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Summary

After discovering the Higgs boson in 2012, the necessity to find new physics beyond the Standard
Model arose to solve the questions without answers. We are interested in the Mono-Higgs dark
matter model, a simplified model of dark matter particles coupled to a new Z’ boson, which can
decay into a par of Standard Model particles, visible as par of b quarks. In this master thesis, we
focus on the obtention of the scale factors to correct a double b tagger used for the decay of a dark
Higgs boson, which needed to compare the background events appropriately with the obtained
data from Run 2 at the LHC.
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Introduction

The latest great discovery in particle physics was the Higgs boson, reported by the LHC at CERN
in 2012 [74, 9]. Because of this, new gates were opened to search for new physics, as the Standard
Model is only a partial theory. Questions such as neutrino mass, the hierarchy of mass, dark
matter, and dark energy are still unsolved. Furthermore, the Higgs boson allows new annihilation
channels, like dark matter (DM), involving new particles.

From astrophysical observations, we know that most of the matter in the universe is comprised
of dark matter [102]. Probes of dark matter existence are, for instance, the rotational curves
and gravitational lensing [103]. The first probe referred to the galaxy’s speed when we expected
that the speed would decrease far from the center in classical models. However, the observations
show that the speed increases when the distance from the center increases. This effect is expected
because of DM on the galaxy. The second one, predicted by Albert Einstein, says that if there
is a massive foreground object from the observer to the source, two images form on both sides of
the source as if a lens lay between the observer and the object. When a dark object in the Milky
Way passes by a distant star, it is briefly illuminated as a smaller-scale gravitational lensing effect.
[103] .

Three types of dark matter searches exist: direct, where proposed the interaction between DM
particles and SM particles leading the recoil of atomic nuclei [122] ;indirect, searching for DM
annihilation channels [62] and colliders [11]. One characteristic involving searches in colliders is
missing transverse energy on final states, called mono-X searches [39]. This is because DM does
not produce signals on the LHC, and one way to observe them is in association with SM particles,
where X refers to g, q, γ, etc.

Considering the last sentence, the idea exists that DM particles interact with SM particles via
the exchange of new mediators. Some models proposed the interaction with a new Z’ boson [18],
leading to new annihilation channels.

In this thesis, we focus on the scale factors measurement to correct the efficiency of a tagger
used to identify a fat jet from a b quark pair as part of the signal event model. These scale factors
are measured using data from Run 2 in Quantum Chromodynamics (QCD) proxy jets to apply in
the signal jets.
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Chapter 1

Dark Matter

The Standard Model (SM) is a theory that describes elementary particles and their interactions
at the subatomic level. The last great success of the model was in 2012 with the Higgs boson
discovery announcement [74, 9]. However, despite the results, astrophysical observations indicate
a significant amount of another type of matter in the universe not described in the SM called Dark
Matter (DM). These observations gave us some characteristics of the DM, and different models
and types of detections are looking for valid answers.

1.1 Standard Model

The development of the Standard Model (SM) began a long time ago, with the idea of matter
composed of atoms in the XIX century, continuing with a list of discoveries such as the discovery
of the electron by Joseph John Thomson and finishing with the discovery of the Higgs boson.

The SM theory describes the fundamental forces and their interaction with elementary particles.
Fermions and bosons characterize the elements defined by the SM. A fermion is a particle that
obeys the Fermi-Dirac statistics, and its spin is fractional. Meanwhile, a boson follows the Bose-
Einstein statistics and has an integer spin. Fermions (spin 1/2) are divided into two categories:
Quarks with a color charge and participate in strong interactions, and Leptons without a color
charge and participate in electromagnetic interactions. In the quarks category, it is the up, down,
charm, strange, top, and bottom quarks. In the leptons category, it is the electron, the muon, the
tau, and its corresponding neutrino (neutrino mass is not considered in the SM) Fig 1.1.

Figure 1.1: Particles of the Standard Model [61]

1



Dark Matter
1.1 Standard Model

The SM framework is described by the quantum field theory by the use of the Lagrangian,
which can be divided into its interactions. The forces described by the SM are electromagnetic,
strong, and weak nuclear forces; the gravitational force is not included in the SM. A boson mediates
each force: the γ, the Z and W for the electromagnetic force, and the gluons for the nuclear force.
The last boson is the Higgs boson, produced by the quantum excitation of the Higgs Field. This
field is responsible for giving the particles their mass. Correlated to these interactions are the
symmetries, with the SU(3)C×SU(2)L×U(1)Y a non-Abelian gauge group describing the SM. The
SU(3)C group is associated with eight gluonic fields Gα

µ , the SU(2)L group is associated with three
electroweak fields W i

µ, and the U(1)Y group is associated with the hypercharge field Bµ.
The SU(2)×U(1) called electroweak group comprises the special unitary matrix 2×2 of isospin L

and the hypercharge group Y, unifying the electromagnetic interactions and the nuclear weak. The
SU(3) color group comprises the special unitary matrix 3×3 made by the quantum chromodynamics
characterized by strong interactions.

The SM is considered the gauge norm, and as an introduction, it is considered the quantum
relativistic Lagrangian for a free Dirac particle:

L = ψ (iγµδµ −m)ψ; (1.1)

if ψ describes a free electron, the considered Gauge transformation is

ψ → ψ′ = exp[iqα(x)]ψ, (1.2)

where α(x) is a function, and q is the charge associated with the Gauge group U(1). Considering
a vectorial field Aµ associated with the photon that transforms as:

Aµ → A′
µ = Aµ − ∂µα(x), (1.3)

to be invariant under this transformation, it is introduced the following term:

Dµ = ∂m + iqAµ. (1.4)

To obtain the complete quantum electrodynamics (QED) Lagrangian it is introduced the invariant
term that describes the free electromagnetic field is:

−1

4
FµνFµν , Fµν = ∂µAν − ∂νAµ. (1.5)

Therefore, the quantum electrodynamics (QED) Lagrangian is written as

LQED = −1

4
FµνFµν + ψ (iγµDµ −m)ψ. (1.6)

The quarks and gluons dynamics are ruled by the quantum chromodynamics (QCD) Lagrangian

LQCD =
∑
f

ψ
(f)

j (i(γµDµ)jk −mfδjk)ψ
(f)
k − 1

4
Ga

µνG
µν
a , (1.7)

where ψ(x)(f) are three spinor components and represent the different flavor quarks (f=u,d,c,s,t,b).
The Gµν

a represents the identity tensor of the gluon field given by [65]

Gµν
a = ∂µA

a
ν − ∂νA

a
µ + gfabcAb

µAν
c, (1.8)

where Aa
µ(x) are the eight associated fields to each gluon and fabc are the structure constant of

the SU(3) group.
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Dark Matter
1.2 Dark Matter observations

To explain the masses of the Z and W bosons, a single SU(2)L-doublet scalar field is intro-
duced and causes the spontaneous breaking of the SU(2)L×U(1)Y gauge symmetry by the Higgs
mechanism. This scalar field can be written as

Φ =

(
ϕ+

ϕ0

)
. (1.9)

The scalar field Φ is associated with the hypercharge Y=1/2, and the terms in the Lagrangian
associated with ϕ are given by

LΦ = (DµΦ)
†(DµΦ)− V (Φ) + LYuwaka. (1.10)

The meaning of the terms are as follows; the first term contains the kinetic and gauge-interaction
terms via the covariant derivative, the second term is a potential energy function, and the third
term contains Yukawa couplings of the scalar field to pairs of fermions. The expression for the
scalar potential is written as

V (Φ) = −µ2Φ†Φ+ λ(Φ†Φ)2. (1.11)

This equation describes the scalar potential of the Higgs field. The first term is a quadratic term
with a negative coefficient, which means that the potential energy is minimized when the Higgs
field has a non-zero value. The second term is a quartic term with a positive coefficient, which
helps to stabilize the potential. Considering the covariant derivative

Dµ = ∂µ − i
g′

2
Bµ − i

g

2
W a

µσ
a, (1.12)

where σ is the Pauli matrix, g is the SU(2) gauge coupling, g’ is the U(1) gauge coupling, and v
the Higgs vacuum expectation value. Using the Equation 1.11 written in terms of four real scalar
degrees of freedom and minimizing the potential, through the Higgs mechanism, it is possible to
obtain the mass terms for the W and Z bosons [98]:

M2
W =

g2v2

4
, (1.13)

M2
Z =

(g2 + g′2)v2

4
. (1.14)

In this process, the state identified as the photon does not couple to the Higgs field and thus
does not acquire a mass through the Higgs mechanism. Knowing the W mass, using Fermi’s
constant, it is possible to obtain an estimate for the vacuum expectation values v = 246 GeV. The
mass of the leptons and quarks is obtained using a gauge-invariant renormalizable Lagrangian with
a similar process. Furthermore, using the equation for the Higgs potential 1.11, considering the
self-interactions of the Higgs, it is possible to obtain a term for the Higgs mass

−λv2 = −m
2
H

2
, (1.15)

with a measurement of mH = 125.25 ± 0.17 [17]. Because of the parameters that appear in the
Higgs couplings Feynman rules for this method, the prediction of the partial widths for all the
decays (and hence the decay branching ratios) has been made, presented in Fig 1.2.

1.2 Dark Matter observations
As expressed in the previous section, DM is one of the topics not described in the SM. The
"Dark Matter" term arose in 1933 by Fritz Zwicky [115] to describe the unseen matter that must
dominate one feature of the universe—the Coma Galaxy Cluster. This observation showed the
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Figure 1.2: Branching fractions predicted for an SM Higgs boson of 125 GeV mass [86].

Coma Cluster has approximately two hundred more times mass than is visible from the galaxies.
The DM’s existence was confirmed in 1970 by Vera Rubin and W. Kent Ford, who found evidence
for dark matter in their research on galaxy rotation. They found galaxy velocities larger than they
expected because they believe that the galaxy velocity reduces when increasing the radius distance
of the galaxy center. However, observations show velocity increases when increasing the radius
distance and then is almost constant (See Fig 1.3).

Nowadays, we know that baryonic matter represents less than five percent of the total compo-
nents of the universe, that it is the majority composed of dark energy (72 %), and the rest is dark
matter (23 %) [102]. Among the observations for DM are the gravitational lensing, the speed of
the Galaxies, CMB anisotropy, cluster kinematics, etc. For reference and better understanding,
the explanation of the two first probes is as follows: As Einstein predicts, massive objects curve
spacetime, and light passing will be curved by these objects. Using this consequence, it is possible
to detect the effect of a massive galaxy cluster that theoretically contains DM, distorting the light
of distant galaxies behind the cluster. This is called gravitational lensing Fig 1.4 [101].

Another proof is the galaxy velocity. One of the easiest models is the Kepler model, which
assumes the galaxy’s mass is at the center, and the stars have the same angular velocity. From the
gravitation law, where G is the gravitational constant, and M is the galaxy’s center of mass, the
formula is

v(r) =

√
GM

r
. (1.16)

We can simplify the formula due to G, and M being constants, so instead of the formula 1.16, we
can only use 1/

√
r and obtain a curve like the one presented in Fig 1.3. The observations show

that there is more mass around the galaxy, explaining the reason when increasing the distance
also, the velocity increases.

From these statements, we can conclude that DM must have these characteristics

• must be electrically neutral; otherwise, they would scatter light and thus not be dark,

• has to be non-relativistic (cold) at the epoch of structure formation. Relativistic (hot) dark
matter has a larger free-streaming length that leads to inconsistencies with observations,

• Given the measurement of the total matter content; we must conclude that DM is non-
baryonic,
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Figure 1.3: Rotation curve of spiral galaxy Messier 33. The discrepancy between the two curves
can be accounted for by adding a dark matter halo surrounding the galaxy [97].

Figure 1.4: The sketch shows paths of light from a distant galaxy that is being gravitationally
lensed by a foreground cluster [101].

• is a long-lived (if not stable) particle.

Type Particle spin Approximate Mass Scale

Axion 0 µeV-meV
Inert Higgs Doublet 0 50 GeV

Sterile Neutrino 1/2 keV
Neutralino 1/2 10GeV-10TeV

Kaluza-Klein UED 1 TeV

Table 1.1: Properties of various Dark Matter Candidates [28].
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Figure 1.5: Schematic showing the possible dark matter detection channels [82].

Some models proposed that the late-time abundance of DM is controlled by its couplings to
the SM; however, there exist exceptions. But if DM self-annihilates and was once in thermal
equilibrium, the late-time relic abundance can be entirely determined by the cross-section for the
annihilation process. This is typically called a “thermal relic” scenario [121] that measures the
annihilation cross-section used for its detection. Of the candidates for makeup DM, some of them
are described in Table 1.1.

1.3 Detection

Searches of DM are not trivial task. Several experiments use different techniques for this purpose,
and we can summarize the types of DM detection in three categories, and each approach strictly
correlates with the couplings of interactions. These methods are described as DM production at
particle accelerators, indirectly by searching for signals from annihilation products or directly via
scattering on target nuclei (Fig 1.5). This section aims to describe briefly these techniques.

1.3.1 Direct

This method is based on searching for the scattering between DM particles and nuclei in a suitable
detection medium. The process is only observable through the recoiling nucleus, with energy ER

[40] given by

ER =
1

2
mχv

2 4mχmN

(mχ +mN )2
1 + cos θ

2
. (1.17)

This interaction implies the existence of the scattering of dark matter with ordinary matter. There
are several detection techniques to measure the recoil of the nucleus from dark matter scattering.
One of these techniques is the scintillator experiments, using crystals or liquids (Xe, Ar, Ne, etc.) to
emit light collected by photomultipliers. Experiment examples of this technique are DAMA/LIBRA
[29], Xmass [10], and MiniCLEAN [90]. Another method used for the experiments, CREST [56]
and CUORICINO [70], focuses on observing photons. The last strategy focuses on ionization;
examples of these experiments strategy are HDMS [25], MAJORANA [55], and IGEX [73].
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1.3.2 Indirect
The first aim of indirect detection is to observe the radiation produced in dark matter self-
annihilation. Direct DM detection often focuses on searching for SM particles produced by the
decay or annihilation of DM or their secondary effects [121]. However, their interaction with SM
particles is too weak, so the particle production rate is expected to be small. On the other hand,
this detection type has the potential to answer the question if DM is stable as predicted. With
its long lifetime, it would not decay to produce visible particles detected in collider experiments
unless DM is a new particle decaying at some point to be observable.

Some indirect searches for DM use γ rays, X rays, charged cosmics rays, neutrinos, etc. Ex-
amples of this kind of search are the experiments located in space like AMS [116], EGRET [58],
FERMI [57], etc., and Earth experiments are AMANDA [32], ANTARES [68], IceCube [87], etc.

1.3.3 Colliders
The purpose of collider searches is to detect signals coming from DM particles produced when
collider SM particles in controller collisions. Besides, this method can probe the interaction between
SM and DM particles by searching for the interested process’s mediator [35]. However, the lifetime
detection of the particles is limited by the time to exit the detector. Therefore, the main thrust of
this method is to interpret the missing-energy signatures at colliders because DM does not produce
signatures and capture the relevant kinematics properties with its model parameters. Comparing
the results of searches for DM production at colliders with direct and indirect detection is possible
due to the direct relation of the nucleon scattering cross section σSD,SI and the mass of the dark
matter candidate mDM involving vector, axial-vector, scalar and pseudoscalar mediators [76].

Examples of this method are the Large Hadron Collider at CERN [12] and the Tevatron at
FERMILAB [22].
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Chapter 2

CMS detector

The Large Hadron Collider (LHC) at CERN was built to accelerate protons or ions and collide
at a speed close to light speed at four points around the machine. At one of these points is the
Compact Muon Solenoid (CMS), a multipurpose experiment to detect the particles generated in
a proton-proton collision at the LHC. It is designed cylindrically 15 meters in diameter and 21.6
in length. One of its main features is a superconductor solenoid with a 4T magnetic field, which
helps to identify the detected particles.

Figure 2.1: CMS components [124].

