EB and vacuum phototriodes (VPCTs) in the EE. In the two endcaps, a
preshower detector has been added to discriminate photons from π0 decay and
improve the direction’s measurement. It is a two-layer sampling calorimeter made
of a lead radiator that initiates the shower and a silicon strip detector for a total
length of 3 X0. Further technical details are available in Ref. [164]. The energy
resolution can be written as:

(
σ(E)

E

)2

=

(
S√
E

)2

+

(
N

E

)2

+ C2,

where S, the stochastic source, takes into account the fluctuations in the lateral
shower containment and the photostatistics contribution, N represents the elec-
tronics, pileup and digitization noise, and C is a constant term that contains, for
example, intercalibration errors. It was measured in a test beam with 20-250 GeV
electrons giving S = 2.8%, N = 12% and C = 0.3% [165]. The results are shown
in Figure 3.6 left.

The HCAL is a sampling calorimeter devoted to the measurement of energy
and direction of jets and of MET, which is crucial in the search for SUSY par-
ticles [166]. It consists of four subsystems: the hadron barrel (HB), the hadron
endcap (HE), the HCAL outer (HO), and the HCAL forward (HF). The HB and
HE covers the region up to η = 3, brass is used as absorber and plastic scintillators
as active materials. The interaction length, i.e. the average distance a high-energy

1The radiation length is the mean distance over which the electron loses all but 1/e of its
energy by Bremsstrahlung.

2The Molière radius is the radius of a cylinder that contains 90% of the shower energy depo-
sition.
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3.2. The Compact Muon Solenoid experiment

Figure 3.6: Left: Resolution as a function of the electron energy for CMS ECAL [165].
Right: The jet transverse-energy resolution as a function of the jet transverse energy for
barrel jets (red), endcap jets (blue), and very forward jets (violet) [160].

hadron has to travel inside the material before a nuclear interaction occurs, varies
from 5.8 to 10.6 λI depending on the pseudorapidity. During the Phase-I upgrade,
the HB and HE photodetectors were upgraded by exploiting SiPM (Silicon Photo-
Multipliers) instead of Hybrid Photodiode. The HO is placed outside the magnetic
coil; it uses the same scintillators of the HB and HE and the steel return yoke of
the solenoid ad active material. Finally, the HF is a Cherenkov calorimeter with
steel and quarts fibers that covers up to |η < 5.2. The combined (ECAL+HCAL)
calorimeter energy resolution was measured in a pion test beam [167] to be:

σ(E)

E
=

A√
E
⊕B

with A = 84.7 ± 1.6% and B = 7.4 ± 0.8%. Figure 3.6 right shows the expected
jet MET resolution in different η regions.

For the HL-LHC program, the EB will feature upgraded front-end electronics,
while the EB and HB the replacement of the off-detector electronics [168]. The
endcap of both ECAL and HCAL will be substituted by the High Granularity
Calorimeter (HGCal), a sampling calorimeter that will provide highly-segmented
spatial information in both transverse and longitudinal directions, as well as high-
precision timing information [169].

3.2.3 The muon spectrometer

Muons do not interact strongly and therefore reach the most external system of
the CMS apparatus, the muon spectrometer. It is especially designed for muon
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Figure 3.7: An R-z cross section of a quadrant of the CMS detector, including the
Phase-2 upgrades (RE3/1, RE4/1, GE1/1, GE2/1, and ME0). The acronym iRPCs in
the legend refers to the new improved RPC chambers RE3/1 and RE4/1. The interaction
point is at the lower left corner. M denotes Muon, B stands for Barrel and E for Endcap.
The magnet yoke is represented by the dark grey areas [170].

identification, transverse momentum measurement together with the inner tracker,
and triggering. As the name suggests, the CMS experiment invests a lot of effort
in the reconstruction of muons which are the signature of many interesting physics
channels such as the Higgs golden channel H → ZZ → 4µ or the rare B0

s → µµ.
Because of the large area to be covered, the system is equipped with gaseous
detector stations interleaved with the magnet return yoke.

A longitudinal view of a quarter of the muon system is shown in Figure 3.7.
Originally, Drift Tubes (DT) and Cathode Strip Chambers (CSC) were selected
for the barrel (|η| < 1.2) and endcap region respectively (0.9 < |η| < 2.4) together
with Resistive Plate Chambers (RPC) [171]. These last ensure a fast response,
while DT and CSC were chosen for their excellent spatial resolution O(100 µm).
Three stations (ME4/2 RE4/2 and RE4/3) were added in the endcap during LS1
and one (GE1/1) during LS2. This last was equipped with Gaseous Electron
Multiplier (GEM) detectors.

As far as the performance is concerned, Figure 3.8 shows the pT resolution for
the muon system for two different η regions. Without the tracker, the resolution
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3.2. The Compact Muon Solenoid experiment

Figure 3.8: The muon transverse momentum resolution as a function of the transverse
momentum using the muon system alone, the inner tracking alone, and both [160].

is ∼ 20% for pT < 200 GeV and |η| < 2.4, but the muon system becomes relevant
in the reconstruction of high-energy muons at low η. The uncertainties at low
momentum are dominated by multiple scattering.

As for all the others subsystems, an upgrade is foreseen to cope with the increase
in luminosity. The DT and CSC front-end and backend electronics and the RPC
backend electronics will be replaced. New GEM and RPC stations will be installed
in the very forward region to extend coverage up to |η| ∼ 3. Further details can
be found in Ref. [170].

3.2.4 The trigger system

Because of the proton bunch crossing frequency of 40 MHz and the single collision
event size of ∼ 1 MB, storing data is a crucial problem to be solved. A trigger
is needed to reduce the number of events to a level that can be read out, stored
and processed offline. The challenge is to reject ∼ 99.998% of all the data keeping
interesting events from energetic and hard pp collisions. To achieve this goal, CMS
opted for a two-level system consisting of a Level 1 Trigger (L1) and High Level
Trigger (HLT).

The L1 is purely hardware based and exploits custom-made (ASICs) and pro-
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grammable logic (FPGAs) to reduce the rate from 40 MHz to 100 kHz [172]. It has
a local buffer of 128 memory cells and therefore the latency, i.e. the time during
which the raw data information must be stored awaiting for L1 trigger decision,
is 3.2 µs. Because of this limit, up to now, L1 uses inputs only from calorimeters
and muon system. Track reconstruction is indeed too slow. Energy deposits in
ECAL and HCAL towers, and hits in DT, CSC and RPC are preprocessed into
Trigger Primitives (TPs). Then, different TPs from the same event are processed
in parallel until a Global Trigger merges information from the Global Calorimeter
Trigger (GCT) and the Global Muon Trigger (GMT) and makes the final decision.

The HLT is an offline software trigger that receives full event information to
reduce the rate to O(100 Hz) in ∼ 100 µs [173]. It uses CPU farms with ∼ 30
cores to run logical independent trigger paths in parallel. A trigger path is a chain
of producers and filters. The first ones compute physics objects from the event
information. The second ones decide to select or reject the event. If after HLT
the rate is too high a prescale (P ) is applied and only the fraction 1/P of events
is stored.

The trigger system will also be upgraded to keep and improve performance
in view of the HL-LHC program. The L1 rate and latency will be 750 kHz and
12.5 µs. This last will allow using also tracks from the strip outer tracker. Thus, the
techniques of offline analysis, such as particle-flow (see Section 3.3), will become
possible at L1 and will benefit enormously from HGCal. The expected HLT output
is 7.5 kHz. Further details are presented in Refs. [174, 175].

3.3 Physics objects reconstruction and identifica-
tion

The raw data from detectors, i.e. hits from the tracker and muon chambers and
energy deposits in calorimeters, are stored and then the particle-flow (PF) algo-
rithm reconstructs and identifies all the stable particles in the event through the
combination of all subsystems [176]. LEP measurements of jet fragmentations
proved that a typical jet has 62% of the energy transported by charged hadrons,
27% by photons, 10% by long-lived neutral hadrons (neutrons and KL) and 1.5%
by neutrinos [177]. Adopting a standard approach based on the sum of ECAL
and HCAL energies’ measurements, since approximately 72% of the energy comes
from HCAL, the energy resolution is limited by the one of HCAL. PF, instead,
reconstructs the four momenta of all visible particles using the information from
the subdetector with the best accuracy, reaching a further better jet resolution.
CMS is particularly suitable for PF thanks to the highly segmented tracker, the
granular ECAL, the hermetic HCAL and the strong magnetic field. PF is based
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on the so-called fundamentals elements and blocks. Muons are independent of PF,
their reconstruction is described in detail in 3.3.1.

Fundamental elements

The fundamental elements are the charged particle tracks and the clusters that
are reconstructed in the subdetectors independently.

Tracking is an iterative procedure [178] that aims to achieve high efficiency and
low fake rate starting. Each iteration is fourfold:

1. seeding: all possible combinations of hits (called seeds) provide track can-
didates and give an initial estimate of trajectory parameters. At the first
iteration, seeds are asked to be prompt and with high pT . Then this very
tight criterium is loosened;

2. pattern recognition based on Kalman Filter (KF) [179]: each track candi-
date is extrapolated to the external layers to look for hits and to update
parameters. If no hit is found, the layer is skipped. If more than one hit is
there, many tracks are created. Once the last layer is reached, the algorithm
proceeds from the outside in to add hits that might be excluded;

3. final fitting: after combining all associated hits the best parameters of each
smooth trajectory are estimated;

4. selection: tracks are selected according to a quality flag based on the χ2 and
compatibility with the interaction region.

After reconstruction, tracks are extrapolated backwards to find the vertex, i.e. the
position of the pp interaction. Since in each bunch crossing there is more than one
collision, many vertices are reconstructed. The primary one is selected according
to the features of linked tracks (e.g. high pT ), and the others are pileup vertices.

Clustering aims to detect and measure the energy and direction of stable neutral
particles, separate them from charged ones, and reconstruct and identify electrons
and all accompanying Bremsstrahlung photons. It is performed separately in each
subdetector: EE, EB, HB, HE, HO and the two layers of the preshower detector.
For HF each cell gives rise to one cluster so no clustering is done. There are three
steps:

1. seeds are local energy minima above given energy;
2. topological clusters start from the seeds aggregating cells with at least one

side in common with a cell already in the cluster, and with energy exceeding
a given threshold;

3. each PF cluster is corrected for energy loss.
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Blocks and simple objects reconstruction

The PF fundamental elements plus muon tracks are associated in blocks through
a link algorithm. Each pair of elements is tentatively associated, and the quality
of the link is quantified by the link distance, i.e. the distance in (η, φ) plane. At
this point the PF algorithm proceeds for each block as follows:

◦ muons are reconstructed from global muons (see Section 3.3.1);
◦ PF clusters in ECAL are grouped in superclusters that merge the energy as-

sociated to Bremsstrahlung photons and pairs. Each track in the block passes
a pre-identification stage and is filtered with a Gaussian Sum Filter (GSF)
that takes into account the sudden curvature change due to Bremsstrahlung
emission [180]. The GSF track is finally associated with the supercluster and
the PF electron is created;
◦ tracks with large uncertainties are removed, allowing to get rid of most of

the fake ones;
◦ the remaining elements give rise, in order, to charged hadrons, photons and

neutral hadrons.

A detailed description of the algorithm is reported in Ref. [176].

Complex objects reconstruction

The resulting list of PF reconstructed particles, without double counting, consti-
tutes a global description of each event and is available for the reconstruction of
more complex objects such as taus, jets and MET.

Jets are narrow cones of collimated particles produced from the fragmentation,
called hadronization, of a parton. Quarks and gluons, in fact, can not be observed
free due to QCD confinement. FastJet is a package that provides implementations
of many sequential recombination algorithms to reconstruct jets [181]. All the PF
objects are treated as pseudo-jets. Then, the distance of a PF object i and a
pseudo-jet j is computed:

dij = min(k2n
ti , k

2n
tj )

∆R2
ij

R2
, (3.3)

where kt is the transverse momentum, ∆Rij =
√

(φi − φj)2 + (ηi − ηj)2 is the
angular distance and R is the jet-radius parameter. This is compared with the
distance of the PF object to the beam:

dib = k2n
ti .

If dij < dib i and j are combined in a new pseudo-jet, otherwise i is promoted to
jet. This is repeated for all the pseudo-jets. CMS uses the anti-kt algorithm with
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n = −1 [182], meaning that PF candidates are clustered around the more energetic
particle in the event. The parameter R = 0.4, apart for heavy particles (R = 0.8).
The momentum of the jet is just the sum of all the particles that compose it and
is considered equivalent to the momentum of the original parton.

Weakly interacting particles, such as neutrinos and dark matter candidates,
are not detected at CMS. However, at the interaction point, the transverse energy
of protons is null, and it has to be conserved. So the MET can be defined as the
negative vector sum of pT of all reconstructed PF candidates N in the event:

Emiss
T = −

N∑

i=1

−→pT i.

Deservedly for these complex objects, the method called PUPPI (PileUp Per
Particle Identification) has to be mentioned. This is a new technique that allows
the removal of pileup contamination by employing a per-particle approach with
improved results. PUPPI operates by using charged pileup to characterize the
pileup in an event and assigns a weight to particles of unknown origin. This
weight is used to rescale the particle’s momentum. All the details are reported in
Ref. [183].

3.3.1 Muon reconstruction

The CMS apparatus has been designed to detect and identify muons with high
efficiency. Muons are reconstructed with a dedicated algorithm independent from
PF, using information from the tracker and muon system. According to that, there
are three different types of objects: standalone, global and tracker muons.

Standalone muons are reconstructed using only the muon system. Segments
from the innermost DT and CSC chambers are used as seeds that give an initial
estimate of track parameters (position, momentum and direction). Muon trajecto-
ries are then built inside-out using the KF technique. Hits from RPC chambers can
participate. The momentum resolution of standalone muons was already shown
in Figure 3.8 (black curve). It is around 9% and 20% in the barrel and endcap
respectively, due to multiple scattering.

Global muons are the extension of standalone muons. They are built outside-
in using both the inner tracker and muon system. The muon trajectory at the
innermost muon station is extrapolated to the outer tracker to identify a region of
interest (ROI). Inside the ROI the KF algorithm is used to create tracker tracks.
This is matched with the standalone muon and parameters are refitted. In the
refit, for particles with pT < 200 GeV only tracker information is used because
global muons become powerful at high pT . The efficiency is greater than 99% (see
Figure 3.9 for 2017 data).
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Figure 3.9: Global muon reconstruction efficiency as a function of muon momentum.
The left plot is obtained with events without any showers, while the right one contains
events with at least one shower. The blue points represent data and the red empty
squares represent simulation. The lower panels of the plots show the ratio of data to
simulation. The central value in each bin is obtained from the average of the distribution
within the bin [184].

Lastly, tracker muons are complementary to global muons, they are in fact
reconstructed inside-out. They are particularly efficient in the case of low pT
muons (<6-7 GeV) for which the number of hits in the muon chambers is small.
Tracker tracks are propagated towards the solenoid and have to be matched with
at least one segment. A subset of tracker muons that will be cited in the next
chapter is RPC muons. Depending on the number of RPC layers and stations
with hits associated to the track, three working points are defined. The so-called
RPCMuLoose requires hits on at least two layers.

