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1. Abstract

The present work provides an initial evaluation of the Model Unspecific Search in CMS (MUSiC)

based on data from CMS collected in 2018. The proton-proton collisions at a center-of-mass

energy of
√
s = 13TeV correspond to an integrated luminosity of 59.8 fb−1. MUSiC adopts

an innovative approach by impartially and model-independently seeking deviations between

measured data and theoretical predictions without any specific model-centric focus.

The analysis relies on events containing at least one high-energy electron or muon, utilizing

Monte Carlo (MC) simulations for the Standard Model predictions. Notably, data is categorized

into event classes based on their final states and the agreement with predictions is assessed

through the kinematic distributions Minv,
∑

|p⃗T | and pmiss
T .

The search spans the entire distributions, encompassing all contiguous regions, with the Look-

Elsewhere Effect (LEE) corrected to compute a global p-value. The resulting most significant

deviations are scrutinized in detail and the overall agreement between measurement and pre-

diction is qualitatively discussed. Despite rigorous analyses, no definitive evidence for new

physics has been found. Nevertheless, the outcomes of this study provide a solid basis for

future investigations.
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2. The Standard Model

2.1. Introduction

The Standard Model (SM) in elementary particle physics is proving to be a highly successful

theory, as evidenced by extensive experimental confirmations [1–3]. This model encompasses

extensive knowledge of the fundamental particles that make up the universe and their complex

interactions, while incorporating the principles of special relativity and quantum mechanics. It

is important to note that the Standard Model in its current form does not include the gravita-

tional force as an inherent component, and thus it remains as the only fundamental force not

yet explained within the SM [3, 4]. In the Standard Model, all fundamental physical processes

are described by the interactions of 17 elementary particles. These particles are systematically

divided into matter and exchange particles, while their interactions are subdivided into the

domains of strong, weak and electromagnetic forces (Fig.2.1) [3, 5, 6].

Fig. 2.1.: Standard Model overview, featuring twelve fundamental fermions and five fundamental
bosons. Fermions are divided into quarks (purple) and leptons (green) across three generations.
Bosons are categorized as gauge/vector bosons (red) and scalar bosons (yellow) (modified) [7].
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2.1.1. Matter Particles

In the category of the matter particles are 12 of the 17 particles which are also called fermions

because of their half-integer spin. Each particle is considered a point-like and indivisible object

described by its mass and a set of quantum numbers. These quantum numbers include the

spin, weak isospin, electric charge, and color charge of the particle. The Fermi-Dirac statis-

tics describes the behavior of these particles and says that they must obey Pauli’s exclusion

principle. The Pauli principle states that no particle can occupy the same state, characterized

by its quantum numbers, as another particle in the same system. These fermions are divided

into quarks and leptons, which are distinguished into three generations based on their different

masses [1, 3]. The matter particles of the second and third generation are thereby heavier than

those of the first and are very unstable, whereby they decay after a certain time to particles

of the first generation [2]. This also explains why the visible matter of our universe consists

primarily of up/down quarks and electrons. If you take a closer look at quarks, they are the

particles that are able to form atomic nuclei, which means they are able to interact strongly.

Each quark has an electric charge of either +2
3
or −1

3
(Fig.2.1) and never exists in isolated

form. In fact, only bound states, called hadrons, can have stable quarks. Hadrons consist of

either two quarks, also known as mesons, or three quarks, known as baryons. Leptons, on the

other hand, cannot form atomic nuclei but are able to exist on their own [8–10]. They exist

thereby both in charged form (e, µ, τ) and (electrically) neutral form (νe , νµ, ντ ) [3, 5]. The

latter are the neutrinos, which both interact very rarely and are taken as massless in the Stan-

dard Model. Despite the Standard Model assumption that neutrinos are massless, numerous

experiments indicate oscillations between the three generations of neutrinos [11, 12]. These

oscillations would only be possible if the neutrinos possessed a non-vanishing mass. Experi-

ments, such as solar, atmospheric, reactor, and accelerator neutrino experiments, have provided

evidence for the existence of a mass for neutrinos. Despite these indications, the actual mass of

neutrinos has not yet been accurately determined. Indeed, only upper limits on the individual

neutrino masses can be derived from specific experiments (mνe < 1 eV, mνµ < 0.19MeV and

mντ < 18.2MeV) [1, 3, 13].

2.1.2. Exchange particles & Interactions

Besides the matter particles, there are five other particles called bosons (gluon, photon, W

boson, Z boson and the Higgs boson). They are divided according to their spin into four vector

bosons (spin 1) and one scalar boson (spin 0). The vector bosons are associated with the

fundamental forces because they are the exchange particles that act as carriers [3, 14]. The

fundamental forces include the electromagnetic force, the strong force, the weak force and the

gravitational force. The gravitational force is not considered in the Standard Model of particle

physics. Although it plays a very important role in phenomena on large scales, with primarily

neutrally charged objects, it is negligibly small compared to the other 3 forces in the size range

of individual particles.
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Electromagnetic interaction

The photon (γ) is the exchange particle of the electromagnetic force. In this interaction,

both quarks and the leptons e, µ and τ can participate by reacting with each other either by

annihilation, radiation or absorption of a photon. In this process, the uncharged photons only

couple to charged particles. The effect of this force is not limited to a range and it is also

responsible for most of the known reactions in our world, because it is e.g. the primary acting

force, which is responsible for the structure and the properties of atoms.

Weak interaction

The second fundamental force is the weak force, which is not limited in its range, just like

the electromagnetic force, but loses strength rapidly with increasing distance, which makes it

perceptible up to a range of ˜10
−17m [6]. The cause for this are the exchange particles of the

weak force, the Z0 boson and the W± bosons. With their heavy masses of 80.4GeV (W±) and

91.2GeV (Z0), they are very unstable and have very short lifetimes on the order of 10−25 s.

Here, the W± bosons are charged, while the Z0 boson is neutral. As described later (Subsec.

2.2.2) one is additionally able to unify the weak force and the electromagnetic force in a com-

mon unbound electroweak force with the carriers γ, Z0 and W±.

In 1956, the Wu experiment [15] found that parity, a fundamental symmetry in physics, is

not preserved in the weak interaction. Parity refers to the behavior of a physical system

when the spatial coordinates are reversed. Conservation of parity means that the physical

processes remain unchanged, while a violation of parity indicates that the processes depend

on the spatial orientation. A crucial role in this phenomenon is played by W± bosons, which

interact exclusively with fermions, which have left-handed chirality, and with anti-fermions,

which have right-handed chirality. Chirality is closely related to helicity, which describes the

orientation of spin relative to the direction of motion. In general, chirality and helicity are

distinct from each other, except when dealing with massless particles or the ultra-relativistic

region. In this case chirality and helicity are equal. For particles with low energy and large

mass, superpositions of left-handed and right-handed helicity states can be observed, since there

are reference frames in which the direction of flight is opposite. However, neutrinos have the

special property of being massless in the theory of the Standard Model, which makes chirality

coincident with helicity in their case. Since right-handed neutrinos do not participate in the

weak interaction and the weak interaction is generally the only form of interaction in which

neutrinos participate, right-handed neutrinos and left-handed anti-neutrinos do not interact

with ordinary matter [3, 10].
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Strong interaction

The strong interaction is the interaction between quarks that explains the cohesion of hadrons.

The range of the strong interaction is on the order of an atomic nucleus (˜10
−15m) [6]. This is

due to the exchange particles of the strong interaction, the gluons (g). These have their own

color/color charge, which is the strong force equivalent of the electric charge. In this way, the

gluons are able to couple with their own carriers without losing strength, but instead gaining

potential as the distance increases. This also leads to the fact that no color-charged particle

can appear individually [3, 8]. There are altogether eight different gluons, which are assigned

to the color changes red, blue, green and their combinations.

2.2. Gauge Groups

The interactions between particles and fields, especially in quantum field theory, can be de-

scribed mathematically using gauge theories. A key idea of these theories is the use of symme-

tries, i.e. mathematical transformations that ensure that the physical laws in a system remain

unchanged.

The so-called gauge symmetry or gauge invariance is a special kind of symmetry in gauge the-

ories. It states that physical results remain invariant when certain mathematical gauge trans-

formations (U) are applied to fields (ψ). This allows different mathematical representations of

the same physical state to be equivalent (Eq.2.1) [8].

ψ(x) → ψ′(x) = Uψ(x) (2.1)

We can start to understand the local gauge invariance within the Standard Model with the

Euler-Lagrange equation (Eq.2.2).

∂µ

(
∂L

∂(∂µΦi)

)
=

∂L
∂Φi

(i = 1, 2, 3, ...) (2.2)

Where L is a function of the fields Φ and their derivatives. If one now demands the local gauge

invariance, this leads to additional terms in L which describes the interactions of particles by

means of the boson fields [16].

2.2.1. Quantum Electrodynamics (QED)

In QED, one starts with the Dirac Lagrangian of a free massive fermion (Eq.2.3).

L = iψ̄γµ∂µψ −mψ̄ψ (2.3)
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In which ψ stands for the wave function of the particles, γµ for the gamma matrix and m for

the mass. Next, one introduces the required gauge invariance (Eq.2.1). In QED, the gauge

invariance is based on the U(1) symmetry, leading to the emergence of the photon as the

mediator of the electromagnetic interaction. With U = eiΘ(x), this gives an equation for L
(Eq.2.4):

L → L′ = L − ψ̄γµψ(∂µΘ) (2.4)

To preserve the invariance of the equation under this transformation, one extends the equation

by a vector field Aµ, which here stands for the forces between charges (Eq.2.5 & Eq.2.6).

L = (iψ̄γµ∂µψ −mψ̄ψ)− (qψ̄γµψ)Aµ (2.5)

Aµ → A′
µ = Aµ + ∂µ −

1

q
∂µΘ(x) (2.6)

with q as charge. By adding the vector field Aµ, one more term must be added to describe the

free vector particles. This is done by adding the Proca-Lagrangian equation (Eq.2.7):

LProca = − 1

16π
F µνFµν +

1

8π
m2

AA
νAν (2.7)

with the electromagnetic field tensor F µν = ∂µA
ν − ∂νAµ and the mass of the field mA. Since

the second term of Eq.2.7 is not invariant under the transformation of Eq.2.6, consequently

mA = 0 must be to maintain invariance. Thus, the final Langrange equation of QED (also

called Langrange density) (Eq.2.8) is obtained [10, 16]:

LU(1) = iψ̄γµ∂µψ −mψ̄ψ︸ ︷︷ ︸
lepton propagation

− 1

16π
F µνFµν︸ ︷︷ ︸

photon propagation

− (qψ̄γµψ)Aµ︸ ︷︷ ︸
lepton-photon interaction

(2.8)

2.2.2. Electroweak unification

When one speaks of electroweak unification, one is speaking of the theory in particle physics that

unifies the electromagnetic interaction and the weak interaction. This unification is mediated

by mediator bosons, including the W+ and W− bosons with masses of about 80.4GeV and the

neutral Z0 boson with mass of about 91.2GeV.

The weak interaction is called weak because it has a limited strength compared to the electro-

magnetic interaction. Also, the mediator bosons are massive, with a very short lifetime of about

10−25 s and have a small coupling constant. At higher energies, the effective cross sections of
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this interaction increase [10].

The solution to unify the electromagnetic and weak interactions was worked out by Sheldon

Lee Glashow [17], Abdus Salam [18] and Steven Weinberg [19]. They resorted to the group

structure of SU(2)⊗ U(1) and postulated four massless fields: W 1 & W 2 (two charged fields)

and W 3 & B (two neutral fields). These fields do not exist in nature, but mix with each other

(Eq.2.9).

W± =

√
1

2π

(
W 1 ∓ iW 2

)
Z0 = −B sin (ΘW ) +W 3 cos (ΘW ) (2.9)

γ = B cos (ΘW ) +W 3 sin (ΘW )

With ΘW as the mixing angle, experimentally determined as sin (ΘW ) = 0.2312 [20]. The W±

bosons have a central role in the weak interaction as they mediate the charge transformation in

the weak interaction. They are unique in that they can change the flavor of a particle, couple

exclusively to left-handed particles and carry the weak isospin as their charge. This fact leads

to the violation of parity, which means that the interaction between left- and right-handed

particles is different. The Z boson, on the other hand, represents the neutral component of the

electroweak interaction and is called the neutral current. It carries the hypercharge Y , which is

related to the electric charge Q and the isospin I by the Gell-Mann-Nishijima formula (Eq.2.10)

and couples to both left-handed and right-handed particles, but with different strengths [8, 10,

16].

Q = I3 +
1

2
Y (2.10)

With I3 as the third component of the weak isospin. However, electroweak unification cannot

explain the masses of the Z0 boson and the W± bosons determined by experiments. The

explanation lies in the Higgs mechanism (Subsec.2.3), which generates the masses of these

bosons by interactions with the Higgs field.

2.2.3. Quantum Chromodynamics (QCD)

Quantum Chromo Dynamic, or QCD, is the theory that describes the strong interaction between

quarks and gluons, which are the building blocks of hadrons such as protons and neutrons. This

strong interaction is mediated by the color charge. There are three different color charges: Red,

Blue and Green, which are represented in mathematical expressions by 3 spinors (ψr, ψb, ψg)

in a component vector (Eq.2.11) [16].
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ψ =

ψr

ψb

ψg

 (2.11)

A crucial feature of QCD is the local gauge invariance, which is called SU(3) transformation.

This gauge invariance leads to the description of the spinors representing the color charges

and the existence of 8 gauge fields called gluons. Gluons are massless and carry color charges

themselves (1 color & 1 anti-colour). Thus they can interact with quarks as well as with

themselves. A consequence of QCD is the phenomenon of confinement. This means that

single quarks never appear isolated, but always in bound states, like mesons (quark-antiquark

pairs) or baryons, like protons and neutrons, which on the other hand are combinations of

three quarks in a color-neutral state. At large distances between quarks, the strong interaction

remains constant and leads to the formation of these color-neutral states. As published in July

2015 [21], QCD also allows for more exotic states such as pentaquarks, where five quarks (all

three colors plus one color and its anti-color) occur in a color-neutral state. The strength of the

strong interaction is described by the so-called coupling constant (αS), which decreases with

increasing momentum transfer intensity |Q2|.