The CMS comprises sub-detectors, as shown in Fig 2.1: The inner tracking system, electro-
magnetic calorimeter (ECAL), hadronic calorimeter (HCAL), superconducting magnet, and muon
detectors. The purpose of this chapter is to detail the structure of the CMS detector; each subde-
tector will be described to give an idea of the detector’s aim.
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2.1 The Large Hadron Collider

The Large Hadron Collider, constructed by the European Organization for Nuclear Research
(CERN), is a circular accelerator that started on 10 September 2008 and consisted of a 27-
kilometer two-ring-superconducting-hadron accelerator [77] located on the border between France
and Switzerland. In addition to hadron collisions (proton-proton), the LHC is also capable of
nucleus-nucleus collisions. The protons are obtained from the ionization of hydrogen molecules,
which are accelerated in a chain of different linear and circular accelerates to an energy of 450 GeV
before being injected into the LHC [27].

The LHC is divided into 8 points (See Fig 2.2), and the collisions occur at only 4 points. At
this points, a main detector is located:

• Point 1: ATLAS (A Toroidal LHC Apparatus). A general-purpose experiment. It researches
the SM, extra dimensions, and possible candidates of dark matter particles.

• Point 5: CMS (Compact Muon Solenoid). The second general-purpose experiment. Simi-
lar to ATLAS, it studies the Standard Model, extra dimensions, and dark matter particle
candidates.

• Point 2: ALICE (A Large Ion Collider Experiment). Studies quark-gluon plasma correspond
to strongly interacting matter at extreme energy densities.

• Point 8: LHCb (LHC-beauty). It investigates the slight differences between matter and
antimatter through b quarks.

Figure 2.2: Schematic layout of the LHC [123] (Beam 1- clockwise, Beam 2 — anticlockwise).
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The 2010–2012 LHC running period is referred to as Run 1. In 2010 and 2011, the LHC
operated at a center-of-mass energy of 7 TeV, increasing to 8 TeV in 2012. After Run 1, there
was a long shutdown 1 (LS1) during which the accelerator and the experiments underwent several
improvements allowing collisions at a center-of-mass energy of 13 TeV during Run 2 from its start
in 2015 until the end of 2018 [49]. After the second shutdown (LS2) in July 2023, Run 3 started a
new data-taking period with a collision energy of 13.6 TeV, waiting for new physics discoveries.

2.2 Compact Muon Solenoid detector

The Compact Muon Solenoid detector (CMS) [52] is a general-purpose detector that analyses the
SM and searches for new physics. It is made as an onion, then means that the subsystems are
around the beam pipe (See Fig 2.1 and 2.3). Starting from the interaction point in the middle of the
detector, the first subsystem is the tracker system used to measure the particle’s momentum, track
its path and determine its charge. The Electromagnetic calorimeter and the Hadron calorimeter
cover the tracker. The first one measured the energy and stopped the photons and electrons;
the second measured the energy of neutral and charged hadrons. After the subdetectors is the
solenoid with a magnetic field of 3.8T that curves the charged particles and is used to identify its
momentum. Finally, the last subdetector is the muon system. The signals collected by the detector
allow us to reconstruct physical objects, for example, the jets’ energy, reconstruction, and tagging
and the muon identification by the muon system. More details about these physics objects are
given in the next chapter.

Figure 2.3: Asketch of the specific particle interactions in a transverse slice of the CMS detector
[69].

The full length of the CMS detector is 21.6 m, a diameter of 14.6 m with an inner diameter of 5.9
m and a total weight of 12500 tons. The characteristics of the magnet and the CMS subdetectors
are described in the next subsections.
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2.2.1 Inner tracking system
The inner tracking system [92], the closest subdetector to the interaction point with an outer radius
of 1.20 m and a length of 5.6 m, designed to measure the trajectories of charged particles and for
second vertices reconstruction [52]. Due to the high number of particles the LHC produces, a fast
response detector is required for correct trajectory identification. The tracker is based on silicon
detector technology because of the radiation damage of the particle flux and is composed of a pixel
detector with three barrel layers at a radius between 4.4cm and 10.2cm and a silicon strip tracker
with 10 barrel detection layers extending outwards to a radius of 1.1m completing each system
with endcaps with a total acceptance of the tracker up to a pseudorapidity of |η| < 2.5. The CMS
tracker layout is presented in Fig 2.4 with its subsystems: Pixel, Tracker Inner Barrel (TIB) and
Tracker Inner Disks (TID), Tracker Outer Barrel (TOB), and Tracker Endcaps (TEC).

Figure 2.4: The layout of the CMS tracker [24].

The pixel detector is installed 20 cm from the beam pipe and designed to identify the trajectories.
It covers a pseudorapidity range −2.5 < η < 2.5 and contributes tracking points in r − ϕ and z
that help reconstruct secondary vertices. The active area of 1.1 m2 is arranged in four cylindrical
barrels and three endcap layers on each side of the barrel.

The silicon strip tracker contains a total active area of about 200 m2 placed around the pixel
detector covering a region up to 116 cm from the beam pipe and provides two coordinate measure-
ments in at least approximately four hits for the pseudorapidity range |η| <2.4. It is divided into
four subsystems: The tracker inner barrel (TIB), the Tracker Outer Barrel (TOB), the Tracker
Inner Disks (TID), and the Tracker EndCaps (TEC).

2.2.2 Electromagnetic Calorimeter
The electromagnetic calorimeter (ECAL)[4], used for energy measurement of photons and electrons,
is a hermetic homogeneous calorimeter made of tungsten crystals with good radiation resistivity
and mounted in the central barrel part closed by the two endcaps. The barrel length is 23 cm,
and the endcap length is 22 cm. The ECAL uses photomultipliers called avalanche photodiodes
(APDs) for the barrel and vacuum phototriodes for the endcaps.

The ECAL is organized in Barrel ECAL (EB) and Endcap ECAL (EE) (See Fig 2.5). The EB
covers the pseudorapidity range |η| < 1.479, and its granularity is 360-fold in ϕ and (2×85)-fold in
η, with a total of 61200 crystals that form supermodules. Due to the high granularity, separating
and identifying particles with a distance of around 5cm is possible [27]. The energy resolution of
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the EB was measured with an ECAL supermodule directly exposed to an electron beam [69]. The
EE rapidity range covers 1.479 < |η| < 3.0, divided into two halves or Dees that hold 3662 crystals
each. In addition to the Dee, in front of the endcaps, the Preshower is installed made of two layers,
each comprising a lead radiator followed by a plane of silicon strip sensors and provides information
on the electron identification and identification of neutral pions decaying into two photons.

Figure 2.5: CMS electromagnetic calorimeter layout [52] showing the arrangement of crystal mod-
ules.

2.2.3 Hadronic calorimeter
The Hadronic Calorimeter (HCAL) [5] is a hermetic sampling consisting of several layers of the
brass absorber and plastic scintillator tiles and is located inside the magnet coil and surrounds the
ECAL system. The subdetector measured the missing transverse energy of the events, as well as
the direction and energy of hadronic jets. The HCAL and ECAL form the calorimetry system of
the CMS detector for measuring jets and missing transverse energy.

The subsystem comprises four parts: the barrel (HB), the endcap (HE), the outer (HO), and the
forward calorimeter (HF), as shown in Fig 2.6. It comprises brass and scintillator layers arranged
in a tower pattern (see Fig 2.7) in η, ψ space. It detects the tracks passing through the detector
and converts them into an electrical signal proportional to the energy. The brass is chosen as the
absorbing material, and the scintillators can carry the light to the readout system.

The HB is an assembly of two half barrels made by flat brass alloy absorber plates parallel
to the beam axis with a segmentation ∆η × ∆ϕ = 0.087 × 0.087. The HO contains scintillators
with a thickness of 10mm and covers the region −1.26 < η < 1.26, and it improves the Emiss

T

resolution of the calorimeter. The HO is located inside the barrel muon system and is divided into
5 "rings" along η, -2, -1, 0, 1, and 2, and has 12 sectors. The HE comprises 14 η towers covering
the pseudorapidity region 1 − 3 < |η| < 3.0. The HF is made of steel/quartz fiber and covers the
pseudorapidity of 3.0 and 3.5.
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Figure 2.6: CMS components of the Hadronic Calorimeter [125]

The HF is designed to measure energetic forward jets to discriminate the narrow lateral shower
profile and to increase the hermeticity of the missing transverse energy measurement. Central
shower containment in the region |η| < 1.26 is improved with an array of scintillators located
outside the magnet in the HO [26].

The subcomponents, HB, HE, and HO, receive the optical signals from the scintillators and
then are converted to electrical signals using multichannel hybrid photodiodes (HPDs). However,
in the HF, conventional photomultiplier tubes are used. The Secondary vertex reconstruction is
explained using the Inner Tracking system and the calorimeters, detailed in the next chapter.

Figure 2.7: η−ϕ view of a 20-degree HE endcap sections showing the 5-degree regions and "split"
10-degree regions above η = 1.740 in detector pseudo-rapidity [26]
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2.2.4 Magnet
The main feature of the CMS detector is a large superconducting solenoid magnet [93] with a
homogeneous magnetic field of 3.8 T on the inside, with a 12.5 m length and a free-bore radius
of 3.15 m Fig 2.8. Its design avoids increasing the material in front of the calorimeters not to
harm the energy resolution because the solenoid is big enough to contain the tracker and the
calorimeter system. Reinforced NbTi wire coils made the solenoid because they can produce a
uniform magnetic field when the electricity flows and is at a low temperature (-268.5 degrees
Celsius) [52]. The solenoid is closed for 12 500 tones steel return yokes, composed of 11 large
elements, six endcap disks, and five barrel wheels, and the muon system is placed over this piece.
The solenoid helps curve the particle trajectory detected in the tracker, and the muon system
determines their momentum, which is an advantage for particle flow reconstruction.

Figure 2.8: CMS magnet 3-D model [94] evaluated with the TOSCA program. The different colors
correspond to the steels used in the magnet flux return yoke.

2.2.5 Muon System
The muon system [96] completes the CMS detector. As is written in the name, one of the pur-
poses of the detector is muon identification. The muon system’s general functions are transverse
momentum measurement, muon triggering, and charge determination, where the tracker and the
muon system makes the muon measurement.

The barrel and endcaps form the system, and it is composed of three types of gaseous detectors:
Drift Tubes (DTs) in the barrel region (|η| < 1.2), Cathode Strip Chambers (CSCs) in the endcap
region (0.9 < |η| < 2.4), and Resistive Plate Chambers (RPCs) both in the barrel and endcap
regions (1.2 < |η| < 1.6). A schematic view of the system is shown in Fig 2.9.

The choice of the detectors depends on their properties; a characteristic of DT and CSC is
that they can each trigger the transverse momentum of muons with good efficiency. Meanwhile,
the RPCs can provide a fast, independent, and highly-segmented trigger with a sharp transverse
momentum threshold over a large portion of the muon system’s rapidity range (|η| < 1.6) [52].
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Figure 2.9: Layout of one quarter of the CMS muon system [105] including the Phase−2 upgrades
(RE3/1, RE4/1, GE1/1, GE2/1, ME0). The interaction point is at the lower left corner. The dark
gray areas represent the magnet yoke.

The CMS barrel muon system is divided into five mechanically independent wheels (W+2,
W+1, W0, W-1, W-2) divided into 12 sectors. The endcaps have four disks called stations (ME1,
ME2, ME3, ME4), divided into 36 sectors, closing each side of the barrel.

A short description of the gas detectors is described as follows:

• Drift Tubes: The primary detector in the barrel region covers a range of |η| < 1.2 and consists
of 4 coaxial stations forming concentric wheels with a total of 250 DT chambers. DTs are
gaseous detectors and produce ionization on them when passing charged particles. When the
muons pass, they create electrons and ions, and the electrons with the strong electric field
produce an avalanche and transform it into an electrical signal.

• CSC: gaseous particle detectors in four layers in each endcap covering the region < 0.9|η| <
2.4 with a total of 540 detectors. The CSC detectors are multi-wire proportional chambers
that measure the azimuthal coordinate of passing muons for transverse momentum estimation
and provide the radial coordinate of the passing muons. Like DTs, the passing muon through
the gas detector causes an electron avalanche producing a signal on the anode wires and
inducing a distributed charge on the cathode strips.

• RPC: gaseous detectors distributed into the barrel and endcaps, covering the range of |η| <
1.9 with a total of 1056 detectors, 480 in the barrel region distributed into the five wheels
divided into 12 sectors (S01-S12), and 576 in the endcap, distributed into eight disks, where
the chambers are trapezoidal indicated as a segment CH01 through CH36 whiting a ring.
RPCs work with a gas mixture composed of 95.2% C2H2F4, 4.5% iC4H10, and 0.3% SF6

operating in avalanche mode to ensure good operation at high rates and have double gaps
(see Fig 2.10) with a gas gap of 2 mm [26].

To extend the sensitivity for new physics searches, a major upgrade of the LHC is prepared, the
High Luminosity LHC (HL-LHC), thus an upgrade on the CMS components is prepared, including
the muon system, such as the addition of the GEM detectors and the installation of the improved
RPCS (iRPCs) [6].
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Figure 2.10: Working principle of the double gap RPCs in CMS [6].

2.2.6 Trigger and data acquisition
Due to the luminosity of the LHC, it is expecting a data rate of ∼40 TB/s that needs to be
analyzed and collected by the detectors; However, it reaches the accepted rate of ∼ 100MB/s, and
the data need to be reduced. For this reason, the CMS uses a two-step trigger system: Level 1
Trigger (L1) and High-Level Trigger (HLT). The first reduces the events rate to less than 100 kHz,
and the second gives the final output data rate of about 100 Hz [118]. A schematic view of the
CMS trigger system is presented in Fig 2.11.

Figure 2.11: Schematic view of the CMS trigger system.[43].

The first data selection step is the L1 trigger that comprises custom hardware processors and
runs synchronously with the LHC bunch crossing frequency of 40 MHz, using the information from
the calorimeters and detectors to select the most interesting events deciding whether or not to
save the experimental data. This selection is based on the local objects like photons, electrons,
muons, jets, and missing transverse energy. Next, after a fixed time interval of 3.2 µs, these events
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pass through the HLT, which consists of a single processor farm called the “Event Filter Farm” and
reduces the event rate to 100Hz and are written to a temporary disk buffer before being transferred
to the computing center (Tier 0) at CERN for offline processing [100].

The Data Acquisition System (DAQ) combines the LT1 and the HLT, reading the output of the
L1 trigger to merge all the events and then passes these events to the Event Filter Farm [52], where
the HLT reduces the storage events. The DAQ is also the first source to see the detector’s response
where the collisions can be monitored, making the DAQ relevant for event selection and monitoring
the CMS detector. The elements that compose the DAQ are the detector Front-Ends that store
the data, the Readout Systems that read the data from the Detector Front-End System (FES),
the Builder Network that provides interconnections between the components, the Filter Systems
provided by the Readout, the Event Manager to control the data flow, the Computing Services
that receive the filtered events, and the Controls for the interface, monitoring, and configuration
of the DAQ [42].
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Object reconstruction

The electronic signals the detector gives have to be interpreted into particles after the collisions
using the subsystems to identify each particle decay. Another important particle feature is mo-
mentum and energy, essential for several analysis signals and backgrounds. Some particles that
leave a distinctive signature for the CMS detector are electrons, muons, taus, and photons. In the
quark case, they hadronize and form spay hadrons visible as jets in the detector.

Using the signals (hits) that charged particles leave on the tracker system and their trajectory
(track), the momentum can be determined by comparing it with the calorimeter measurement [27].
The link of this process, or the other subsystems, is the goal of the Particle Flow Algorithm [69].
The objective is the track and energy cluster reconstruction in the subsystems, the link between
the subsystems, and identify the particles. The algorithm can reconstruct physical objects like
photons, electrons, muons, and jets, muons missing transverse momentum, electrons, photons, and
charged and neutral hadrons. Below is a summary of all physics objects and the relevant selection
requirements for this analysis.