After the independent reconstruction, the PF algorithm identifies three types
of muons

◦ loose: either tracker or global muons,
◦ medium: loose muons with the additional tracker and muon quality require-

ments,
◦ tight: global muons with constraints on muon quality.

The loose identification recognizes prompt muons from the primary vertex and
muons from light and heavy flavor decays. The medium one is optimised for prompt
muons and for muons from heavy flavor decay. Finally, the tight identification aims
to suppress muons from decay in-flight and from hadronic punch-through induced
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by high-energy pions passing through the calorimeters [185]. Another parameter
useful to distinguish prompt muons and muons in jets is the isolation estimated
from the transverse momentum of PF candidates emitted in a cone with R=0.4
around the muon:

Iso =
1

pµT

{∑
pcharged, PV
T + max

(
0,
∑

pneutral had.
T +

∑
pγT − 0.5

∑
pcharged, PU
T

)}
.

3.4 CMS Run 2 data flow

Dealing with raw data from the apparatus would be impossible. Therefore, they
have to be processed through the following steps:

1. raw data from the detectors are digitised (DIGI),
2. they passed through reconstruction algorithms to create basic physics object

collections (RECO),
3. only some information is kept in the Analysis Object Data (AOD) format,
4. AOD level objects are passed through more selection to discard informa-

tion and stored in MiniAOD. The design philosophy beneath is to use the
minimum amount of space, extracting only the minimum required data and
reusing existing formats and algorithms. MiniAOD contains high-level ob-
jects (leptons, photons, jets and MET) stored in the PAT (Physics Analysis
Toolkit) format, particle candidates from PF in a packed format with only
basic kinematic information, trigger data and interaction vertices.

5. Further slimming is performed to obtain NanoAOD.

AOD was used in Run 1 analyses, but is not sustainable for Run 2. MiniAOD and
NanoAOD formats meet the challenge of LHC Run 2.
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Chapter 4

Dark-SUSY analysis

We implemented a dedicated search for the dark-SUSY process characterised by
neutralino pair production events with neutralino ultimately decaying in the dark
sector, giving eight muons in the final state.

In this chapter, the details regarding the data and MonteCarlo samples for the
signal and background are discussed. The studies to identify suitable triggers are
reported together with the algorithm developed to select events. A brief evaluation
of the systematic uncertainties, both theoretical and experimental, follows. Finally,
some key concepts of statistics are reported to allow for the interpretation of the
model independent upper limits.

4.1 Samples

The signal search has been performed with the DoubleMuon data collected in 2018
at a center-of-mass energy of 13 TeV. This dataset contains fully reconstructed
events selected by a collection of triggers requiring at least two muon objects.
The list of samples is reported in Table 4.1. The MiniAOD format described in
Section 3.4 has been chosen. The corresponding delivered integrated luminosity is

Table 4.1: 2018 DoubleMuon datasets.

Dataset Number of events
/DoubleMuon/Run2018A-15Feb2022_UL2018-v1/MINIAOD 75499908
/DoubleMuon/Run2018B-15Feb2022_UL2018-v1/MINIAOD 35057758
/DoubleMuon/Run2018C-15Feb2022_UL2018-v1/MINIAOD 34565869
/DoubleMuon/Run2018D-15Feb2022_UL2018-v1/MINIAOD 168620231
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67.86 fb−1, of which only 61.31 fb−1 are recorded and certified. UL in the sample
name stands for “UltraLegacy” and implies the reprocessing of data with new
calibration factors for the ECAL to achieve optimal performance. As already
shown in Figure 3.1 the average number of pileup (PU) interactions is 37.

For background and signal, MonteCarlo (MC) samples have been simulated.

4.1.1 Background

The channel analysed is almost free of background. In fact, the number of SM
processes that lead to eight muons in the final state is very small. The only
contribution arises from multi-vector bosons, such as four Z bosons or two Z plus
four W , and the double Higgs production. All these processes, however, have a
small cross section which is further reduced by the branching ratio to muons1.
Thus, they are all negligible.

Still, the average PU is 37 and the contribution of muons originating from
semileptonic decays of hadrons has to be taken into account. This, on the one
hand, allows for the selection of events that would be otherwise rejected. The top
quark, for example, may decay leptonically so an event of ttZZ brings to six muons
and, due to the addition of muons from PU, passes the request of eight muons.
On the other hand, there is also a background entirely due to the combinatorial
of such spurious muons that have to be handled properly. Table 4.2 summarizes
all the available samples in the CMS database with a high multiplicity of muons
in the final state that might play the role of background in combination with PU
muons. The format used is the MiniAODSIM which is the same as MiniAOD with
extra information about simulated particles.

The first part of the dataset name provides an indication of the physics chan-
nel and the MC generator used for the production (MadGraph, Powheg [186] or JHU
generator [187] advisable for the decay of Higgs boson in four leptons). Pythia is
the program that allows for the description of collisions at high energy between
electrons, protons, photons, and heavy nuclei including hard and soft interactions,

1Multi-vector bosons cross sections, computed at a center-of-mass energy of 13 TeV, are:

σ(pp→ 4Z)× B4(Z → 2µ) ≈ 1.7× 10−5 pb× (3.4× 10−2)4 ≈ O(10−11 pb)

σ(pp→ HHjj)× B2(H → ZZ)× B4(Z → 2µ) ≈ 1.4× 10−3 pb× (2.67× 10−2)2 × (3.4× 10−2)4

≈ O(10−12 pb)

σ(pp→ 2Z4W )× B2(Z → 2µ)× B4(W → µνµ) ≈ 1.2× 10−7 pb× (3.4× 10−2)2 × (1.06× 10−1)4

≈ O(10−14 pb)

The last calculation is not straightforward due to the high multiplicity of particle in the final
state. A more detailed discussion is reported in Section 6.1.2.
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Chapter 4. Dark-SUSY analysis

parton distribution functions, initial and final state radiation (ISR and FSR), par-
ton showering, fragmentation and decay [188]. The tune is the set of adjustable
parameters that controls the behaviour of the event modelling. The CP5, for ex-
ample, uses the NNPDF3.1 parton distribution functions at the next-to-next-to-
leading-order and αs = 0.018 with the one for ISR emissions ordered according to
rapidity [189].

The second part, on the other hand, furnishes information about the CMS
software (CMSSW) version. When at hand, the recommended MiniAOD second
version and global tag 106X_upgrade2018_realistic_v16_L1v1 are chosen. The
global tag records all the conditions needed to set up the detector and calibrate
its physical response.

Other processes have been initially considered as sources of background, such
as bbH → WW → 2`2ν, Drell-Yan → 2`, and ttZ → 2`2ν, but they do not pass
the trigger requirements discussed in Section 4.2.

4.1.2 Signal

The signal Feynman diagram is the one shown in Figure 2.3. The UFO model
generated with FeynRules is used in the event generator MadGraph to simulate
the process under consideration. The mass of Ñ1 is set to 60 GeV for the reasons
explained in Section 2.2.2, the one of nd to 1 GeV, while different masses of the
dark Higgs and photon are taken into account. The dark Higgs mass has to be
smaller than the one of Ñ1, thus the maximum value considered is 55 GeV. The
dark photon is limited to half of the mass of the dark Higgs. The complete list
is reported in Table 4.3 with the values of the cross section evaluated according
to Eq.(2.5) where the branching ratios B(Ñ1 → ndHd) and B(Hd → γdγd) are
equal to 1. The cross section is higher for smaller masses of the dark photon.
The full simulation to include the detector is performed according to the recipe in
Appendix B.

4.2 Trigger

The signal signature is the presence of eight muons, thus the first selection is
based on them. The collection used, called slimmed muons, contains all the recon-
structed muons in PAT format that pass at least one of these three requirements:

◦ pT > 5 GeV,
◦ pT > 3 GeV and any identification (ID) among PF, global, tracker, stan-

dalone and RPCMuLoose (see Section 3.3.1 for details),
◦ any pT if they pass the PF ID.
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Chapter 4. Dark-SUSY analysis

Table 4.4: Selected muon triggers for the analysis.

Trigger Recorded Lint (fb−1)
HLT_TripleMu_5_3_3_Mass3p8_DZ_v8 52.22
HLT_TripleMu_5_3_3_Mass3p8_DCA_v3 52.22
HLT_TripleMu_10_5_5_DZ_v10 52.22
HLT_TripleMu_12_10_5_v10 52.22

To reduce the number of events, around 280 trigger paths with requests on three
or two muons have been tried. Each one is characterised by different demands
on transverse momentum, isolation, and so forth. First of all, the efficiency, i.e.
the fraction of events that pass the trigger, on signal samples has been evaluated.
Then, to select the ones suitable for the analysis, the total integrated luminosity
of the particular HLT in 2018 has to be considered. Triggers with high efficiency
but low luminosity in the data taking are discarded, the HLT_Dimuon0_LowMass
path, for example, has very high efficiency (∼ 72%), but the luminosity is only
9× 10−3 fb−1. This allows taking into account also the prescale factors. The chosen
triggers are listed in Table 4.4. They all require three muons with different pT
thresholds, identified by the first three numbers in the name. An extra requirement
on the invariant mass of dimuon systems to be larger than 3.8 GeV is applied to
reduce the rate from resonances as the J/ψ. During the 2016 data taking, a
cut on the longitudinal distance between muons along the beam (DZ) was added
requiring it to be less than 0.2 cm [190]. A similar request is applied to the distance
of closest approach (DCA). Different versions of the path can be applied, labelled
by the final number of the name.

The efficiency is shown in Figure 4.1. In general, at a fixed γd mass, it is
higher for heavier Hd. Except for the smallest dark photon, it is above 70% for all
triggers but HLT_TripleMu_12_10_5 which requires greater transverse momenta
for the three muons. The reason for these trends lies in the kinematics of the event.
As an example, the distribution of the transverse momentum for the three leading
muons is plotted in Figure 4.2 for dark Higgs mass of 55 GeV and 15 GeV (with γd
mass equal to 2.5 GeV). In the first case, the leading muon (yellow histogram) has
an average pT of 21.7 GeV with a standard deviation σ = 4.4 GeV. The other two
(red and blue histograms) have pT = 17.1 GeV (σ = 3.5 GeV) and pT = 14 GeV
(σ = 3.1 GeV), respectively. In the second case, instead, the transverse momenta
are lower, resulting in an average pT of 15.9 GeV (σ = 4.4 GeV) for the first muon,
pT = 10.9 GeV (σ = 2.9 GeV) for the second and pT = 8.1 GeV (σ = 2.2 GeV) for
the third.

To reduce the amount of data to analyse, events are required to have at least
eight reconstructed muons of the collection slimmed muons and pass one of these
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Figure 4.1: Trigger efficiency on signal samples as a function of dark photon mass for
different dark Higgs masses. The four trigger paths reported require triple muons and
are the ones selected for the analysis.

four triggers. The efficiency of this first selection on signal is shown in Figure 4.3
on the left. The loss of efficiency compared to the ones for the triggers in Figure 4.1
is due to the request for eight muons to be reconstructed. For the background, the
number of events expected has been evaluated as:

B = εσL (4.1)

with ε the efficiency, σ the cross sections reported in Table 4.2, and L the integrated
luminosity for 2018 equal to 61.31 fb−1 as discussed at the beginning of this chapter.
In this case, the efficiency is less than 20% resulting in less than 10 expected events
for all processes but bb̄ which is characterised by the highest cross section.
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Chapter 4. Dark-SUSY analysis

Figure 4.2: Transverse momentum distributions of the three leading generated muons
from the LHE (Les Houches Event) file for γd mass of 2.5 GeV and Hd mass of 55 GeV
(left) and 15 GeV (right).
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Figure 4.3: Left: Efficiency for signal samples. Efficiency is defined as the fraction of
events that have equal or more than eight reconstructed muons and pass at least one of the
triggers HLT_TripleMu_5_3_3_Mass3p8_DZ_v8, HLT_TripleMu_5_3_3_Mass3p8_DCA_v3,
HLT_TripleMu_10_5_5_DZ_v10 or HLT_TripleMu_12_10_5_v10. Right: Number of
events expected for the background processes calculated according to Eq. 4.1.

4.3 Selection algorithm

Since the final state consists of oppositely charged muons from dark photon decays,
an algorithm is designed to pair muons by exploiting the symmetry of the event.
The steps are the following:

60



4.3. Selection algorithm

0 2 4 6 8 10 12 14 16 18 20 22
 [GeV] 

d
γmass 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

E
ffi

ci
en

cy

 mass (GeV)dH
55 50 45
40 35 30
25 20 15

Figure 4.4: Efficiency for signal samples. Efficiency is defined as the fraction of events
selected by the algorithm in a defined mass region.

◦ among all the reconstructed muons passing the trigger, the first eight with
higher transverse momentum are selected requiring four with a positive and
four with a negative charge. An additional requirement is added on the dis-
tance of the associated tracker track from the primary vertex. The transverse
impact parameter (dxy) is smaller than 2 mm, in order to suppress cosmic
muons while preserving muons from the b and c decays. The longitudinal
distance (dz) is smaller than 5 mm. This again allows getting rid of cosmic
muons and suppressing tracks from PU.
◦ The eight muons are coupled in pairs according to the charge, and then two

pairs are associated if they satisfy the condition given by:

|m(µµ)1 −m(µµ)2|
1
2
(m(µµ)1 +m(µµ)2)

< 0.2, (4.2)

where m(µµ) is the pair invariant mass. This is based on the assumption that
the dark photons from which the muon pairs originate decay in the same
way.
◦ If the four muon pairs respect Eq. (4.2), a similar cut is applied to the

quartets
|m(µµµµ)1 −m(µµµµ)2|

1
2
(m(µµµµ)1 +m(µµµµ)2)

< 0.2

assuming again that the dark Higgses decay in the same way.

This algorithm is independent of the masses of dark photons and dark Higgs. To
evaluate the acceptance of this criterion, the number of events inside a mass region

61



Chapter 4. Dark-SUSY analysis

Table 4.5: List of the tentative cuts added to the selection algorithm.

Cut Brief description
C1 4µ+4µ− from primary vertex
C2 4µ+4µ− from primary vertex & ≥ 4 tight (+medium)
C3 4µ+4µ− from primary vertex & MET< 40 GeV
C4 4µ+4µ− from primary vertex & MET< 50 GeV
C5 4µ+4µ− from primary vertex & no jet pT < 50 GeV
C6 4µ+4µ− from primary vertex & no b-jet pT < 50 GeV
C7 4µ+4µ− from primary vertex & all µ pT > 3 GeV

that pass all the requests in the above list are counted. The mass region is defined
by requiring the mass of the muon quartet/pair (m) to be

|m−mref| < 2σref, (4.3)

where “ref” refers to the dark Higgs/photon and the standard deviation σ has
been obtained by the fit of the mass distribution. The efficiency of the algorithm
on the signal is shown in Figure 4.4 as a function of the dark photon mass for
different values of dark Higgs mass. As expected, it is higher for greater masses
because the muon transverse momentum increases and therefore the resolution on
reconstructed pT , and consequently on invariant mass, improves.