αS(Q
2) =

12π

(33− 2Nf ) ln
(

Q2

Λ2

) (2.12)

Λ2 = q20 exp

(
− 1

AαS(q20)

)
, A =

33− 2Nf

12π
(2.13)

with charge q0, Nf = number of flavours and Λ as scale parameter, which till today cannot

be calculated from QCD but has to be determined experimentally [22]. This phenomenon,

known as asymptotic freedom, means that at very small distances (r ≪ Rproton, |Q2| ≫ 0) the

interaction between quarks becomes weak, and the quarks behave almost like free particles [8,

10, 16].

2.3. Higgs

The Higgs mechanism explains how fundamental elementary particles acquire their mass. This

theoretical concept was first proposed in 1964 by the physicists Peter Higgs [23], François

Englert, Robert Brout [24], T.W.B. Kibble, Carl R. Hagen, and Gerald Guralnik [25] and

received its experimental confirmation in 2012 by the CMS and ATLAS collaborations at the

Large Hadron Collider (LHC) [26, 27]. A fundamental problem associated with the electroweak
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interaction is the fact that the W and Z bosons responsible for this interaction have mass,

whereas the original theory is based on the principle of gauge invariance, according to which

these bosons should be massless. This contradiction is resolved by the Higgs mechanism. The

Higgs mechanism ensures that the local gauge invariance can be restored despite a mass of the

bosons in the electroweak interaction. To explain the mass of the W and Z bosons, a new field,

the Higgs field, is integrated into the Lagrangian (Eq.2.14).

L =
1

2
(∂µψ)

∗(∂µψ) +
1

2
µ2(ψ∗ψ)− 1

4
λ2(ψ∗ψ)2 (2.14)

with ψ = ψ1 + iψ2 a complex field, λ a real constant and µ as complex constant. This Higgs

field pervades the space and interacts with the elementary particles. The interaction between

fermions and the Higgs field takes place via the so-called Yukawa coupling, whose strength is

proportional to the mass of the particles (Fig.2.2) [6, 14, 16].

Fig. 2.2: Measured couplings of the Higgs boson
to various particles. Discrepancies between the
measured values and the anticipated outcomes in
the Standard Model (mF /v or mv/v for fermions
and bosons, with v = 246 GeV denoting the vac-
uum expectation value of the Higgs field) are ex-
pressed through the parameters κF or

√
κv, both

assuming a value of one in accordance with the
Standard Model (modified) [28].

One aspect of the Higgs mechanism is that it produces spontaneous symmetry breaking by

generating an asymmetry in the ground state of the potential V (Eq.2.15) in the Higgs field ψ

at ψ = ±µ
λ
when µ > 0 [10].

V (ψ) =
1

2
µ2ψ2 +

1

4
λψ4 (2.15)

This asymmetry ensures that the electroweak symmetry in the Lagrangian of the theory is

effectively restored as the W and Z bosons acquire mass. Their mass is also proportional to

their coupling with the Higgs field. The Higgs particle itself, created in the course of interactions

with the Higgs field, was detected in 2012 by the CMS and ATLAS experiments at the LHC.

The mass of the Higgs particle is nowadays defined as about 125.10 ± 0.14GeV [20]. This

groundbreaking discovery not only confirmed the existence of the Higgs mechanism, but also
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illustrated the central role of the Higgs field in the creation of masses for elementary particles.

2.4. Parton density functions

Parton Density Functions (PDFs) are essential components of modern particle physics and are

used to describe the distribution of momentum within protons. They indicate the probability

with which a parton p (be it a quark or a gluon) carries a certain fraction x of the total

momentum of a proton in its rest frame when a momentum transfer Q occurs. The exact

mathematical form of the parton density functions cannot be derived in advance. Therefore,

one makes use of empirically fitted smooth functions obtained from experimental data, e.g.

from experiments such as HERA. These experimentally determined data form the basis for

the modeling of the Parton Density Functions and enable a realistic simulation of scattering

processes, including the calculation of effective cross sections and the consideration of kinematics

in hard scattering processes. It is not possible to predict in advance which specific partons will

participate in a given interaction when two protons collide. Therefore, models and simulations

must be used to predict the probability and nature of the interactions. A key aspect is the scale

dependence of the Parton Density Functions, which is made possible by the DGLAP equations

(Eq.2.16).

σ(PP → X) =
∑
i,j

∫ 1

0

∫ 1

0

dx1 dx2PDF (pi, x1, Q
2)PDF (pj, x1, Q

2)σ(pipj → X) (2.16)

with the partonic effective cross sections σ(pipj → X) for different parton combinations (pi
and pj). However, the Q-value requires that the PDFs be known at a different reference

Q0 ̸= Q. These equations allow the PDF contributions to be measured at a particular scale

and the results extrapolated to other energy scales. The application of the DGLAP equations,

which describe the development of the parton densities on higher energy scales, plays a crucial

role in understanding the PDFs at different energies and using them for precise calculations in

different scattering processes. Moreover, it is fundamental to understand the complex dynamics

of partons in protons and to analyze their contributions to scattering processes [8, 10, 13].

2.5. Shortcomings of the Standard Model

While the Standard Model has achieved notable successes in describing fundamental parti-

cle interactions, it remains incomplete, leaving several unresolved questions and unexplained

phenomena. Notably absent from its purview is the fourth fundamental interaction, gravity.

Attempts to unify all known forces into a single theoretical framework have been hampered. Al-

though successful in uniting electromagnetic and weak interactions through the SU(2)L×U(1)Y
gauge groups, the strong interaction described by the SU(3)C gauge group and gravity have yet
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to be seamlessly integrated [3, 8].

The concept of a Grand Unified Theory (GUT) (Fig. 2.3), encapsulating the electromagnetic,

weak, and strong interactions through gauge groups, remains an overarching objective. The

SU(5) gauge group represents the smallest unifying group, offering predictions that approximate

observed values but fall short of complete concordance.

Fig. 2.3.: Variation of the three fine structure constants, denoted as α−1
i (µ) =

g2i (µ)
4π . On the left,

the depiction corresponds to the Standard Model, while on the right, it reflects the Standard Model
augmented by the Supersymmetric (SUSY) extension, specifically within the framework of the Grand
Unified Theory (GUT) idea of the Minimal Supersymmetric Standard Model (MSSM) [29].

Further complexities arise in the understanding of the universe’s composition. While the SM

effectively elucidates the matter component, constituting approx. 5% of the universe, dark mat-

ter (approx. 26%) and dark energy (approx. 69%) defy explanation within the SM framework.

Proposed theoretical models await experimental confirmation, presenting an ongoing challenge

in particle physics.

Additional enigmas persist, such as the unexplained number of fermions and their mass hierar-

chy. The SM fails to account for the mass of neutrinos and the exclusive existence of left-handed

neutrinos. Moreover, the SM relies on nineteen free parameters, the origins and values of which

remain elusive. The unresolved nature of these parameters underscores the continued quest for

a more comprehensive theoretical framework in particle physics.
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3. Experimental Setup

3.1. The Large Hadron Collider

The Large Hadron Collider (LHC) is a particle accelerator that stretches over a distance of

27 kilometers and is located at the European Organization for Nuclear Research (CERN) in

Geneva (Fig.3.1). This makes the LHC the world’s largest particle accelerator, with the highest

center-of-mass energy ever achieved. The LHC began its operation in 2008, performing both

proton-proton collisions and heavy ion collisions. The individual particles are accelerated to

speeds close to the speed of light and reach a center-of-mass energy of up to
√
s = 13.6TeV in

proton-proton collisions. One of the greatest successes of the LHC so far is the discovery of the

Higgs boson in 2012 [26, 27].

5

Fig. 3.1.: Overall view of the LHC (modified) [30]

The particle accelerator itself is built deep underground, about 50-170m below the surface, to

be protected from cosmic radiation. Inside the LHC’s tubes, which have a diameter of 5.6 cm,

is an extremely high vacuum pressure of up to 10−13 bar to prevent unwanted collisions with

air molecules. In addition, the system has 1232 dipole magnets, 392 quadrupole magnets, 688

sextupole magnets, and 16 octupole magnets, which use a magnetic field of up to 8.33T to keep
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particle beams focused and on their circular course. To achieve such magnetic field strengths,

the superconducting magnets are cooled down to 1.5K [14]. Due to its size and the synchrotron

nature of the LHC, particles must first be accelerated to a minimum entry velocity. This process

takes place via a sequence of pre-accelerators (Fig.3.2).

Fig. 3.2.: Illustrative representation of the CERN accelerator complex, depicting the Large Hadron
Collider (LHC) in conjunction with its antecedent accelerators, namely LINAC2, PSB, PS and SPS,
alongside additional accelerative structures. (modified) [31]

In the following, we focus exclusively on the acceleration process of the protons. First the

protons are grouped into bunches and reach an energy of 50GeV thanks to the linear accelerator

2 (LINAC 2). They then pass through the proton synchrotron booster (PSB), the proton

synchrotron (PS) and the super proton synchrotron (SPS). After passing through the SPS, the

bunches have a collimated length of around 1.35 ns, which brings them to an energy of around

450GeV. After the distance between the bunches is reduced to 50 ns, they are fed into the

LHC. Here, each bunch eventually reaches its final energy of 6.8TeV [1, 3, 6].

The main goal of the LHC is to explore fundamental particles and their interactions in the

highest detail and to search for phenomena beyond the Standard Model. To accomplish these

tasks, four experiments are set up at the LHC [1, 3, 5, 32]:
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• The ALICE experiment (A Large Ion Collider Experiment) was designed to study heavy

ion collisions simulating conditions that existed immediately after the Big Bang.

• ATLAS (A Toroidal LHC Apparatus) and CMS (Compact Muon Solenoid) are versatile

detectors that analyze proton and heavy ion collisions at extremely high energies. They

encompass a broad physics programme that deals with the intricacies of the Standard

Model, including the Higgs boson, while also exploring phenomena beyond the Standard

Model, such as additional space dimensions and particles, that could potentially account

for the existence of dark matter.

• The LHCb experiment (Large Hadron Collider beauty) focuses on studying the properties

of b-hadrons during proton-proton collisions. Its goal is to gain a deeper understanding

of the asymmetry between matter and antimatter in the universe.

3.2. Compact Muon Solenoid

The Compact Muon Solenoid (CMS) is a central component of the Large Hadron Collider’s

extensive detector ensemble. The researchers involved in the studies and analyses of the CMS

detector are members of the CMS Collaboration. The CMS experimental apparatus is shaped

like a cylinder with a diameter of about 15m, a length of 21m, and a mass of 14.000 t. Also

impressive is the ability to generate a magnetic field of up to 3.8T [3, 5, 6, 33]. For a detailed

and comprehensive account of the structural and operational intricacies of the CMS detector,

see the authoritative reference in [34].

Fig. 3.3.: An overview of the Compact Muon Solenoid, featuring a human figure at its center to
provide a reference scale [33].
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3.2.1. Coordinate System of CMS

In the context of position determination in the CMS detector, a special coordinate system is

used. This coordinate system has its origin precisely in the center of the particle collisions and

allows an exact spatial localization of the events. The axes are aligned as follows: The x-axis

points in the direction of the center of the LHC, the y-axis runs vertically upwards, while the

z-axis is aligned along the particle beam (Fig.3.4).

(a) (b)

Fig. 3.4.: Graphical representation of the coordinate system of the Compact Muon Solenoid (CMS)
in the Large Hadron Collider (LHC). Left: Representation of the relationships between the pseu-
dorapidity η, the Cartesian coordinates (x, y, z) and the polar angles (θ, ϕ). Right: Equivalent
representation of typical pseudorapidity values with the corresponding polar angles [35, 36].

In this coordinate system the radial distance r is similar in its function to the polar coordi-

nate system. In contrast, no use is made of the angle Θ. Instead, the pseudorapidity η =

− ln(tan(Θ/2)) is used, along with the azimuth angle Φ, which is in the xy-plane. This choice

brings the advantage that in the high energy range (E≫m) the pseudorapidity is equal to the

particle rapidity [1, 3, 14].

3.2.2. The CMS Detector

The detector itself is divided into two disjoint sectors: the rotationally symmetric barrel region

and the two end caps. These sectors are defined in terms of their pseudorapidity |η| (e.g. for

the ECAL (subseq.3.2.2) barrel region: |η| < 1.4442, endcap region: 1.566 < |η| < 2.5) [3,

14]. Inside the CMS detector, various subdetectors are positioned to detect the broadest possi-

ble spectrum of elementary particles and precisely measure their fundamental properties such

as momentum, mass, charge and energy. In addition, a two-stage trigger system is used (Sub-

sec.3.2.3). The subdetectors of CMS listed here are shown according to their radially symmetric

arrangement from the inside to the outside (Fig.3.5).
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Fig. 3.5.: Comprehensive description of the various sub-detectors within the Compact Muon Solenoid,
together with example particles that can be measured [37].

Silicon tracker

The innermost section of the CMS detector contains silicon pixel and silicon strip detectors [38]

with 1440 pixel modules, a pixel size of 100µm x 150µm (65 million pixels), and a cell size of

10 cm x 80mm for the silicon strip (15.200 modules with a total of 10 million silicon strips),

which together act as silicon trackers (Fig.3.6). They are used to measure the tracks and

momenta of charged particles up to |η| < 2.5 with an accuracy of 10µm. Their design and

operation allow precise detection of the high particle flux density near the interaction point

while providing excellent spatial resolution. The silicon trackers consist of a highly granular

structure to meet the requirements. Here, silicon detectors were chosen due to their suitability

for module formation as well as their fast response time. To minimize radiation damage,

the trackers are operated at a temperature of −20 ◦C. The efficiency of the tracking system

in measuring the properties of the particles is 90% for electrons, 98% for muons and varies

between 85%-95% for hadrons (depending on their energy). The pixel and strip detectors in

the silicon tracker are divided into three subsystems [13, 16, 39]:

• Pixel Detector: This part forms the innermost region of the tracker and consists of

four 2D layers extending at distances of 3, 7, 11, and 16 cm from the interaction point.