3.1 Primary vertex

The particle reconstruction position is essential to understand their origin; however, in a proton-
proton collision, several processes are generated, and not all of them are relevant to the analysis.
For this reason, it is important to define their vertices to identify the particle origin. The tracker
hits are clustered and fitted using a Kalman-Filter [14] to reconstruct the primary vertices to
obtain the track origin, momentum, and direction. The reconstruction occurred in three stages
[69]: initial seed generation with a few hits compatible with the particle trajectory, trajectory
building (or pattern recognition), and final fitting to determine the particle properties: origin,
transverse momentum, and direction. All these tracks were required to originate from a few mm
radii centered around the beam axis and to have pT larger than 0.9 GeV.

Once the primary vertices are reconstructed, the one with the largest summed squared pT of
the tracks associated with that vertex corresponds to the event’s hard scattering process called
the leading vertex (LV). The CMS experiment at the LHC aims to study the rarest interactions
of proton collisions. To increase the probability of these rare events, the LHC collides not just
individual protons but rather large bunches of protons. This results in multiple proton interac-
tions happening simultaneously, leading to a mixture of particles from the desired interaction and
particles from other interactions, known as pileup interactions [8]. Those tracks do not originate
from the primary vertex. One of the criteria parameters is the impact parameter, which ensures
that tracks from a secondary vertex do not interfere. The LV is relevant for jets clustered with the
anti-kt algorithm [37], which uses the tracks assigned to the vertex and the negative vector sum of
these tracks.
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3.2 Muons

The muon reconstruction is made by the muon system and the tracker system using the offline
reconstruction and the HLT. They are identified using tracks in the tracker that are compatible
with hits in the muon chambers. Also, compatibility with calorimeter deposits is required. A global
fit of the tracks and muon path curvature is performed to estimate their charge and momentum.
The muon system covers |η| < 2.4 restricting the muon reconstruction to this pseudorapidity range.

In the momentum range of 10–30 GeV/c, the dominant muon source is from b and c decays
produced in jets, and the muon isolation tool helps to identify these jets and those coming from the
decays of heavy objects [26]. The algorithm compares the total energy deposited (can be transverse
energy in a calorimeter or the sum of transverse momenta of reconstructed charged-particle track)
in a cone around the muon with a certain threshold. The geometrical definition of the cone is given
by the condition ∆R ≤ ∆Rmax, where

∆R =
√
(∆η)2 + (∆ϕ)2. (3.1)

The muon contribution to the energy measurement inside the cone is called the veto value and can
be subtracted to improve the discriminating power of the isolation algorithm.

There are three stages for muon reconstruction: local, standalone, and global reconstruction
[26]. Local reconstruction begins from a "seed"; the compatible chambers are identified, and a
reconstruction is performed in these chambers. Standalone reconstruction, also called Level-2
muon reconstruction, uses only information from the muon system; the tracker is not used. For
this reconstruction, the muon system (CSC, DT and RPCs) only participates. In contrast, global
reconstruction, also called Level-3 muon reconstruction, includes tracker hits.

In addition to the PF algorithm, there are other available algorithms [69]:

• Soft muon identification; it aims for muons from decays of quarkonia states. The tracker
muon is required with a tighter matching to the muon segment. Also, the inner track is
included for inner-tracker layer reconstruction.

• Tight muon identification; it focuses on muons from Z and W decays. It requires a global
muon track, and the candidate should be a tracker muon with at least two matched muon
segments in different muon stations and an inner track reconstructed from at least five inner-
tracking layers.

Isolated global muons are selected by considering the inner tracks and calorimeter energy deposits
with a distance ∆R to the muon direction in the (η, ϕ) plane smaller than 0.3 [69]. These crite-
ria permit reject hadrons misidentified as muons. However, for muons inside jets, an additional
criterion is required.

To nonisolated global muons, the tight-muon selection is applied [53] where it is also required at
least three matching track segments be found in the muon detectors or deposits in the calorimeter
associated with the tracks. More muon identification algorithms are described in ref [53], such as
soft, tight, and particle flow muon selection. However, only tight and loose algorithms are used for
this analysis, and their selection is described in the following sections.

3.3 Electrons

Electron reconstruction combines information from the inner tracker and the calorimeters due to
their energy deposit in several crystals in the ECAL. The properties and technical problems for the
tracking and the energy deposition patterns for electrons and photons are similar because electrons
often emit bremsstrahlung photons, and photons often convert to electron pairs in the tracker
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Figure 3.1: Schematic illustration of the isolation cone [26].

material [69], making the isolated photon reconstruction together with electron reconstruction.

In a given PF block, the super crystals (SCs, see Fig 2.5) match track seeds constructed from
pairwise or triplet hits in the tracking system, and electron candidates are seeded from the Gaussian
sum filter (GSF)[13] that estimates the electron track parameters. A photon candidate is seeded
from an ECAL supercluster with ET larger than 10 GeV, with no link to a GSF track.

At Level-1, the triggers used are A single isolated trigger, a double-isolated trigger, and a double
trigger corresponding to 50% efficiency for electrons and photons with ET of 23, 12, and 19 GeV,
respectively [26]. For HLT, the selection is made in three steps: The first step, Level-2, uses only
calorimeter information. The second step, Level-2.5, uses the information from the pixel detectors,
and in the final step, Level-3, the full tracker information is used.

For single showers, the energy sums of fixed arrays of crystals give good energy resolution
performance according to a cluster or ”bump” finding algorithm. The Hybrid algorithm uses the
η − ϕ geometry of the barrel crystals. It is designed to reconstruct high energy electrons in the
barrel and reconstruction of electron showers down to pT = 5 GeV/c. Meanwhile, the Island
algorithm searches for seeds defined as crystals with an energy above a certain threshold [26].

The photon energy is reconstructed by summing the energy deposited in a cluster (by crystals or
by the hybrid algorithm or island algorithm, depending on the spread of the deposited energy). On
the other hand, electron reconstruction is initiated by the presence of electromagnetic superclusters.
Their composition with a single track emerging from the interaction vertex forms the primary
electrons.

Electron candidates must satisfy identification criteria such as the amount of energy radiated
off the GSF track, the distance between the GSF track extrapolation to the ECAL entrance and
the position of the ECAL seeding cluster, and the ratio between the energies gathered in HCAL
and ECAL by the track-cluster association process. These criteria are combined for isolated and
nonisolated electrons.

Photons are considered if they are isolated from other tracks and calorimeter clusters in the
event and if the ECAL cell energy distribution is compatible with the ratio of the calorimeter
energies (HCAL and ECAL) as expected in parton shower.
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The distinction between electrons and photons in the PF global event description differs for
some analyses. Thus, the electron and photon reconstruction recording is tracked and saved for
different interpretations.

3.4 Jets

After muons, electrons, and isolated photons reconstruction, the remaining particles to be identified
are hadrons from jet fragmentation and hadronization, which are identified as charged or neutral
hadrons or nonisolated photons [69]. Within the tracker acceptance (|η| < 2.5), the ECAL clusters
not linked to any track are turned into photons, and similar to the HCAL clusters not linked to
any track, they are turned into neutral hadrons. However, beyond the tracker acceptance, they
can not be distinguished, and ECAL clusters linked to a given HCAL cluster are assumed to arise
from the same hadron shower. In contrast, the ECAL clusters without such a link are classified as
photons.

These reconstructed hadrons are used to build the jets that, at LHC energies, the physics at high
pT is dominated by these physic objects, which can be used not only to understand the detector
but also for searches beyond the Standard Model in models like SUSY, Higgs boson production,
and other processes which require jet coming from high pT quarks of gluons [26]. The jet energy
resolution is essential to separate signal events from backgrounds. Also, missing transverse energy
resolution is related to the calorimeter jet energy response.

In the HCAL towers, the associated energy to them is calculated as the sum of all contributing
readout cells that pass the threshold and additional offline software thresholds [26]. The HCAL
towers are used as inputs to several jet clustering algorithms associating the energy with the sum
of all contributing readout cells. Some of the reconstruction algorithms are the iterative cone, the
midpoint cone, and the inclusive kT algorithm. The jets used in this analysis are reconstructed
using the anti-kT algorithm [37]. The anti−kT algorithm idea is to loop over the PF candidates
and cluster them if they are within a certain distance, where the distance between two particles i
and j is defined as

dij = min{p2nT,i, p
2n
T,j}

∆R2
ij

R2
, (3.2)

where pT,i/j is the particle transverse momentum, n ∈ -1, 0, 1, ∆Rij is the particle distance in
the η − ϕ plane defined as ∆R2

ij = (ηi − ηj)
2 + (ϕi − ϕj)

2 is a dimensionless parameter. R is the
distance parameter that indicates the maximum jet radius. Thus, the second distance considering
the particle pT itself is defined as

diB = p2nT,i. (3.3)

Using an iterative procedure, combining these two distances, the jet clustered is formed until all
particles are within a jet [27]. The n parameter defines the order for clustering. The anti-kT
algorithm clusters all particles reconstructed by the PF algorithm (PF jets), the sum of the ECAL
and HCAL energies deposited in the calorimeter towers (Calo jers), or all stable particles produced
by the event generator, excluding neutrinos (Ref jets)[69], as shown in Fig 3.2

After the clusterization, the momentum is defined as the sum of the PF clustered candidates.
The content of jets in terms of particle type and energy distribution depends on the flavor of

the parton that initiated the jet, described by the fragmentation functions described in Ref [99].
However, the same energy corrections are applied to all jets because the parton that initiates the
jet cannot be determined most of the time with sufficient confidence. Only charged hadrons from
the primary vertex are considered to mitigate pile-up effects.

22



Object reconstruction
3.5 Missing Transverse Energy and Hadronic Recoil

Figure 3.2: Jet reconstruction in simulated dijet event [69].

3.5 Missing Transverse Energy and Hadronic Recoil
The CMS can detect almost all stable or long-lived particles produced in pp collisions. Nonetheless,
some particles exist that do not interact with the detector material, such as neutrinos or particles
produced in the direction of the beam pipe. These particles are often called missing transverse
energy [54] because they do not leave a signal in the detector. However, their presence can be
inferred from the momentum imbalance in the plane perpendicular to the beam direction, denoted
as �ET or Emiss

T , to provide a picture as possible of the event. The measurement of the missing
transverse energy vector (E⃗T ) is not an easy task due to pile-up mitigation and is dominated by
calorimeter resolution in the CMS detector [26].

The raw E⃗T is defined as a vectorial sum of the transverse momenta of all particles [69]

p⃗miss
T,PF (raw) = −

Nparticles∑
i=1

p⃗T,i, (3.4)

where i runs over each PF particle in the event. The measurement of the E⃗T does not contain only
the particles without signal detection; it also includes the mismeasurement of the jet’s momentum.
Thus, a correction is applied to this possibility by propagating the changes due to jet calibration
of E⃗T [27]. The jet-energy-corrected E⃗T is written as follows

p⃗miss
T,PF =

Nparticles∑
i=1

p⃗T,i −
NPF jets∑

j=1

(
p⃗corr
T,j − p⃗T,j

)
. (3.5)

The Emiss
T used in this analysis is computed by taking the negative vector sum of the transverse

momentum of all particle flow candidates reconstructed of a given event. Corrections to the
momenta for the used jets (See following sections for event selection) are used (Type-1 corrections).

3.6 Hadronic Tau decays
The tau (τ) particle is unstable, and its decay produces either a charged lepton and two neutrinos
or hadrons and one neutrino. To see the τ decay modes and branching ratio fractions, see Ref
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[104]. The τ decays hadronically 65% of the time, producing a τ jet, and in 77% of hadronic τ
decays, the jet consist of only one charged hadron and several neutral pions (π0). To distinguish
the hadronic τ decay (τh) from quark and gluons jets, the decay products’ multiplicity, collimation,
and isolation are used [69].

Identifying τ jets requires matching the jet axis determined by the calorimeter and the jet
axis determined by the charged particle tracking [26]. Hadronic τ decays produce localized energy
deposits in the electromagnetic calorimeter, using different variables to quantify it and reject
QCD jets, using the ECAL isolation criteria that use the energy deposits in the electromagnetic
calorimeter and the distance parameter. Another tool for τ jet identification is tracker isolation
(see Fig 3.3), where the calorimeter jet’s axis defines the jet’s direction. These two isolation
requirements are used in the HLT for jet τ identification.

Figure 3.3: Sketch of τ tracker isolation [26].

The τh reconstruction began with the Calo τh jet candidates [51] that were reconstructed as
collimated and isolated calorimetric jets. Nowadays, the PF algorithm is used to identify the
particle from the τ decay, which also reconstructs the surrounding particles to determine their
isolation for τ identification. The particles are used as input to the hadrons-plus-strips (HPS)
algorithm [46] for the reconstruction and identification of τ candidates.

The HPS and Calo τh algorithms are compared in terms of their performance for identification
efficiency, jet misidentification rate, and momentum reconstruction. The τh identification efficiency
is defined as the probability of reconstructing and identifying a τh matching a generated τh within
∆R=0.3 [69]. For this, the τh are required to have pT > 20GeV and |η| < 2.3. The jet misiden-
tification rate is defined using the same selection as the probability to reconstruct and identify a
quark or gluon jet from the multijet sample as a τh. The τ tagging efficiency can be evaluated
with Monte Carlo simulation, assuming that some events are known and considering systematic
uncertainties by the event selection related to the calorimeter information [26].
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3.7 b jets
Many physics channels produce b jets in the final state, such as the top quark that decays into a
W boson and a b quark, visible as a jet. The tagging of these b jets relies upon their distinctive
properties of b hadrons, like their large lifetime, large mass, decays to final states with high charged
track multiplicities, large semileptonic branching ratios, and hard fragmentation function [26]. The
tagging algorithms rely upon the reconstruction of physics objects. Most of the b hadron properties
used for b tagging use charged particle tracks because they can offer a spatial resolution to detect,
for example, the decay length.

An example of common track selection cuts for b tagging algorithms is described as follows:

• Al least eight reconstructed hits in total

• At least two reconstructed hits in the pixel detectors.

• Transverse momentum pT > 1 GeV/c.

• χ2/ndf of the track fit <10.

• Transverse impact parameter concerning the reconstructed primary vertex < 2mm.

Nowadays, the CMS b-tagging algorithms relay into three main variables: the impact parameter
significance of the tracks, the position of the secondary vertex, and the transverse momentum of
the muon relative to the jet direction [79] (due to the semileptonic decay). This semileptonic decay
of b hadrons is explained by the b jets that contain a muon (11% branching ratio) or when the b
quark decay into a c quark that decays into a lepton (20% branching ratio).

The impact parameter (IP) is defined as the distance between the track and the primary vertex
(PV) at the point of closest approach, as shown in Fig 3.4

Figure 3.4: Geometric meaning of IP[79].

Some of the algorithms used for b-tagging are the Jet probability algorithm, the Soft-Lepton
tagging algorithm, and the secondary vertex algorithm. An example is the combined b-tagging
algorithm based on the secondary vertex of a b-hadron reconstruction. To distinguish b jets,
topological and kinematic vertex variables are combined with track impact parameters’ significances
[26]. Secondary vertices are reconstructed using the Trimmed Kalman Vertex Finder algorithm [67]
(the conventional robust version of the Kalman vertex fitter), which searches for vertex candidates
among a set of tracks in an iterative way.
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Depending on the cuts for discrimination, the efficiency of the taggers is different. The efficiency
ϵq to tag a certain flavor of the jet as b jet [26] is defined as

ϵq =
Number of jets of flavour q tagged as b

Number of jets of flavour q
(3.6)

Some methods to measure the b-tagging efficiency include using a jet sample with enriched b-jet
content, for example, a tt sample, in data or Monte Carlo.