4.3.1 Additional cuts

To further reduce the number of events selected by the algorithm, additional cuts
have been applied. They are all listed in Table 4.5. The first one, labelled as C1,
is the starting request of the algorithm: four of the eight muons should have a
positive electric charge and the other negative to build pairs and they should all
be associated with the primary vertex (dxy < 2 mm and dz < 5 mm).

In addition to this, C2 requires at least four muons to be identified as tight
and the remaining as medium. As already introduced in Section 3.3.1, medium
muons are loose muons with a fraction of valid tracker hits greater than 80%.
They also need to satisfy a tight request on segment compatibility (> 0.451) or
a looser one (> 0.303) in addition to cuts on the χ2 of the global track, on the
kink and the matching with the tracker standalone segment. Tight muons, on the
other hand, are PF candidates reconstructed as global muons with a normalised
χ2 of the global-muon track fit smaller than 10 and at least one muon-chamber hit
included in the fit to suppress the hadronic punch-through and muons from decay
in-flight. They should have muon segments in at least two muon stations to avoid
accidental track-to-segment matches. They come from the primary vertex with
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Figure 4.5: Missing transverse energy (MET) distribution for the signal with the Hd =
45 GeV and the γd = 17.5 GeV (blue histogram) and the background (orange histogram)
bb̄→ 4` on the left and ggH → ZZ on the right.

the previously discussed cuts on the transverse impact parameter and longitudinal
distance. At least one pixel hit is required and more than 5 tracker layers should
have hits to guarantee a good pT measurement.

C3 and C4 add the request on the MET, while C5 and C6 on the presence of
jets. Figure 4.5 on the left compares the MET distribution of the signal (Hd mass
= 45 GeV and γd mass = 17.5 GeV) in blue with the one of bb̄ process in orange.
It is evident that the cuts on the MET allow getting rid of most of the back-
ground preserving the signal. For other background sources, such as the double Z
bosons from the Higgs, instead, this cut is not efficient since the MET distribution
for signal and background is very similar (Figure 4.5 right). For the b-tagging
the DeepFlavour discriminator has been used. It was a deep-neural network al-
gorithm added in 2017 and exploits effectively all PF candidates and vertices as
input [191]. The b discriminator is the sum of pfDeepFlavourJetTags:probb,
pfDeepFlavourJetTags:probbb, pfDeepFlavourJetTags:problepb, which rep-
resent the probability of having one bottom quark, two or one with a lepton,
respectively with the recommended working point 0.6377. Finally, C7 requires all
eight muons to have a transverse momentum greater than 3 GeV.

The efficiency for the signal with several combinations of these cuts is shown
in Figure 4.6. In general, the different additional requests do not lower drastically
the efficiency with respect to the first request of the algorithm (C1). Figure 4.7
compares the signal for Hd = 45 GeV and γd = 17.5 GeV with two background
samples surviving the cuts. Blank spaces correspond to get rid of all background.
The cut on the b-jets, for example, removes completely the contribution of bb̄→ 4`.

To have a preliminary estimate of the sensitivity, the simplified formula pro-
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Figure 4.6: Signal efficiency, i.e. fraction of signal events selected by the algorithm
and satisfying the additional requests, for different combinations of the cuts described in
Table 4.5.
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Figure 4.7: Efficiency, i.e. fraction of events selected by the algorithm (mref for quartets
= 45 GeV andmref for pairs = 17.5 GeV) and satisfying the additional requests, on signal
and background samples for different combinations of the cuts described in Table 4.5.
The two background processes reported are the only ones surviving the selection.

posed in Ref. [192] has been used:

ε

a/2 +
√
B
. (4.4)

Here ε is the signal efficiency shown in Figure 4.6, a the number of standard devi-
ations corresponding to a one-sided Gaussian test at a certain significance α (for
the following calculation a = 1) and B the number of background events. Worthy
to observe, the expression does not depend on the signal cross section. This sensi-
tivity is used as a cross-check for the choice of the cuts to apply. The background
yield is computed as in Eq. (4.1). The goal is to maximise this sensitivity, which
basically reflects the trend of efficiency due to the neglecting contribution of the
background. Higher masses of the dark Higgs are more sensitive (see Figure B.1
in Appendix A).

The signal yield can be computed too by using S = εσL with the cross sections
in Table 4.3 where the neutralino mass is fixed to 60 GeV and the branching ratios
B(Ñ1 → ndHd) and B(Hd → γdγd) to 1 (see Figure 4.8). The lower efficiency at
small masses is compensated by the higher cross section.

For this purpose, the cut labelled as C2 has been selected because it lets to
get rid of bottom and charmed mesons efficiently, maintaining a high sensitivity
according to Eq. (4.4). The invariant mass of the two muon pairs obtained by
combining the four reconstructed muons with higher pT is shown in Figure 4.9
(left). In blue the distribution for all the events recorded in 2018 is reported, while
in red the one of the events passing the selection algorithm presented above without
the requirement on the distance of the tracker track associated with the muon from
the primary vertex. The peaks corresponding to the J/ψ and Υ resonances are
clearly visible. On the right, the request on the primary vertex has been added.
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Figure 4.8: Signal yield (S = εσL) for different combinations of cuts described in
Table 4.5. The cross section σ has been evaluated for a neutralino mass of 60 GeV
assuming the branching ratios B(Ñ1 → ndHd) and B(Hd → γdγd) equal to 1.
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Figure 4.9: Muon pairs invariant mass distribution for data recorded by the CMS
experiment in 2018. The first four muons with the highest transverse momentum and
right charges are combined into pairs. In blue all the events and in red only the ones
passing the selection algorithm. On the left, no request on the primary vertex is added,
while on the right the four muons must have a transverse impact parameter (dxy) smaller
than 2 mm and a longitudinal distance (dz) smaller than 5 mm.

Figure 4.10: Right: distribution of the number of muons per event from pileup (PU).
Right: distribution of the number of muons per event from PU with the request on the
primary vertex (grey histogram) and tight identification (blue line).

This suppresses the Υ peak, but not completely the J/ψ one. With the request
of C2, i.e. the cut on muon quality, this contribution is completely removed. This
requirement is efficient also with PU muons. Figure 4.10 shows the distribution of
the number of muons per event from simulated PU from one of our signal samples.
There are, on average, three muons per event from PU, but by adding the request
on the vertex and tight quality, they are all suppressed.
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Chapter 4. Dark-SUSY analysis

4.4 Systematic uncertainties

The calculation of the upper limits permits to incorporate the systematic uncer-
tainties via nuisance parameters. Two classes, derived from previous studies [142,
193], have been taken into account: theoretical and experimental. They apply
both to signal and background.

4.4.1 Theoretical uncertainties

First of all, as already discussed in Section 2.2.2, for a neutralino mass of 60 GeV,
the dominant process for neutralino pair production is through the SM Higgs
boson. Its production at the LHC depends on its transverse momentum which is
affected by initial state radiation. While for pT ∼ mH the QCD radiative correction
can be evaluated perturbatively through the fixed-order expansion, for pT � mH

Sudakov logarithms have to be taken into account, and all terms resummed. The
signal MC samples are generated at LO. The corrections at NLO are known only
in the limit of the top quark mass going to infinity, but the ones at NNLO have
been computed in Ref. [194]. Therefore, a conservative systematic uncertainty of
2% is considered.

In addition, the uncertainties on the Higgs boson production cross section and
branching ratio are set to 3.2% [195] and 2% [196] respectively.

Finally, systematic uncertainties related to the parton distribution function, the
strong coupling αs, and the QCD scales, i.e. renormalization and factorization,
are studied [196, 197]. The factorization scale corresponds to the resolution with
which the hadron is probed, while the renormalization one is introduced to resolve
the ultraviolet divergence in the amplitudes. They are treated as uncorrelated and
summed in quadrature giving a contribution of 8%.

4.4.2 Experimental uncertainties

From the experimental point of view, the first contribution is given by the un-
certainty of luminosity measurement. The instantaneous luminosity is determined
through

Linst =
R

σvis
,

where R is the rate of detector measured quantities (e.g. hits, tracks, clusters)
and σvis the visible cross section, determined via Van der Meer scan, which may
suffer for many effects. Details of the procedure are reported in Ref. [198]. The
uncertainty is 2.5%.

Secondly, the uncertainty on the muon reconstruction and identification is eval-
uated with the tag-and-probe method following the instructions recommended by
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the Muon Physics Object Group. This allows for the study of systematic error
as a function of the muon pT and η. The analysis is performed using the dataset
Charmomium both with MC Drell-Yan plus jet sample with pT > 8 GeV and an
MC J/ψ sample with pT > 2 GeV. The result is an overall uncertainty of 0.6%
per muon, dominated by the region of 0 < η < 0.9 [142]. This translates to an
average of 4.8%.

The triple muon trigger efficiency is determined with the orthogonal method by
using the three-muon events in the WZ dataset [142]. This method assumes that
such events are mainly triggered by the substantial MET in the event topology,
and therefore independent of muons selection criteria, thus ensuring an unbiased
estimation of the efficiency. This results in an uncertainty of 6%.

Finally, the dimuon pairs can be affected by the overlap of muons in the tracker
and muon system [199]. For these effects, conservative uncertainties of 1.3% and
1.2% per dimuon are set for the tracker and muon subdetectors respectively.

Other sources, such as the one related to muon tracking and pileup, are negli-
gible.

4.5 Statistical interpretation for upper limits

For the statistical analysis, the frequentist limit recommended by the LHC Higgs
combination group [200] with test statistics based on the profile likelihood is
used [201].

The parameter of interest, i.e. the quantity on which the limit is calculated, is
the signal strength modifier r. It is the number of signal events over the number of
expected signal events. As already said, multiple systematic uncertainties can be
handled with nuisance parameters θ. Assuming s and b the expected event yield
of signal and background respectively, the upper limit is the product of Poisson
probabilities:

λ(data|r, θ) = Poisson(data|r · s(θ) + b(θ)) · p(θ̃|θ) (4.5)

where “data” are the experimental observations. p(θ̃|θ) is the probability density
function of nuisance parameters used to construct sampling distributions. It de-
fines the probability for the true value of a nuisance parameter to be equal to θ
when the measurement gives θ̃ as the best estimate. In the case of binned maxi-
mum likelihood fit,

Poisson(data|r · s(θ) + b(θ))

is ∏

i

(r · si(θ) + bi(θ))
n
i

ni!
e−r·si(θ)−bi(θ)
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Figure 4.11: Left: Expected and observed 95% CL upper limit on r as a function of
mγd mass for a Hd mass of 35 GeV. Right: Expected and observed 95% CL upper limit
on r as a function of Hd mass for a mγd mass of 7.5 GeV.

, where ni is the number of observed data events in the i-th bin, and si and bi the
expected yield in the same bin.

The test statistics based on profile likelihood (see Ref. [202] for further details)
is used:

qr = −2 ln

[
λ(data|r, θ̂r)

λ(data|r = r̂, θ̂)

]

with 0 ≤ r̂ ≤ r. θ̂r is the conditional maximum likelihood estimator for θ given
r and data. The pair of estimator parameters r̂ and θ̂ corresponds to the global
maximum of the likelihood in Eq. (4.5). The nuisance parameters are therefore
separately profiled for r = r̂ and r. The limit r̂ > 0 is dictated by physics, while
r̂ ≤ r guarantees a one-sided confidence interval. This equation allows finding
the observed value q̃obsr for a given r under test. By maximising Eq. (4.5), the
values for the nuisance parameters θ̃obs0 and θ̃obsr are computed. They represent
the background only and signal plus background hypothesis. In fact, the number
of observations is:

No = r · s+ b

and for r = 0 only the background contributes. At this point, toy experiments are
simulated with MC method to construct the probability distribution functions:

f(q̃r|r, θ̂obsr )
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f(q̃r|0, θ̂obs0 )

for the two hypotheses.
The p-values are defined to quantify the degree of compatibility with q̃obsr as:

pr = P (q̃r > q̃obsr |signal+background) =

∫ ∞

q̃obsr

f(q̃r|r, θ̂obsr )dq̃r

1− pb = P (q̃r > q̃obsr |background only) =

∫ ∞

q̃obsr

f(q̃r|0, θ̂obs0 )dq̃r.

The test confidence level is:

CLs(r) =
pr

1− pb
≤ α.

For example, the 95% CL upper limit on r is found when CLs(r) is equal to 0.05.
For nuisance parameters, the log-normal probability density functions are used.

The upper limit has been evaluated with Combine tool to generate the Brazilian
plots. They are typically used to present exclusion limits for the existence of new
particles. In this case, they provide the exclusion for the expected signal yield.
The two examples in Figure 4.11 are discussed in detail in the next section.

4.6 Results

The selection algorithm in Section 4.3, with the additional cut requiring at least
four tight muons and the remaining medium muons, allows for the evaluation of
signal and background yields. These last are basically zero. Concerning the signal
(see Figure 4.8), the cross section σ has been evaluated for a neutralino mass of
60 GeV assuming the branching ratios B(Ñ1 → ndHd) and B(Hd → γdγd) equal to
1. This ensures that results are model independent. The events collected by the
CMS experiment in 2018, corresponding to an integrated luminosity of 61.31 fb−1,
have also been counted.

From these numbers the 95% CL upper limit on the expected signal yield has
been evaluated using the frequentist limit with test statistics based on the profile
likelihood for different combinations of the dark photon and dark Higgs masses.
Figure 4.11 shows the results for mHd = 35 GeV (left) and mγd = 7.5 GeV as a
function of the dark photon and dark Higgs mass, respectively. For r < 1 we can
exclude the decay of the neutralino in eight muons. This is always the case except
for the combinations reported in Table 4.6.

A summary picture is presented in Figures 4.12 and 4.13 where the theoretical
predictions of the cross section are compared with the experimental limits at 95%
CL. In both plots, the solid curves represent the model with a neutralino mass
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Table 4.6: Dark Higgs and dark photon masses not excluded by the model independent
analysis.

Hd mass (GeV) γd mass (GeV)
20 5
30 5
25 7.5
35 7.5
30 10

of 60 GeV, the wino soft-SUSY breaking mass M2 equal to 191.5 GeV, the Higgs-
higgsino mass parameter µ at 357.7 GeV and tan β = 9.75. The corresponding
σ(pp → Ñ1Ñ1) is 1.148 pb. The branching ratios B(Ñ1 → Hdnd) and B(Hd →
γdγd) are set to 1. The dependence of the solid green curve in Figure 4.12 on the
dark photon mass arises from the calculation of the branching fraction B(γd → 2µ),
while the solid lines in Figure 4.13 parallel to the x-axis are due to the independence
from mHd , having assumed B(Hd → γdγd) = 1. For each dark Higgs mass, there
is a splitting of predictions related to the different assumptions of dark photon
mass. The experimental curves are extrapolated from the calculated limits on r
described in the previous paragraph.