This arrangement allows for three-dimensional reconstruction of the tracks. As charged
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particles traverse the silicon, they lose energy and if a sufficient amount of energy is

deposited, electrons will be ejected from the silicon atoms. These electrons are collected

by an applied voltage and converted into an electrical signal. Each pixel has a readout

chip that amplifies this electrical signal.

• Tracker Inner Barrel (TIB) and Tracker Inner Disk (TID): For larger radii of

more than 20 cm, the particle flux decreases, so silicon microstrips are used here instead

of pixels. The TIB consists of four concentric layers of microstrips with widths between

80 and 180µm, which function similarly to the silicon pixels. In addition, there are two

TIDs, one at each end of the TIB. These consist of three small disks each, which allow

reconstruction of tracks with higher pseudorapidity (η).

• Tracker Outer Barrel (TOB) and Tracker EndCaps (TEC): These surround the

TIB and TID and contribute to further trace capture. The TOB consists of six concentric

layers of silicon microstrips. The TECs at the end of each TOB layer terminate the tracker

system and allow reconstruction of tracks with higher pseudorapidity, similar to the TIDs.

Fig. 3.6.: A schematic illustration of the tracking system encompassing the interaction point within
the CMS detector. Key components include the PIXEL subsystem enclosed by the Tracker Inner
Barrel (TIB) and Tracker Inner Disks (TID), all enveloped by the Tracker Outer Barrel (TOB) and
Tracker EndCaps (TEC±) [34].

Electromagnetic calorimeter

The Electromagnetic Calorimeter (ECAL) [40] is used to measure the energy of electromagnet-

ically interacting particles, such as electrons and photons, with a precision of about ±1%. It

is located about 1.3m from the collision point and surrounds the silicon detector. The ECAL

consists of a total of 80.000 PbWO4 crystals, which were selected for their small radiation
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length of only 0.89 cm and their small Moliére radius [41]. These properties allows the ECAL

to efficiently detect the interactions of electrons and photons. A majority of the crystals are lo-

cated in the barrel region of the detector, while the crystals in the end caps are divided into two

halves and arranged in an array of 5x5 groups called supercrystals. This arrangement allows

precise and effective detection of energy over a wide pseudorapidity range of up to |η| < 3. The

crystals of the ECAL have the property of scintillating at a temperature of 18 ◦C with a light

output of about 4.5 γ/MeV. Since this property is temperature dependent, to ensure stability

of the ECAL temperature within a narrow range of 0.05 ◦C, the crystals are carefully cooled

with water. During the short period of 25 ns between bunch crossings, the ECAL crystals emit

about 85% of the generated light (Bremsstrahlung), which creates electron/positron pairs, re-

sulting in a shower (Fig.3.5) of particles where the electrons release all its energy in the ECAL.

This rapid light emission thereby reduces the possibility of cross-contamination between events.

The amount of light emitted by the crystals is then detected by photodetectors attached to

the back of each crystal and converted into an electrical signal. The energy resolution of the

ECAL for electromagnetic showers depends on the energy of the incident particles and can be

quantified by appropriate parameterization (Eq.3.1) [16].

(σE
E

)2
=

(
2.8%√
E/GeV

)2

︸ ︷︷ ︸
stochastic effect

+

(
12%

E/GeV

)2

︸ ︷︷ ︸
electronic,
digitization

and pile-up noise

+ (0.30%)2︸ ︷︷ ︸
leakage of energy
from the crystals

(3.1)

with E as energy deported in the ECAL [13, 16, 34, 39].

Hadronic calorimeter

The Hadron Calorimeter (HCAL) [42] operates in analogy to the Electromagnetic Calorimeter

and plays a central role in the detection and analysis of hadron reactions in the CMS detector. In

the HCAL, hadrons enter the brass section of the calorimeter and induce cascades of secondary

particles. These particle showers are precisely detected in the plastic scintillator (Fig.3.5).

The measurements in the HCAL span a wide pseudorapidity range. In the central region

they extend to |η| < 1.3, while in the end-cap regions measurements can be made up to

|η| < 3. Considering the components along the beam direction, the measurement capabilities

extend even to |η| < 5. The energy resolution of the combination of ECAL and HCAL was

parameterized by measurements as follows (Eq.3.2) [16]:

(σE
E

)2
=

(
100%√
E/GeV

)2

+ (4.5%)2 (3.2)
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Superconducting Magnet

The next layer of the CMS consists of a cylindrical superconducting magnet [43] that generates

a magnetic field of 3.8T. This magnetic field has the ability to affect the trajectory of charged

particles. This deflection allows the silicon tracker to measure both the charge polarity and

momentum of the particles. Furthermore, the iron yokes play a crucial role as they are arranged

in three layers and close the magnetic flux. They also act as a filter for the muon chambers,

allowing only muons and neutrinos to pass through the iron yokes.

Muon Chambers

The outermost and also largest layer of the CMS detector is formed by the muon chambers [44],

which were deliberately placed in the outermost layer of the detector. This results from the

fact that muons have a much higher mass compared to electrons and therefore they are less

susceptible to the magnetic field generated by the superconducting magnet. Consequently,

muons can pass through all the inner subsystems and eventually leave the solenoid magnet.

Together with neutrinos, muons are the only particles that can penetrate the heavy iron yokes

of the CMS detector.

The muon chambers are equipped in two regions:

• Barrel region: Drift chambers (DTs) and resistive plate chambers (RPCs) are imple-

mented in the barrel region, which is in the pseudorapidity range |η| < 1.2. This choice

of detectors is justified due to the comparatively low muon rate in this region. The drift

chambers have a length of 2m and have a rectangular cross section of 14 x 42mm2. They

are filled with a special gas mixture and exhibit low neutron-induced background. The

magnetic field in this region is nearly homogeneous. The drift chambers operate on the

principle that charged muons interact with the gas mixture, ionizing some atoms and

producing free electrons. These electrons drift along the field lines of the magnetic field

to the anode wire in the center of the drift chamber, causing the charge to be measured

as current spikes. The resulting spatial resolution is about 100µm.

• Endcap region: Cathode strip chambers (CSCs) in combination with resistive plate

chambers (RPCs) are installed in the endcap region, which spans the 0.9 < |η| < 2.4

pseudorapidity range and has the highest muon rate. The CSCs are arranged in trape-

zoidal chamber geometries and are gaseous detectors with multiple perpendicular wires

and cathode strips that can be read out separately. Unlike DTs, CSCs can be oper-

ated in inhomogeneous magnetic fields. This feature makes them particularly suitable for

handling high muon rates, where a single CSC can provide trigger primitives.

In addition, there is an overlap region between the barrel and endcap regions (0.9 < |η| < 1.2)

that serves as a link between the detector types, allowing seamless and consistent detection of

muon trajectories across the entire pseudorapidity range.
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Resistive Plate Chambers (RPCs), incorporated in both the barrel and endcap regions, com-

plement detection in both regions. Each RPC consists of two electrode surfaces with a signal

readout layer on top of them. They also operate on the principle of gas-based detection, but in

avalanche mode. As a result, they have lower spatial resolution but better temporal resolution,

which makes them particularly suitable for assigning tracks to bunch crossings.

Together with the tracking system, these muon chambers provide high resolution for measuring

the transverse momentum of muons. In the barrel region, for 20 < pT < 100GeV, the resolution

is higher than 2%, while for muons in the end caps with pT < 1TeV it is still below 10%. This

allows precise measurements of muons in a broad momentum range and reconstruction of the

path of the muons based on the measurement positions (Fig.3.5)[13, 16, 39, 45].

3.2.3. Trigger and Data acquisition systems

The CMS experiment relies on handling an enormous amount of data generated by collisions

with a bunch crossing of 25 ns and a frequency of 40MHz. Due to this high data generation

rate, it would be impossible to store all generated events unfiltered. Therefore, a sophisticated

trigger system is crucial to reduce the amount of data by at least a factor of 106 before storing

it for further analysis.

The trigger system is divided into two main components: the Level 1 (L1) and the High-Level

Trigger (HLT). The L1 trigger system, which is hardware-based, plays a key role in handling

the enormous data rate. It uses field programmable gate array (FPGA) and application-specific

integrated circuits (ASIC) technology and is capable of throw out events at a maximum rate

of 100 kHz, due to the bandwidth limitation of the detector readout process. This hardware

component of the trigger system receives information from the detector’s calorimeter and muon

system. This information includes not only the energy, but also the quality of the measured ob-

jects. The L1 Global Trigger processes this information to make an informed decision whether

to accept or reject an event. The decision relies on reconstructing basic track segments de-

rived from both the cluster and muon system, or by examining clusters of localized energy

deposits within the calorimeters, specifically referred to as trigger primitives. This information

is matched with predefined patterns to obtain an initial estimate of the transverse momentum

(pT ) in a period of about 1µs. When the L1 system accepts an event, it is relayed to the HLT

at a maximum rate of 100 kHz.

In contrast, the HLT trigger system is software-based and has a computational farm comprising

about 26.000 commercial cores. This software component is responsible for unpacking the raw

data and then performs a detailed physical object reconstruction. During this process, quality

criteria are applied that vary depending on the specific trigger path. When these criteria are

met, the event in that path is marked as triggered and stored offline at an average rate of

400Hz [10, 13, 16].
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4. MUSiC

MUSiC (Model Unspecific Search in CMS) is a general model independent approach to the

search for new physics, complementary to dedicated analyses for particular models and in spe-

cific final states. MUSiC is an unbiased approach without the input of any specific BSM model,

relying purely on the predictions of the SM while also taking into account relevant experimen-

tal effects [46]. In the CMS experiment, the conventional practice entails the pursuit of new

physics by scrutinizing distinct, previously pre-filtered final states resulting from proton-proton

collisions, with analyses custom-crafted to align with specific BSM models under investigation.

This tailored analytical approach boasts the advantage of heightened sensitivity to the unique

characteristics of the particular BSM model(s) in question. However, these dedicated analyses,

often carried out at various loci, confront inherent limitations arising from practical constraints,

including computational resources and human expertise. Consequently, only a finite number

of such analyses can be feasibly conducted, leaving a multitude of unexplored BSM models

uncharted. Furthermore, this focused methodology tends to confine investigations to a select

subset of final states, those most pertinent to the targeted BSM model(s), potentially overlook-

ing compelling phenomena concealed within alternative final-state configurations. Enter the

MUSiC analysis, designed to circumvent these constraints. MUSiC endeavors to categorize the

myriad events stemming from hundreds of diverse final states, abstaining from the imposition

of model-specific filters. Instead, it systematically assesses each of these final states in search

of discrepancies with the predictions outlined in the Standard Model of particle physics. This

alternative approach seeks to uncover hitherto concealed phenomena that might elude detec-

tion through traditional means. It is acknowledged that this strategy comes at the expense

of some sensitivity in comparison to dedicated analyses, which are optimized for specific BSM

scenarios. Nonetheless, MUSiC’s distinctive merit lies in its ability to pinpoint regions and final

states where experimental data deviate from SM expectations. These deviations, in turn, may

signify the presence of new physics phenomena, warranting in-depth scrutiny through dedicated

analyses to unravel their underlying nature.

4.1. Monte Carlo Event Generation

Monte Carlo event generators are indispensable tools for calculating cross sections of physical

processes and for simulating detailed event kinematics. These generators use pseudorandom

number generators to produce events according to theoretical predictions. These are used

to distinguish measurements of possible new physics from Standard Model processes and to
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describe expected outcomes for new physics. The simulation of an event in a hadron collider

goes through several successive steps:

• Hard scattering process: In this first step, the basis for the event is laid by simulating

basic interactions between partons.

• Parton emission: The hard scattering process is followed by the emission of partons

consisting of quarks and gluons. These emitted particles are also subject to interactions,

which refines the event kinematics.

• Hadronization: In this phase, the emitted partons are converted into hadronic particles.

This process is based on non-perturbative QCD effects and leads to the formation of

hadronic jets.

• Detector simulation: The final step is to simulate the interaction of the generated

particles with the detectors in the experiment. This allows the comparison of the data

recorded by the detector with the simulated events to evaluate the experimental data.

Depending on the generator, the cross section is calculated either at leading order (LO) or next

to leading order (NLO), taking into account additional vertex contributions that depend on

the particular generator configuration. If the theoretical effective cross section for particular

samples is known more accurately than the Monte Carlo generator calculations, a correction

can be made using a correction factor (k-factor) (Eq.4.1). This factor takes into account higher

order corrections for the production cross section.

k =
σNLO

σLO
or k =

σNNLO

σLO
(4.1)

The same hard scattering process can result in different jet multiplicities in the final state

due to effects such as initial state radiation. Some generators, like MadGraph, can simulate

additional jets at the matrix element level, while others, like Pythia8, add additional jets and

rebalance the event to ensure conservation of energy and momentum [10, 16].

4.2. Datasets and simulated samples

The analysis presented in this thesis uses the datasets acquired by the CMS experiment in the

year 2018, derived from proton-proton collisions at a center-of-mass energy of 13TeV and an

integrated luminosity of 59.8 fb−1.

In the MUSiC analysis, a comparative study is undertaken, wherein previously recorded data

originating from CMS at the LHC is juxtaposed with Monte Carlo simulations (Sec.4.1) rooted
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in the Standard Model. The generation of Monte Carlo events is facilitated through the uti-

lization of event generators such as PYTHIA 8.212 [47], MADGRAPH5 aMC@NLO version

2.6.5 [48–50], POWHEG v2 [51–62] and SHERPA 2.2 [63]. These generators collectively serve

to emulate processes pertinent to the Standard Model [46]. The datasets involved in this anal-

ysis encompass a comprehensive repository of detector information, which is stored as physical

entities distributed across non-local segments of the computing grid. The standardized data

format employed herein is the MiniAOD format, chosen for its efficiency in preserving all the

requisite information for physics analyses. Nevertheless, it is worth noting that the information

contained within the MiniAOD data surpasses the specific requirements of the MUSiC analysis.

Consequently, a preliminary processing stage referred to as skimming is implemented. During

this skimming process, both the MiniAOD files containing measurement data and those hous-

ing MC simulations are condensed to encompass solely the data elements germane to MUSiC.

Subsequently, this refined data is archived in the .pxlio (Physics extension Library) format [64].