For b tagging efficiencies measured in data, which is different than those predicted by the
simulation, scale factors are applied to simulated events that depend on the jet flavor (b, c, light
jets), jet pT, and jet η [78]. There are established standard operating points as loose (L), medium
(M), and tight (T), being the value at which the tagging of udsg jets is estimated from MC to be
10%, 1%, or 0.1%, respectively, for jet transverse momentum of about 80 GeV [79].
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Chapter 4

Dark Higgs analysis

This chapter presents an analysis searching for evidence of dark matter at the LHC. DM has not yet
been observed in particle physics experiments; however, if the interaction exists, the DM particles
could be produced at the LHC. Due to the lack of detectable signals at the LHC, one possible way
to detect them is in association with a visible SM particle. These processes are observed at colliders
as particles or jets recoiling against an invisible state from the dark matter and are called “mono-X”
or MET+X reactions [30, 34] where the missing transverse momentum is the visible observable
in the detector as DM signal. Thus, at the ATLAS-CMS Dark Matter Forum [11], the CMS and
ATLAS groups of experimenters discussed and proposed a prioritized, compact set of benchmark
simplified models for Run-2 searches. This forum proposed simplified models for Dirac fermion DM
comprising different spin mediators, including an additional U(1) gauge symmetry. However, new
mediators (spin 0 or 1) can produce observable signals in a wide range of DM searches for missing
transverse momentum at the LHC. Furthermore, their presence can be responsible for establishing
thermal equilibrium between the visible and the dark sector in the early Universe, including being
related to the processes for DM relic abundance via thermal freeze-out [41, 88].

Typically, the most sensitive analysis channel to DM production is the mono-jet channel [89],
which has strongly constrained the parameter space in which DM particles can obtain their relic
abundance from direct annihilation into SM final states. The tension is relaxed if DM particles are
not in the lightest state in the dark sector, and if the DM mass is generated via a Higgs mechanism
in the dark sector and the resulting dark Higgs boson is lighter than DM, a new annihilation
channel where DM particles annihilate into a pair of dark Higgs bosons (hs), with subsequent
decay into SM states, would be possible. If the dark sector includes an additional spin-1 Z ′

mediator, the probability of the Z ′ producing and radiating a dark Higgs (dark-Higgsstrahlung)
can be large. Also, assuming a small mixing with the SM Higgs boson, the dark Higgs boson
decays predominantly into a pair of b quarks, leading to a distinctive signature in the detector of
large missing transverse momentum, arising from the decay of the Z ′ mediator into DM, and a
double-b-tagged, highly-boosted large-radius jet coming from the dark Higgs decay. The following
sections present an analysis searching for evidence of DM in the mono-hs final state, focusing on
the b quark channel. Results are presented for the 137.2 fb−1 dataset collected by CMS at a
center-of-mass energy of 13 TeV during Run 2 (2016 to 2018).

4.1 Dark Higgs model

The dark Higgs model [63] proposes that dark matter particles, which are Majorana particles, are
not in the lightest state, leading to new annihilation channels and the mechanism to acquire mass,
including the existence of a Higgs boson in the dark sector. This sector [33] suggests the existence
of low-mass particles with weak interactions with visible matter.
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The model assumes the DM particle is a Majorana particle χ that obtains its mass from the
vacuum expectation value (vev) w of a new complex Higgs S field, a singlet under the SM gauge
group [64, 91]. The scalar field S carries a charge qS under a novel U(1)′ gauge group. Thus
w breaks the gauge symmetry spontaneously, generating the mass of a corresponding Z ′ boson,
which is the mediator between DM particles and SM states, and also arising into a new Higgs
boson defined by

S =
1√

2(s+ w)
, (4.1)

that is referred to as the dark Higgs boson (hs). Within this framework, the DM particle obtains
an axial coupling to the Z ′ boson, resulting in a mutual coupling between all three particles within
the dark sector. The expression gives the renormalizable terms in the Lagrangian

Lχ = −1

2
g′qχZ

′µχγ5γµχ− yχ

2
√
2
sχχ+

1

2
g

′2q2SZ
′µZ ′

µ(s
2 + 2sw), (4.2)

where g′ refers to the U(1)′ gauge coupling, and gauge invariance requires that the charge of the
DM particle satisfy qχ = qS/2. The masses of the DM particles and the Z’ boson are parameters
given by mχ = yχw/

√
2 and mZ′ = 2g′qχw. The ms mass is also a parameter. Therefore, the

model parameters are mχ,mZ′ ,ms and gχ ≡ g′qχ, and using these parameters, we can write the
equation 4.2 as follows:

Lχ = −1

2
gχZ

′µχγ5γµχ− gχ
mχ

mZ′
sχχ+ 2gχZ

′µZ ′
µ(gχs

2 +mZ′s). (4.3)

We used the same coupling choice to compare with existing LHC searches: gq = 0.25 and gχ = 1
[11].

In this scenario, the hs boson is the lightest state in the dark sector, and DM particles can
annihilate into other dark sector states, which subsequently decay into SM states. The non-zero
mixing between the hs boson and the SM Higgs boson [91, 80] ensures that the hs boson is unstable
even if it is the lightest state in the dark sector and decays into SM states, making the relic density
primarily set by the χχ→ ss process.

For this analysis, only the vector couplings of the Z ′ boson to SM quarks will be considered:

Lχ = −gqZ ′µq̄γµq (4.4)

Axial-vector coupling of the Z ′ boson to SM quarks will not be considered even though, in
principle, they would also be present. Still, they would require significant modifications to the
current model setup to guarantee SM gauge invariance [91]. Additional couplings of the Z ′ boson
to SM leptons could also be possible. However, such couplings would lead to additional constraints
[66]. Moreover, it will not be considered.

.

Figure 4.1: Process leasing to missing transverse momentum signatures. Left: a typical mono-jet
process. Center and right: Monohs process.

In contrast to the conventional signatures of DM at the LHC, which involve missing transverse
momentum due to the recoil of DM particles against an SM state from initial state radiation (as
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shown in Figure 4.1 left), the scenario for the dark Higgs model involves the recoil of DM particles
against a visibly decaying dark Higgs boson emitted in the final state radiation (Fig 4.1 right).
For this analysis, the considered process is shown on the right side, where the dark Higgs boson
decays into a pair of b quarks.

The difference with the dark Higgs model is that DM particles recoil against a visibly decaying
dark Higgs boson from final state radiation. Compared with other searches like mono-jet [106] ,
the dark Higgs boson will decay into a pair of b quarks, leading to a characteristic highly boosted
large-radius jet.

For the analysis, the selection of the bb channel over other processes is motivated by several
key factors. First, in the presence of a light-dark Higgs boson, the decay mode Z ′ → χχS becomes
available, offering a distinct three-body decay signature with relatively soft dark Higgs bosons
and approximately back-to-back DM particles. This results in little missing transverse momentum
in the decay, making it a unique and distinguishable signature. Furthermore, the three-body
decay mode can have a substantial branching fraction, especially for specific couplings, allowing
for efficient detection. Compared to other processes, such as initial state radiation, the bb channel
proves advantageous as it provides high transverse momentum jets associated with large missing
transverse momentum after the decay of the dark Higgs boson. This signature stands out in LHC
searches and offers great sensitivity to uncover new physics. Additionally, the decay of the dark
Higgs boson predominantly into heavy quarks produces a distinct fat jet containing two b-jets,
allowing for effective discrimination from background processes and enhancing the sensitivity of
the bb channel compared to common mono-X searches. Overall, the selection of the bb channel
enables comprehensive exploration of the dark Higgs model and its implications for dark matter
searches, offering unique signatures and enhanced sensitivity to uncover new physics beyond the
Standard Model.

4.2 Event selection
Event selection is the foundation of any particle physics analysis and is crucial to our search for the
Dark Higgs boson. This section will discuss the principles, criteria, and strategies we use to curate
a sample of events that exhibit the characteristics of Dark Higgs interactions and are robust against
various background processes. From defining specific object properties to delineating regions of
interest, our event selection criteria are meticulously crafted to unveil the elusive signals hidden
within the vast sea of collider data.

4.2.1 Object definitions

Accurate identification and characterization of particles and objects produced in high-energy
proton-proton collisions are prerequisites for any particle physics analysis. In this subsection, we
discuss the intricate task of object definitions within the CMS detector, which is the cornerstone of
our event selection process. The successful reconstruction of muons, jets, and other fundamental
particles is paramount in discerning the signatures of the Dark Higgs. Here, we elucidate the cri-
teria and algorithms to define these objects, ensuring they adhere to stringent quality standards.
The precision of our object definitions not only facilitates the identification of genuine particles
but also shields against spurious signals, ensuring the fidelity of our analysis.

Missing Transverse Momentum and Hadronic Recoil

The Emiss
T used in the analysis is computed by taking the negative vector sum of the transverse

momenta of all particle flow candidates reconstructed in a given event. Corrections to the momenta
of AK4 PF CHS jets reconstructed in the event are further propagated to the Emiss

T (Type-1 T
corrections). To mimic the Emiss

T in the signal regions, control regions are constructed by selecting
events with a lepton corresponding to regions dominated by W boson production. The hadronic
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recoil against the bosons can be computed by removing the p⃗T of the lepton from the Emiss
T

computation. Formally, the recoil is given by

U⃗ = p⃗miss
T + p⃗lT , (4.5)

where the last term is the p⃗T of the muon or electron, depending on the control region. Events
in data can end up with large spurious Emiss

T due to detector noise and beam backgrounds. To
remove these events, several Emiss

T filters, such as those listed below, have been recommended by
the JetMET POG [2] and have been implemented in the analysis

• Good Vertex Filter (At least one good primary vertex in the event)

• Global Beam Halo SuperTight Filter

• HBHE Noise Filter

• HBHE NoiseIso Filter

• ECAL Dead Cells Trigger Primitive Filter

• Bad PF Muon Filter

• EE Bad SC Filter

• ECAL Bad Calibration Filter

AK4 Jets

We used the reconstructed jets clustering particle flow candidates in the event using the anti-kT
algorithm [38] with a distance parameter of 0.4 (AK4 jets). To mitigate the effects of pileup,
we employ two techniques: Charged Hadron Subtraction (CHS) and L1FastJet corrections. CHS
eliminates charged hadrons not originating from the primary vertex, where the proton-proton
collision occurs. These extra tracks arise from additional proton-proton interactions within the
same bunch crossing, known as pileup. L1FastJet corrections, on the other hand, address the
smearing effect of pileup on jet energy measurements. Using the event-by-event energy density,
L1FastJet corrections estimate and subtract the pileup energy contribution from each jet, ensuring
more accurate jet measurements. We apply further corrections for jet pseudorapidity (η) and
transverse momentum (L2, L3 corrections). We apply further residual jet energy corrections to
jets in data to match their response with the simulation (L2L3Residual). These corrections have
been derived on AK4 CHS jets [3]. We consider narrow jets (AK4 jets) in the analysis that meet
the following requirements:

• pT > 30 GeV, |η| < 2.4

• Pass standard tight jet identification criteria [109]

• Neutral hadron fraction < 0.8

• Neutral EM fraction < 0.99

• Charged hadron fraction > 0.1

• Pass the Loose PU ID if pT < 50 GeV

The explicit selections on the energy fractions discussed above may be overridden by selections
in the "tight jet identification" criteria. In regions where a lepton is required, we reject a jet if
∆R(jet, l) < 0.4. We also require jets to be well-separated from "fat jets" (see below), so we reject
a jet if ∆R(jet, fat jet) < 1.5. In this way, all AK4 jets in the analysis are "extra jets" concerning
the fat jet that will make up the Dark Higgs candidate in the event.
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AK15 Fat Jets

To identify the dark Higgs candidate, we cluster jets from PUPPI-weighted PF candidates using
the anti-kT algorithm with a distance parameter of 1.5 (AK15 jets), also known as "fat jets." The
fat jets must be "dark Higgs tagged" to be considered good candidates. The two main criteria for
dark Higgs tagging are the jet mass and the B-hadron content of the jet.

We use the soft drop method to groom the fat jets to reduce the impact of pileup interactions,
underlying events, and parton shower activity. We chose the soft drop parameters Zcut = 0.15 and
β = 1 to optimize the mass resolution after grooming.

We use deep-learning-based techniques to identify B-hadrons within the fat jets (Deep-Flavour).
This technique is independent of the jet mass variable, which is important because we use the
kinematics of the groomed jet throughout the analysis.

Fat jets considered in the analysis must have pT > 160 GeV and |η| < 2.4. To remove jets
due to HCAL noise or mismeasurement, we require that fat jets pass the tight jet ID requirements
described in [16]. In regions where a lepton is required, we reject a fat jet if ∆R(jet, l) < 1.5.
Finally, we correct the jets using the L1, L2, L3, and L2L3Residuals corrections derived for AK8
jets.

Muons

We reject events containing muons in the analysis to suppress electroweak backgrounds. To be
considered a "loose" muon, an object must pass the following selection:

• pT > 20 GeV (2016 and 2017), 15 GeV (2018)

• |η| < 2.4

• "Loose Muon" identification criteria [112]

• |dxy| < 0.5 cm

• |dz| < 1.0 cm

• Particle-flow relative isolation in a cone of ∆R = 0.4, Irel < 0.4 (the "very loose" working
point, with an efficiency above 98%)

We use selections that rely on muons to develop control regions for irreducible backgrounds.
To be considered a "tight" muon, an object must pass the following selection:

• pT > 30 GeV

• |η| < 2.4

• "Tight Muon" identification criteria [113] (which include |dxy| < 0.2 cm and |dz| < 0.5 cm
selections, among others)

• Particle-flow relative isolation in a cone of ∆R = 0.4, Irel < 0.15 (the "tight" working point,
with an efficiency of 95%)

We apply an event scale factor to MC to account for differences in muon reconstruction and
identification between data and simulation. The derivation of this scale factor and the correspond-
ing systematic is described in [16].
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Electrons

As with muons, we use two definitions of electrons for veto and selection. Loose electrons must
pass the following selections:

• pT > 10 GeV

• |ηSC | < 2.5

• Loose identification requirements [107] (Electron_mvaFall17V2Iso_WP90 working point, an
MVA-based identification with isolation inputs and an efficiency of 90%)

• Separated from loose muons (∆R > 0.3)

Tight electrons must pass the following selections:

• pT > 29 GeV (2016), 40 GeV (2017 and 2018)

• |ηSC | < 2.5

• Tight identification requirements [107] (Electron_mvaFall17V2Iso_WP80 working point, an
MVA-based identification with isolation inputs and an efficiency of 80%)

• Separated from loose muons (∆R > 0.3)

Loose leptons for selection (for the Dilepton control regions) have the exact requirements as
the veto definition for loose electrons given above. An event scale factor is applied to account for
differences in electron reconstruction and identification between data and MC, as described in [16].

Photons

We reject events with any photons passing the loose identification, defined as follows:

• pT > 15 GeV

• |η| < 2.5

• Loose identification requirements [108] (94X-V2 ID at the loose working point, a cut-based
identification with an average efficiency of 90%)

• A veto on electrons (i.e., an identified photon must not also be an electron)

Taus

We apply a loose selection to reject taus:

• pT > 18 GeV

• |η| < 2

• Old DecayModeFinding (since we are neither using DeepTau v2 nor particularly high-pT
taus, there is no particular reason to use the new one.)

• MVA-based very loose isolation provided by the POG [114] (specifically, the byVLooseIsola-
tionMVArun2017v2DBoldDMwLT2017 working point)

• Separated from loose muons (∆R > 0.4) and loose electrons (∆R > 0.4)
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4.2.2 Datasets

This analysis uses certified events from the following data-taking periods:

• Run2016B–H datasets, 17 Jul 2018 reconstruction, corresponding to 35.9 fb−1.

• Run2017B–F datasets, 31 Mar 2018 reconstruction, corresponding to 41.5 fb−1.

• Run 2018A–C datasets, 17Sep2018 reconstruction and Run 2018D dataset, Prompt recon-
struction, all corresponding to 59.74 −1.

4.2.3 Trigger selection

Events with W bosons decaying into an electron and a neutrino are selected with unprescaled
single electron triggers. These triggers have different requirements for electron identification and
isolation, depending on their pT threshold. Low-pT electron triggers are inefficient for high-pT
electrons, so high-pT electron triggers with different isolation requirements are also used.

In addition, a bug in the ECAL reconstruction during the 2017 run caused the wrong ADC
gain switch to be used [75]. To address this bug, the EGamma POG requires a logical OR with
the Photon200 path for analyses that use electrons with pT > 300 GeV and 2017 data. This
requirement is also used for 2018 data as a safety measure.