From Figure 4.12 it is evident that most of the experimental curves lay in the
exclusion region bounded at the top by the theoretical prediction. In Figure 4.13
Hd masses higher than 30-35 GeV are excluded except for mγd = 2.5 GeV.

When a more complete theory of the dark sector with all possible neutralino
decays becomes available, the results presented here could be reused with appropri-
ate reworking for a precise estimation of the hidden sector couplings. For example,
a branching ratio of 0.1, instead of 1, would reduce the exclusion range. In this
case, the sensitivity would benefit from a higher luminosity.
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Figure 4.12: Expected 95% CL upper limits as a function of the dark photon mass
mγd on σ(pp → N1N1) × B2(N1 → Hdnd) × B2(Hd → γdγd) × B4(γd → 2µ) with
different values of mHd (dashed and dash-dotted curves). The limits are compared to
the predicted rate (solid green curve) obtained using the simplified scenario with σ(pp→
N1N1) = 1.148 pb – corresponding to a neutralino mass of 60 GeV, M2 = 191.5 GeV,
µ = 357.7 GeV and tanβ = 9.75 – and B(N1 → Hdnd) = 1 and B(Hd → γdγd) = 1.
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Figure 4.13: Expected 95% CL upper limits as a function of the dark Higgs mass mHd

on σ(pp→ N1N1)×B2(N1 → Hdnd)×B2(Hd → γdγd)×B4(γd → 2µ) with different values
of mγd (dashed and dash-dotted curves). The limits are compared to the predicted rate
(solid curve) obtained using the simplified scenario with σ(pp → N1N1) = 1.148 pb –
corresponding to a neutralino mass of 60 GeV, M2 = 191.5 GeV, µ = 357.7 GeV and
tanβ = 9.75 – and B(N1 → Hdnd) = 1 and B(Hd → γdγd) = 1.
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Chapter 5

The Muon Collider

All the results obtained by experimental particle physics in the last sixty years
and the discovery of the Higgs boson confirm that colliders are at the forefront of
scientific discoveries in high-energy physics. The next colliders should offer broad
opportunities for physics beyond the Standard Model. The case of a Muon Collider
is discussed in this chapter after a rapid mention of future proposed accelerators.
The design and construction of such a machine are going to present technological
and experimental challenges mainly because of muon unstable nature. However,
the final reward will be an extraordinary discovery potential.

A description of the detector and a brief discussion of the physics objects recon-
struction is reported. In the end, details of the muon system and considerations
about the technologies are examined.

5.1 Proposed future machines

The machines proposed for the future mainly belong to two groups:

◦ hadron colliders that move towards the energy frontier for the direct search
of new physics
◦ electron-positron colliders that push the luminosity frontier, working at “lower”

energy, for precision measurements campaign of Higgs and EW sector.

The collision of a hadron and a lepton is another option under investigation in
particular to measure the proton substructure.

Table 5.1 summarizes the parameters of some future colliders. HL-LHC has
been already discussed in Section 3.1.1. The hadron Future Circular Collider
(FCC-hh) has been proposed to be hosted in a 100 km tunnel at CERN and will
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Chapter 5. The Muon Collider

Table 5.1: Summary of some proposed future colliders. The operative center-of-mass
energy

√
s, the instantaneous and integrated luminosity and data taking years are re-

ported. Table readapted from [203].

beams
√
s L Lint time Refs.

(1034 cm−2s−1) (ab−1) (years)
HL-LHC pp 14 TeV 5 6 12 [204]
FCC-hh pp 100 TeV 30 30 25 [205]
FCC-ee ee 91 GeV 100-200 150 4 [205]

161 GeV 25 10 1-2
240 GeV 7 5 3
365 GeV 0.8-1.4 1.5 5

CEPC ee 91 GeV 17-32 16 2 [206]
161 GeV 10 2.6 1
240 GeV 3 5.6 7

ILC ee 250 GeV 1.35-2.7 2 11.5 [207, 208]
350 GeV 1.6 0.2 1
500 GeV 1.8-3.6 4 8.5
(1 TeV) (3.6-7.2) (8.0) (8.5)

CLIC ee 380 GeV 1.5 1 8 [209]
1.5 TeV 3.7 2.5 7
3 TeV 6 5 8

reach the unprecedented center-of-mass energy of 100 TeV. This machine will
also work as electron-positron collider at

√
s close to the masses of Z (91 GeV),

2W (161 GeV) and 2 top quark (365 GeV). The Circular Electron Positron Col-
lider (CEPC) in China will be as long as the FCC and will operate at the same
center-of-mass energy of FCC-ee. The International Linear Collider (ILC) in Japan
will study new physics in exotic Higgs decay (Higgs factory at 250 GeV), pair pro-
duction of WIMPS, top quark and Higgs self-coupling. Finally, the Compact
LInear Collider (CLIC) will have great potential for dark matter and new state
discoveries. At the first proposed

√
s, it will focus on Higgs and top quark physics,

then it will investigate the double Higgs production and rare decays and, at 3 TeV,
the Higgs self-coupling and new physics.

Hadron colliders’ main drawback is the pileup that makes reconstruction chal-
lenging. Electron-positron colliders, on the other hand, offer a clean environment.
However, electron small mass prevents it to reach high energies because of losses
due to synchrotron radiation. A possible solution is the linear colliders, but their
huge length and the energy waste due to Bremsstrahlung make them very expen-
sive. For all these reasons, already in the 1970s, the possibility of a muon collider
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Figure 5.1: The equivalent proton collider energy Ep =
√
sp [TeV] required to reach

the same beam-level cross section as a µ+µ− collider with energy Eµ =
√
sµ [TeV] for

2→ 1 (left) and 2→ 2 (right) parton-level process, for benchmark scaling relationships
between the parton-level cross sections [σ̂]p and [σ̂]µ as well as for pair production of t̃¯̃t
and χ̃+χ̃−through their leading 2→ 2 production modes [154].

has been introduced [210].

5.1.1 Advantages of a Muon Collider

A muon collider represents a promising solution because it combines the high
precision of e+e− colliders and the high center-of-mass energy and luminosities of
hadron machines.

Compared to electrons, muons have a 207 times greater mass, resulting in a sup-
pression of the synchrotron radiation of factor 109 (≈ m4). Therefore muons can
reach the same energy of electrons with smaller colliders. By way of an example,
muons in the LHC ring bent by a 16 T magnetic field will collide at

√
s = 14 TeV

while electrons only at 0.2-0.4 TeV [203].
Compared to protons, instead, the advantages arise from the fact that muons

are elementary particles and protons are not. Proton-proton collisions involve the
scattering of partons that carry only a fraction of the available energy as shown in
Eq. (3.1). Figure 5.1 compares hadron and muon collider potential in the neutral
current annihilation process for one (left) and two (right) particles in the final
state. The equivalent proton collider energy is defined, for a fixed Eµ =

√
sµ, as

the corresponding √sp such as pp→ X has the same cross section as µ+µ− → X
(σp = σµ). For 2→ 1 processes the cross sections σµ and σp are expressed in terms
of the partonic cross sections [σ̂µ] and [σ̂p]ij with ij partons participating in the
process. At the muon collider [σ̂µ] = σµ(sµ), while for protons all combinations of
partons have to be accounted for. The equivalent proton collider energy is shown
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Figure 5.2: Annual integrated
luminosity per TeraWatt hour of
electric power consumption as a
function of the center-of-mass en-
ergy. The effective energy reach
of hadron colliders (LHC, High
Energy-LHC and FCC-hh) is ap-
proximately a factor of seven
lower than that of a lepton collider
operating at the same energy per
beam [211].

in Figure 5.1 (left) as a function of Eµ for ij = gg (red) and ij = qq̄ (blue).
Different benchmarks assumptions on

1

β
=

[σ̂µ]

[σ̂p]

are considered with the purpose of covering different coupling regimes. In fact,
for example, β = 10 means that ij → X is governed by QCD and µ+µ− → X by
QED. The σp is linear to σµ for all ij and benchmarks and, in general, a proton
collider needs more energy than a muon collider to reach the same potential. As
way of an example, for qq̄ annihilation with β = 1

√
sp = 5

√
sµ so a muon collider

of 10 TeV has the same physics reach as a 50 TeV hadron collider.
For 2 → 2 processes, assuming √sµ slightly above the threshold and adding

some approximations, the equivalent proton energy is shown in Figure 5.1 right.
The leading order production of top squarks and charginos pairs are also consid-
ered. As before, the linearity is maintained but the scaling is different: higher
energy is needed by a proton collider to achieve the same reach as a muon collider.
For ij = qq̄ and β = 1

√
sp = 22

√
sµ.

Furthermore, Figure 5.2 highlights another important advantage of a muon
collider which was also underlined by the European Strategy for Particle Physics.
The electric power efficiency, defined as the collider annual integrated luminosity
divided by the facility annual use, is shown. Already at 2 TeV a muon collider
is the most efficient option. Moreover, the luminosity increases linearly with the
center-of-mass energy and this drives a broad physics case.

80



5.2. The physics case of a multi-TeV Muon Collider

5.2 The physics case of a multi-TeV Muon Collider

In the last few years, a wealth of phenomenological explorations have clearly in-
dicated how rich the physics program of a multi-TeV machine will be. As already
pointed out in the previous section, the luminosity is increasing with the center-
of-mass energy (Fig. 5.3). Assuming as benchmarks reactions induced by EW
interactions with cross section:

σ =

(
10 TeV
√
sµ

)2

· 1 fb,

and requiring 104 events to carry out precision measurements at per cent level, a
rough estimation of the required integrated luminosity is:

Lint =
N

σ
= 10 ab−1

( √
sµ

10 TeV

)2

.

Therefore, Lint = 1 ab−1 and Lint = 10 ab−1 are assumed for a 3 TeV and 10 TeV
muon collider, respectively. In the last case, five years of operations are required
to reach the target integrated luminosity. Thus, a muon collider is a time-compact
solution.

The last advantage in addition to physics potential, luminosity-energy relation
and compactness is the possibility to probe both s-channel reactions for energetic
final states and vector boson fusion for large production rate, SM coupling mea-
surements and discovery of light and weakly interacting particles. The program
spans from precision Higgs physics to muon-specific opportunities passing through
BSM searches. A full report can be found in Refs. [214, 213, 215, 216].

As far as the Higgs sector is concerned, different center-of-mass energies can
address distinct questions:

◦ a 125 GeV factory would allow, through resonant s-channel, the direct de-
termination of Higgs boson width and Yukawa coupling with muons at un-
precedented precision,
◦ a 3 TeV-1 ab−1 machine will overcome the HL-LHC potential in single Higgs

coupling,
◦ a 10 TeV-10 ab−1 collider would have a permille level of precision in the study

of the Higgs coupling with W , Z and bottom, and also the trilinear and
quartic self-coupling [217, 219, 218].

A muon collider can also offer opportunities specifically related to muons, such
as the study of flavour non-universality. A few TeV muon collider is sufficient
to discover or disprove the physics responsible for B-anomalies that suggest new
physics that couples more strongly to muons than electrons [220].
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Figure 5.3: Luminosity per IP as a function of center-of-mass energy for the high-energy
lepton collider proposals. The right axis shows integrated luminosity for one Snowmass
year (107 s). Lines corresponding to yearly production rates of important processes and
the luminosity requirement for 5σ discovery of the benchmark DM scenarios Higgsino
and Wino are also shown. Figure taken from [212].

Moreover, all BSM scenarios where the muon magnetic momentum g − 2 is
generated by a semileptonic interaction between charm quark and muons or by the
exchange of EW singlets with massm > 1 GeV can be tested already at 3 TeV [221,
222]. Also, dark matter particles with mass from fractions of TeV to PeV can be
investigated for example through direct searches for higgsinos signatures or dark
matter in association with SM (e.g. EW bosons).

Some possible results are briefly discussed to confirm the muon collider poten-
tial. Figure 5.3 compares high-energy future colliders’ proposals to probe different
scenarios. The Cool Copper Collider (CCC) is a relatively new proposal to build
a Higgs Factory with a 250 GeV energy collision energy based on an accelerator
operated at cryogenic temperature to increase radiofrequency (RF) efficiency and
the achievable accelerating gradient [223]. The Recycling Linear e+e− Collider
(ReLiC) would recycle both the particles and used beam energy to increase aver-
age beams currents and to reach higher luminosity up to 1037 cm−2s−1 [224]. The
Wake Field Accelerators (WFA) might overcome the limits of RF acceleration to
generate high-energy electron beams at a much smaller distance, resulting in more
compact machines [225]. For the Higgs sector, the luminosity levels needed to
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Figure 5.4: Discovery reach of a
top partner and several supersy-
metric particles. The lightly shaded
and darker bars correspond to the
95% CL mass reach of the HL-LHC
and FCC-hh as determined for the
European Strategy Update briefing
book [226]. The tentative discovery
reach of a 10, 14 and 30 TeV muon
collider are reported as horizontal
lines [213].
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Figure 1: Diagrammatic contributions to the qq ! q0q0WW process. On the left, the scattering
topology. On the right, one representative “radiation” diagram.

that factorization fails for massive vector particles. On the other, because it suggests that it

simply does not make sense, even in an ideal experimental situation, to extract in a model

independent way the on-shell hWWWW i correlator from experimental data: the interesting

physics of WW scattering would always be mixed up in an intricate way with SM e↵ects.

We thus believe that studying the conditions for the applicability of EWA is important, and

timely as well. Obviously the goal is not to find a fast and clever way to do computations.

One should view EWA as a selection tool that allows to identify the relevant kinematic region

of the complete process, the one which is more sensitive to the EWSB dynamics. One would

want to focus on the kinematics where EWA applies not to speed up the computations, but

to gain sensitivity to the relevant physics.

In this paper we shall analyze in detail the applicability of EWA. We will find, not

surprisingly, that, in the proper kinematic regime, factorization is valid and EWA works

egregiously. In order to prove that, we shall not need to focus, as KS did, on the case of

a heavy Higgs or a strongly interacting EWSB sector, actually we shall not even need to

restrict on the specific sub-process WW ! WW . Factorization indeed does not rely in any

way on the detailed nature of the hard sub-process. It relies instead on the existence of a

large separation of virtuality scales between the sub-process and the collinear W emission.

That only depends on kinematics and corresponds to requiring forward energetic jets and

hard high P? outgoing W ’s. When those conditions are imposed EWA works well, for both

longitudinally and transversely polarized W ’s, also including the case of weakly-coupled

EWSB (light and elementary Higgs) where all helicities interact with the same strength

⇠ gW at all energies.

One serious issue in the applicability of EWA is the size of the subleading corrections.

2

̂s

?†

Abstract
The perspective of designing muon colliders with high energy and luminosity,
which is being investigated by the International Muon Collider Collaboration,
has triggered a growing interest in their physics reach.

We present a concise summary of the muon collider potential to explore new
physics, leveraging on the unique possibility of combining high available en-
ergy with very precise measurements.