This process has been greatly accelerated during the existence of MUSiC and now it takes less

than a month to convert all data and MC samples into the new .pxlio format.

4.3. Object and event selection

Following the initial pre-processing phase, the MUSiC workflow proceeds with object and event

selection. This pivotal stage aims to mitigate adverse effects, such as particle misidentification,

by imposing specific data constraints. While these constraints may marginally reduce the

overall data efficiency, they are essential for achieving a substantial enhancement in data purity.

Chosen events for further analysis must feature, at a minimum, either one lepton (e or µ) or

one photon (γ) (table 4.1) because events of this kind can be described well by simulations of

the Standard Model. Notably, the analysis requirements are marginally more stringent than

the trigger thresholds, ensuring the exclusion of any overlapping events in cases where multiple

triggers are activated, thus maintaining an accurate count of unique events.

Trigger used Trigger level requirement Analysis requirement
Single muon 1µ with pT > 50GeV ≥ 1µ with pT > 53GeV
Single electron trigger 1e with pT > 115GeV ≥ 1e with pT > 130GeV
Di-muon trigger 1st µ with pT > 17GeV ≥ 2µ, each with pT > 25GeV

2nd µ with pT > 8GeV
Di-electron trigger 2e with pT > 33GeV ≥ 2e, each with pT > 32GeV
Single photon trigger 1γ with pT > 175GeV ≥ 1γ with pT > 225GeV

Table 4.1.: Event selection criteria

The trigger level requirements describe the requirements that CMS prescribes for the trigger

mechanism to be triggered and the analysis requirements clarify the criteria defined by MUSiC

for the detection and identification of the corresponding particles. Within the scope of MUSiC,

the study encompasses a diverse array of objects, including electrons (e), muons (µ), photons
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(γ), jets, b-tagged jets and missing transverse momentum, denoted as pmiss
T or MET. It is worth

noting that no distinction is made based on the charge of the particles when considering this

selection. To optimize the efficiency of object selection while minimizing the misidentification

rate for each object, additional stringent criteria have been imposed on individual objects (table

4.2).

Object pT [GeV] Pseudorapidity
Muon > 25 |η| < 2.1
Electron > 25 0 < |η| < 1.4442 or 1.566 < |η| < 2.5
Photon > 25 |η| < 1.442
Jet > 50 |η| < 2.4
b-tagged jet > 50 |η| < 2.4
MET > 100 -

Table 4.2.: Object selection criteria

The stipulated selection criteria pertain to the objects utilized in the overall analytical frame-

work. However, specific criteria pertaining to objects associated with the event trigger are de-

lineated (table 4.1). In cases where these criteria concurrently identify an object as two or more

particles, a prescribed procedure is invoked. Initially, the particles are arranged in the following

order: µ, e, γ and jets. This particular sequence is chosen based on the assumption that it mir-

rors the descending order of particle purity. In instances where ambiguity persists within this

ordered list, preference is given to the object with the highest priority, resulting in the removal

of other particles situated in close proximity, typically defined by ∆R =
√

(∆η)2 + (∆Φ)2 = 0.4

(or ∆R = 0.5 for jets) relative to the focal object within the event.

4.4. Classification

Upon data selection, the classification process is initiated, wherein events are categorized into

distinct event classes. To ensure the luminosity normalisation of the observed dataset based

on the cross section of the physic process, Monte Carlo events are subjected to appropriate

weightings α (Eq.4.2).

α = αMC · αPU =
k · σ ·

∫
L dt

NMC

· αGen · αPU (4.2)

with NMC as the number of simulated events, σ as cross section for the respective process, the

k-factor k (Eq.4.1) and the integrated luminosity
∫
L dt. If a specific higher-order generator is

used in the production process, it is essential to propagate the event weight αGen originating

directly from the generator into the overall scale factor. In addition, the resulting weights

for the Monte Carlo dataset αMC is applied alongside the incorporation of the weight αPU
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to address the impact of pile-up1 conditions. Subsequently, both the observed data and MC

events undergo further segregation into various event classes, contingent upon the physical

entities involved. The classification schema encompasses a range of event classes as in Fig.4.1.

1. Exclusive classes: Exclusive classes are defined by events that precisely match the

physics objects specified in the event class label, for instance, 1e+2µ+1jet. Consequently,

each event is unambiguously assigned to a single exclusive class.

2. Inclusive classes: Inclusive classes encompass events characterized by a core set of

selected objects, which may be supplemented with additional objects. A single event can

be associated with multiple inclusive classes, e.g. an event like 1e+2µ+1jet can belong

to the inclusive classes such as 2µ+X, 1e+X, 1e+1µ+X, and so forth, with the +X

indicating the presence of any number of additional objects.

3. Jet-inclusive classes: The third event class is the jet-inclusive class, aimed at enhanc-

ing the robustness of the MUSiC analysis against radiation effects without altering the

fundamental physical processes. This class incorporates the objects of interest in the

final state, along with an arbitrary number of jets (e.g., 1e+2µ+1jet+Njets), including

the possibility of 0 extra jets. Notably, due to inaccuracies in simulating events with six

or more jets relative to observed data, events featuring six or more jets are categorized

under the +6 jet+Njets jet-inclusive event classes.

1e+2μ+1jet

1e+2μ+1jet+Njet

1e+2μ+1jet

1e+2μ+Njet

2μ+X

1e+1jet+X

1e+2μ+1jet+X

2μ+1jet+X

1e+1jet+X 1e+2μ+X

1e+1μ+1jet+X

1e+X

1μ+X

1e+1μ+X

Exclusive
event class

Jet-inclusive 
event class

Inclusive 
event class

1μ+1jet+X

Event

Fig. 4.1.: A MUSiC event classification illustration of a 1e+2µ+1jet event.

Event classes that exhibit no recorded data and possess an MC event yield, which can be

a non integer value, below the threshold of 0.1 are excluded from subsequent analyses. It

1In a typical bunch crossing, numerous collisions take place, with only occasional instances leading to a
significant interaction intended for triggering due to its potential relevance for subsequent physics analysis.
Tracks and energy deposits stemming from extra collisions within the same event (in-time) as well as those
originating from preceding or subsequent bunch crossings (out-of-time) are collectively termed pileup.
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is worth noting that, in the context of the processes to be elucidated later, the exclusive

classes maintain a state of statistical independence and exhibit no inherent correlation with one

another, primarily owing to their distinctive compositions. On the other hand, any existing

correlations between the inclusive classes have been meticulously considered [46], with the

statistical fluctuations of MC simulated events being deemed negligible for the purposes of this

analysis.

4.5. The Scan

The analysis proceeds with the critical scan stage. The primary objective of this scan is

to conduct a comparative assessment between the observed data and the Standard Model

simulation within each event class, with the aim of detecting substantial discrepancies.

4.5.1. Kinematic distributions

Within the scope of the scan, focus is directed towards three key kinematic distributions per-

taining to both the CMS event data and the Monte Carlo simulated events. These three

distributions have been judiciously selected for their heightened sensitivity to potential Beyond

the Standard Model phenomena. Furthermore, the deliberate limitation to just three kine-

matic distributions serves the dual purpose of ensuring that the analysis remains manageable

in complexity and does not overly consume computational resources. The distributions under

scrutiny are enumerated as follows:

1. Sum of transverse momenta (ST ): The first kinematic distribution under scrutiny is

the sum of transverse momenta, denoted as ST . For each event class within the analysis,

ST is computed as the scalar sum of the transverse momenta of all N objects explicitly

specified in the event class name (Eq.4.3).

ST =
N∑
i

|p⃗T,i| ≡
∑

|p⃗T | (4.3)

Given the prevalence of conjectured heavy particles in the realm of Beyond the Standard

Model theories, a closer examination of ST assumes paramount importance. This stems

from the anticipation that, if these heavy particles exist, their presence should manifest

in the extreme tails of the ST distribution.

2. Combined mass (M): The second kinematic distribution under consideration is the
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combined mass, typically referred to as the invariant mass (Minv) (Eq.4.4).

Minv =

√√√√( N∑
i

Ei

)2

−

(
N∑
i

px,i

)2

−

(
N∑
i

py,i

)2

−

(
N∑
i

pz,i

)2

(4.4)

where Ei are the particle energy components and px,i, py,i, pz,i are the momentum compo-

nents. However, due to the persistent presence of missing transverse momentum, referred

to as pmiss
T (Eq.4.6), in various event classes, the transverse mass (MT ) is used instead of

the invariant mass (Eq.4.5).

MT =

√√√√( N∑
i

Ei

)2

−

(
N∑
i

px,i

)2

−

(
N∑
i

py,i

)2

(4.5)

This substitution is necessary because the precise measurement of the momentum com-

ponent in the beam direction is practically unfeasible in these cases, rendering the de-

termination of Minv impractical. A fundamental prerequisite for the applicability of the

combined mass in drawing conclusions about massive particles is that the considered event

classes must contain a minimum of two objects. This condition ensures the usefulness of

the combined mass distribution for characterizing the properties of these particles.

3. Missing transverse momentum (pmiss
T or MET): The third kinematic distribution

pertains to the missing transverse momentum, denoted as pmiss
T . This parameter is defined

as the negative vector sum of the transverse momenta of the four-vector (Eq.4.6).

pmiss
T ≡ | −

N∑
i

p⃗T,i| (4.6)

The purpose of pmiss
T lies in quantifying the undetected energy within the system, an

essential measure ascertained from the transverse momentum not captured by the detec-

tors. Only event classes exhibiting pmiss
T ≥ 100GeV are included. This threshold has

been established considering that lower values of pmiss
T primarily arise from anticipated

neutrinos in the Standard Model or detector resolution effects.

In the process of establishing kinematic distributions for each event class, a specific selection

criterion is applied: only particles explicitly mentioned within the event class are considered

to calculate the kinematic variables. For instance, in the case of an event class denoted as

1e+2µ+X, solely the electron and the two muons are taken into account. If a particle is

encountered multiple times within a class, such as in a 1e+X class where a second electron oc-

curs, the particle with the highest transverse momentum (pT ) value is prioritized for inclusion in
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the distribution. Another important consideration in constructing these distributions revolves

around the choice of bin width. Inadequate bin width selection can give rise to undesirable

consequences, impacting both computational efficiency and analysis sensitivity. A larger bin

width offers the advantage of reducing the computational time necessary for evaluation, but

can lead to a loss of sensitivity in the analysis. Conversely, a smaller bin width is susceptible

to being overly influenced by random fluctuations, potentially compromising the analysis.

A judicious choice involves a variable width, guided by the anticipated total detector resolu-

tion of all objects in the specific event, with a minimum bin width of 10GeV serving as the

starting point and all subsequent bin widths being integer multiples thereof. To determine an

appropriate resolution for each event within the kinematic distributions, several assumptions

are made, particularly as the procedure operates at the level of event variables (Minv,
∑

|p⃗T |
and pmiss

T ), rather than individual objects within the event. The total detector resolution is

contingent upon an event’s topology and object content, with estimates available only for indi-

vidual physics objects based on their transverse momentum or energy. A method is employed to

generalize these functions, making variables accessible for each event without requiring knowl-

edge of the individual object’s properties. The following paragraphs summarize pT dependent

resolution functions for considered objects, outlining how these functions are translated into

bin widths for each event class distribution [1].

For muons, a pT dependent resolution function (Eq.4.7) is determined from muon simulations.

σµ(pT ) =

(
0.015 · p2T

GeV
+ 1.6 · pT

)
· 10−2 (4.7)

The transverse energy resolution for electrons and photons is derived from test beam measure-

ments (Eq.4.8) [34].

σe/γ(ET ) =

√
(0.3 · ET )

2 + 2.82GeV · ET + (0.12GeV)2 · 10−2 (4.8)

where ET denotes the transverse component of the electron or photon energy. A similar ap-

proach is taken for the jet transverse momentum resolution, with estimates obtained for PF

jets (Eq.4.9) [65].

σjet(pT ) =

√
(0.043 · pT )2 + 0.852GeV · pT + (3GeV)2 (4.9)

The MET resolution has a direct correlation with the transverse momentum of the event and

its parameterisation was determined by measuring different events (Eq.4.10) [66].

σMET(pT ) = 1.78GeV + 0.63 ·
√∑

|p⃗T |GeV (4.10)
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Subsequently, resolution functions for object transverse momentum or energy are translated

into a consistent binning of the three kinematic variables. The width of each bin in the
∑

|p⃗T |
distribution (Eq.4.11) is determined by assuming the event’s total

∑
|p⃗T | is evenly distributed

over all objects in the event.

σ∑ |p⃗T | =

√√√√ N∑
i

Ni · σ2
i (⟨pT,i⟩) (4.11)

Using ⟨pT,i⟩ to denote the mean transverse momentum assigned to each of the N objects i in an

event, where σpT represents the resolution of the individual object i, and Ni is the multiplicity

of each object type (electron, muon etc.) present in the event.

Assuming objects are evenly distributed in ϕ with η = 0, the event’s
∑

|p⃗T | and combined mass

are equivalent in this reduced phase-space. TheMT resolution σMT
is approximated by Eq.4.11.

MET is correlated with
∑

|p⃗T |, and for genuine MET events, both values are typically of similar

magnitude. Simplifying, MET resolution for each bin is estimated by substituting MET for∑
|p⃗T | in Eq.4.11.

Ensuring the overall shape of a distribution is conserved while employing a dynamic bin size is

achieved through normalizing the number of events in each bin to the bin width. This approach

results in a smooth, continuous representation of a distribution, even when significant changes

in bin width occur [1].

4.5.2. p-Value

The p-value represents the probability of observing results as extreme as, or more extreme than,

those derived under the assumption of no effect or no difference (null hypothesis). It quantifies

the level of agreement between the simulated data and the observed data. To perform this

analysis, a hybrid Bayesian-frequentist approach is adopted [67, 68]. To account for statistical

fluctuations comprehensively, we use a Poisson distribution (Eq.4.12) to model the probability

of obtaining a total of Ndata observations, considering NSM as the expected number of events

from the Standard Model simulations.