Table 4.1 shows the full list of triggers used for each year of data taking, along with the L1
seeds and the associated primary datasets.

The different reconstruction eras aim to achieve a uniform performance for the Run 2 dataset.
All those datasets correspond to a total integrated luminosity of 137.2 fb−1. The analysis uses
control regions defined by muons and electrons, so the MET and electron/photon datasets are
used. The MET dataset includes muon pass-through triggers, which allow us to select events with
high Emiss

T or high muon recoil.

4.2.4 Event topology

The CMS detector at the CERN LHC records various particle interactions, each with its unique
signature. Understanding and characterizing these event topologies is essential for our search for
the Dark Higgs. This section will explore the distinct features of Dark Higgs events and how they
differ from background processes.

The Feynman diagram for the signal is shown in Figure 4.1. The event topology in the dark
Higgs model consists of missing transverse energy and a fat jet that contains two b quarks. Having
such objects in the final state, the main corresponding background is Z+jets, W+jets, and tt pro-
duction. The expected preselection for the final state is shown in Table 4.2. The preselection aims
to build a well-defined set of events upon which the signal and control regions will be constructed.

4.2.5 Signal region and control regions

Distinguishing between signal and background events is essential for the Dark Higgs analysis.
This subsection discusses the crucial concepts of signal and control regions. The signal region
is designed to capture the characteristics of Dark Higgs interactions. In contrast, the control
regions are used to validate our background estimation techniques and ensure the reliability of
our analysis. By carefully defining these regions and their specific criteria, we create a robust
framework to draw meaningful conclusions about the presence or absence of Dark Higgs signals
while carefully monitoring the impact of background processes.

All regions (signal and control) share a common preselection, described in Table 4.2. This
preselection ensures that the event topology is close to the one expected for the dark Higgs signal.
To distinguish between the signal and control regions, we use the lepton and photon multiplicities
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Year HLT path L1 seed Primary data set
2016 HLT_PFMETNoMu90_PFMHTNoMu90_IDTight L1_ETMHF70 MET

HLT_PFMETNoMu100_PFMHTNoMu100_IDTight L1_ETMHF70
HLT_PFMETNoMu110_PFMHTNoMu110_IDTight L1_ETMHF70
HLT_PFMETNoMu120_PFMHTNoMu120_IDTight L1_ETMHF70

HLT_Ele27_WPTight_Gsf L1_SingleEG24 SingleElectron
HLT_Ele105_CaloIdVT_GsfTrkIdT L1_SingleEG30

L1_SingleJet170
L1_SingleTau100er2p1

2017 HLT_PFMETNoMu120_PFMHTNoMu120_IDTight LL1_ETMHF70 MET
HLT_PFMETNoMu120_PFMHTNoMu120_IDTight_PFHT60 L1_ETMHF80_HTT60er

HLT_Ele35_WPTight_Gsf L1_SingleEG24 SingleElectron
HLT_Ele115_CaloIdVT_GsfTrkIdT L1_SingleEG30

L1_SingleJet170
L1_SingleTau100er2p1

HLT_Photon200 L1 SingleEG30 SinglePhoton
L1 SingleJet170

L1_SingleTau100er2p1
2018 HLT_PFMETNoMu120_PFMHTNoMu120_IDTight L1_ETMHF100 MET

L1_ETM150
HLT_PFMETNoMu120_PFMHTNoMu120_IDTight_PFHT60 L1_ETMHF90_HTT60er

HLT_Ele32_WPTight_Gsf L1_SingleIsoEG24er2p1 EGamma
L1_SingleEG26er2p5

L1_SingleEG60
HLT_Ele115_CaloIdVT_GsfTrkIdT L1_SingleEG34er2p5

L1_SingleJet160er2p5
L1_SingleJet180

L1_SingleTau120er2p1
L1_SingleEG60

HLT_Photon200 L1_SingleEG34er2p5
L1_SingleJet160er2p5

L1_SingleJet180
L1_SingleTau120er2p1

L1_SingleEG60

Table 4.1: HLT paths and the associated L1 seeds used in the analysis for the different years of
data taking.

and the number of b-tagged AK4 jets that do not overlap with the fat jet. This minimizes the
extrapolation uncertainties.

The analysis considers the smallest possible number of control regions to constrain the shapes
and yields of the three main standard model backgrounds to the search: W and Z production
with jets and tt production. We define these regions based on two criteria: whether the main
candidate jet in the event passes the DeepAK15 selection and the number of well-reconstructed
leptons (electrons or muons) in the event. Signal events are expected to populate the {pass, 0l{
category, while background events are expected to populate the other categories ({pass, 1l}, {fail,
0l}, and {fail, 1l}). We use the distribution of events in these categories to estimate the remaining
standard model background in the signal-populated category (See fig 4.2).

To constrain the background shapes and yields, it is defined the following control regions on
top of the event preselection:

• Zero lepton: Jet HEM mitigation, no loose leptons (muons or electrons), no loose photons,
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AK15 jet pT threshold > 160 GeV
Emiss threshold (signal region) > 250 GeV

Recoil |U| threshold (control region) > 250 GeV
min ∆ϕ(U, AK15) > 1.5
Loose tau leptons Vetoed

Table 4.2: Preselection summary.

selected by Emiss triggers. In this region, the 2018 period also requires the additional Emiss
T

HEM mitigation described above.

• Single muon: Presence of one tight muon, no loose electrons, no loose photons, no extra
b-tagged jets, jet HEM mitigation, selected by Emiss

T triggers.

• Single electron: Presence of one tight electron, no loose muons, no loose photons, no extra
b-tagged jets, jet HEM mitigation, selected by single electron triggers. In this region, it also
requires Emiss

T > 100 GeV and ∆ϕ(Emiss
T , jet) > 0.7 to improve Emiss

T modeling.

• Top muon: Presence of one tight muon, no loose electrons, no loose photons, at least one
extra b-tagged jet, jet HEM mitigation, selected by Emiss

T triggers.

• Top electron: Presence of one tight electron, no loose muons, no loose photons, at least one
extra b-tagged jet, jet HEM mitigation, selected by single electron triggers. In this region,
it also requires Emiss

T > 100 GeV and ∆ϕ(Emiss
T , jet) > 0.7 to improve Emiss

T modelling.

All the regions are divided into two subregions based on whether or not the fat jet passes the
ZHbbvsQCD b-tag threshold of 0.65. The ZHbbvsQCD tagger is a deep learning-based tagger
used to identify jets likely to originate from the decay of the Higgs boson into two b quarks. By
selecting events with a high ZHbbvsQCD tagger score, the background can be reduced, and the
search statistics can be increased.

The pass subset of the zero lepton region is the signal region, where the search for evidence of
dark Higgs events is performed. The challenge of the analysis is to predict the distributions of the
standard model backgrounds in the signal region.

Figure 4.2: Overall picture of the regions
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4.3 Signal and background estimation

To separate the nature of the Dark Higgs, it is important to distinguish the signal from the myriad
of background processes that pervade high-energy particle collisions. These background sources,
arising from well-understood and often abundant physics phenomena, can mimic or obscure the
elusive signatures of exotic particles. To rigorously ascertain the existence of the Dark Higgs, we
must carefully estimate and mitigate these background contributions.

This section is the linchpin of the analysis, shedding light on the techniques and strategies
that enable us to disentangle genuine Dark Higgs events from the background clutter. Here, we
comprehensively explore the diverse approaches employed to quantify the expected backgrounds,
ranging from data-driven techniques to sophisticated Monte Carlo simulations.

4.3.1 Monte Carlo Signal Generation

The MC samples for the mono-hs process shown in Figure 4.1 left are generated with the Mad-
Graph5 aMC@NLO v2.6.0 [19] using NNPDF v3.0 [50] for 2016 production and NNPDF v3.1[50]
for 2017/2018 production. Pythia v8.2.4.0 [120] with the CUEP8M1 and CP5 tunes were used for
hadronization and underlying events generation for 2016 and 2017/2018 productions. The samples
are generated at leading order (LO). The hs boson mass hypotheses for this search are 50, 70, 90,
110, 130, and 150 GeV. The mass grid in Table 4.3 shows the values of the mass of the DM particle
and the mass of the Z ′ bosons scanned in the signal generation.

It is important to note that the hs and the SM Higgs boson have identical branching ratios for a
given mass value due to their mixing. The decay of hs into bb is the most prevalent for mhs < 135
GeV, but it remains significant for masses between 135 GeV and 160 GeV. For this investigation,
we have considered the masses of the hs boson to be 50, 70, 90, 110, 130, and 150 GeV.

Z’ mass [GeV] DM mass [GeV]
195 100
200 150
295 150
300 100
495 250
500 150, 500
995 500
1000 150, 1000
1995 1000
2000 500, 1500
2495 1250
2500 750
2995 1500
3000 1000

Table 4.3: Z’ and DM Masses generation

A distance parameter kT between partons in the η− ϕ space is used for the MLM jet matching
procedure [85], which helps to improve the accuracy and reliability of predictions for multi-jet
processes. A requirement on kT to be larger than a value called “xqcut” is imposed. The xqcut
value is the required parton separation at the parton level. Events that satisfy such requirements
are passed to Pythia for parton showering. After showering, but before hadronization and decay,
the final-state partons are clustered into jets. These jets are then compared to the original partons
from the matrix element event. A jet is considered to be matched to a parton if the kT between
the parton and the jet is smaller than a value called “qcut.” The event is rejected unless each jet
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Figure 4.3: The unstack U (left) and leading AK15 mSD (right) distributions.

is matched to a parton. For the dark Higgs model generation, the matching parameters xqcut and
qcut have been set to 15 GeV and 20 GeV, respectively.

4.3.2 Background estimation

In general lines, the background to this search is those from standard model processes that have
real Emiss

T in the final state:

• Z→ νν+jets.

• W→ lν+jets.

• semileptonic and fully leptonic tt.

• semileptonic and fully leptonic diboson WW, WZ, and ZZ.

• multijet production, a.k.a ”QCD”.

• γ + jets.

The last two backgrounds come primarily from mismeasurements of the reconstructed particle
momenta in the event. Finally, DY+jets samples with electrons or muons in the final state are
used for control region analysis. Some examples of these processes are presented in Figures 4.4,
4.5, and 4.6.

In Fig. 4.3 the unstack leading AK15 mSD and U distributions are shown for different dark
Higgs boson signal processes, compared to the one expected for the sum of all backgrounds. In
these plots, the 2018 MC simulation is used. Similar distributions are observed using the 2016 and
2017 simulations.

A data-driven method estimates the main background (W and Z + jets, and tt). Meanwhile,
the rest of the background presented in Tables 4.4 and 4.5 are from Monte Carlo. The data-
driven method estimates the background directly from the experimental data without relying on
theoretical calculations or simulations. This is done by defining control regions in the data where
the signal contribution is expected to be negligible, but the background is dominant. The signal
can be estimated from the background contribution by comparing the properties of these control
regions to the signal region (where both signal and background are present).

A pass-fail transfer factor is used to predict the distributions of the W, Z+jets, and tt back-
grounds in the signal region (i.e., the pass subset of the zero-lepton region). Transfer factors are
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Dataset name σ [pb]
/QCD_HT200to300_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1735000
/QCD_HT300to500_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 366800
/QCD_HT500to700_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 29370
/QCD_HT700to1000_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 6524
/QCD_HT1000to1500_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1064
/QCD_HT1500to2000_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 121.5
/QCD_HT2000toInf_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 25.42
/ST_t-channel_top_4f_inclusiveDecays_13TeV-powhegV2-madspin-pythia8_TuneCUETP8M1 136.02†

/ST_t-channel_antitop_4f_inclusiveDecays_13TeV-powhegV2-madspin-pythia8_TuneCUETP8M1 80.95†

/ST_tW_antitop_5f_inclusiveDecays_13TeV-powheg-pythia8_TuneCUETP8M1 35.85†

/ST_tW_top_5f_inclusiveDecays_13TeV-powheg-pythia8_TuneCUETP8M1 35.85†

/ZH_HToBB_ZToNuNu_M125_13TeV_powheg_pythia8 0.08912
/ZH_HToBB_ZToLL_M125_13TeV_powheg_pythia8 0.04865
/ggZH_HToBB_ZToNuNu_M125_13TeV_powheg_pythia8 0.014366
/ggZH_HToBB_ZToLL_M125_13TeV_powheg_pythia8 0.007842
/WminusH_HToBB_WToLNu_M125_13TeV_powheg_pythia8 0.100
/WplusH_HToBB_WToLNu_M125_13TeV_powheg_pythia8 0.159
/ttHTobb_M125_13TeV_powheg_pythia8 0.506 ∗ 0.5824
/TT_TuneCUETP8M2T4_13TeV-powheg-pythia8 831.76†

/WW_TuneCUETP8M1_13TeV-pythia8 118.7†

/WZ_TuneCUETP8M1_13TeV-pythia8 47.2†

/ZZ_TuneCUETP8M1_13TeV-pythia8 16.6†

/DYJetsToLL_M-50_HT-100to200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8* 148.0
/DYJetsToLL_M-50_HT-200to400_TuneCUETP8M1_13TeV-madgraphMLM-pythia8* 40.94
/DYJetsToLL_M-50_HT-400to600_TuneCUETP8M1_13TeV-madgraphMLM-pythia8* 5.497
/DYJetsToLL_M-50_HT-600to800_TuneCUETP8M1_13TeV-madgraphMLM-pythia8* 1.367
/DYJetsToLL_M-50_HT-800to1200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8* 0.6304
/DYJetsToLL_M-50_HT-1200to2500_TuneCUETP8M1_13TeV-madgraphMLM-pythia8* 0.1514
/DYJetsToLL_M-50_HT-2500toInf_TuneCUETP8M1_13TeV-madgraphMLM-pythia8* 0.003565
/WJetsToLNu_HT-100To200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8* 1343
/WJetsToLNu_HT-200To400_TuneCUETP8M1_13TeV-madgraphMLM-pythia8* 359.6
/WJetsToLNu_HT-400To600_TuneCUETP8M1_13TeV-madgraphMLM-pythia8* 48.85
/WJetsToLNu_HT-600To800_TuneCUETP8M1_13TeV-madgraphMLM-pythia8* 12.05
/WJetsToLNu_HT-800To1200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8* 5.501
/WJetsToLNu_HT-1200To2500_TuneCUETP8M1_13TeV-madgraphMLM-pythia8* 1.329
/WJetsToLNu_HT-2500ToInf_TuneCUETP8M1_13TeV-madgraphMLM-pythia8* 0.03216
/ZJetsToNuNu_HT-100To200_13TeV-madgraph* 280.5
/ZJetsToNuNu_HT-200To400_13TeV-madgraph* 77.7
/ZJetsToNuNu_HT-400To600_13TeV-madgraph* 10.71
/ZJetsToNuNu_HT-600To800_13TeV-madgraph* 2.559
/ZJetsToNuNu_HT-800To1200_13TeV-madgraph* 1.183
/ZJetsToNuNu_HT-1200To2500_13TeV-madgraph* 0.292
/ZJetsToNuNu_HT-2500ToInf_13TeV-madgraph* 0.0069