† The low FCC-hh mass reach on Top Partners
could be due to a non-optimal analysis

4

collect 106 Higgs particles and 105 pairs in ten years are shown. One of the future
colliders’ aims is to address the hierarchy problem. Great interest is reserved for
top partners (T ′), as the top quark plays an important role in the EW symmetry
breaking. The luminosity required for 20 events of scalar and fermionic partners is
shown. Muon collider would have an excellent reach. For dark matter, a minimal
model with fermionic doublet (higgsinos) and triplet (winos) is considered and
again the muon collider is promising. Besides, the required luminosity to reach
the new physics scale Λ ten times the center-of-mass energy is reported.

Concerning the naturalness, Figure 5.4 reports the 95% confidence level mass
reach of a muon collider at different center-of-mass energies (horizontal lines) com-
pared to the one of the HL-LHC and the FCC-hh for the top partner (T ) and
supersymmetric particles: charginos χ̃±1 , s-tau lepton τ̃ and squarks q̃ . The dis-
covery reach of a 10TeV muon collider exceeds the one of other future machines
for all the examined particles.

Finally, a muon collider is an encouraging machine for the study of dark sectors.
As way of an example, the production of a dark photon µ+µ− → γX has been
analysed in Ref. [235]. X can be:

◦ spin-1 particle (DP ) interacting with muons through a magnetic dipole term:

LDP =
1

2Λ
(µ̄σµνµ)F ′µν

with σµν = i [γµγν ] /2;
◦ spin-0 axion-like particle (ALP ) with coupling to photons:

LALP =
1

Λ
aF µνF̃αβ,

where F̃αβ = 1
2
εαβµνF

µν is the dual field strength and ε the Levi-Civita tensor.
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Figure 5.5: Left: Limits on dark photon coupling to muons as a function of the dark
photon mass: for SN the scale of the coupling to muons has been set at 104.4 [227] by the
effect of dark radiation on Supernovae dynamics. For CMB see Ref. [228]. For g − 2 see
Refs. [85, 229]. For masses up to 100 GeV the muon collider limits are for all practical
purposes mass independent. Right: Limits on gαγ = 4/Λ as a function of the ALP
mass: NA64a [230], Delphi [231] and Babar [232] are actual limits. Belle-II [108, 233],
NA64b [230] and muon collider are future estimates. The limit indicated by E137 is the
one from Ref. [234] as modified for a small (10−4) visible branching fraction. Figure is
taken from [235].

The limits for a 3 TeV and 10 TeV muon collider are shown in Figure 5.5 with
comparisons to other experiments. Lower bounds at 95% confidence level at the
lowest energy have been derived corresponding to Λ = 141 and Λ = 112 forDP and
ALP , respectively. They can rise to Λ = 345 and Λ = 459 at the highest energy.
Moreover, the muon collider can distinguish between the two spin scenarios. For
Λ ∼ 300, in fact, 500 events, collected in five years, are enough to discriminate.

5.3 Muon Collider machine and detector design

In light of the aforementioned advantages, the Internation Muon Collider Collabo-
ration (IMCC) [236] was born to study the feasibility of a Muon Collider. It aims
to build a 10 TeV machine with a 3 TeV design as the entry stage. Some tenta-
tive target values are reported in Table 5.2. The main limit of such an apparatus
arises from the muon short lifetime, τ = 2.2µs at rest, that corresponds, in the
laboratory frame, to:

τ ′ = τγ (5.1)

with γ relativistic factor. This poses relevant technological challenges in the ma-
chine and detector design.
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Table 5.2: Tentative target parameters for a muon collider. A complete list of design
parameters is reported in Refs. [238, 237].

Parameters Target values
Centre-of-mass energy 3 TeV 10 TeV
Circumference 4.5 km 10 km
Muons per bunch 2.2× 1012 1.8× 1012

Luminosity 1.8× 1034 cm−2s−1 20× 1034 cm−2s−1

5.3.1 Accelerator complex

The US Muon Accelerator Program (MAP) made an effort to find a way to ac-
celerate muons [239] . Their idea, the so-called proton driver scheme, has been
adopted by the IMCC (Figure 5.6 top). A high-intensity bunched proton beam
impinges on a heavy metal target generating a few hundred MeV positive and
negative pions that decay to muons. The low energy and the large transverse mo-
mentum, and consequently emittance, of these tertiary particles require cooling
and a quick acceleration before their decay. Cooling is the process of reducing
the emittance, i.e. the area occupied by the beam in position-and-momentum
phase space, of a charged-particle beam. The Muon Ionization Cooling Experi-
ment (MICE) demonstrated the principle of ionization cooling based on a beam
passing through an absorber, like liquid hydrogen or lithium hydride, and losing
momentum by ionization [240]. High-gradient RF cavities then restore the lon-
gitudinal momentum. Many stages are necessary to reduce the emittance of five
orders of magnitude in six dimensions. Muons are then accelerated by a com-
plex of machines, Recirculating Linear (RL) and Fixed Field Alternating Gradient
(FFAG) accelerators and Rapid Cycling Synchrotron (RCS), and injected into the
collider ring. The 10 TeV is planned to have two collision points.

As already said, the main drawback is related to muon unstable nature:

µ+ → e+νeν̄µ (5.2a)

µ− → e−ν̄eνµ (5.2b)

The effects of electrons and positrons from muon decay are discussed in Sec-
tion 5.3.2. On the other hand, an intense flux of neutrinos will exit from the
ground at a significant distance from the collider. The challenge is to keep this
neutrino hazard under control and find synergies with other physics projects that
might benefit from high-energy neutrinos [242].

To overcome the problem of cooling and reduce neutrino-induced radiation,
muon beams with a small emittance should be used in order to reach the required
luminosity with a smaller number of particles. The positron scheme [243], deeply

85



Chapter 5. The Muon Collider

Figure 5.6: Schematic layouts of Muon Collider complexes based on the proton driver
scheme and on the positron driver scheme [241].

investigated by the Low EMittance Muon Accelerator (LEMMA) group [244, 245],
satisfies these requirements (Figure 5.6 bottom). The idea foresees the produc-
tion of muons through electron-positron annihilation just above the threshold. An
intense beam of positrons at 45 GeV hits on electrons at rest generating muons
at 22 GeV that requires no cooling and have a relativistic factor γ = 200 corre-
sponding to a lifetime τ ′ ∼ 500 µs, as shown in Eq. (5.1), which makes acceleration
less challenging. However, a very large positron charge is needed to reach the
same luminosity as the proton scheme, so the feasibility is still under study and
discussion.

5.3.2 Beam-induced background

Electrons and positrons from the decay of muons in Eq. (5.2), together with
synchrotron photons radiated by these primary particles, are a source of back-
ground to the experiment: the beam-induced background (BIB). As an example,
at 1.5 TeV, the muons have a relativistic factor γ ∼ 7100 and therefore a decay
length λD = cτ ′ = cτγ ∼ 4.7× 106 m. Assuming 2× 1012 muons per bunch (see
Table 5.2) there are ∼ 4× 105 decays/m [247]. The electron (or positron) brings
around 1/3 of the initial energy, i.e. 250 GeV, and radiates photons. From the
interaction with the machine components, many particles are produced: charged
hadrons, electrons, photons, neutrons and Bethe-Heitler muons. The Bethe-Heitler
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5.3. Muon Collider machine and detector design

Table 5.3: Total number of particles produced in a bunch crossing by the beam muon
decays that enter the detector [246].

Collider energy
1.5 TeV 3 TeV 10 TeV

photons 7.1× 107 9.6× 107 1.07× 108

neutrons 4.7× 107 5.8× 107 1.01× 108

electron/positrons 7.1× 105 9.3× 105 9.6× 105

charged hadrons 1.7× 104 2.0× 104 4.3× 104

muons 3.1× 103 3.3× 103 4.8× 103

Figure 5.7: Time distribution of BIB particles exiting the machine. The results were
obtained with FLUKA, considering the primary negative muon decays within 100 m from
the IP [248]. Similar results at 3 TeV are reported in [249].

lepton pair production process is the interaction of a high-energy photon with a
nucleus A: γ + A→ A′ + µ+µ−.

The background level depends, of course, on beam energy and machine detector
interface (MDI). Thus, the proper design of the interaction region and MDI is vital
for the Muon Collider.

The study of BIB mitigation was first carried out by MAP with the MARS
software [250]. Details are available in Refs. [251, 252]. The crucial result was
the optimization of a nozzle for 1.5 TeV machine [253]. The nozzle is a double-
cone shape tungsten absorber cladded with borated polyethilene located inside the
detector in the proximity of the IP. Together with the magnetic field it traps most
of the electrons from muons decay and reduces BIB by orders of magnitude. The
IMCC is extending the study to higher energy using FLUKA [254, 255] for simulation.
The good agreement between the two software has been proved in Ref. [256].
The number of BIB particles produced in each bunch crossing and arriving at
the detector after the shielding is reported in Table 5.3. It has been obtained
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Figure 5.8: Lethargy plot of
BIB particles, divided by par-
ticle type. No time cut is
applied to distributions rep-
resented in dotted lines while
in solid line only particles ex-
iting the machine between -
1 and 15 ns are considered.
The results were obtained
with FLUKA, considering the
primary negative muon de-
cays within 100 m from the
IP [248]. Similar results at
3 TeV are reported in [249].

fixing the number of muons per bunch at 2× 1012. The most distinctive effect is
the large multiplicity: O(108) particles exit the MDI in a single bunch crossing.
These preliminary results indicate that the high-energy option, i.e. 10 TeV, is not
significantly worse even if the incoherent pair production is not negligible. The
optimization of the lattice and nozzle is the future target.

Some BIB key features are relevant to the detector design. First of all, the
very high flux of photons and neutrons involves significant radiation damage to
the detector. Secondly, the BIB time of arrival is spread over several tens of ns,
to be compared with 30 ps time spread of µ+µ− collisions at 1.5 TeV, with the
majority around the beam crossing time t = 0 (see Figure 5.7). Thus, time-
sensitive detectors seem ideal to suppress background. Finally, BIB particles,
except neutrons, are very soft. The nozzle, in fact, stops high-energy ones. Only
charged hadrons and muons can reach higher energies but their multiplicity is
low. In Figure 5.8, energy cut-offs of 100 keV for electrons, positrons, muons and
photons, and 10−14 GeV for neutrons are applied.

To conclude, BIB simulation is crucial to quantify the requirements for the
detector and a careful choice of technologies and reconstruction techniques could
help in mitigating the BIB negative effects.

5.3.3 Detector description

The detector geometry currently implemented in the simulation is inherited by
CLIC [258, 259] with changes, in particular in the tracker system, to cope with
BIB. It is a hermetic detector with 4π coverage, as the CSM apparatus, with the
same onion scheme: moving from the IP outwards, it consists of a vertex and
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5.3. Muon Collider machine and detector design

Figure 5.9: Illustration of the full detec-
tor, from the Geant4 model. Different col-
ors represent different subdetector systems:
the innermost region, highlighted in the yel-
low shade, represents the tracking detectors.
The green and red elements represent the
calorimeter system, while the blue outer-
most shell represents the magnet return yoke
instrumented with muon chambers. The
space between the calorimeters and the re-
turn yoke is occupied by a 3.57 T solenoid
magnet [257].

Table 5.4: Boundary dimensions of individual subsystems of the Muon Collider Detector
concept as defined in the current geometry.

Subsystem Region R dimensions [cm] |Z| dimensions [cm] Material
Vertex detector barrel 3.0-10.4 65.0 Si

endcap 2.5-11.2 8.0-28.2 Si
Inner tracker barrel 12.7-55.4 48.2-69.2 Si

endcap 40.5-55.5 52.4-219.0 Si
Outer tracker barrel 81.9-148.6 124.9 Si

endcap 61.8-143.0 131.0-219.0 Si
ECAL barrel 150.0-170.2 221.0 W+Si

endcap 31.0-170.0 230.7-250.9 W+Si
HCAL barrel 174.0-333.0 221.0 Fe+PS

endcap 307.0-324.6 235.4-412.9 Fe+PS
Solenoid barrel 348.3-429.0 412.9 Al

Muon detector barrel 446.1-645.0 417.9 Fe+RPC
endcap 57.5-645.0 417.9-563.8 Fe+RPC
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tracking system, the ECAL, the HCAL and a 3.57 T solenoid with the return yoke
instrumented with muon detectors. Figure 5.9 shows the layout, while Table 5.4
reports the dimensions of all the subsystems, divided, as usual, in a barrel and
two endcaps. The coordinate system adopted is equal to the one described in
Section 3.2. As already said, tungsten nozzles have been added to absorb BIB.
They start from |z| = 6 cm and subtend an angle of 10◦ up to |z| = 100 cm. Then,
from 100 to 600 cm, the angle is decreased to 5◦.

Concerning the inner tracking system, it is made of a vertex detector, an inner
and an outer tracker. Due to the nozzle, the acceptance region is limited to
10◦ < θ < 170◦. In the innermost layer, 1000 hits/cm2 are expected from the
background, therefore high granularity is mandatory. For comparison, the density
of BIB hits is in general, ten times larger than the expected contribution from
pileup events at the HL-LHC detector. The vertex consists of four double layers
in the barrel and four disks in each endcap of 25 × 25 µm2 pixel detectors with
50 µm thickness. They ensure a time resolution of 30 ps. Each double layer has two
sensitive regions with a 2.2 mm gap. The inner tracker consists of three cylinders
in the barrel and seven disks per side of 50 µm×1 mm macropixels, while the outer
tracker is equipped with 50 µm×10 mm strips arranged in three cylinders and four
disks per endcap. They both have a time resolution of 60 ps.

Regarding the calorimeters, which are both sampling, they also require good
timing σt = 100 ps and high granularity to reach the goal of separating W and Z
bosons in the di-jet channel with 3-4% jet resolution for energies above 100 GeV.
The electromagnetic part is made of forty layers of 500 µm thick silicons sensors
(cell size = 5× 5 mm2) interleaved with 1.9 mm tungsten plates as absorbers. The
total length corresponds to 22 X0 and 1 λI . The hadronic one has sixty layers of
20 mm steel plates with 30 mm plastic scintillators (PS) as the active material for
a total of 17.5 λI .

Finally, the muon system is placed outside the solenoid with a magnetic field
in the barrel of 1.34 T. It is instrumented with seven layers of track-sensitive
chambers in the barrel and endcap, respectively. They are interleaved with the
iron slabs of the return yoke. The technology chosen to cover an area of 1942m2 in
the barrel and 1547m2 in the endcaps is the glass Resistive Plate Chambers with
30× 30 mm2 cells. Further details are reported in the last section of this chapter.

A detailed description of the current design and a discussion of the promising
technologies and R&D directions are available in Ref. [257].