P (Ndata) =
e−NSMNNdata

SM

Ndata!
(4.12)

This choice allows us to encompass possible extreme scenarios, including both surpluses and

deficits concerning the observed data in comparison to the expected values. The Poisson dis-
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tributions are subsequently summed (Eq.4.13).

p =



∞∑
i=Ndata

e−NSMN i
SM

i!
, if Ndata ≥ NSM

Ndata∑
i=0

e−NSMN i
SM

i!
, if Ndata < NSM

(4.13)

The exact mean of the Poisson distribution is not precisely known, therefore we employ a Gaus-

sian distribution centered at Ndata, with a standard deviation of σSM =
√
σ2
MC,stat + σ2

MC,sys

(Eq.4.14).

pdata =



∞∑
i=Ndata

C

∫ ∞

0

dλ exp

(
−(λ−NSM)2

2σ2
SM

)
e−λλi

i!
, if Ndata ≥ NSM

Ndata∑
i=0

C

∫ ∞

0

dλ exp

(
−(λ−NSM)2

2σ2
SM

)
e−λλi

i!
, if Ndata < NSM

(4.14)

Here, C represents the normalisation factor of the Gaussian distribution. All the distributions

established in the preceding steps are then partitioned into distinct regions. These regions are

defined as contiguous combinations of bins and amount to a total of Nbins(Nbins+1)/2 regions,

with Nbins representing the number of bins in a given histogram. A p-value is computed for

each of these regions (Fig.4.2).

Fig. 4.2.: Schematic depiction outlining the computation of p-values for individual regions and sub-
sequent identification of the region characterized by the minimal p-value.

The region characterized by the most statistically significant departure, as indicated by the

smallest p-value (pdata), is subsequently identified and designated as the Region of Interest

(RoI). The RoI encompasses the domain where the most notable disparities between the mea-

sured and simulated data become manifest (Fig.4.3).
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Fig. 4.3.: Visualization depicting the RoI within a kinematic distribution (modified) [5].

To enhance the robustness of our analysis and mitigate potential statistical fluctuations, we

have set a minimum threshold for the number of bins within a region. Specifically, three bins

are designated as the minimum requirement for ST and pmiss
T , while a single bin suffices for

the invariant mass so that narrow resonances can be caught by the algorithm. Furthermore,

regions characterized by an insufficient number of simulated events are excluded. This yields a

probability distribution for each of the kinetic variables, including ST , M and pmiss
T .

4.5.3. Quality control requirements

The calculation of a p-value necessitates careful consideration of the regions to ensure reliability,

computational efficiency and avoidance of ambiguities between multiple regions with the same

p-value. Several criteria are applied to veto regions from the region of interest scan [13]:

• Empty Regions: Regions without data events, without MC contributions or without

contributions from systematic uncertainties are deemed empty. Such regions are ex-

cluded from the scan. Additionally, regions where complete contributions are already

encompassed within a narrower region are skipped to prioritize the narrowest region with

a deviation.

• Negative Bins: Monte Carlo simulations at next-to-leading-order precision may yield

negative event weights to account for double-counted contributions. Regions with total

negative yield indicate overly granular binning and these are vetoed to effectively re-bin

the distribution within a larger region with positive total yield.

• Adaptive Coverage Threshold: Deviations exceeding 1σ in the (N = number of ex-

pected events, σ = corresponding uncertainty) parameter space with small N and total

uncertainties surpassing 50% are identified through coverage studies. These regions can

result in overly cautious p-value estimations and can bias the calculation of post-trial
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probabilities from the pseudo-experiments presented in the next section. A specific func-

tional form (Eq.4.15) is employed to discard such regions, particularly above NSM > 0.5,

preventing divergence for NSM → 0.

σSM
NSM

< 1.2 ·N−0.2
SM (4.15)

In addition, a flat veto is applied for relative uncertainties above 50% for NSM < 5 to

avoid unnecessary restrictions for large NSM , leading to a combined region criterion of

(Eq.4.16):

σSM
NSM

< max
(
0.5,min

(
5.0, 1.2 ·N−0.2

SM

))
(4.16)

• Low Generated Event Count Treatment: To address limited statistics, regions with

a relative statistical uncertainty exceeding 30% are vetoed. This statistical uncertainty

requirement is supplemented with a neighbourhood criterion, evaluating the adjacent four

bins above and below a region. Relevant processes, constituting 90% of the total yield

when ordered by contribution, must be present in the investigated region. The criterion is

extended, incorporating an additional check for fluctuations in the neighborhood regions.

The relative fraction of a process in the considered region is restricted to fluctuate by no

more than ±15% compared to its contribution in the neighborhood regions. This criterion

mitigates the impact of spikes in the Monte Carlo simulation, where estimates rely on a

small number of events with substantial weights.

4.5.4. Look-Elsewhere Effect and the p̃-value

The p-value, as previously described, allows us to assess localized deviations in the data. Never-

theless, our aim is to perform a comprehensive comparison between the data and simulation on

a global scale. This is because an observed deviation may arise as a result of statistical fluctu-

ations. An additional factor known as the Look-Elsewhere Effect (LEE) [69] must therefore be

taken into account. The Look-Elsewhere Effect takes into account how high the probability is

that a deviation will occur that is not a statistical fluctuation. The transition from per-region

p-values to a per-distribution p-value, often referred to as a post-trial probability, is essen-

tial for comparing deviations observed in various distributions. This transformation accounts

for the likelihood of observing deviations of equal or lesser compatibility anywhere within the

distribution.

To account for the LEE and thus evaluate the overall distribution of all regions, we introduce

a new metric, denoted as the p̃-value (Eq.4.17).

p̃ =
Npseudo(pmin < pdatamin )

Npseudo

(4.17)
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Given the strong correlations among deviations in different regions, an accurate estimation

of the p̃-value is paramount. To achieve this, we simulate a series of pseudo-experiments that

replicate all the preceding steps. This process involves generating up to 105 pseudo-experiments

(Npseudo), balancing the need for high sensitivity with computational efficiency. We utilize the

smallest p-value (pdatamin ) obtained from the comparison between observed data and Monte Carlo

simulations as a reference point. Subsequently, we calculate and count all the locally smallest p-

values (pmin) from the pseudo-experiments and divide this total by the number of comparisons.

This calculation yields the p̃-value, representing the probability of observing a deviation at least

as significant as the one observed anywhere in the distribution. In this statistical estimation,

there may be cases where no pmin values smaller than pdatamin are found. In such instances, we

assign an upper bound for the p̃-value, as the probability of an event, no matter how improbable,

can never be exactly zero. In this scenario, for N pseudo-experiments, the upper bound for the

p̃-value is p̃ = 1
N
.

4.5.5. Systematic uncertainties

In the generation of pseudo-experiments for an event class distribution, the values assigned

to each bin must closely resemble the ensemble of expected values under the null hypothesis,

representing a pure simulation scenario. This is achieved by slightly shifting the mean expected

values ⟨Nn⟩ within each bin using two methods. It’s worth noting that this procedure is only

applied to bins with both MC expectations and contributions from nuisance parameters. Bins

lacking MC expectations or unaffected by uncertainties are exempt from this adjustment. The

initial step addresses the representation of systematic uncertainties.

The analysis incorporates estimates of systematic uncertainties from various sources, encom-

passing integrated luminosity, pileup interactions, total cross sections of Standard Model pro-

cesses, parton distribution functions (Sec.2.4), energy and momentum scales of objects, recon-

struction efficiencies, resolutions, misidentification probabilities and the number of simulated

events. Statistical uncertainties due to finite sample size are uncorrelated between bins, while

those stemming from other sources are fully correlated across all bins and event classes. Sys-

tematic uncertainties, which have a different influence on kinematic properties, are evaluated

by variations of these variables, which can lead to certain particles falling out of the selection

criteria.

Looking at table 4.3, the integrated luminosity uncertainty is propagated as a normalisation

uncertainty. Simulated samples correct for pileup distribution mismatches, with associated

uncertainties incorporated into individual event weights. Uncertainties in total cross sections

for SM processes are included, assuming full correlation within individual process samples.

For processes at LO, a 50% cross-section uncertainty is applied and higher-order calculations

involve variations in factorization and renormalisation scales. PDF uncertainties follow the
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Source of uncertainty Typical values
Integrated luminosity 2.5%
Pileup <5%
Cross sections of SM processes For processes calculated at LO: 50%

For higher-order calculations: varies, <50%
Parton distribution functions Following PDF4LHC [70] recommendations
Value of αS Variations of ±0.0015 around central value (0.118)
Electron, muon, and photon energy scales 0.15–7.00%
Jet energy scale and resolution 3-5%
Unclustered energy Varies, typically 0-15GeV
Reconstruction and identification efficiency Varies, <10% (relative uncertainty)
Misidentification uncertainties 50%
MC statistical uncertainty Varies, up to 30%

Table 4.3.: Summary of systematic uncertainties in the analysis [46].

PDF4LHC recommendations [70], treating them as a single, fully correlated source with varia-

tions of ±0.0015 for a central strong coupling value of αS. Energy and momentum measurement

uncertainties for physics objects are estimated by varying kinematic observables within their

uncertainties. The muon momentum scale uncertainty is 7% for 1TeV muons. Electron and

photon energy scale uncertainties vary between barrel and endcap regions. Jet energy scale

uncertainties, assumed fully correlated, range from 3–5%. Uncertainties in unclustered energy

contribute to pmiss
T uncertainty. Efficiency related uncertainties, depending on pT and η, are

corrected by scale factors. For b-tagging, scale factors and uncertainties are pT and flavor-

dependent. Misidentification uncertaintie, involve a 50% uncertainty for objects not matched

to generated particles. Statistical uncertainties in generated events and total event weights are

included due to the limited number of MC events.

All these uncertainties are embodied by a collection of perturbation parameters denoted as

i. It is assumed that these nuisance parameters are fully correlated across all bins, reflecting

the idea that systematic uncertainties have been segregated to a level where the underlying

processes contributing to the uncertainty remain consistent across the entire distribution. The

influence of each nuisance parameter is modeled using a Gaussian distribution centered on the

mean expectation value for each bin n. To account for the aforementioned correlation effect, a

random number κi is generated for each perturbation parameter i, following a standard normal

distribution. At this juncture, the first adjustment is applied (Eq.4.18):

⟨Nn,shifted⟩ = ⟨Nn⟩+
Ni∑
i=1

κi · δi,n (4.18)

where ⟨Nn,shifted⟩ represents the shifted mean value of each bin, Ni signifies the total number

of perturbation parameters considered, and δi,n denotes the difference between the mean and

the upper or lower bound of the confidence interval. In the next phase, ⟨Nn,shifted⟩ undergoes
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further modification. This step is particularly relevant because statistical effects may slightly

shift the number of events within a bin. To account for this influence, a Poisson distribution is

employed, using ⟨Nn,shifted⟩ as the mean parameter for smearing. The resultant value represents

the final data point utilized in the pseudo-experiment.

4.6. Global overview

To summarize the outcomes of various event classes and kinematic distributions, we present

them in the form of histograms. These histograms allow us to compare the distributions of

deviations in the event classes with the expected distribution under the Standard Model only

hypotheses, as derived from pseudo-experiments. This display format offers the advantage of

accommodating different scenarios. It enables the observation of situations where a Beyond

Standard Model (BSM) signal exhibits substantial deviations in a few distinct final states, as

well as scenarios where a BSM signal manifests as smaller deviations across multiple final states.

The p̃ distributions are first computed for all pseudo-experiments, as explained in the preceding

analysis steps (Sec.4.5.2 & 4.5.4).
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Fig. 4.4.: Exemplary representation of a p̃-value distribution as part of a typical sensitivity study to
investigate MUSiC’s ability to observe an introduced signal from a hypothetical W′ event on top of
MC data. The study explores different classes (final states) within a region of interest scan, as part
of a MUSiC analysis [3].

An illustrative example of this analysis is presented in Figure 4.4. In this figure, the number

of event classes is plotted against their corresponding p̃-values. For clarity, the p̃-values are
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represented in − log10(p̃) units. The construction of the histogram involves using the median

of each pseudo-experiment as the SM reference. To capture the uncertainty in the SM-only

hypothesis distribution, one and two sigma deviations from the median are depicted. These

deviations are represented by the dark and light blue colored areas surrounding the median and

correspond to the regions encompassing 68% (±1σ) and 95% (±2σ) of the pseudo-experiments,

respectively. Due to the nature of the generation process, the size of the areas above and below

the median may vary, as different pseudo-experiments may have a different number of events.

The histogram further includes the distribution obtained when scanning for the signal under

investigation. In the case of an introduced BSM signal on top of MC data, this distribution is

shown as red crosses, which are added on the histograms representing the SM-only hypothesis.

In the case of real data, this is not represented by a red cross, but by black dots. A red cross

(or black dot) positioned outside of the SM expectation, as seen on the right side of Figure 4.4,

is not an overflow bin. Instead it indicates a deviation from the SM that cannot be attributed

to mere statistical fluctuations. Such a deviation serves as an indication of a BSM signal. The

systematic uncertainties (Sec.4.5.4) may still exert influence on the p̃ distributions employed

in the histogram. This influence is observed in the form of a higher number of event classes

displaying smaller deviations and appearing in the bins with the most modest discrepancies.

To address this, we have extended the uncertainty bands employed in the histogram after

conducting pseudo-data studies. This extension allows for an overestimation of uncertainty,

encompassing up to 50%. It is important to note that this modification has no bearing on the

range where substantial deviations are expected, serving as an indication of potential Beyond

Standard Model effects.
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5. First Look at the 2018 Dataset

5.1. Region of Interest scan for the 2018 Dataset

This chapter focuses on the core aspects of this work. The main objective was to gain an initial

insight into the MUSiC analysis (Ch.4) of the Ultra Legacy 2018 dataset (Run II) of the CMS

experiment. It is of interest to find out what progress the current status of the analysis reveals.

The results obtained can be summarized as follows:

Overview of the 2018 Dataset

As part of the MUSiC scan run, all three distributions (Invariant Mass, Sum of Transverse

Momentum, Missing Transverse Momentum) were analyzed with respect to the three event

class groups defined by MUSiC (Exclusive, Inclusive and Jet-Inclusive).