Table 4.4: List of background MC 2016 samples. Datasets marked with * are LO in QCD and
EWK but will have NLO corrections applied.
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Dataset name σ [pb]
/ZJetsToNuNu_HT-100To200_13TeV-madgraph* 302.8
/ZJetsToNuNu_HT-200To400_13TeV-madgraph* 92.59
/ZJetsToNuNu_HT-400To600_13TeV-madgraph* 13.18
/ZJetsToNuNu_HT-600To800_13TeV-madgraph* 3.257
/ZJetsToNuNu_HT-800To1200_13TeV-madgraph* 1.49
/ZJetsToNuNu_HT-1200To2500_13TeV-madgraph* 0.3419
/ZJetsToNuNu_HT-2500ToInf_13TeV-madgraph* 0.005146
/WJetsToLNu_HT-70To100_TuneCP5_13TeV-madgraphMLM-pythia8* 1319
/WJetsToLNu_HT-100To200_TuneCP5_13TeV-madgraphMLM-pythia8* 1395
/WJetsToLNu_HT-200To400_TuneCP5_13TeV-madgraphMLM-pythia8* 407.9
/WJetsToLNu_HT-400To600_TuneCP5_13TeV-madgraphMLM-pythia8* 57.48
/WJetsToLNu_HT-600To800_TuneCP5_13TeV-madgraphMLM-pythia8* 12.87
/WJetsToLNu_HT-800To1200_TuneCP5_13TeV-madgraphMLM-pythia8* 5.366
/WJetsToLNu_HT-1200To2500_TuneCP5_13TeV-madgraphMLM-pythia8* 1.074
/WJetsToLNu_HT-2500ToInf_TuneCP5_13TeV-madgraphMLM-pythia8* 0.008001

TTJets_TuneCP5_13TeV-madgraphMLM-pythia8 831.76†

ST_t-channel_antitop_5f_TuneCP5_13TeV-powheg-pythia8 80.95†

ST_t-channel_top_5f_TuneCP5_13TeV-powheg-pythia8 136.02†

ST_tW_antitop_5f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8 35.85†

ST_tW_top_5f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8 35.85†

ST_s-channel_4f_leptonDecays_TuneCP5_13TeV-madgraph-pythia8 3.36†

WW_TuneCP5_13TeV-pythia8 118.7†

WZ_TuneCP5_13TeV-pythia8 43.5†

ZZ_TuneCP5_13TeV-pythia8 19.1†

QCD_HT100to200_TuneCP5_13TeV-madgraph-pythia8 23700000
QCD_HT200to300_TuneCP5_13TeV-madgraph-pythia8 1547000
QCD_HT300to500_TuneCP5_13TeV-madgraph-pythia8 322600
QCD_HT500to700_TuneCP5_13TeV-madgraph-pythia8 29980
QCD_HT700to1000_TuneCP5_13TeV-madgraph-pythia8 6334
QCD_HT1000to1500_TuneCP5_13TeV-madgraph-pythia8 1088
QCD_HT1500to2000_TuneCP5_13TeV-madgraph-pythia8 99.11
QCD_HT2000toInf_TuneCP5_13TeV-madgraph-pythia8 20.23
GJets_HT-40To100_TuneCP5_13TeV-madgraphMLM-pythia8 18700
GJets_HT-100To200_TuneCP5_13TeV-madgraphMLM-pythia8 8640
GJets_HT-200To400_TuneCP5_13TeV-madgraphMLM-pythia8 2185
GJets_HT-400To600_TuneCP5_13TeV-madgraphMLM-pythia8 260
GJets_HT-600ToInf_TuneCP5_13TeV-madgraphMLM-pythia8 85.31
DYJetsToLL_M-50_HT-70to100_TuneCP5_13TeV-madgraphMLM-pythia8* 143.0
DYJetsToLL_M-50_HT-100to200_TuneCP5_13TeV-madgraphMLM-pythia8* 161.1
DYJetsToLL_M-50_HT-200to400_TuneCP5_13TeV-madgraphMLM-pythia8* 48.66
DYJetsToLL_M-50_HT-400to600_TuneCP5_13TeV-madgraphMLM-pythia8* 6.968
DYJetsToLL_M-50_HT-600to800_TuneCP5_13TeV-madgraphMLM-pythia8* 1.743
DYJetsToLL_M-50_HT-800to1200_TuneCP5_13TeV-madgraphMLM-pythia8* 0.8052
DYJetsToLL_M-50_HT-1200to2500_TuneCP5_13TeV-madgraphMLM-pythia8* 0.1933
DYJetsToLL_M-50_HT-2500toInf_TuneCP5_13TeV-madgraphMLM-pythia8* 0.003468

Table 4.5: List of background MC samples, 2017/2018 versions. These samples were produced
with the CP5 tune, so the cross-sections differ slightly. Datasets marked with * are LO in QCD
and EWK but will have NLO corrections applied. Cross-sections marked with † are (N)NLO.
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Figure 4.4: Example process leasing to missing transverse momentum signatures including a Z
decay.
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Figure 4.5: Example process leasing to missing transverse momentum signatures including a W−

decay.

calculated in the zero-lepton region using the data in the fail subset, which is dominated by W,
Z+jets events. We use the single-lepton regions to constrain the transfer factors for the W+jets
background and the top-lepton regions to constrain the transfer factors for the tt background.
Finally, we use the implicit W-Z link from electroweak symmetry to constrain the transfer factors
for the Z+jets background.

For the estimation, the rhalphabet method is used. The method is as follows. First, it defines a
signal region and a control region. Then, essential variables for discriminating between the signal
and the background are defined. After, it is used a data-driven method to estimate the transfer
function from the control region to the signal region. The transfer function is a function that maps
the distribution of the variables in the control region to the distribution of the variables in the
signal region. Finally, a transfer function is used to estimate the background in the signal region.

To estimate the Z+jets background component in the signal region, we assume it is connected
to the same component in the zero-lepton region via a transfer factor, denoted as TF (mSD, U).
Since the difference between the signal region and the zero lepton region is the category of fat jet
tagging (pass or fail), we will call this transfer factor the pass-fail ratio.
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Figure 4.6: Example process leasing to missing transverse momentum signatures including a tb
decay.

The pass-fail ratio is between two 2D binned distributions in mSD and recoil U . Therefore,
it is also a 2D binned function divided into the 5 × 11 bins discussed above. For the polynomial
correction, we assume it is defined over the 2D bin barycentres and estimate it on the Bernstein
basis. Therefore:

TF (mSD, U) =

nmSD∑
k=0

nU∑
l=0

ak,lbk,l(mSD)bl,nU
(U), (4.6)

where ak,l are the free parameters of the polynomial correction, and bk,n(mSD) and bl,nU
(U) are

the Bernstein basis functions. The pass-fail ratio has to account for two effects: First, it covers any
residual tagger-kinematics correlation, including dependence on the varying heavy-flavor fraction.
Second, it covers the effects of data-simulation discrepancies in the zero-lepton region. Given
this double duty, we factorize it into two parts: a simulation-based pass-fail ratio incorporating
systematic effects and a polynomial with free parameters. We, therefore, write the final form of
the pass-fail ratio as:

RZ+jets(mSD, U) =

nU∑
l=0

ak,lbk,nmSD
(mSD)bl,nU

(U)× ϵZ+jets(mSD, U), (4.7)

and the Z+jets distribution in the signal region as

NZ+jets
0l,pass (mSD, U) = NZ+jets

0l,fail (mSD, U)×RZ+jets(mSD, U). (4.8)

Using the same approach as for Z+jets, the W+jets background estimation is made. The
distribution in the signal region is expressed as

NW+jets
0l,pass (mSD, U) = NW+jets

0l,fail (mSD, U)×RW+jets(mSD, U). (4.9)

However, there are additional constraints for this process. It is assumed that Z+jets and W+jets
are related together through a W-Z link, and it is based on the fact that the production of Z bosons
and W bosons is closely related:

NW+jets
0l,fail (mSD, U) =

NZ+jets
0l,fail (mSD, U)

EW−Z(mSD, U, θ)
, (4.10)
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where the systematic uncertainties are incorporated via nuisance parameters θ. It is also possible to
constrain the W+jets distribution to improve the sensitivity of the search by using the single-lepton
region in pass and fail categories:

NW+jets
1l,pass/fail(mSD, U) =

NW+jets
0l,pass/fail(mSD, U)

TW+jets
pass/fail(mSD, U, θ)

(4.11)

We can summarize these transfer factors as follows:

• R: A transfer factor that connects the irreducible Z+jets background in the signal region to
the Z+jets background in the zero-lepton fail control region. This is a pass-fail ratio related
to the inefficiency of the DeepAK15 tagging.

• E: A transfer factor that connects the W+jets and Z+jets backgrounds in the zero-lepton fail
control region. Considering the lepton from W+jets is already lost, the ratio of contributions
of each process in this region is dominated by electroweak symmetry considerations. The
effect of W/Z NLO correction uncertainties appears mostly through this link.

• T: A transfer factor that constrains the W+jets background in the signal region by comparing
it to the W+jets background in the single-lepton regions, separately in the pass and fail
categories. This is directly related to the lepton misreconstruction and misidentification
probabilities.

Finally and such as W+jets and Z+jets, it is estimated the tt distribution, where it is used
data in a dedicated tt enriched control region to predict it on the signal region:

N tt
ttlCRpass

(mSD, U) =
µtt
SRpass

(mSD, U)

TF tt
ttlCRpass

(mSD, U, θ)
. (4.12)

The tt contamination in theWµ andWe control regions in the pass category is also used to constrain
the tt background. This is done by subtracting the estimated tt contribution from the total number
of events in these control regions:

N tt
WµCRpass

(mSD, U) =
µtt
SRpass

(mSD, U)

TF tt
WµCRpass

(mSD, U, θ)
. (4.13)

These transfer factors and the control and signal regions for the background estimation can be
visualized in Fig 4.7.

4.4 Systematic Uncertainties

Particle physics analyses require precise measurements such as the Dark Higgs. This requires
a deep understanding of the signal and background processes and the systematic uncertainties
that can affect the results. Systematic uncertainties are factors beyond the statistical fluctuations
inherent in any scientific experiment. They can arise from imperfections in the experimental
apparatus, modeling of physical processes, or data analysis techniques. This section will categorize
and quantify them precisely and elucidate their nature, sources, and mitigation strategies. By
doing so, we can ensure that our scientific findings are robust, accountable, and transparent.
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Figure 4.7: Transfer factors amongst the regions.

4.4.1 Heavy-flavor fraction uncertainty

To constrain the signal region using our control regions, we need to know the heavy-flavor fraction
of the background accurately. This is necessary to build transfer factors between regions with
different b-tagging requirements. However, the heavy-flavor fraction is not well-modeled by theory,
so we use experimental results to estimate its uncertainty.

CMS has measured the differential cross-section of W+jets as a function of Njets [44]. From
this study, we estimate that the uncertainty on the cross-section of W+fat jets is less than 20%.

Next, using CMS measurements of W+c [47] and W+bb [45] production, we extract the following
uncertainties on heavy-flavor production:

δσ(W + c,W → ℓν)

σ(W + c,W → ℓν)
=

7.65 pb
107.7 pb

,
δσ(W + bb̄,W → ℓν)

σ(W + bb̄,W → ℓν)
=

0.206 pb
1.06 pb

(4.14)

Then, the uncertainties are propagated as:

δσ(W + HF)
σ(W + fat jet)

=

[(
δσ(W + HF)
σ(W + HF)

)2

+

(
δσ(W + fat jet)
σ(W + fat jet)

)2
]1/2

=

[
δσ(W + c)2 + δσ(W + bb̄)2(
σ(W + c) + σ(W + bb̄)

)2 +

(
δσ(W + fat jet)
σ(W + fat jet)

)2
]1/2

Using the discussed values, the result can be written as:

δσ(W + HF,W → ℓν)

σ(W + fat jet,W → ℓν)
≈ 0.21. (4.15)

A similar calculation is done for Z+jets, where the estimated uncertainty for Z+fat jet production
[48] is 15%, and the resulting uncertainty on the heavy-flavor fraction is 0.22.
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4.4.2 b-tagging Scale Factors
The BTV POG provides scale factors and associated uncertainties for the b-tagging of narrow jets.
These scale factors are propagated into event scale factors for this analysis, along with two shape
variations: narrow jet b-tag and narrow jet mis-tag ([1]).

The scale factors and uncertainties provided by the POG cover the pT range probed in this
analysis, up to 1000 GeV. For jets beyond this pT range, the recommendation is to use the scale
factor from the pT boundary and double the uncertainty ([1]).

As recommended by the BTV POG, we derive the MC efficiency for b-tagging jets in the phase
space used by this analysis. The efficiencies are derived using the tt Monte Carlo sample and
applying a U > 200 GeV preselection. The jets are split into three categories: b jets (matched to
a truth b), c jets (matched to a truth c), or light-flavor jets (unmatched).

4.4.3 Lepton Efficiency Scale Factors
We apply data-to-MC scale factors to events in the control regions used in the analysis. These
scale factors are derived from the efficiencies of the electron and muon selections, measured in both
data and simulation. The uncertainty on the lepton efficiency scale factor is correlated between
the single muon/electron and dimuon/dielectron control regions. The uncertainties on the lepton
efficiency scale factor are:

• Electron ID and tracking (1% and 0.5% per lepton leg, respectively)

• Muon ID and tracking (1% and 0.5% per lepton leg, respectively)

• Tau veto (3%)

A more thorough description of the lepton uncertainties is provided in [15].

4.4.4 Trigger Efficiencies
Single-electron triggers are used to select events with electrons. Their efficiencies in data are
parametrized as a function of electron pT and applied to MC. The derivation of these efficiencies
is described in [15].

Emiss
T triggers are used to select events with real Emiss

T or muons. Their efficiency is
parametrized as a function of hadronic recoil U in such events. Specifically, Emiss

T computed
without muons. However, the efficiency has a small dependence on the number of muons in the
event due to muons faking jets in the HLT and lowering the trigger efficiency. At U = 200 GeV,
the effect is small (≈ 2.5%) and decreases at larger U. Since we are operating in U > 250 GeV,
this uncertainty is not applicable. The prescription used is the same as in [15].

4.4.5 QCD Normalization Uncertainty
This analysis estimates the QCD background from Monte Carlo simulation in all regions. A 100%
uncertainty is applied to the normalization of the QCD, correlated between regions with the same
source of the fake. This means that one uncertainty is used to QCD in the signal region, a separate
uncertainty is applied to QCD in muon control regions, and similarly for electrons.

The 100% uncertainty is estimated from a QCD-enriched region defined by the following re-
quirements:

• Veto electrons, muons, taus, photons

• Require Emiss
T > 200 GeV

• Require min ∆ϕ(Emiss
T , jet) < 0.1
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4.4.6 Additional Uncertainties
In addition to the uncertainties on the luminosity measurement (2.5%) and theoretical cross-section
for MC-driven processes, we also consider the following rate uncertainties:

• MET bin migration (5%): This uncertainty is derived by propagating the jet energy scale
and resolution uncertainties to the MET [110, 111], as done in [15].

• AK15 jet energy scale (4%): This uncertainty is derived by propagating the AK8 jet energy
scale uncertainties from the POG, with a factor of two added to cover the extrapolation from
AK8 to AK15.

The next chapter explains that a DeepAK15 Scale Factor uncertainty is also calculated in a
separate process.
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Chapter 5

Scale Factors Determination for
Double b Tagging

This chapter focuses on correcting the efficiency of the DeepAK15 tagger that identifies a fat jet
resulting from the decay of the dark Higgs boson candidate by scale factors. Scale factors are
calculated by applying the tagger in jets of a b-quark enriched sample from data from LHC Run
2 and Monte Carlo simulation. The results are the profile of scale factors that are applied as a
correction in the analysis for the dark Higgs search.

It is important to correct the efficiency of the DeepAK15 tagger for this analysis because the
dark Higgs boson candidate is expected to decay into two b-quarks, so it is important to accurately
identify fat jets from b-quarks as the signal process. The b-quark enriched sample used to calculate
the scale factors is selected by requiring the presence of a b-tagged jet or a lepton from the decay of
a b-hadron. The uncertainties associated with the scale factors are due to the statistical uncertainty
of the b-quark enriched sample and the systematic uncertainty of the simulation.

The scale factors are applied to the analysis for the dark Higgs search by multiplying them
with the weights of the signal and background Monte Carlo simulations. This ensures that the
simulations accurately represent the efficiency of the DeepAK15 tagger in the data.

5.1 Introduction to double b tagging
Identifying and characterizing particles, especially b quarks, is essential to our search for the Dark
Higgs in the complex landscape of high-energy particle collisions. B quarks, which often arise from
the decay of particles of interest, hold crucial clues to the presence of exotic phenomena. This
section will explore double b tagging, a sophisticated technique central to our analysis.