5.4 Physics objects reconstruction

Not only the careful design of the machine and detector but also a judicious choice
of reconstruction techniques is necessary to deal with the BIB. A full simulation
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is mandatory to access the feasibility of the experiment implementation. This is
done within the Muon Collider Software framework [260], mostly based on the
ILCSoft developed for the International Linear Collider [261]. The tools used are:

◦ LCIO (Linear Collider I/O), a persistency framework that allows to share and
compare results of different linear colliders providing a consistent basis for
event data storage [262];
◦ Geant4, the toolkit for simulating the passage of particles through mat-

ter [263];
◦ DD4HEP to provide the full detector description [264];
◦ Marlin, a generic C++ application framework for the analysis of LCIO data

and the full reconstruction of events [265]. Tasks are addressed in a dedicated
module called processor.

As for the CMS experiment, the idea is to perform particle reconstruction
and identification through particle-flow algorithms that aim to reconstruct the
four-vector of all detected particles. For charged particles, momentum is mea-
sured in the tracking system, while photons and neutrons energies are obtained
from calorimeters. The PandoraPFA framework has been already tested to study
the potential of high-granularity calorimetry at multi-TeV lepton colliders like
CLIC [177]. A detailed description of the procedure to build PF objects (PFO) is
reported in Refs. [266, 177]. Briefly, the main steps are:

1. study of fundamental elements, i.e. tracks are examined and quality cuts re-
quested to select suitable ones, calibration factors are applied to calorimeter
hits;

2. hits clustering with a cone-based forward projective algorithm from the inner
to the outermost layer;

3. merging of cluster fragments according to well-established topological rules;
4. matching of clusters with projected tracks;
5. reclustering to improve the track momentum and cluster energy combination;
6. charged hadrons removal and final PFO construction.

It is evident that the entire procedure strongly relies on track reconstruction.
Therefore, the approaches that have been investigated up to now are described.
A complete discussion of the results obtained for tracks and other physics objects
is available at Ref. [248]. As an example, jet reconstruction will be reported. The
case of muons will be discussed in the next chapter.

5.4.1 Track reconstruction

Neglecting the energy losses and the multiple scattering, a charged particle in a
magnetic field follows a helicoidal trajectory with a radius directly proportional
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Figure 5.10: Left: Average hit density per bunch crossing in the tracker as a function of
the detector layer. Right: Expected reduction of hit multiplicity in the Vertex Detector
achieved by applying the loose or tight double-layer filtering [248].

to the transverse momentum and indirectly to the field as in Eq. (3.2). A track
is a series of hits in the tracker system layers with five parameters to describe the
helix. These are explained in detail in Ref. [267]. In a nutshell, there are two
steps for track reconstruction: pattern recognition to identify the hits and fitting
procedure to deduce the parameters. Concerning the first, the main obstacle at
a Muon Collider comes from the BIB occupancy as already pointed out in the
detector description. To reduce the density in the tracker by a factor of 2, a time
window [−3σt,+5σt] has been applied as shown in Figure 5.10 left. Consequently,
the number of hits given as input to the pattern recognition is lessened.

Three different approaches have been studied so far; the first two are based
on the Conformal Tracking (CT) developed for the e+e− clean environment, while
the third one on the Combinatorial Kalman Filter (CKF) especially designed for
hadron colliders [268, 269].

CT is a technique using cellular automaton-based track finding [270] performed
in a conformally mapped space [271]. All the details are available in Ref. [272]. To
further reduce the number of hits used as seeds for tracks two different strategies
have been tested: region of interest (ROI) and double-layer filter.

In the first one hits in a certain region are preselected thanks to existing objects
in calorimeters and muon system. Figure 5.11 left shows the efficiency as a function
of the transverse momentum for single-muon events in the presence of BIB. Three
regions in polar angle θ are reported. A muon is considered reconstructed if at
least half of the hits associated with the track originated from the true muon, i.e.
the one from the MC simulation. The results are excellent except for very forward
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5.4. Physics objects reconstruction

Figure 5.11: Left: Track reconstruction efficiency as a function of pT for single-muon
events overlaid with BIB. Right: Momentum resolution as a function of polar angle for
single-muon events overlaid with BIB. CT algorithm with ROI is used [248].

particles (red points) due to the proximity to nozzles and the high occupancy. On
the right, the resolution is displayed. It is defined as the standard deviation of a
Gaussian function fitted to

∆pT
p2
T

=
pT ,reco − pT ,MC

p2
T ,MC

, (5.3)

where the p2
T ,MC at the denominator ensures the independence of the quantity

from the transverse momentum itself. This approach takes weeks to reconstruct a
single event and it is therefore prohibitive in terms of CPU and memory resources.

The double-layer filter is the one adopted in CMS Phase II [163]. The concept
is illustrated in Figure 5.12. The pixel sensors have double-layers (horizontal black
lines) crossed by signal particles (green) and BIB (grey). In the first case hit pairs
are perfectly aligned with the beamspot and have a sizeable angular difference when
measured from the center of the detector. Hit doublets created by BIB, instead,
are characterised by larger angular differences due to their shallow crossing angle
and displaced origin. Moreover, electrons are usually soft and stop in the first
layer. Therefore, the filter selects only hits with a pair in the neighbouring layer
aligned with the IP. According to the cuts applied on the azimuthal and polar
difference a loose and a tight filter can be applied and Figure 5.10 right shows
the expected reduction of hits multiplicity in the two cases. Usually, a two-stage
reconstruction is performed: the loose working point is applied to reconstruct
high-pT particles and identify the IP, and then the tight filter allows all tracks
reconstruction. However, this technique turns out to be efficient only for prompt
muons.

To overcome the limits of the CT with ROI and double-layer filter, a CKF
has been implemented using, instead of ILCSoft, ACTS (A Common Tracking
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Figure 5.12: Illustration of the double-
layer filtering used for the rejection of BIB-
induced hits in the Vertex Detector [248].
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Figure 5.13: Track reconstruction efficiency for events containing a single muon with
(blue) and without (orange) BIB overlay as a function of the true muon pT (left) and of
the true muon polar angle (right). CKF technique is used for track reconstruction [248].

System) [273] which is faster. At the moment, the full reconstruction of an event
requires only four minutes. This filter calls for a triplet of hits in the outer half
of the four layers of the Vertex Detector, and usually around 150000 seeds are
created for each event. The algorithm proceeds outwards, even if the possibility
of exploiting hits from Outer Tracker, which is less affected by BIB, and moving
inwards, is under discussion. The seeding efficiency is full for pT> 2 and the
muons are reconstructed with 90% efficiency or greater even in presence of BIB
(Figure 5.13).

Jet reconstruction performance

The tracks reconstructed with CKF are the starting point of jet reconstruction.
This is a very hard task because requires information from many subdetectors.
The PandoraPFA algorithm combines tracks with at least three hits in the Vertex
Detector and two in the inner tracker together with clusters made of calorimeter
hits filtered requiring a precise energy and time window. Jets are then recon-
structed from the PFO with the kt (n = 1 in Eq. 3.3) algorithm with R=0.5. The
efficiency for b-jets is shown in Figure 5.14 left. To evaluate the performance di-jet
events have been used from H → bb̄ and Z → b̄b. The invariant mass distributions
have been fitted with a Gaussian curve and the relative width, i.e. the ratio of the
standard deviation and the mean, is 27% and 29% respectively.
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Figure 5.14: Left: Efficiency of b-jets reconstruction as a function of the truth-level
jet pT . Right: Fitted di-jet invariant mass distributions for H → b̄b and Z → b̄b. The
distributions are normalised to the same area [248].

5.5 Design the muon system

The dark-SUSY process considered in this work is characterised by eight muons in
the final state. This triggers the interest in the design of the muon spectrometer
for a Muon Collider.

So far, the geometry of the muon system foresees the instrumentation of the
iron yoke plates with several layers of track-sensitive chambers. The return yoke is
made of 8 iron slabs of 24.4 cm thickness in the barrel and 7 slabs 19.7 cm thick in
the endcap interleaved with 7 and 6 layers of gaseous detectors respectively. The
technology chosen by the CLIC experiment, i.e. glass Resistive Plate Chambers,
was implemented in the simulation. The detailed characteristics of the apparatus
are reported in Table 5.5. With the solenoid operated at 3.57 T, the magnetic
field in the barrel region is −1.34 T in the barrel and decreases rapidly in the yoke
endcap (0.01 T).

Table 5.5: Characteristics of the simulated muon system.

radius [mm] |z| [mm] layers sensor area [m2] channels
Barrel 4461 < r < 6450 < 4179 7 1942 2.2 106
Endcap 446 < r < 6450 4179 < |z| < 5700 6 1547 1.7 106

This is the configuration used for the studies on the muon reconstruction tech-
niques reported in Chapter 6.

5.5.1 BIB in the muon system

BIB is mainly due to electrons and positrons from muon decay interacting with
the machine components. Since it may degrade detector performance, a proper
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Figure 5.15: Left: z coordinate final position for BIB particles. The first and the last
bin in solid blue are the integrals of all particles escaping the detector. The muon system
endcaps are highlighted in yellow [274]. Right: Flux of the BIB particles in the entire
endcap [275].

detector design has to be considered, as already pointed out in Section 5.3.2. For
the muon system, the furthest detector from the interaction point, the situation is
not so critical.

Figure 5.15 left shows the final position along the beam axis for BIB parti-
cles generated with MARS software for a 1.5 TeV machine. Only a small percent-
age (∼ 8%) of primary particles reaches the muon detector. Here BIB is mainly
composed of neutrons and photons, with a small contribution from electrons (Fig-
ure 5.15 right). The fluxes for the neutral component are reported in Figure 5.16
for different geometrical regions. Neutrons have energies in the range 10 MeV-
2.5 GeV with the majority below 100 MeV, photons energy, instead, extends from
100 keV to 200 MeV with a prevalence below 10 MeV. As expected fluxes are higher
in the inner part of the endcap closer to the beamline. This is confirmed by the
hits layout.

BIB hits in the cell are characterised by an average energy of 0.14 MeV and
a time with respect to bunch crossing smaller than 0.1 ns. This last feature can
be exploited to discriminate between BIB and real signals by using detectors with
excellent time resolution. Hits are concentrated around the beam axis and there-
fore barrel is basically almost free from the background. Figure 5.17 on the left
shows the distribution in the first layer of the endcap. The region displayed is
the central part of the whole layer of 500 × 500 cells. The term cluster refers to
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Figure 5.16: Neutron (left) and photon (right) fluxes from BIB in the endcap of the
muon system of a muon collider experiment with

√
s = 1.5 TeV. Different colors represent

different geometrical regions of the endcap [275].

Figure 5.17: Left: BIB muon hit spatial distribution in the first layer of the muon
system endcap. In red the hits not associated with a cluster by the Pandora algorithm.
The blue circle corresponds to region θ < 8◦, while the purple to θ < 10◦. Right:
Number of hits per bunch crossing in each layer of the muon system with different cuts
applied [274].
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Figure 5.18: The Picosec detection concept [278].

the combination of hits inside a cone and on neighbouring layers performed within
the PandoraPFA framework (see Section 6.2 for further details). The first results
highlight that a geometrical cut on the polar angle combined, for example, with
a cut on the track transverse momentum, allows getting rid of almost all the BIB
hits in the muon system (Figure 5.17 right).

This low occupancy in the muon system compared to tracker and calorimeters
suggests the possibility to use muon objects to seed the global muon reconstruction,
as will be discussed in Section 6.4.2.

5.5.2 Considerations about the technologies

Starting from BIB particle fluxes shown in Section 5.5.1, a Geant4 standalone
simulation has been developed to estimate neutrons and photons hit rates for
different detectors. The technologies considered are:

◦ double gap glass RPC as implemented in the current simulation,
◦ double gap High-Pressure Laminate (HPL) RPC as the classical version of

the current detectors [276],
◦ triple GEM [277],
◦ Picosec Micromegas [278].

Multigap RPCs are typically used for trigger purposes due to their good time
resolution. Their main drawback is related to the spatial resolution and the rate
capability limited by the resistivity of the plates. Moreover, the standard gas mix-
ture used to operate them (C2H2F4:SF6) has a high global warming potential and
new environmental-friendly mixtures are mandatory for future colliders. MicroPat-
tern Gaseous Detectors (MPGDs), on the other hand, overcome the limit of spatial
resolution of RPC because the electrodes are created with photo-lithographic tech-
niques that allow reducing the electrode spacing of one order of magnitude. GEM

98



5.5. Design the muon system

Table 5.6: Performance of different technologies.

time resolution spatial resolution rate capability
RPC (HPL or glass) 1 ns ∼1 mm ∼1 kHz/cm2

MPGD (GEM or MM) 5-10 ns ∼100 µm ∼ 100 kHz/cm2

detectors and Micromegas (MM) belong to this category [279]. They are char-
acterised by a high rate capability but the time resolution (σt) is limited by the
fluctuations in the position of the first ionization cluster in the drift gap. In fact,
in gas with drift velocity (vd)

σt =
1

λvd
where λ is the average number of primary clusters generated by an ionizing particle
inside the gap per unit length [280]. For comparison, the main features of RPC
and classical MPGDs are schematised in Table 5.6. A new approach is under study
to improve the time resolution of MPGD: the Picosec Micromegas detector. The
design is shown in Figure 5.18. A Cherenkov radiator is placed on top of a standard
MM with a reduced drift gap of 200 µm. The passage of a charged particle through
the Cherenkov radiator produces ultraviolet photons, which are then absorbed in
the photocathode and partially converted into electrons. These electrons enter the
drift gap avoiding the fluctuations in the position of the first ionization cluster. A
time resolution of 24 ps for 150 GeV muons has been obtained [278].

These four types of detectors are simulated in Geant4 with a basic geometry
without electronics, cooling, shieldings, and so forth. Geant4 allows one to choose
among a wide range of physics processes and models. For high-energy hadrons, i.e.
for protons, neutrons, pions and kaons above 5-25 GeV, two different string models
are applied for the modelling of interactions with nuclei: diffractive scattering
(FTF) and quark-gluon string (QGS). The physics list used for this study is the
FTFP_BERT_HP recommended for a typical high-energy physics collider detector.
However, the same results are obtained with the QGSP_BERT exploited within the
Muon Collider software framework with Geant4.10.06.p02 version. More details
can be found in Ref. [281].

First of all, the sensitivity, i.e. the probability for a BIB particle to generate a
visible signal in the detector, is computed as:

s =
N

M
,

where N is the number of events in which at least one charged particle reaches
the sensitive gap and M is the number of incident particles. These are counted by
adding a fake layer of air (0.1 mm) on top of the detector. Figure 5.19 shows the
results for the different technologies with neutrons and photons. The sensitivity
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Figure 5.19: Simulated sensitivity to neutrons (left) and photons (right). Different col-
ors represent different gaseous detector technologies considered. The vertical yellow line
is the maximum energy reached at

√
s = 1.5 TeV, subsequent bins have been simulated

in view of the planned center-of-mass energies [275].

of glass RPC is comparable to the one of standard HPL RPC and it is nearly an
order of magnitude higher than MPGD. This is due to the material budget. RPC,
in fact, contain aluminium and hydrogenated compounds (Mylar and HPL) that
are absent in GEM. The sensitivity of Picosec is greater than GEM. A possible
explanation is the presence of the radiator. The yellow vertical line is the maximum
energy reached at 1.5 TeV, the subsequent bins have been simulated as a clue for
future planned center-of-mass energies.