Within the scope of the MUSiC analysis for the Ultra Legacy 2018 Dataset, a total of 225 (274)

exclusive classes, 624 (610) inclusive classes, and 407 (100) jet-inclusive classes based on the

Minv (
∑

|p⃗T |) distribution scan were observed, each with at least one data event 1. Further-

more, within these classes, considering a minimum of 100GeV in pmiss
T , 68 exclusive classes, 339

inclusive classes, and 85 jet-inclusive classes were identified. Subsequently, these classes were

also investigated for deviations in the MET distribution.

Two notable event classes, illustrating the efficiency of the MUSiC analysis, are the 2µ+X

(Fig.5.1) and the 1µ+2bJet+X (Fig.5.2) event classes from the Minv inclusive scans. In the

2µ+X class (Fig.5.1), a clearly recognisable Z-peak is observed as expected, while in the

1µ+2bJet+X event class (Fig.5.2), there is a clear dominance of tt events.

1The presented numbers correspond only to classes in which at least one region survived the scan quality
control requirements, as described in Subsec.4.5.3
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Fig. 5.1.: Distribution of the 2µ+X Minv inclusive event class.
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Fig. 5.2.: Distribution of the 1µ+2bJet+X Minv inclusive event class.

The most significant event classes of the 2018 Dataset

The results for the classes with the most significant deviation from the SM prediction within

the scan are shown in the tables 5.1-5.9 and the figures 5.3-5.11. The total number of entries

is 90, whereby 42 unique classes result when recurring entries and their subtraction are taken

into account.
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Fig. 5.3.: Distribution of the p̃ values pertaining to the kinematic variable Minv across exclusive event
classes based on a RoI scan for the MUSiC analysis. The rightmost black dot belongs to the first 4
event classes in table 5.1.

Event Class RoI [GeV] NMC σMC NData p p̃

2e+4Jet 750 - 840 210 33 448 10−8 < 10−5

2e+1Jet+MET 4950 - 5390 0.00019 0.00018 2 4·10−8 < 10−5

2µ+MET 0 - 30 19 12 96 2.7·10−7 < 10−5

4µ 180 - 320 86 4.5 145 1.2·10−7 0.0001
1e+2bJet 740 - 830 44 14 113 2.9·10−5 0.0005
1e+MET 0 - 30 720 150 1360 2.4·10−5 0.0011
2e+2µ 260 - 300 8.9 0.57 25 1.2·10−5 0.0016
1e+2µ+1γ+1bJet 390 - 1010 0.072 0.035 2 0.0031 0.0051
1e+1µ+1γ+2bJet 730 - 970 0.33 0.18 4 0.001 0.011
4µ+3Jet 890 - 1040 0.18 0.095 3 0.0015 0.011

Table 5.1.: Comprehensive examination of the most significant event classes within the Region of
Interest (RoI) scan of the exclusive class of the kinematic distribution Minv. The parameter p denotes
the median p-value derived from multiple pseudoexperiments, while p̃ signifies the p-value adjusted
for the Look-Elsewhere Effect (LEE). The RoI delineates the boundaries of the region of interest,
detailed in Section 4.5.4. NData represents the count of pseudo-data events, NMC corresponds to the
anticipated number of events conforming to the Standard Model from Monte Carlo simulations and
σMC as a combination of statistical and systematic uncertainty.
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Fig. 5.4.: Distribution of the p̃ values pertaining to the kinematic variable Minv across inclusive event
classes based on a RoI scan for the MUSiC analysis. The rightmost black dot belongs to the first event
class in table 5.2.

Event Class RoI [GeV] NMC σMC NData p p̃

4µ+X 180 - 270 85 4.9 148 5·10−8 < 10−5

1e+1γ+X 20 - 50 1900 200 1009 5.7·10−6 0.0008
2e+4Jet+X 750 - 870 430 78 789 6·10−6 0.001
1e+X 70 - 110 50 16 112 0.00066 0.0071
1e+3µ+2Jet+X 1380 - 1500 0.045 0.03 2 0.0015 0.0085
1µ+1γ+X 20 - 70 4.5·104 5.9·103 23577 0.00013 0.009
3µ+5Jet+MET+X 930 - 1050 0.37 0.3 4 0.0028 0.0097
4µ+4Jet+X 2230 - 2410 0.0075 0.007 1 0.0093 0.014
2e+1µ+1γ+MET+X 280 - 1260 1.1 0.94 7 0.0041 0.014
2e+2µ+X 260 - 310 15 1 32 0.00013 0.015

Table 5.2.: Comprehensive examination of the most significant event classes within the Region of
Interest (RoI) scan of the inclusive class of the kinematic distribution Minv. The parameter p denotes
the median p-value derived from multiple pseudoexperiments, while p̃ signifies the p-value adjusted
for the Look-Elsewhere Effect (LEE). The RoI delineates the boundaries of the region of interest,
detailed in Section 4.5.4. NData represents the count of pseudo-data events, NMC corresponds to the
anticipated number of events conforming to the Standard Model from Monte Carlo simulations and
σMC as a combination of statistical and systematic uncertainty.
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Fig. 5.5.: Distribution of the p̃ values pertaining to the kinematic variable Minv across jet-inclusive
event classes based on a RoI scan for the MUSiC analysis. The rightmost black dot belongs to the
first event class in table 5.3.

Event Class RoI [GeV] NMC σMC NData p p̃

4µ+NJets 170 - 670 140 7.9 223 1.2·10−8 0.0001
2e+4Jet+NJets 750 - 840 250 53 514 2.7·10−6 0.0005
2µ+3bJet+1Jet+NJets 810 - 900 0.86 0.5 8 7.9·10−5 0.0017
4µ+3Jet+NJets 830 - 980 0.18 0.1 3 0.0016 0.0077
4µ+4Jet+NJets 2180 - 2350 0.0034 0.0032 1 0.0043 0.0098
2e+1µ+1γ+MET+NJets 280 - 1260 0.85 0.78 6 0.0048 0.012
1e+2µ+1γ+1bJet+NJets 500 - 980 0.074 0.042 2 0.0035 0.013
1e+1µ+1γ+2bJet+NJets 730 - 970 0.52 0.25 5 0.00064 0.014
2e+5Jet+NJets 2140 - 2310 13 4.7 40 0.00012 0.018
2e+2µ+NJets 260 - 310 14 0.96 31 0.00016 0.018

Table 5.3.: Comprehensive examination of the most significant event classes within the Region of
Interest (RoI) scan of the jet-inclusive class of the kinematic distribution Minv. The parameter p
denotes the median p-value derived from multiple pseudoexperiments, while p̃ signifies the p-value
adjusted for the Look-Elsewhere Effect (LEE). The RoI delineates the boundaries of the region of
interest, detailed in Section 4.5.4. NData represents the count of pseudo-data events, NMC corresponds
to the anticipated number of events conforming to the Standard Model from Monte Carlo simulations
and σMC as a combination of statistical and systematic uncertainty.
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Fig. 5.6.: Distribution of the p̃ values pertaining to the kinematic variable ST across exclusive event
classes based on a RoI scan for the MUSiC analysis. The rightmost black dot belongs to the first 3
event classes in table 5.4.

Event Class RoI [GeV] NMC σMC NData p p̃

4µ 140 - 170 21 1.3 55 10−8 < 10−5

2e+1Jet+MET 4950 - 5280 0.00018 0.00016 2 3.2·10−8 < 10−5

2e+2µ 190 - 420 37 2.4 72 1.7·10−6 0.0001
1µ 310 - 2060 300 41 501 5.9·10−6 0.0002
2e+1Jet 610 - 690 1700 200 2636 7.8·10−6 0.0006
4µ+3Jet 550 - 610 0.12 0.048 3 0.00037 0.0011
2e+4Jet 900 - 990 150 26 270 2.6·10−5 0.0027
2µ+1Jet 660 - 750 2300 270 3351 4.7·10−5 0.0072
4µ+4Jet 1580 - 2030 0.0016 0.0016 1 0.0021 0.0077
2e+5Jet 1000 - 1150 43 14 107 8·10−5 0.0085

Table 5.4.: Comprehensive examination of the most significant event classes within the Region of
Interest (RoI) scan of the exclusive class of the kinematic distribution ST . The parameter p denotes
the median p-value derived from multiple pseudoexperiments, while p̃ signifies the p-value adjusted
for the Look-Elsewhere Effect (LEE). The RoI delineates the boundaries of the region of interest,
detailed in Section 4.5.4. NData represents the count of pseudo-data events, NMC corresponds to the
anticipated number of events conforming to the Standard Model from Monte Carlo simulations and
σMC as a combination of statistical and systematic uncertainty.
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Fig. 5.7.: Distribution of the p̃ values pertaining to the kinematic variable ST across inclusive event
classes based on a RoI scan for the MUSiC analysis. The rightmost black dot belongs to the first 3
event classes in table 5.5.

Event Class RoI [GeV] NMC σMC NData p p̃

4µ+X 140 - 170 26 1.8 60 1.1·10−7 < 10−5

1e+1µ+3bJet+2Jet+X 760 - 850 0.41 0.4 7 3.1·10−5 < 10−5

4µ+4Jet+X 1460 - 2030 0.0073 0.0063 2 5.1·10−5 < 10−5

2µ+X 300 - 330 1.2·104 830 15724 4.4·10−6 0.0004
2e+2µ+X 190 - 280 41 2.8 76 5.7·10−6 0.0008
2e+1Jet+X 570 - 660 6200 660 8954 1.7·10−5 0.0008
1e+1γ+X 80 - 120 4100 410 2331 8.3·10−6 0.0011
2e+4Jet+X 900 - 990 250 38 429 1.4·10−5 0.0018
2e+6Jet+X 1330 - 1910 18 8.2 61 2.9·10−5 0.0028
2e+3Jet+X 760 - 850 1200 160 1797 0.00011 0.0051

Table 5.5.: Comprehensive examination of the most significant event classes within the Region of
Interest (RoI) scan of the inclusive class of the kinematic distribution ST . The parameter p denotes
the median p-value derived from multiple pseudoexperiments, while p̃ signifies the p-value adjusted
for the Look-Elsewhere Effect (LEE). The RoI delineates the boundaries of the region of interest,
detailed in Section 4.5.4. NData represents the count of pseudo-data events, NMC corresponds to the
anticipated number of events conforming to the Standard Model from Monte Carlo simulations and
σMC as a combination of statistical and systematic uncertainty.
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Fig. 5.8.: Distribution of the p̃ values pertaining to the kinematic variable ST across jet-inclusive
event classes based on a RoI scan for the MUSiC analysis. The rightmost black dot belongs to the
first 4 event classes in table 5.6.

Event Class RoI [GeV] NMC σMC NData p p̃

4µ+NJets 140 - 170 26 1.8 60 7.5·10−8 < 10−5

2e+4Jet+NJets 900 - 990 190 31 366 3·10−7 0.0001
2µ+NJets 320 - 360 9800 680 12902 5.2·10−6 0.0001
4µ+4Jet+NJets 1460 - 2030 0.0036 0.0032 2 1.3·10−5 0.0001
2e+2µ+NJets 190 - 280 40 2.7 73 1.2·10−5 0.0007
2e+1Jet+NJets 570 - 660 5400 610 7926 2.4·10−5 0.0009
2e+6Jet+NJets 1330 - 1910 11 6.8 47 3.4·10−5 0.0014
2e+5Jet+NJets 1350 - 1690 25 10 81 9.7·10−6 0.0026
1e+1mu+3bJet+2Jet+NJets 760 - 850 0.19 0.18 4 0.00041 0.0026
1e+NJets 40 - 70 47 9.9 0 8.8·10−7 0.0029

Table 5.6.: Comprehensive examination of the most significant event classes within the Region of
Interest (RoI) scan of the jet-inclusive class of the kinematic distribution ST . The parameter p denotes
the median p-value derived from multiple pseudoexperiments, while p̃ signifies the p-value adjusted
for the Look-Elsewhere Effect (LEE). The RoI delineates the boundaries of the region of interest,
detailed in Section 4.5.4. NData represents the count of pseudo-data events, NMC corresponds to the
anticipated number of events conforming to the Standard Model from Monte Carlo simulations and
σMC as a combination of statistical and systematic uncertainty.
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Fig. 5.9.: Distribution of the p̃ values pertaining to the kinematic variable pmiss
T across exclusive

event classes based on a RoI scan for the MUSiC analysis. The rightmost black dot belongs to the
first event class in table 5.7.

Event Class RoI [GeV] NMC σMC NData p p̃

2e+1µ+1γ+MET 250 - 310 0.0089 0.0084 1 0.011 0.015
3µ+5Jet+MET 100 - 1250 1.7 1.4 7 0.023 0.032
2e+3bJet+1Jet+MET 150 - 190 0.19 0.17 2 0.028 0.066
1e+3Jet+MET 270 - 330 1100 140 1502 0.0032 0.067
3µ+1bJet+2Jet+MET 110 - 160 2.6 1.5 9 0.016 0.08
2e+2bJet+1Jet+MET 90 - 120 39 12 73 0.0086 0.099
1µ+3Jet+MET 330 - 390 1900 240 2552 0.0062 0.11
1e+1µ+1γ+1Jet+MET 170 - 250 8.3 3.2 0 0.011 0.12
1e+3bJet+2Jet+MET 160 - 250 1.9 1.9 7 0.05 0.14
2e+1µ+1γ+1Jet+MET 100 - 530 0.4 0.35 2 0.098 0.14

Table 5.7.: Comprehensive examination of the most significant event classes within the Region of
Interest (RoI) scan of the exclusive class of the kinematic distribution pmiss

T . The parameter p denotes
the median p-value derived from multiple pseudoexperiments, while p̃ signifies the p-value adjusted
for the Look-Elsewhere Effect (LEE). The RoI delineates the boundaries of the region of interest,
detailed in Section 4.5.4. NData represents the count of pseudo-data events, NMC corresponds to the
anticipated number of events conforming to the Standard Model from Monte Carlo simulations and
σMC as a combination of statistical and systematic uncertainty.
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Fig. 5.10.: Distribution of the p̃ values pertaining to the kinematic variable pmiss
T across inclusive

event classes based on a RoI scan for the MUSiC analysis. The rightmost black dot belongs to the
first event class in table 5.8.