Double b tagging is a powerful tool that allows us to increase the purity of our b quark samples
and improve the sensitivity of our analysis to Dark Higgs events. This technique relies on the
DeepAK15 algorithm to selectively identify events containing b quark pairs (bb events). The
ability to distinguish between genuine b quarks and other particles is essential for our study.

Like the DeepAK8 algorithm [7], the DeepAK15 algorithm is a new approach to using particle-
level information directly through custom machine learning (ML) methods. It is a versatile multi-
class classifier that specializes in identifying hadronically decaying particles. It categorizes events
into five primary classes: W, Z, H, top quark, and other particles. Each of these main classes is fur-
ther subdivided into minor categories, corresponding to the various decay modes of each particle,
such as Z → bb, Z → cc, and Z → qq.

DeepAK15 defines two distinct lists of inputs for each jet under consideration (see Fig 5.1).
The first, called the "particle" list, consists of up to 100 jet constituent particles sorted by their
decreasing transverse momentum. This ensures that even if fewer than 5% of jets have more than
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100 reconstructed particles, restricting the list to the 100 hardest particles results in negligible per-
formance loss. The "particle" list is rich with essential information, including measured properties
of each particle, such as pT, energy deposition, charge, angular separation from the jet axis or
subjet axes, and more. Additional information derived from the tracking detector, such as track
displacement and quality, is also included for charged particles. These inputs are essential for the
algorithm to extract features relevant to the substructure of a jet, especially regarding the presence
of heavy flavor (b or c) quarks. In total, 42 variables are included for each particle in the "particle"
list.

Figure 5.1: The network architecture of DeepAK8 [7]

In addition to the "particle" list, DeepAK15 also employs a secondary vertex (SV) list, which
can contain up to 7 secondary vertices, each characterized by 15 distinct features. These features
encompass SV kinematics, displacement information, and quality criteria. The SV list significantly
contributes to the extraction of features that are closely tied to the heavy flavor content within
the jet.

One significant challenge posed by the direct use of particle-level information is the substan-
tial increase in the number of inputs and the correlations between these inputs. This requires an
algorithm that can efficiently process the inputs while exploiting the correlations. To meet this
requirement, DeepAK15 employs a customized deep neural network (DNN) architecture, meticu-
lously crafted to process inputs efficiently and harness their crucial correlations. This architectural
sophistication is a defining feature of DeepAK15, enabling it to excel in its mission of distinguishing
b quark pairs (bb events) with remarkable precision in the context of our Dark Higgs analysis.

As we delve into the intricacies of double b tagging, we will uncover its significance in our quest
to unveil the elusive Dark Higgs. We will also explore the methodology used to determine the scale
factors that refine the accuracy of our double b tagging, enabling us to extract meaningful physics
results from the CMS detector at the CERN LHC.

5.2 Methodology for determining double b tagging scale fac-
tors

Determining scale factors for double b tagging is essential for our analysis, as it enables us to
distinguish Dark Higgs signals from background processes precisely. This subsection describes
our rigorous methodology for determining scale factors. The method is based on the BTV group
performing cc-tagger calibration for AK15 jets, as explained in [72].

We begin by considering an enriched QCD sample with a high proportion of b quarks. This
sample is carefully designed to mimic the conditions of the data samples collected by the CMS
detector. To further increase the purity of b quarks in our data sample, we use the BtagMu path,
which selects events with a high probability of containing b quarks.
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The DeepAK15 algorithm is applied within this enriched sample to identify events with pairs
of b quarks (bb events). DeepAK15 is a powerful machine learning algorithm that exploits the
distinctive features of b quarks and interactions to distinguish them from other particles.

Once we have identified bb events, we use the combined tool [84] by using the Coffea framework
[83] to determine scale factors directed from the fit. The combined tool is a statistical framework
that combines information from data and simulations to produce precise and accurate results. It
performs a comprehensive analysis of the bb events in our enriched sample using the precision of
DeepAK15 tagging. The scale factors that correct the double b tagging algorithm are obtained by
comparing the observed and expected yields of bb events.

5.2.1 Proxy jets
To correct the DeepAK15 algorithm, ideally, a pure sample with the bb final process is required.
However, it is difficult and sometimes impossible to obtain such a sample. For this reason, the
strategy relies on using proxy jets.

Proxy jets correct the DeepAK15 algorithm without a pure jets sample with the bb final process.
Proxy jets are chosen to have similar properties to the signal jets, such as the same transverse
momentum and pseudorapidity.

One example of proxy jets is jets from Z → bb decays. Z → bb events are relatively easy to
identify and select, and the b-jets in these events are expected to have similar properties to the b-
jets in the signal events. Another example of proxy jets is jets from multijet events. Multijet events
are prevalent in high-energy particle collisions, and they can be used to calibrate the DeepAK15
algorithm for a wide range of jet transverse momenta and pseudorapidities.

Once the DeepAK15 algorithm is corrected using proxy jets, the obtained corrections can be
transferred to the signal jets. This is done by applying the same correction factors to the signal
jets as the proxy jets.

The proxy jets utilized for this analysis are from the process g→ bb, jets from a QCD sample.
This sample contains significant statistics due to the number of events and considerable purity.

5.2.2 Triggers and MET Filters
The following triggers are used to select events for the double b tagging scale factors determination:

• HLT_BTagMu_AK4DiJet170_Mu5

• HLT_BTagMu_AK8Jet300_Mu5

• HLT_BTagMu_AK8Jet500_Mu5

The trigger HLT_BTagMu_AK4DiJet170_Mu5 is a high-level trigger (HLT) used in the CMS ex-
periment, and it is designed to select events that contain a b-tagged jet with transverse momentum
greater than 170 GeV, a muon with transverse momentum greater than 5 GeV, and a second jet
with a transverse momentum greater than 170 GeV. The trigger HLT_BTagMu_AK8Jet300_Mu5
is designed to select events that contain a b-tagged jet with a transverse momentum greater than
300 GeV and a muon with a transverse momentum greater than 5 GeV. Similar to the trigger
AK8Jet500.

These triggers are chosen to have a high efficiency for the signal events and a low rate of
background events.

The MET triggers for the analysis are:

• goodVertices

• globalSuperTightHalo2016Filter

• HBHENoiseFilter
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• HBHENoiseIsoFilter

• EcalDeadCellTriggerPrimitiveFilter

• BadPFMuonFilter

• ecalBadCalibFilterV2 (for 2017 and 2018)

5.2.3 Jet Selection
The following criteria are used to select jets for the double b tagging scale factors determination:

AK15 jet selection

• pT > 250 GeV

• mSD > 50 GeV

Required including two subjects that match a global muon (reconstructed using both the tracker
and the muon system of a particle detector)

• within ∆R < 2.4 from subject axis

• muon pT > 7 GeV

• pT (muon)/pT (subject) < 0.7

The selection criterion pT (muon)/pT (subject) < 0.7 is designed to select muons that have a
lower transverse momentum than the jet that they are associated with. This is because muons
that originate from the decay of a heavy particle are expected to have a lower transverse momentum
than the jet they are associated with.

By selecting muons with a low transverse momentum relative to the jet they are associated
with, this selection criterion can help reduce the background from other sources, such as cosmic
rays and muons produced in the decay of light quarks.

Secondary Vertex (SV) selection These criteria are chosen to ensure that the selected jets are
high quality and likely to contain b quarks. The selection is as follows:

• ∆R < 1.5 matching with a selected AK15 jet.

5.2.4 Datasets
The following datasets are used to determine the double b tagging scale factors:

Data

• 2016: BTagMu/Run2016B-H,

• 2017: BTagMu/Run2017B-F,

• 2018: BTagMu/Run2018A-C, Run2018D-PromptReco.

The letters on the run labels indicate the data-taking period. Using PromptReco implies the
dataset was processed with the PromptReco reconstruction software.

Monte Carlo

• QCD_HT binned samples

– 200-300, 300-500, 500-700, 700-1000, 1000-1500, 1500-2000, 2000-inf

• Privately produced signal samples (hs → bb)

– Only for QCD proxy validation.

50



Scale Factors Determination for Double b Tagging
5.2 Methodology for determining double b tagging scale factors

5.2.5 Fit and Combine Tool

To ensure precise and accurate results, a robust methodology is necessary for determining the scale
factors for double b tagging. The Combine Tool is a crucial framework of this methodology and
is central to the scale factor determination process. This tool performs several essential functions
that contribute to the precision of our results.

The input of the combine tool is a datacard file that defines the details of the experiment.
The datacard begins with an optional description, followed by the declaration of the number of
observables, background sources, and systematic uncertainties.

The datacard then specifies the number of events observed in each channel, where the "bin"
line labels the channels, and the "observation" line lists the observed event counts. Following this,
the expected event yields for each bin and process are provided and organized in columns. The
"bin" line identifies the channel, the "process" line labels the sources, and the "rate" line indicates
the expected event yield.

The final section of the datacard describes the systematic uncertainties. Each source of uncer-
tainty is labeled, and its type of distribution (e.g., log-normal or log-uniform) is specified. The
impact of each uncertainty on the event rates for different processes and channels is quantified in
the corresponding columns. For the analysis, shape uncertainties are utilized. These represent the
uncertainty in the form or distribution of events in a histogram for a specific process or channel in
particle physics analyses.

One of the primary functions of the Combine Tool is to perform a statistical fit on both the
observed data and simulated samples. By modeling the observed data and comparing it to Monte
Carlo simulations, the tool provides invaluable insights into the performance of the DeepAK15
tagger in a data-like environment.

The model used for the analysis is the "FitDiagnostics," whereby taking the total background,
the total signal, and the data shapes from FitDiagnostics output, we can compare the post-fit
predictions from the S+B fit (first case) and the CR-only fit (second case). The bb is considered
the signal for this part of the analysis. Meanwhile, other jet processes like c, cc, b, and other light
flavors are regarded as background.

Once the statistical fit is complete, the tool calculates the scale factors, a rate parameter inside
the datacards. Rate parameters are used to model the normalization of specific processes or bins
as functions of other parameters. These factors are determined by analyzing the observed yields of
b events and comparing them with the expected yields from our simulations. They are correcting
the double b tagging algorithm to accurately reflect the CMS detector’s conditions.

Our scale factor determination is based on observed LHC Run 2 data obtained through the
BTagMu path and trigger selections. The DeepAK15 tagging algorithm’s precision is used to
identify bb events.

A datacard example is presented as follows:

# Simple Counting Experiment
# Analysis for Signal Process (Sig) and Background Process (Bkg)
imax 1 # Number of channels
jmax 1 # Number of background sources
kmax 1 # Number of nuisance parameters (systematic uncertainties)
--------------------------------------------------------------
# Channel information
bin 1
observation 10 # Number of observed events in the channel
--------------------------------------------------------------
# Process information
bin 1
process Sig Bkg
process 0 1
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rate 5.0 5.0 # Expected yields for Signal and Background
--------------------------------------------------------------
# Systematic uncertainties
lumi lnN 1.1 1.1 # Luminosity uncertainty
shapeUnc shape 1.0 - # Shape uncertainty
--------------------------------------------------------------

5.2.6 Corrections and Uncertainties

When determining scale factors, there are two primary sources of uncertainty. Statistical uncer-
tainty comes from the statistics of the bb-quark enriched sample obtained from data, affecting the
scale factors’ precision. Meanwhile, systematic uncertainty arises from the uncertainties in the
simulation process, including variations due to physical processes, detector responses, and other
systematic effects that can affect the determination of the scale factor. Table 5.1 summarizes the
uncertainties for this analysis.

Uncertainty Source Type Signal Background
svmassYearfail_mcstat_binNumber Shape - 1.0
svmassYearpass_mcstat_binNumber Shape 1.0 -
fracYear lnN 1.5 1.5
jesYear lnN 1.02 1.02
lumiYear lnN 1.027 1.027
puYear lnN 1.05 1.05

Table 5.1: Summary of Uncertainties

The uncertainties svmassYearfail_mcstat_binNumber and svmassYearpass_mcstat_binNumber
specify that certain bins in the analysis are affected by shape uncertainties. The
sf_weightYear_effect_svmass2017pass_genbb is the rate param uncertainty to determine
the scale factors. The frac uncertainty refers to the quark flavor uncertainty. Jes stands for "Jet
Energy Scale." It refers to uncertainties related to the energy measurement of jets. Lumi refers
to "Luminosity" uncertainty. Luminosity represents the number of particle collisions occurring in
an accelerator experiment over a given period. Finally, pu refers to "Pileup" uncertainty. Pileup
refers to additional, unrelated proton-proton collisions that occur along with the primary collision
of interest in a particle physics experiment. It can affect the reconstruction and identification of
particles.

To calculate the uncertainties for the scale factor determination, we calculate one uncertainty by
considering the total process in a single bin instead of calculating uncertainties from each process in
a single bin. This means instead of calculating statistical uncertainties by considering each process
where each process has a different uncertainty, we first calculate the sum of processes’ yields and
errors. Then, a single uncertainty will apply to each process.

The BBlite method (Barlow and Beeston method [59]) is a systematic uncertainty estimation
method that combines the statistical uncertainties of multiple processes into a single uncertainty.
This is done by calculating the sum of the processes’ yields and errors in each template bin. A
single uncertainty is then applied to each process in each bin. This method is more conservative
than the traditional method of calculating statistical uncertainties but is also more accurate.

Initially, the code was:

1 merged_central , merged_error2 = bkg_hists [ " svtemplate " ] . i n t e g r a t e ( " gentype " ) .
i n t e g r a t e ( " p roce s s " ) . va lue s (sumw2=True ) [ ( ) ]

2 merged_central=merged_central [ : , category_map [ category ] ]
3 merged_error2=merged_error2 [ : , category_map [ category ] ]
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Where gentype refers to data or background, and the process are BTagMu or QCD. The category
refers to pass or fail the requirement. However, this method has limitations in the analysis due to
it does not consider the list for MC (bb, b, cc, c, others) and the number of bins (from 0 to 21).
This has implications for the merged_central and merged_error arrays.

To fix this problem, we utilize a pair of functions to consider these parameters:

1 def get_mergedMC_stat_variations ( d i c t i onary , category , mc_list ) :
2 """
3 Get the merged c en t r a l and error squared va lue s f o r a l i s t o f MC proces se s .
4
5 Args :
6 d i c t i ona ry : A d i c t i ona ry conta in ing the MC data .
7 ca tegory : The category to ge t the data f o r .
8 mc_list : A l i s t o f MC proces se s to ge t the data f o r .
9

10 Returns :
11 A tup l e o f the merged c en t r a l and error squared va lue s .
12 """
13
14 templ=template ( d i c t i onary , ’QCD’ , mc_list [ 0 ] , category , read_sumw2=True )
15 merged_central=np . z e r o s_ l i k e ( templ [ 0 ] )
16 merged_error2=np . z e r o s_ l i k e ( templ [ 3 ] )
17 for mc in mc_list :
18 templ=template ( d i c t i onary , ’QCD’ , mc , category , read_sumw2=True )
19 for i in range ( len ( templ [ 0 ] ) ) :
20 i f templ [ 0 ] [ i ] <= 1e−5 or templ [ 3 ] [ i ] <= 0 . :
21 continue
22 merged_central [ i ] += templ [ 0 ] [ i ]
23 merged_error2 [ i ] += templ [ 3 ] [ i ]
24 return merged_central , merged_error2

The function then iterates over the list of MC processes and gets the template for each process.
For each bin in the template, the function checks if the central value and error squared value are
greater than zero. If they are, the function adds the central value and error squared value to the
corresponding arrays in "merged_central" and "merged_error2".