The sensitivity is then convoluted with the fluxes shown in Figure 5.16 for each
angular region to give the hit rate:

HR = f ⊗ s.

The total hit rate, given by the sum over all energies

total HR =
∑

E

HR(E),

is shown in Figure 5.20. The error for neutrons is higher due to uncertainties in
the physics list. As expected, it is lower for MPDGs compared to RPC. Moreover,
for RPC the expected hit rate due to BIB is of some kHz/cm2, already at the limit
of the current rate capability. This suggests that different technologies should be
considered at least for the endcap region.
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Figure 5.20: Estimated hit rate from neutrons (left) and photons (right) at 1.5 TeV
muon collider. Different colors represent different gaseous detector technologies consid-
ered [275].
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Chapter 6

Dark-SUSY predictions

A preliminary study of the potential of a Muon Collider to the dark-SUSY process
analysed so far is reported. A theoretical evaluation of the electroweak background
is discussed together with results obtained without the beam-induced background.

The peculiar signature, characterised by eight muons in the final state, sug-
gests this as a benchmark for muon reconstruction. This chapter summarises the
different strategies tested without and with the beam-induced background.

6.1 Samples

To evaluate the sensitivity to the dark-SUSY channel in Figure 2.3 at a future
Muon Collider (protons replaced by muons) operating at a center-of-mass energy
of 3 TeV, different sources of background and parameters choice have been analysed
with respect to the CMS experiment.

The 3 TeV machine is expected to work with an instantaneous luminosity of
1.8× 1034 cm−2s−1 and to reach 1 ab−1 in about five years of operations.

6.1.1 Signal

As already pointed out in Section 2.2.2, the Ñ1 mass is set to 96.69 GeV corre-
sponding to a neutralino pair production cross section of 13.36 fb−1. This allows
for broadening the Hd mass range. Moreover, the kinematics is different from the
CMS experiment since the center-of-mass energy is fully available and muons are
boosted. Figure 6.1 compares the muon transverse momentum and polar angle
distributions for the same Hd and γd masses at the CMS (blue histograms) and
Muon Collider (red histograms). Therefore, also a small mass of the dark photon
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Chapter 6. Dark-SUSY predictions

Figure 6.1: Muon transverse momentum (left) and polar angle (right) distributions at
the CMS experiment with center-of-mass energy 13 TeV and Muon Collider running at
3 TeV.

Table 6.1: Signal datasets. The cross section has been evaluated for a neutralino mass
of 96.68 GeV assuming the branching ratios B(Ñ1 → ndHd) and B(Hd → γdγd) equal to
1.

N1 mass (GeV) Hd mass (GeV) γd mass (GeV) Cross section (pb)
96.69 30 0.5 2.62× 10−4

96.69 30 2.5 2.73× 10−5

96.69 30 10 5.11× 10−6

96.69 50 10 5.11× 10−6

96.69 50 20 4.22× 10−6

96.69 70 10 5.11× 10−6

96.69 70 20 4.22× 10−6

96.69 70 30 3.75× 10−6

(mγD = 0.5 GeV) has been investigated. The mass of the dark neutralino is kept
set to 1 GeV. The complete list is reported in Table 6.1 with the cross section val-
ues evaluated according to Eq.(2.5), assuming B(Ñ1 → ndHd) and B(Hd → γdγd)
equal to 1.

The event generator MadGraph is used to simulate the process under consider-
ation at LO. The full simulation is performed without BIB overlay with ILCSoft.
For muon reconstruction, the details are reported in Section 6.2.
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6.1. Samples

Table 6.2: a· (muon pairs) + b· (Z bosons) background samples.

a b σ (fb) σ ×BR (fb)
3 1 1.64× 10−5 5.41× 10−7

2 2 3.13× 10−4 3.41× 10−7

1 3 1.65× 10−3 5.95× 10−8

0 4 3.10× 10−3 3.68× 10−9

6.1.2 EW background

For the CMS experiment, the majority of the background arises from the combi-
nation of pileup muons. Some QCD processes with many muons in the final state
were considered, but they are rejected after the application of proper cuts. At a
lepton machine, SM EW physics channels may play a significant role, thus their
contribution is evaluated. However, the MC event generators currently available
show limitations when the multiplicity of the particles in the final state is high
(≥ 6) and require a meticulous selection of kinematics cut to let the integration
converge.

To have a hint of the contribution of these processes, the case of

a · (muon pairs) + b · (Z bosons)

has been simulated with Whizard [282, 283]. Factors a and b are properly se-
lected to give eight muons in the final state. b is forced to be > 0 to reduce the
multiplicity. For this reason, neutrinos are not added even if the signal presents
missing energy as a signature. The results are shown in Table 6.2, where σ is the
cross section of the process µ+µ− → a · (µ+µ−) + b · Z and the branching ratio
B(Z → µ+µ−), equivalent to 3.3%, is taken into account in the last column. It
is clear that processes with a cross section of O(10−7 fb) require 104 ab−1 of inte-
grated luminosity for a single event, a value that is far above the tentative target
of 1 ab−1. Therefore, these backgrounds are negligible.

Another check that has been done concerns the production of the double Higgs.
In fact, to let the integration converge more easily for the above processes, the
Higgs boson resonance has been skipped requiring the invariant mass of four muons,
or two muons plus a Z boson, not to be between 124 and 126 GeV.

The double Higgs production (µ+µ− → HHνµν̄µ) has been generated with
Whizard at 3 TeV center-of-mass energy. The resulting cross section is 0.84 fb.
However, multiplying for the branching ratio H → 4µ, which is equivalent to
2.85× 10−5, it comes down to 6.8× 10−10 fb which will give no events with 1 ab−1

integrated luminosity. Thus, also this contribution is negligible.
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6.2 Muon reconstruction

Given the high multiplicity of muons in the final state, a great deal of effort has
been put into their reconstruction. The CT algorithm described in Section 5.4.1
has been used to reconstruct muon tracks that are fundamental elements of the
PandoraPFA New algorithm. This new version, adopted in ILCSoft for muons, is
based on an inward projective reconstruction, performed according to four main
steps:

1. identification of yoke track candidates,
2. extrapolation of inner tracks to the muon system,
3. matching of inner tracks and yoke tracks,
4. identification of muon hits in the calorimeters.

The details are reported in Ref. [284]. Briefly, a cone-based clustering algorithm is
used to identify tracks of muon hits. A cluster, i.e. a collection of hits inside a cone
on neighbouring layers, is promoted to yoke track if it satisfies some requirements
on the minimum number of occupied layers and on the difference between the last
and the first layer number (both set to 5 for the studies of this section). The inner
track reconstructed with CT is then extrapolated to the muon system using a helix
and, in order to match it with the yoke track, two variables are calculated:

◦ the distance of the closest approach of the helix to the centroid of the cluster,
i.e. the mean position of the hits in the innermost layer of the yoke track
◦ the cosine of the angle between the helix at the entry point in the muon

system and the track.

The first is set to 200 mm and the second to 0.98. At this level, the minimum
energy of the candidate track can be selected through a parameter that is initially
set to 0.1 GeV and then increased to 7 GeV. Finally, all the hits in the calorimeters
are identified.

The result obtained for single muons generated with a polar angle in the range
8◦ < θ < 172◦ and pT up to 1 TeV are shown in Figure 6.2 and 6.3. Efficiency
is defined as the fraction of generated particles associated with a cluster, i.e. re-
constructed by the Pandora algorithm. It is higher than 99% for pT > 10 GeV
and higher than 98% in the considered angular region. The results are compara-
ble with the ones obtained by CLIC. The resolution as defined in Eq. (5.3) is less
than 10−4 GeV−1 for pT > 30 GeV and better in the barrel region (45◦ < θ < 135◦)
compared to the endcap where the magnetic field is basically absent and is difficult
to measure the curvature of trajectories.

The same reconstruction approach has been tested for physics channels. Fig-
ure 6.4 on the left shows the efficiency for the reconstruction of the four muons
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6.2. Muon reconstruction

Figure 6.2: Muon reconstruction efficiency as a function of transverse momentum (left)
and polar angle (right) for a single muon. Results obtained with CT standard technique
for tracks and the Pandora algorithm [274].

Figure 6.3: Momentum resolution as a
function of the transverse momentum for
single muons without BIB. Results obtained
with CT standard technique for tracks and
Pandora algorithm [274].
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Figure 6.4: Muon reconstruction efficiency as a function of transverse momentum for
two Z bosons decaying into muons (left)[274] and dark-SUSY channel with eight muons
in the final state (right) [285]. Results obtained with CT standard technique for tracks
and the Pandora algorithm.

from the decay of two Z bosons generated at 3 TeV center-of-mass energy. The
green band is the efficiency for the total detector, while the blue and red points
represent the one for the barrel and endcap respectively. It is evident that effi-
ciency is driven by the performance of reconstruction in the endcap region. Green
points depict the total efficiency adding the request that the percentage difference
between reconstructed and generated transverse momentum is lower than 5%. On
the right, the case of the dark-SUSY channel is portrayed. Reconstruction effi-
ciency for all the eight leptons at small dark photon mass (mγD = 1 GeV) is low
because the majority of muons has a small transverse momentum (pT < 10 GeV)
or is outside geometrical acceptance.

In general, in absence of the BIB, muon reconstruction is quite straightforward
and the results are as a whole satisfactory.

6.3 Analysis strategy and preliminary results

As already discussed in Section 6.1.2, the background is negligible. The selection
algorithm is designed to pair muons by exploiting the symmetry of the event. The
steps are the following:

◦ among all the reconstructed muons, the first eight with higher transverse
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Figure 6.5: Efficiency for signal samples. Efficiency is defined as the fraction of events
selected by the algorithm in a defined mass region.

momentum are selected and paired according to the charge, and then two
pairs are associated if they satisfy the condition for mass compatibility given
by:

|m(µµ)1 −m(µµ)2|
1
2
(m(µµ)1 +m(µµ)2)

< 0.2, (6.1)

wherem(µµ) is the muon pair invariant mass. This is based on the assumption
that the dark photons from which the muon pairs originate decay in the same
way.
◦ If the four muon pairs respect Eq. (6.1), a similar cut is applied to the

quartets:
|m(µµµµ)1 −m(µµµµ)2|

1
2
(m(µµµµ)1 +m(µµµµ)2)

< 0.2, (6.2)

assuming again that the dark Higgses decay in the same way.

This algorithm is independent of the masses of dark photons and dark Higgs. To
evaluate the acceptance of this criterion, the number of events inside a mass region
that pass all the requests in the above list are counted. The mass region is defined
in Eq. (4.3). The efficiency is shown in Figure 6.5 as a function of the dark photon
mass, and reflects the trend observed in Figure 6.4 on the right. As expected it
reduces at smaller masses because the muon transverse momentum and therefore
the resolution on invariant mass decreases.

The event yield is evaluated as S = εσL with the values reported in Table 6.2.
The results for L = 1 ab−1 are shown in Figure 6.6. The higher cross section
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Figure 6.6: Signal yield at an integrated luminosity of 1 ab−1. The cross section σ
has been evaluated for a neutralino mass of 96.68 GeV assuming the branching ratios
B(Ñ1 → ndHd) and B(Hd → γdγd) equal to 1.

at smaller masses compensates for the loss in efficiency. The results is obtained
assuming no background and neglecting possible systematic uncertainties.

From a theoretical point of view, the neutralino pair is not produced resonantly
through the SM Higgs boson, and thus the SUSY uncertainty has to be considered.
Furthermore, a full simulation of the irreducible background (eight muons plus two
neutrinos) is not possible at the moment due to event generators limitations. Other
processes might also be investigated. Moreover, for the signal, initial and final
state radiation could affect the sensitivity and the exploitation of a lepton-photon
recombination algorithm should be considered.

On the other hand, concerning the experimental systematics uncertainties, a
precise luminosity measurement is required and the efficiency may worsen mainly
due to the presence of BIB. In this case, the muon reconstruction requires new
investigations.

6.4 Further studies for muon reconstruction

In the presence of the BIB, two different strategies have been tested:

◦ Pandora with CKF to reconstruct tracks overcoming the limits of CT
◦ a standalone muon reconstruction.

6.4.1 Pandora combined with Conformal Kalman Filter

In this first case, muons are reconstructed and identified with the PandoraPFA New
algorithm by matching muon clusters with inner tracks obtained with the CKF
approach implemented in ACTS (see Section 5.4.1). For single muons with 8◦ <
θ < 172◦ and pT up to 50 GeV the efficiency is higher than 95% for pT > 15 GeV
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Figure 6.7: Muon reconstruction efficiency as a function of transverse momentum (left)
and polar angle (right) for single muons overlaid with BIB. Results obtained with the
CKF technique for tracks and Pandora algorithm [286].

Figure 6.8: Momentum resolution as a
function of the transverse momentum for
single muons overlaid with BIB. Results ob-
tained with the CKF technique for tracks
and Pandora algorithm [286].

and higher than 99% for pT > 20 GeV (Figure 6.7 left). It is greater than 99% in
the barrel region (Figure 6.7 right). The inefficiency in the endcap is due to the
CKF technique limit, as evident in Figure 5.13. The resolution is again less than
10−4 GeV−1 for pT > 5 GeV (see Figure 6.8).

The results for single muons are excellent and compatible with the ones ob-
tained without BIB overlaid. However, some issues have arisen for physics chan-
nels with multi-muons in the final state, suggesting that an optimization of the
approach is required. By way of example, a preliminary study of h → ZZ∗ →
µ+µ−2j at 3 TeV center-of-mass energy shows an efficiency of 80% for single muon
reconstruction [287].
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Figure 6.9: Number of reconstructed stan-
dalone (SA) muons as a function of cone
aperture ∆R for different physics chan-
nels [288]. Blue and pink points represent
the case of a single muon without and with
BIB overlaid respectively. In orange the case
of the dark-SUSY channel with eight muons
expected. In teal the case of two Z bosons
decaying in four muons.

6.4.2 Standalone muon processor

As already pointed out BIB occupancy in the muon system is low and therefore
standalone (SA) muon objects can be used to seed the global muon track recon-
struction. The new Pandora algorithm itself proceeds with an inward projective
approach but is fully driven by the tracker where BIB hit density is enormous.
Thus a new processor, which is the module of the Marlin framework to address
tasks, has been developed to clusterize hits in the muon system.

The most energetic hit in the first layer is used as a seed for the SA track. A
cone is opened in the direction given by the straight line connecting the hit with
the detector center. The angular aperture of the cone (∆Rµ =

√
∆φ2 + ∆η2) is

an adjustable parameter of the processor. Hits on other layers inside the cone are
added to the cluster. At least hits on five layers are required. The average position
of hits weighted with energy is stored. A cone in the direction given by the straight
line connecting the detector center and this barycentre is opened with an angular
aperture ∆Rt. This allows for identifying an ROI for the CT algorithm. Vertex
Detector, Inner Tracker and Outer Tracker hits in the cone are filtered. At the
moment no information from ECAL and HCAL is used.