Event Class RoI [GeV] NMC σMC NData p p̃

2e+1µ+1γ+MET+X 100 - 530 1.3 1.1 7 0.0073 0.016
2e+1µ+1γ+1Jet+MET+X 100 - 530 0.82 0.58 5 0.0082 0.017
3µ+5Jet+MET+X 100 - 1250 2.4 2 8 0.047 0.054
3µ+4Jet+MET+X 100 - 140 2.4 1.5 9 0.011 0.07
4e+1Jet+MET+X 190 - 350 0.058 0.034 1 0.059 0.12
4e+MET+X 100 - 770 0.49 0.31 2 0.11 0.13
3e+1µ+1bJet+MET+X 140 - 170 0.051 0.037 1 0.055 0.14
2e+2bJet+1Jet+MET+X 90 - 120 54 17 97 0.012 0.15
1e+2Jet+MET+X 250 - 310 6900 700 8597 0.0095 0.16
2e+1µ+4Jet+MET+X 110 - 150 0.89 0.84 4 0.053 0.16

Table 5.8.: Comprehensive examination of the most significant event classes within the Region of
Interest (RoI) scan of the inclusive class of the kinematic distribution pmiss

T . The parameter p denotes
the median p-value derived from multiple pseudoexperiments, while p̃ signifies the p-value adjusted
for the Look-Elsewhere Effect (LEE). The RoI delineates the boundaries of the region of interest,
detailed in Section 4.5.4. NData represents the count of pseudo-data events, NMC corresponds to the
anticipated number of events conforming to the Standard Model from Monte Carlo simulations and
σMC as a combination of statistical and systematic uncertainty.
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Fig. 5.11.: Distribution of the p̃ values pertaining to the kinematic variable pmiss
T across jet-inclusive

event classes based on a RoI scan for the MUSiC analysis. The rightmost black dot belongs to the
first event class in table 5.9.

Event Class RoI [GeV] NMC σMC NData p p̃

2e+1µ+1γ+MET+NJets 160 - 290 0.37 0.36 4 0.0041 0.0081
2e+1µ+1γ+1Jet+MET+NJets 100 - 530 0.65 0.49 4 0.015 0.038
1e+2Jet+MET+NJets 270 - 330 4000 430 5175 0.0028 0.06
3µ+4Jet+MET+NJets 100 - 190 4 2.2 12 0.017 0.084
1e+3Jet+MET+NJets 270 - 350 2200 260 2855 0.0052 0.097
1e+1µ+3bJet+1Jet+MET+NJets 140 - 170 0.82 0.63 4 0.031 0.13
1µ+3Jet+MET+NJets 330 - 390 3100 370 4017 0.0093 0.15
2e+2bJet+1Jet+MET+NJets 90 - 120 53 16 96 0.012 0.15
3µ+2bJet+MET+NJets 310 - 390 0.046 0.046 1 0.057 0.16
3µ+5Jet+MET+NJets 310 - 390 0.1 0.074 1 0.11 0.16

Table 5.9.: Comprehensive examination of the most significant event classes within the Region of
Interest (RoI) scan of the jet-inclusive class of the kinematic distribution pmiss

T . The parameter p
denotes the median p-value derived from multiple pseudoexperiments, while p̃ signifies the p-value
adjusted for the Look-Elsewhere Effect (LEE). The RoI delineates the boundaries of the region of
interest, detailed in Section 4.5.4. NData represents the count of pseudo-data events, NMC corresponds
to the anticipated number of events conforming to the Standard Model from Monte Carlo simulations
and σMC as a combination of statistical and systematic uncertainty.
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Of the 42 event classes identified, a total of eight event classes were determined for which the p̃

value was so low that they can no longer be explained by statistical fluctuations in the Standard

Model with a significance of over 4σ. These eight event classes are as follows:

Event Class Total number of appearances outside the SM expectation

2e+4Jet 2
2µ 1
2µ+MET 1
4µ+4Jet 2
1e+1µ+3bJet+2Jet 1
4µ 4
2e+2µ 1
2e+1Jet+MET 2

Note that no event classes outside the SM expectation of MUSiC were detected in the inclusive,

jet-inclusive class of invariant mass (Minv) and all missing transverse momentum (pmiss
T ) scans.

All these eight classes were found within the scans of the exclusive class of the Invariant Mass

Scan and the Sum of Transverse Momentum (ST ) scans.

A closer look at the results reveals that some event classes were found to be most significant in

several scans. This phenomenon can be explained not only by potential effects that could lead

to a deviation from the SM, such as the discovery of a new particle, but also by calibration

problems or correlations between all observations.

A more detailed analysis of these event classes, which appeared in several top 10 tables of the

various scans, quickly reveals that all event classes that repeat six times, together with one of

the two event classes that repeat five times, belong to the eight event classes that deviate from

the expectation of the Standard Model according to the scan results of MUSiC.

In the following, the eight event classes mentioned, which were found outside the SM expec-

tation, as well as the second event class, which repeats five times across different scans, are

therefore examined in more detail.
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Event Class Total number of appearances

2e+4Jet 6
4µ 6
2e+2µ 6

4µ+4Jet 5
2e+1µ+1γ+MET 5

2e+1Jet 3
2e+5Jet 3
2e+1µ+1γ+1Jet+MET 3
2e+2bJet+1Jet+MET 3
3µ+4Jet+MET 3
3µ+5Jet+MET 3
4µ+3Jet 3

1e 2
1e+1µ+3bJet+2Jet 2
1e+1γ 2
1e+2Jet+MET 2
1e+3Jet+MET 2
1e+1µ+1γ+2bJet 2
1e+2µ+1γ+1bJet 2
2e+6Jet 2
2e+1Jet+MET 2
1µ+3Jet+MET 2
2µ 2

1e+2bJet 1
1e+MET 1
1e+3µ+2Jet 1
1e+1µ+1γ+1Jet+MET 1
1e+3bJet+2Jet+MET 1
1e+1µ+3bJet+1Jet+MET 1
2e+3Jet 1
2e+3bJet+1Jet+MET 1
2e+1µ+4Jet+MET 1
3e+1µ+1bJet+MET 1
4e+1Jet+MET 1
4e+MET 1
1µ+1γ 1
1µ 1
2µ+MET 1
2µ+3bJet+1Jet 1
2µ+1Jet 1
3µ+1bJet+2Jet+MET 1
3µ+2bJet+MET 1

Table 5.10.: Tabular representation of all unique event classes identified within the Region of Interest
scan of the three kinematic distributions (Minv, ST and pmiss

T ), along with the frequency of their
occurrences in the respective distributions across different scans.
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5.2. Event Class studies for the 2018 Dataset

5.2.1. 2e+4Jet

The event class 2e+4Jet was identified twice in the MUSiC scan as deviating from the expec-

tation of the Standard Model. Once this was observed with a p̃ = < 10−5 in the invariant

mass exclusive class scan with the region of interest from 750 to 840GeV and once with a p̃

= 0.0001 in the sum of transverse momentum jet-inclusive class scan with the RoI from 900

to 990GeV. As can be seen from figure 5.12, this process is mainly dominated by Drell-Yan

events. Furthermore, both cases show larger deviations (> 4σ) between the data and the Monte

Carlo simulation not only in the RoI, but over the entire Energy range. A comparison of this

observation with other 2e classes, where the number of jets is varied, indicates that the devi-

ation decreases with a smaller number of jets. This analysis was performed to investigate the

influence of the number of jets on the observed deviations. A more thorough examination in

further internal analyses revealed this behavior in all MUSiC preliminary analyses of the 2018

data. A preliminary assumption regarding this deviation points to missing ZG samples, which

were not yet available as Monte Carlo samples at the time of this work and could therefore only

be considered in this analysis with limited statistics. Another possible reason could be the po-

tentially poor jet multiplicity simulation of MC samples. Further comprehensive investigations

are currently being carried out to determine the exact cause.
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Fig. 5.12.: Distribution of the 2e+4Jet Minv exclusive event class (left) and ST jet-inclusive event
class (right), with the Region of Interest demarcated by red dashed lines.

5.2.2. 2µ

The event class of 2µ was registered as one of the most significant event classes in the sum

of the transverse momentum jet-inclusive scans with a p̃ = 0.0001. This class, as shown in

Figure 5.13, is again dominated by Drell-Yan events. However, MUSiC has detected a slight

elevation in the range of 320 to 360GeV, where there is a deviation of about 1σ between the
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data and the Monte Carlo simulation. Such an effect occasionally occurs in regions where the

low pT trigger transitions to the high pT trigger (for muons at a threshold of pT = 200GeV) and

thus a superposition takes place. To counteract this effect, specific consideration is required,

which has not yet been implemented in this case. By implementing this approach, the observed

deviation should be eliminated, which would lead to an improved agreement between the data

and the MC in the rest of the figure.
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Fig. 5.13.: Distribution of the 2µ ST jet-inclusive event class, with the Region of Interest demarcated
by red dashed lines.

5.2.3. 2µ+MET

In the event class 2µ+MET (Fig.5.14), a deviation of up to 8σ in the range from 0 to 30GeV

with p̃ = < 10−5 was determined as part of the invariant mass exclusive scan. A detailed

examination of the region of interest, taking into account further MUSiC analyses from 2018

and older MUSiC analyses, shows that the number of Monte Carlo events (NMC = 19 ± 12)

in this range is plausible. However, the number of data points (NData = 96) is in comparison

unexpectedly large, which leads to the mentioned deviation of up to 8σ. Initial investigations

indicate that some of the data points were probably incorrectly reconstructed by MUSiC,

resulting in a higher number in this event class than expected. More detailed investigations are

currently being carried out to verify this observation. In the remaining area of this event class,

there appears to be good agreement between the MC simulations and the data, as well as the

expected Drell-Yan dominance.
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Fig. 5.14.: Distribution of the 2µ+MET Minv exclusive event class, with the Region of Interest
demarcated by red dashed lines.

5.2.4. 4µ+4Jet

The event class 4µ+4Jet (Fig.5.15) was identified as one of the most significant event classes in

the Sum of Transverse Momentum Inclusive and Sum of Transverse Momentum Jet-Inclusive

scans, with a p̃ = < 10−5 and p̃ = 0.0001, respectively. In both cases, two events were found

within the region of interest from 1460 to 2030GeV, while the Monte Carlo expectations are

NMC = 0.0073 ± 0.0063 and NMC = 0.0036 ± 0.0032, respectively. The event class has a

comparatively small number of events, with a NMC of 0.45, which are mainly generated by

Drell-Yan, multi-boson, tt and Higgs events.
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Fig. 5.15.: Distribution of the 4µ+4Jet ST inclusive event class (left) and jet-inclusive event class
(right), with the Region of Interest demarcated by red dashed lines.
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5.2.5. 2e+1µ+1γ+MET
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Fig. 5.16.: Distribution of the 2e+1µ+1γ+MET Minv inclusive event class (5.16a), Minv jet-inclusive
event class (5.16b), MET exclusive event class (5.16c), MET inclusive event class (5.16d) and MET
jet-inclusive event class (5.16e), with the Region of Interest demarcated by red dashed lines.
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The event class 2e+1µ+1γ+MET was not identified as deviating from the expectations of the

Standard Model in any of the conducted scans. However, it appeared in five out of the nine

different tables, representing the top 10 most significantly classified event classes in various

scans (tables 5.1-5.9). Given the correlated nature of all distributions, such an event class

is also of particular interest. The Analysis of the associated distributions (Fig.5.16) shows a

dominant presence of Monte Carlo events, especially multi-boson and tt events, with a total

event count of less than 2 events in each distribution. The regions of interest of all scans contain

almost every event of the data in all distributions. Nevertheless, p̃ values of 0.012-0.016 result

in less significant deviations. Only the p̃ value of the MET Jet-Inclusive scan falls into a more

significant range of 0.0081, but remains within the expectations of the SM.

5.2.6. 1e+1µ+3bJet+2Jet

The event class 1e+1µ+3bJet+2Jet (Fig.5.17) was classified as one of the most significant event

classes within the sum of transverse momentum inclusive scans, with a p̃ = < 10−5. There are

11 data events within this event class, 7 of which are found in the region of interest of 760

to 850GeV, while the Monte Carlo expectation is NMC = 0.41 ± 0.4. The event class has a

comparatively small number of events, with a NMC of 4.7, which are mainly generated by tt,

Higgs, single top and multi-boson events.
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Fig. 5.17.: Distribution of the 1e+1µ+3bJet+2Jet ST inclusive event class, with the Region of Interest
demarcated by red dashed lines.

5.2.7. 4µ

The event class 4µ (Fig.5.18) was found four times within the MUSiC scan as one of the most

significant event classes, which show deviations that lie outside the expectations of the Standard
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Model. With p̃ = 0.0001 in the invariant mass exclusive scan and with p̃ = < 10−5 in all sum

of transverse momentum scans, this event class shows a high significance.

A closer look at the event class reveals that it is mainly dominated by multi-boson events and

that all regions of interest are very close to each other (RoI Minv Excl.: 180-320GeV, RoI

ST : 140-170GeV). A deviation of up to about 4σ within the RoI is observed. However, such

deviations have already been detected in previous MUSiC analyses of multi-boson dominated

event classes and required a more detailed investigation of the k-factor used (Eq.4.1).

Furthermore, the plot of the Minv. Excl. scans shows that although the Higgs peak is correctly

predicted by the Monte Carlo data, MUSiC has not detected any event in the data. Since Higgs

production is now a well known process, MUSiC should be able to detect it. The exact reason

why this is not the case in this instance is not yet clear and is currently being investigated by

the rest of the MUSiC team.