Then, we used a function that works by iterating over all bins in the template and calculating
the effect of the systematic uncertainty on the central value of the template in each bin:

1 def addBBliteSyst ( templ , param , merged_central , merged_error2 , e p s i l o n =0) :
2 for i in range ( templ . obse rvab l e . nbins ) :
3 i f merged_central [ i ] <= 0 . or merged_error2 [ i ] <= 0 . :
4 continue
5 i f templ . _nominal [ i ] <= 1e−5:
6 continue
7 e f fect_up = np . ones_l ike ( templ . _nominal )
8 effect_down = np . ones_l ike ( templ . _nominal )
9 e f fect_up [ i ] = 1 .0 + np . sq r t ( merged_error2 [ i ] ) /merged_central [ i ]

10 effect_down [ i ] = max( ep s i l on , 1 . 0 − np . sq r t ( merged_error2 [ i ] ) /
merged_central [ i ] )

11 templ . setParamEffect (param [ i ] , e f fect_up , effect_down )

This function takes the following arguments:

• templ: The template to apply the systematic uncertainty.

• param: The parameter to apply the systematic uncertainty.

• merged_central: The merged central values of the processes.

• merged_error2: The merged error squared values of the processes.

• epsilon: A small value to avoid zero division errors.
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To calculate the effect-up value, take the square root of the total error of the bin’s processes and
divide it by the average central value of those processes. Then add this value to the central value
of the bin’s template. Conversely, to obtain the effect-down value, subtract the square root of the
total error of the bin’s processes from the average central value of those processes.

5.3 Results and implications of double b tagging scale factors
In the previous sections, we provided a detailed explanation of determining scale factors crucial for
the DeepAK15 double b tagging algorithm’s accuracy. This section focuses on the results obtained
from our scale factor determination process and their significant impact on our analysis of the
elusive Dark Higgs boson.

In our efforts, we were able to derive scale factor profiles that correct the DeepAK15 tagger’s
efficiency with great precision. These profiles are the foundation of our analysis, allowing us to
accurately identify fat jets originating from b-quarks, which are key signals in our investigation.

The scale factor profiles are often presented as a function of various kinematic variables, allowing
us to make specific corrections based on the event and particle characteristics we are analyzing.
This detailed approach ensures that our analysis remains sensitive to subtle differences in the
DeepAK15 tagger’s behavior across different energy regimes and event types.

By applying these scale factors to our analysis, we can ensure that the DeepAK15 tagger
performs consistently between our data and Monte Carlo simulations. This alignment provides the
simulations to reflect the tagger’s performance in real data conditions accurately. As a result, our
results are more accurate and reliable.

The obtained scale factors are presented in Table 5.2, and the plots are presented in Fig 5.2,
5.3, 5.4, 5.5, 5.6, and 5.7.

Year Scale Factor
2016 8.5349e-01 ± 1.52e-02
2017 9.3763e-01 ± 5.87e-03
2018 9.8177e-01 ± 1.02e-02

Table 5.2: Determinated Scale Factors for the year.

The scale factors are close to 1, so the algorithm efficiently identifies double b-jets. The un-
certainties on the scale factors are relatively small, which means that the scale factors are well-
measured.

• The scale factor for 2016 is 0.85349 ± 0.0152. This means that the b-tagging algorithm is
85.349% efficient at identifying b-jets in the 2016 data, with an uncertainty of 1.52%.

• The scale factor for 2017 is 0.93763 ± 0.00587. This means that the b-tagging algorithm is
93.763% efficient at identifying b-jets in the 2017 data, with an uncertainty of 0.587%.

• The scale factor for 2018 is 0.98177 ± 0.0102. This means that the b-tagging algorithm is
98.177% efficient at identifying b-jets in the 2018 data, with an uncertainty of 1.02%.

The mass of the first secondary vertex (SV1) is represented by the variable
log(mSV 1,dxysigmax/GeV), a logarithmic function of the distance between the SV1 and primary
vertex in the transverse plane. Suppose the distance between the primary and secondary vertices
is more significant. In that case, it is more likely that the secondary vertex came from the decay
of a b-quark with a longer lifespan than other quarks.

The signed dxy distance measures the displacement of the secondary vertex from the primary
vertex in the transverse plane and is used to determine if the secondary vertex came from the
decay of a b-quark. If the displacement is in the same direction as the muon, it is more likely
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Scale Factors Determination for Double b Tagging
5.3 Results and implications of double b tagging scale factors

Figure 5.2: Results 2016 Pass Figure 5.3: Results 2016 Fail

that the secondary vertex was produced by the decay of a b-quark since they are often created
in pairs with muons and travel in the same direction. To differentiate between signal events
(where the secondary vertex likely came from a b-quark decay) and background events (where the
secondary vertex is more likely to have originated from the decay of a light quark), the variable
log(mSV 1,dxysigmax/GeV) is used.

The variable has both pre-fit and post-fit distributions generated by the combined tool. The
pre-fit distribution shows the variable’s distribution before the tool fits the data. In contrast, the
post-fit distribution shows the variable’s distribution after it has been fitted. The combined tool
uses a model with signal and background components to fit the data, with parameters such as the
number of signal and background events determined through the process. The post-fit distribution
is then calculated based on these parameters. The post-fit distribution is considered more accurate
because it considers the information from the fit. The post-fit distribution will shift towards higher
variable values if the fit shows more signal events than background events.
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5.3 Results and implications of double b tagging scale factors

Figure 5.4: Results 2017 Pass Figure 5.5: Results 2017 Fail

Figure 5.6: Results 2018 Pass Figure 5.7: Results 2018 Fail
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Chapter 6

Results

Exclusion limits are calculated in the two-dimensional parameter space of the dark matter and
mediator masses, mDM and mmed. The coupling between the mediator and Standard Model
quarks is set to a constant value of gq = 0.25, and the mediator-DM coupling is set to gχ = 1.0.
The resulting exclusion limits at 95% confidence level (CL) on the signal strength µ are shown in
Figures 6.1, 6.2, 6.3, 6.4, 6.5, and 6.6 for different hypotheses of the dark Higgs boson mass.

For small values of mDM ≈ 1 GeV, different values of the mediator mass mmed are expected to
be excluded as a function of the dark Higgs boson mass. The excluded value of mmed reduces with
increasing values of mDM , as the branching fraction for decays of the mediator into DM candidates
is reduced. The results are compared to those from direct detection experiments.

Figure 6.1: Expected exclusion limits for a dark Higgs boson mass of 50 GeV. Left: 95% CL on
the signal strength µ = σ/σtheo as a function of mmed. The black solid line indicates the exclusion
boundary µ = 1. Middle: 90% CL on the spin-dependent DM-nucleon cross-section as a function
of mDM . Right: 90% CL on the spin-independent DM-nucleon cross-section as a function of mDM .

CL stands for confidence level. Given the collected data, it measures the probability that a
given result is true [21]. In the context of statistical hypothesis testing, the CL is the probability
of rejecting a true null hypothesis.

Limits are used to quantify the uncertainty in a measured value. In this context, limits are often
used to constrain the parameters of a model, such as the mass of a new particle or the cross-section
of a process. It is important to note that these are just expected exclusion limits.

Direct detection of dark matter involves observing the interaction between the DM particle
and the nucleon in the detector material. The nucleus or nucleon in the target experiences elastic
scattering, resulting in recoil and energy measurement. This measurement is used to determine
the scattering cross-section and the mass of the dark matter particle [23]. Meanwhile, the indirect
detection of dark matter is based on the idea that dark matter particles can annihilate with each
other to produce standard model particles, such as photons, neutrinos, and antimatter. The cross-
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Results

Figure 6.2: Expected exclusion limits for a dark Higgs boson mass of 70 GeV. Left: 95% CL on
the signal strength µ = σ/σtheo as a function of mmed. The black solid line indicates the exclusion
boundary µ = 1. Middle: 90% CL on the spin-dependent DM-nucleon cross-section as a function
of mDM . Right: 90% CL on the spin-independent DM-nucleon cross-section as a function of mDM .

Figure 6.3: Expected exclusion limits for a dark Higgs boson mass of 90 GeV. Left: 95% CL on
the signal strength µ = σ/σtheo as a function of mmed. The black solid line indicates the exclusion
boundary µ = 1. Middle: 90% CL on the spin-dependent DM-nucleon cross-section as a function
of mDM . Right: 90% CL on the spin-independent DM-nucleon cross-section as a function of mDM .

Figure 6.4: Expected exclusion limits for a dark Higgs boson mass of 110 GeV. Left: 95% CL on
the signal strength µ = σ/σtheo as a function of mmed. The black solid line indicates the exclusion
boundary µ = 1. Middle: 90% CL on the spin-dependent DM-nucleon cross-section as a function
of mDM . Right: 90% CL on the spin-independent DM-nucleon cross-section as a function of mDM .

section for dark matter annihilation is a key parameter in indirect detection experiments [81].
The process of obtaining DM-nucleon cross sections from collider cross sections is explained in

references [36], [60], and [31]. The couplings, mediator mass, and DM mass play important roles.
The cross-sections are compared with the results from other experiments for direct and indirect

dark matter detection, as presented in [119] for CMS results. More results are presented on [126],
[71], [20], and [117].
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Figure 6.5: Expected exclusion limits for a dark Higgs boson mass of 130 GeV. Left: 95% CL on
the signal strength µ = σ/σtheo as a function of mmed. The black solid line indicates the exclusion
boundary µ = 1. Middle: 90% CL on the spin-dependent DM-nucleon cross-section as a function
of mDM . Right: 90% CL on the spin-independent DM-nucleon cross-section as a function of mDM .

Figure 6.6: Expected exclusion limits for a dark Higgs boson mass of 150 GeV. Left: 95% CL on
the signal strength µ = σ/σtheo as a function of mmed. The black solid line indicates the exclusion
boundary µ = 1. Middle: 90% CL on the spin-dependent DM-nucleon cross-section as a function
of mDM . Right: 90% CL on the spin-independent DM-nucleon cross-section as a function of mDM .
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Conclusions

This thesis has presented the status of a dark Higgs boson analysis in the b-quark final state
channel. The analysis was performed using the full Run 2 dataset collected by the CMS experiment,
corresponding to an integrated luminosity of 137 fb−1. Expected exclusion limits were set on the
dark Higgs boson production cross section at the 95% confidence level.

Determining scale factors was a relevant part of the analysis, as it was necessary to identify the
fat jets properly. One challenge was the presence of a large number of systematic uncertainties. To
address this, a BBLite fitting technique was used. The combine tool allowed for the simultaneous
determination of the signal and background scale factors and the nuisance parameters. The scale
factors were determined with high precision, and they played an important role in the success of
this analysis.
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Appendix A

RPC Lab and RH sensor

The objective was to develop a low-cost relative humidity sensor connected to the RPC gas line
on the CMS RPC Ecocampus Laboratory at BUAP and measure the relative humidity with high
accuracy and precision.

The utilized materials are:

• Arduino Uno.

• Relative humidity and temperature sensor DHT11.

• Jumper wires 15 cm in length.

• 16 mm brass connections. (reductions, T, Nuts)

• 8 mm brass connections. (reductions, Nuts, and ferrules).

• 16 mm copper pipe.

• 8 mm copper pipe.

• Glue.

• Brass plug.

Methodology

Construction. First, the jumper wires connected the Arduino to the sensor (See Fig A.1 for
wires connections) to test whether it worked and compared it with a digital temperature sensor
(Fig A.2). A protoboard was used to fix the sensor to connect the Arduino. However, it was used
only for this step.

After comparing both sensors, the next step was to put them into a container where the gas
could go through a gas line supply without gas leaks. The 16 mm copper pipe has a length of
10 cm, and the 8 mm copper pipe has a distance of 5 cm. The sensor should be between the T
connector and the 16 mm copper pipe; thus, the wires must be fixed to avoid disconnecting. Then,
the jumper wires were soldered using a tin solder at the sensor, and the other side was free to be
connected to the Arduino.

Therefore, the next step is to put the sensor inside the T and the copper pipe. However, the
wires are tiny, and it will cause gas leaks (See Fig A.3). Moreover, manipulating the wires can
disconnect them from the sensor, so fixing and closing the T connector where the wires go out was
necessary.
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RPC Lab and RH sensor

Figure A.1: DTH11 Sensor connections; Red color (1) for Vcc, blue color (2) for data, green color
(3) not used, and black color (4) for ground.

Figure A.2: Sensor Test using the protoboard.

For these reasons, a gas plug was connected to the T connector to seal it. To permit the pass
of the cables, the connector was drilled with a few millimeters drill bit, as shown in Fig A.4. Then,
the wires passed through the hole and were sealed with glue, then one day was left to dry it.
After fixing the wires, it is possible to put all the connectors together. If the copper pipe were cut
with the wrong tool, a new cut must be done with the tube cutter to avoid gas leaks. Once all
the components are connected, a last connection test is done. Then, the sensor is prepared to be
tested, passing gas through it (See Fig A.5).

Methodology

The requirements used for the test are listed below

• Nitrogen gas.

• A steal bubbler to humidify the gas.

• A thermometer.
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RPC Lab and RH sensor

Figure A.3: Sensor assembly.

• An industrial sensor to measure the dew point (Dewpoint transmitter DMt1432 WAISALA
16003, 220V).

• 6 mm plastic pipes with 6 mm connectors.

• A refrigerator.

Note: The reason for using nitrogen gas was due to the gas pressure needed to generate a
bubbler inside the steal bubbler. Lower pressure cannot produce it.

The setup is as follows: The 6 mm plastic pipe was connected to the gas rack at the nitrogen
line. The gas line entered the refrigerator, and the output was connected to the industrial sensor.
Finally, the industrial sensor output was connected to a gas exit. Inside the refrigerator, the gas
line was connected to the bubbler, and the output connected to the sensor, and then the gas line
left the refrigerator. A thermometer was inside the refrigerator to measure the temperature. The
water inside the bubbler was one litter.

The simplified Magnus-Tetens formula [95] was used for the test, which indicates the change in
relative humidity by changing two parameters: Temperature and dew point. This setup changes
the temperature using the refrigerator; the thermometer measured that, and the industrial sensor
measured the dewpoint. The Magnus-Tetens formula is obtained from the Clausius-Clapeyron
equation, and it is written as follows:

RH = 100 ·
exp

(
17.625·TD
243.04+TD

)
exp

(
17.625·T
243.04+T

) , (A.1)

TD refers to the dew point in Celsius degrees, and T for temperature.

The test stated a gas flux of 5 L/h at 0.66 mBar pressure. The initial temperature was 18.8 C.
Then, the temperature was modified by the refrigerator and measured, as well as the dew point.
The results are presented in the table below.
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Figure A.4: A gas plug is being drilled to permit the passing of the wires.

Results

Using the Magnus-Tetens formula and the sensor’s measured results, a plot shows the temperature
on the x-axis and the dewpoint on the y-axis. On the right axis, a color bar shows the relative
humidity from 0 to 1, where 1 represents 100 percent relative humidity. The dot represents the
calculated relative humidity by the theory; the X represents the measured relative humidity by the
sensor, and the triangle represents a point measured using the CMS RPC gas mixture to compare
it with the results. The measurements are presented in Table A.1 and Fig A.6.

Conclusions

A cheaper (compared to industrial ones that cost more than 100 EUR) and portable system was
constructed and tested. However, the price limits the precision of the sensor in a range of 20 to
85 relative humidity percent. Meanwhile, it has a fast response, and the operational range will
be 30-50 relative humidity. Therefore, no problems are expected. The commercial refrigerator
temperature has limitations, and the method needs to be improved. It is impossible to achieve all
temperature ranges with the refrigerator, and a different method is required.

Preliminary results show a good agreement with the predicted results. The difference between
the measured and the predicted outcome is less than 2 percent, excluding the measurement with
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Figure A.5: Sensor connections for gas test.

Measurement Predicted The new system Difference
36.15 % 35.5 % 35.5 % 0.65 %
31.47 % 30.4 % 30.4 % 1.07 %
29.31 % 30.4 % 30.4 % 1.09 %
25.27 % 25.0 % 25.0 % 0.27 %
98.75 % 85.0 % 85.0 % 13.75 %
38.68 % 43.0 % 43.0 % 26.32 %

Table A.1: The predicted results by the Magnus-Tetens formula and the measured results are
presented. The measurement differences are listed on the right side.

the RPC gas mixture. This variation must be explained by setup configuration. An investigation
is required.
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Figure A.6: Plotted results for the predicted and the measured relative humidity.
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