Figure 6.9 shows the number of reconstructed SA muons as a function of the
angular aperture ∆Rµ for different samples. In the case of a single muon with
BIB overlaid only a SA muon has to be reconstructed and this requires an angular
aperture ∆Rµ = 0.02. To maximise track purity and mitigate BIB contamination
∆Rt has been set to 0.05.

Two different samples have been used to evaluate the performance of this pro-
cessor:
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Figure 6.10: Muon reconstruction efficiency as a function of the polar angle in a sample
of single muons with no BIB overlaid (left) and in a sample with multi-muons in the final
state both with and without BIB (right). Results obtained with the SA algorithm.

◦ single muons with transverse momentum uniformly distributed in the range
100 MeV-700 GeV and polar angle 8◦ < θ < 172◦ with no BIB overlaid
◦ channel with Higgs and Z bosons resulting in six muons in the final state,

generated at 1.5 TeV center-of-mass energy.

Efficiencies in this case are defined as the fraction of generated muons matched to a
track within a cone of aperture 0.01. From Figure 6.10 an efficiency loss is evident
for low polar angles (θ ≈ 0 and π radians) due to the limit of the CT algorithm.
The two dips at θ ∼ 0.8 and 2.3 rad, equivalent to ∼ 45◦ and 135◦ correspond
to the passage between the barrel and endcap. Tracks with hits in both regions
required a dedicated approach still under study. Efficiency as a function of the
transverse momentum in a region restricted to 15◦ < θ < 165◦ has been evaluated
in order to avoid the intrinsic limits of CT (Figure 6.11 top). An efficiency greater
than 85% is achieved for pT > 80 GeV. for both samples. The drop of the curve at
low transverse momentum is due to muons with hits both in the barrel and endcap
(as said before their reconstruction will be implemented) and to tracks with high
curvature for which the ∆Rµ and ∆Rt have to be tuned and the definition of
direction with a straight line instead of a helix is too simplistic.

The muon transverse momentum resolution in Figure 6.11 bottom is compara-
ble with the results obtained with different strategies for both samples. Comparing
blue and red curves, which refer to signals without and with BIB respectively, it is
evident that the efficiency with BIB is a bit lower in the endcap where all spurious
hits are concentrated. The highest efficiency in presence of BIB is a countereffect
due to BIB hits wrongly kept by the filter. The results are comparable in the
sample with single and multi-muons as the dark-SUSY process.

In conclusion, this out-in approach requires still some work but seems promising
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Figure 6.11: Top: Muon reconstruction efficiency as a function of transverse momentum
in a sample of single muons with no BIB overlaid (left) and in a sample with multi-muons
in the final state both with and without BIB (right). Results obtained with the SA
algorithm [289]. Bottom: Muon track transverse momentum resolution as a function of
pT in a sample of single muons with no BIB overlaid (left) and in a sample with multi-
muons in the final state both with and without BIB (right). Results obtained with the
SA algorithm.

in the case of many muons.
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Conclusions

The work presented in this thesis is framed within the studies on physics beyond
the Standard Model and, in particular, focuses on the search for hidden sectors.
These are possible explanations for the nature of dark matter.

We extended the Minimal Supersymmetric Standard Model dark sector (dark-
SUSY) with a dark Higgs boson. This originates from a neutralino and decays
into two dark photons that then decay into pairs of muons. In total, starting from
neutralino pair production, eight muons are present in the final state of the process
analyzed. We studied all the details in collaboration with theoretical colleagues
to compute Feynman rules with the FeynRules tool and got the model to pass to
event generators for the simulation of the process.

As far as the CMS experiment is concerned, the search was carried out on the
full dataset collected during 2018 at a center-of-mass energy of 13 TeV, correspond-
ing to an integrated luminosity of 61.3 fb−1. The individuation of possible sources
of background required a meticulous analysis. SM processes with eight muons in
the final state have such a small cross section that can be neglected. However, the
combination of muons from pileup, i.e. simultaneous proton-proton collisions in
the same bunch crossing, has to be considered. This requires the addition of cuts
on muon quality for the selection algorithm to properly reject no-signal muons.
Model independent confidence limits on the cross section have been found.

At the Muon Collider, the dark-SUSY process has been used as a benchmark for
muon reconstruction. After the estimate of the contribution of the EW channels
as background, some preliminary predictions on the signal yield have been ob-
tained for a machine operating at 3 TeV center-of-mass energy with an integrated
luminosity of 1 ab−1 in absence of beam-induced background.

For the muon reconstruction, the standard in-out approach based on Conformal
Tracking and the Pandora algorithm was used. Adding the BIB, however, it fails
and thus the Conformal Kalman Filter was also studied. Despite being currently
the most promising solution, it still needs a lot of work and parameter tuning.

115



Conclusions

In this context, the standalone algorithm developed in this work may help by
providing information to define a region of interest. Such an algorithm would profit
from the detector’s excellent spatial and time resolution. The results obtained with
Geant4 show that the technology implemented at the moment in the simulation,
the glass Resistive Plate Chamber, is already at the limit of its rate capability and
thus Picosec proposal is under investigation. These results together with future
efforts will reach the performance required to ensure the overwhelming physics
program.
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Appendix A

MSSM parameters

The parameters for the MSSM given as input to MadGraph generator are here
reported. The code in the table is in agreement with the MC particle numbering
scheme [56]. The strong coupling αs is set to 0.118, while the fine structure constant
α at the Z pole is 1/128. The default value of the neutralino mass is shown, for
the analysis in Part I it has been set to 60 GeV.

Table A.1: SM particles masses and widths. Spaces left blank are equivalent to a value
of 0 GeV.

particle code mass width
(GeV) (GeV)

d 1 – –
u 2 – –
s 3 – –
c 4 – –
b 5 4.89 –
t 6 175 1.56
e 11 – –
νe 12 – –
µ 13 0.105 –

particle code mass width
(GeV) (GeV)

νµ 14 – –
τ 15 1.78 –
ντ 16 – –
Z 23 91.2 2.41
W+ 24 79.8 2
h0, H0

1 25 125 10−5

H0, H0
2 35 400 0.575

A0, H0
3 36 400 0.632

H+ 37 408 0.547
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Table A.2: SUSY particles masses and widths.
a. Particulary in the third generation, the left and right sfermion states may mix, as
already shown in Table tab:mssm. The lighter mixed state is given the smaller number.

particle code mass width
(GeV) (GeV)

d̃L 1000001 568 5.31
ũL 1000002 561 5.48
s̃L 1000003 568 5.31
c̃L 1000004 561 5.48
b̃1 1000005a 513 3.74
t̃1 1000006a 400 2.02
ẽL 1000011 203 0.21
ν̃eL 1000012 185 0.15
µ̃L 1000013 203 0.21
ν̃µL 1000014 185 0.15
τ̃−1 1000015a 134 0.148
ν̃τL 1000016 185 0.147
g̃ 1000021 608 5.51
χ̃0

1 1000022 96.7 10−5

particle code mass width
(GeV) (GeV)

χ̃0
2 1000023 182 0.021

χ̃+
1 1000024 182 0.017
χ̃0

3 1000025 364 1.92
χ̃0

4 1000035 382 2.58
χ̃+

2 1000037 380 2.49
d̃R 2000001 545 0.28
ũR 2000002 549 1.15
s̃R 2000003 545 0.29
c̃R 2000004 549 1.15
b̃2 2000005a 544 0.80
t̃2 2000006a 586 7.37
ẽ−R 2000011 144 0.22
µ̃−R 2000013 144 0.22
τ̃−2 2000015a 207 0.27
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Appendix B

MC signal samples for CMS

B.1 Production

The MC samples for the dark-SUSY signal at the CMS experiment have been
generated through the following steps:

CMSSW release global tag
GEN CMSSW_10_6_24 106X_upgrade2018_realistic_v4
SIM CMSSW_10_6_17_patch1 106X_upgrade2018_realistic_v11_L1v1
DIGI CMSSW_10_6_17_patch1 106X_upgrade2018_realistic_v11_L1v1
HLT CMSSW_10_2_16_UL 102X_upgrade2018_realistic_v15
RECO CMSSW_10_6_17_patch1 106X_upgrade2018_realistic_v11_L1v1
MINIAOD CMSSW_10_6_20 106X_upgrade2018_realistic_v16_L1v1

Generation

cmsDriver.py Configuration/GenProduction/python/B2G-RunIISummer20UL18wmLHEGEN
-01119-fragment.py --python_filename DarkSUSY_LHEGEN_cfg.py --eventcontent RAWSIM
--customise Configuration/DataProcessing/Utils.addMonitoring --datatier GEN
--fileout file:output.root --conditions 106X_upgrade2018_realistic_v4 --beamspot
Realistic25ns13TeVEarly2018Collision --step GEN --geometry DB:Extended --era
Run2_2018 --no_exec --mc -n 5000 --filein file:input.lhe

The file in LHE format is the output of MadGraph generator. Pythia8 with
TuneCP5 is used.
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Simulation

cmsDriver.py --python_filename DarkSusy_SIM_cfg.py --eventcontent RAWSIM
--customise Configuration/DataProcessing/Utils.addMonitoring --step SIM
--conditions 106X_upgrade2018_realistic_v11_L1v1 --fileout file:output.root
--beamspot Realistic25ns13TeVEarly2018Collision --geometry DB:Extended
--datatier GEN-SIM --filein file:input.root --runUnscheduled --era Run2_2018
--no_exec --mc -n 5000

Digitization

cmsDriver.py --python_filename DarkSusy_DIGI_cfg.py --eventcontent PREMIXRAW
--customise Configuration/DataProcessing/Utils.addMonitoring --datamix PreMix
--pileup_input dbs:/Neutrino_E-10_gun/RunIISummer20ULPrePremix-UL18_106X_
upgrade2018_realistic_v11_L1v1-v2/PREMIX --step DIGI,DATAMIX,L1,DIGI2RAW
--conditions 106X_upgrade2018_realistic_v11_L1v1 --datatier GEN-SIM-DIGI
--fileout file:output.root --procModifiers premix_stage2 --geometry DB:Extended
--filein file:input.root --era Run2_2018 --runUnscheduled --no_exec --mc -n 5000

Trigger

cmsDriver.py --python_filename DarkSusy_HLT_cfg.py --eventcontent RAWSIM
--customise Configuration/DataProcessing/Utils.addMonitoring --datatier GEN-SIM-RAW
--fileout file:output.root --conditions 102X_upgrade2018_realistic_v15
--customise_commands process.source.bypassVersionCheck = cms.untracked.bool(True)
--step HLT:2018v32 --geometry DB:Extended --filein file:input.root
--era Run2_2018--no_exec --mc -n 5000

Reconstruction

cmsDriver.py --python_filename DarkSusy_RECO_cfg.py --eventcontent AODSIM
--customise Configuration/DataProcessing/Utils.addMonitoring --datatier AODSIM
--fileout file:output.root --conditions 106X_upgrade2018_realistic_v11_L1v1
--step RAW2DIGI,L1Reco,RECO,RECOSIM,EI --geometry DB:Extended --era Run2_2018
--filein file:input.root --runUnscheduled --no_exec --mc -n 5000

MiniAOD format

cmsDriver.py --python_filename DarkSusy_MINIAOD_cfg.py --eventcontent MINIAODSIM
--customise Configuration/DataProcessing/Utils.addMonitoring --datatier MINIAODSIM
--fileout file:output.root --conditions 106X_upgrade2018_realistic_v11_L1v1
--step PAT --geometry DB:Extended --filein file:input.root --era Run2_2018
--runUnscheduled --no_exec --mc -n 5000

The CMSSW_10_6_24 release has been used for the analysis.
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B.2 Results of sensitivity

Figure B.1: Sensitivity, as defined in Eq. (4.4) with a = 1, for different signal samples
and cuts.
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List of Acronyms

ACTS A Common Tracking System

ALICE A Large Ion Collider Experiment

ALP axion-like particle

AOD Analysis Object Data

APD avalanche photodiode

ATLAS A Toroidal LHC ApparatuS

BIB beam-induced background

BSM beyond the Standard Model

CCC Cool Copper Collider

CEPC Circular Electron Positron Collider

CERN Conseil Européen pour la Recherche Nucléaire

CKF Combinatorial Kalman Filter

CKM Cabibbo-Kobayashi-Maskawa

CL confidence level

CLIC Compact LInear Collider

CMB Cosmic Microwave Background

CMS Compact Muon Solenoid
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List of Acronyms

CP charge-conjugation parity

CSC Cathode Strip Chambers

CT Conformal Tracking

DCA distance of closest approach

DM dark matter

DT Drift Tubes

ECAL electromagnetic calorimeter

EYETS Extended Year-End Technical Stop

EW electroweak

FCC Future Circular Collider

GCT Global Calorimeter Trigger

GEM Gaseous Electron Multiplier

GMT Global Muon Trigger

GSF Gaussian Sum Filter

GUT Grand Unified Theory

HCAL hadronic calorimeter

HGCal High Granularity Calorimeter

HL-LHC High-Luminosity LHC

HLT High Level Trigger

HPL High-Pressure Laminate

ID identification

ILC International Linear Collider

IMCC Internation Muon Collider Collaboration

IP interaction point

ISR initial state radiation
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KF Kalman Filter

L1 Level 1 Trigger

LEMMA Low EMittance Muon Accelerator

LEP Large Electron-Positron

LHC Large Hadron Collider

LHCb Large Hadron Collider beauty

LHE Les Houches Event

LO leading-order

LS Long Shutdown

LSP lightest supersymmetric particle

MACHO MAssive Compact Halo Objects

MAP Muon Accelerator Program

MC MonteCarlo

MDI machine detector interface

MET missing transverse energy

MICE Muon Ionization Cooling Experiment

MM Micromegas

MPGD MicroPattern Gaseous Detector

MSSM Minimal Supersymmetric Standard Model

MSSMD Minimal Supersymmetric Standard Model Dark

PAT Physics Analysis Toolkit

PF particle-flow

PFO particle-flow objects

PS Proton Synchrotron

PSB Proton Synchrotron Booster
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List of Acronyms

PU pileup

QCD Quantum Chromodynamics

QED Quantum Electrodynamics

Relic Recycling Linear Collider

RF radiofrequency

ROI region of interest

RPC Resistive Plate Chambers

SA standalone

SM Standard Model

SPS Super Proton Synchrotron

SSB spontaneous symmetry breaking

SUSY supersymmetry

TEC Tracker Endcap

TIB Tracker Inner Barrel

TID Tracker Inner Disk

TOB Tracker Outer Barrel

TP Trigger Primitive

TPB Tracker Pixel Barrel

TPE Tracker Pixel Endcap

UFO Universal FeynRules Output

VBF vector boson fusion

VPCT vacuum phototriode

WFA Wake Field Accelerators

WIMP Weakly Interacting Massive Particle
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