100 200 300 400 500 600 700 800 900 1000
3−10

2−10

1−10

1

10

210

310

410

510

E
ve

nt
s 

/ 1
0 

G
eV

Data (1.9e2)

MC (1.2e2)

Multi-Boson

Higgs

Drell-Yan

tt 

Single-Top

W + Jets

CMS
Private Work

 (13 TeV)-1fb59.8µ4  = 0.0001p~

100 200 300 400 500 600 700 800 900 1000
Mass / GeV

0

2

4

6

D
at

a 
/ M

C

(a)

100 200 300 400 500 600 700
3−10

2−10

1−10

1

10

210

310

410

510

E
ve

nt
s 

/ 1
0 

G
eV

Data (1.9e2)

MC (1.2e2)

Multi-Boson

Higgs

Drell-Yan

tt 

Single-Top

W + Jets

CMS
Private Work

 (13 TeV)-1fb59.8µ4  = 0.0001p~

100 200 300 400 500 600 700
 / GeV

T
 pΣ

0
1
2
3
4

D
at

a 
/ M

C

(b)

100 200 300 400 500 600 700
3−10

2−10

1−10

1

10

210

310

410

510

E
ve

nt
s 

/ 1
0 

G
eV

Data (2.4e2)

MC (1.6e2)

Multi-Boson

Higgs

Drell-Yan

tt 

Single-Top

W + Jets

CMS
Private Work

 (13 TeV)-1fb59.8  incl.µ4  = 0.0001p~

100 200 300 400 500 600 700
 / GeV

T
 pΣ

0
1
2
3
4

D
at

a 
/ M

C

(c)

100 200 300 400 500 600 700
3−10

2−10

1−10

1

10

210

310

410

510

E
ve

nt
s 

/ 1
0 

G
eV

Data (2.3e2)

MC (1.6e2)

Multi-Boson

Higgs

Drell-Yan

tt 

Single-Top

W + Jets

CMS
Private Work

 (13 TeV)-1fb59.8  jet incl.µ4  = 0.0001p~

100 200 300 400 500 600 700
 / GeV

T
 pΣ

0

2

4

D
at

a 
/ M

C

(d)

Fig. 5.18.: Distribution of the 4µ Minv exclusive event class (5.18a), ST exclusive event class (5.18b),
ST inclusive event class (5.18c) and ST jet-inclusive event class (5.18d), with the Region of Interest
demarcated by red dashed lines.
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5.2.8. 2e+2µ

The event class 2e+2µ (Fig.5.19) was once found among the most significantly classified event

classes that lie outside the expectations of the Standard Model, with a p̃ of 0.0001. Similar to

the 4µ event class, this is also dominated by multi-boson processes and shows a comparable

deviation of up to 4σ in its region of interest at 190-420GeV. The currently most plausible

explanation for this effect probably lies in the same phenomenon that generates the deviations

in the 4µ event class.
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Fig. 5.19.: Distribution of the 2e+2µ ST exclusive event class, with the Region of Interest demarcated
by red dashed lines.

5.2.9. 2e+1Jet+MET

The event class 2e+1Jet+MET (Fig.5.20) is the last event class identified by MUSiC as devi-

ating significantly from the expectation of the Standard Model. This class was detected twice,

once in the Minv Excl and once in the ST Excl scan. In both cases, it has a significant p̃ value

< 10−5. This event class is mainly dominated by tt and Drell-Yan events, whereby within the

distribution up to a value of approx. 3500GeV there is a good match with the SM expectation.

In both the Minv and the ST scan in the Exclusive Class at around 5000GeV, the same two

data events were recorded that lie far outside the SM expectation and, according to the Monte

Carlo simulations, no further events can be expected. Such outliers have occurred in other

event classes and especially in previous MUSiC analyses, but rarely had a significant weighting,

so their p̃ values were usually not significant.
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Fig. 5.20.: Distribution of the 2e+1Jet+MET Minv exclusive event class (left) and ST exclusive event
class (right), with the Region of Interest demarcated by red dashed lines.

In order to find the reason for this events and to rule out the possibility that they are Beyond

the Standard Model signals, a closer look was therefore taken at these two events in the form

of an event display (Fig.5.21).

(a) (b)

Fig. 5.21.: Two event displays of the 2 data events that were outside the SM expectation in the event
class of the 2e+1Jet+MET scan, shown in the ρ-ϕ plane of the detector. These events both show two
electrons, a muon and missing transverse momentum. The electrons fulfil the prescribed identification
criteria and the muons are detected as such by CMS, but incorrectly categorised as a jet by MUSiC.

In the event display of both events classified as significant, the two electrons and the MET part

are very clearly recognizable and show the expected properties. What is missing, is the jet,
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which has led to these events being classified in the 2e+1Jet+MET Exclusive Class. Instead,

there is a high-energy muon with pT ≈ 2440GeV (Fig.5.21a) and pT ≈ 2360GeV (Fig.5.21b)

in both events. For reasons as yet unknown, these muons appear to have been incorrectly

reconstructed as jets in MUSiC and therefore caused the outlier signals in the 2e+1Jet+MET

Exclusive Class.

Interestingly, even when considering the event class 2e+1µ+MET matching the event display,

such events are not within the SM expectation. Further investigation is required to find out

exactly why this misreconstruction or misclassification occurs.
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6. Conclusion and Outlook

This research work presents a comprehensive investigation of the Model Unspecific Search in

CMS (MUSiC) within the context of exploring potential phenomena beyond the Standard

Model. The focus lies on the conception and operational procedures of MUSiC, encompassing

the identification criteria and event classification based on their final states. Furthermore, a

detailed discussion ensues regarding the statistical analysis to assess the agreement between

measured CMS data and predictions of the Standard Model.

A first in-depth scrutiny of the extensive analysis of data recorded by CMS during Run II

of the Large Hadron Collider in 2018 at a center of mass energy of
√
s = 13TeV and an inte-

grated luminosity of 59.8 fb−1 has been undertaken. Despite intensive efforts, there is currently

no evidence of new physics beyond the standard model. Possible significant deviations are

preliminary attributed to incomplete implementations or show similarities with observations in

event classes dominated by Di-Bosons, as in the years 2015 and 2016.

Due to various challenges, including incomplete Monte Carlo simulations, alterations in data

structures within samples, and the substantial computational demands, the depth and extent

of this work had to be curtailed. This resulted in a limited sensitivity in certain final states,

thus preventing a final statement for the analysis of the 2018 dataset at this juncture.

Notwithstanding these limitations, this work provides a fundamental insight into the 2018

dataset and identifies key aspects upon which the MUSiC team, which is conducted by mul-

tiple researchers in Aachen and is grounded in the collaborative efforts of the entire CMS

collaboration, can build for future analyses.

In my role as the final user of the previous procedure, my task was to adapt the existing

MUSiC code to the altered conditions of the analysis, transitioning from the 2016 dataset to

the 2018 dataset. This facilitated an initial exploration of the 2018 data, allowing for the iden-

tification of preliminary conclusions and issues that may be pertinent for future analyses. The

results obtained during this work also serve as a valuable reference for the ongoing upgrade

of MUSiC, in which the entire MUSiC team is currently engaged. The definitive deepening

of insights from the 2018 dataset and potential indications of new physical phenomena are

anticipated once the upgrade is completed, and the final outstanding Monte Carlo productions

become available.
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47. Sjöstrand, T. et al. An introduction to PYTHIA 8.2. Computer Physics Communications

191, 159–177. https://doi.org/10.1016%2Fj.cpc.2015.01.024 (June 2015).

48. Alwall, J. et al. The automated computation of tree-level and next-to-leading order dif-

ferential cross sections, and their matching to parton shower simulations. Journal of High

Energy Physics 2014. https://doi.org/10.1007%2Fjhep07%282014%29079 (July 2014).

49. Alwall, J. et al. Comparative study of various algorithms for the merging of parton showers

and matrix elements in hadronic collisions. The European Physical Journal C 53, 473–

500. https://doi.org/10.1140%2Fepjc%2Fs10052-007-0490-5 (Dec. 2007).

50. Frederix, R. & Frixione, S. Merging meets matching in MC@NLO. Journal of High Energy

Physics 2012. https://doi.org/10.1007%2Fjhep12%282012%29061 (Dec. 2012).

51. Nason, P. A New Method for Combining NLO QCD with Shower Monte Carlo Algorithms.

Journal of High Energy Physics 2004, 040–040. https://doi.org/10.1088%2F1126-

6708%2F2004%2F11%2F040 (Nov. 2004).

52. Nason, P. & Zanderighi, G. W+ W−, WZ and ZZ production in the powheg-BOX-V2.

The European Physical Journal C 74. https://doi.org/10.1140%2Fepjc%2Fs10052-

013-2702-5 (Jan. 2014).

66

https://web.physik.rwth-aachen.de/user/hebbeker/theses/andrade_master.pdf
https://web.physik.rwth-aachen.de/user/hebbeker/theses/andrade_master.pdf
https://cds.cern.ch/record/349375
https://cds.cern.ch/record/349375
https://pdg.lbl.gov/2022/AtomicNuclearProperties/HTML/lead_tungstate.html
http://cds.cern.ch/record/357153
http://cds.cern.ch/record/357153
https://cds.cern.ch/record/331056
https://cds.cern.ch/record/331056
https://cds.cern.ch/record/343814
https://cds.cern.ch/record/343814
http://dx.doi.org/10.1088/1748-0221/13/06/P06015
https://arxiv.org/abs/2010.02984
https://arxiv.org/abs/2010.02984
https://arxiv.org/abs/2010.02984
https://doi.org/10.1016%2Fj.cpc.2015.01.024
https://doi.org/10.1007%2Fjhep07%282014%29079
https://doi.org/10.1140%2Fepjc%2Fs10052-007-0490-5
https://doi.org/10.1007%2Fjhep12%282012%29061
https://doi.org/10.1088%2F1126-6708%2F2004%2F11%2F040
https://doi.org/10.1088%2F1126-6708%2F2004%2F11%2F040
https://doi.org/10.1140%2Fepjc%2Fs10052-013-2702-5
https://doi.org/10.1140%2Fepjc%2Fs10052-013-2702-5


53. Campbell, J. M., Ellis, R. K., Nason, P. & Re, E. Top-pair production and decay at NLO

matched with parton showers. Journal of High Energy Physics 2015. https://doi.org/

10.1007%2Fjhep04%282015%29114 (Apr. 2015).

54. Bagnaschi, E., Degrassi, G., Slavich, P. & Vicini, A. Higgs production via gluon fusion in

the POWHEG approach in the SM and in the MSSM. Journal of High Energy Physics

2012. https://doi.org/10.1007%2Fjhep02%282012%29088 (Feb. 2012).

55. Frixione, S., Nason, P. & Oleari, C. Matching NLO QCD computations with parton

shower simulations: the POWHEG method. Journal of High Energy Physics 2007, 070–

070. https://doi.org/10.1088%2F1126-6708%2F2007%2F11%2F070 (Nov. 2007).

56. Alioli, S., Nason, P., Oleari, C. & Re, E. A general framework for implementing NLO cal-

culations in shower Monte Carlo programs: the POWHEG BOX. Journal of High Energy

Physics 2010. https://doi.org/10.1007%2Fjhep06%282010%29043 (June 2010).

57. Alioli, S., Nason, P., Oleari, C. & Re, E. NLO single-top production matched with shower

in POWHEG: s-and t-channel contributions. Journal of High Energy Physics 2009, 111.

https://doi.org/10.48550/arXiv.0907.4076 (2009).

58. Alioli, S., Nason, P., Oleari, C. & Re, E. NLO vector-boson production matched with

shower in POWHEG. Journal of High Energy Physics 2008, 060–060. https://doi.

org/10.1088%2F1126-6708%2F2008%2F07%2F060 (July 2008).

59. Re, E. Single-topWt-channel production matched with parton showers using the POWHEG

method. The European Physical Journal C 71. https://doi.org/10.1140%2Fepjc%

2Fs10052-011-1547-z (Feb. 2011).

60. Alioli, S., Nason, P., Oleari, C. & Re, E. NLO Higgs boson production via gluon fu-

sion matched with shower in POWHEG. Journal of High Energy Physics 2009, 002–002.

https://doi.org/10.1088%2F1126-6708%2F2009%2F04%2F002 (Apr. 2009).

61. Nason, P. & Oleari, C. NLO Higgs boson production via vector-boson fusion matched

with shower in POWHEG. Journal of High Energy Physics 2010. https://doi.org/10.

1007%2Fjhep02%282010%29037 (Feb. 2010).

62. Melia, T., Nason, P., Röntsch, R. & Zanderighi, G. W+ W−, WZ and ZZ production in

the POWHEG BOX. Journal of High Energy Physics 2011. https://doi.org/10.1007%

2Fjhep11%282011%29078 (Nov. 2011).

63. Bothmann, E. et al. Event generation with Sherpa 2.2. SciPost Physics 7. https://doi.

org/10.21468%2Fscipostphys.7.3.034 (Sept. 2019).

64. Bretz, H.-P. et al. A development environment for visual physics analysis. Journal of

Instrumentation 7, T08005. https://dx.doi.org/10.1088/1748-0221/7/08/T08005

(Aug. 2012).

67

https://doi.org/10.1007%2Fjhep04%282015%29114
https://doi.org/10.1007%2Fjhep04%282015%29114
https://doi.org/10.1007%2Fjhep02%282012%29088
https://doi.org/10.1088%2F1126-6708%2F2007%2F11%2F070
https://doi.org/10.1007%2Fjhep06%282010%29043
https://doi.org/10.48550/arXiv.0907.4076
https://doi.org/10.1088%2F1126-6708%2F2008%2F07%2F060
https://doi.org/10.1088%2F1126-6708%2F2008%2F07%2F060
https://doi.org/10.1140%2Fepjc%2Fs10052-011-1547-z
https://doi.org/10.1140%2Fepjc%2Fs10052-011-1547-z
https://doi.org/10.1088%2F1126-6708%2F2009%2F04%2F002
https://doi.org/10.1007%2Fjhep02%282010%29037
https://doi.org/10.1007%2Fjhep02%282010%29037
https://doi.org/10.1007%2Fjhep11%282011%29078
https://doi.org/10.1007%2Fjhep11%282011%29078
https://doi.org/10.21468%2Fscipostphys.7.3.034
https://doi.org/10.21468%2Fscipostphys.7.3.034
https://dx.doi.org/10.1088/1748-0221/7/08/T08005


65. Khachatryan, V. et al. Jet energy scale and resolution in the CMS experiment in pp

collisions at 8 TeV. JINST 12, P02014. arXiv: 1607.03663. http://cds.cern.ch/

record/2198719 (2017).

66. The CMS Collaboration. Performance of the CMS missing transverse momentum recon-

struction in pp data at
√
s = 8 TeV. Journal of Instrumentation 10, P02006. https:

//dx.doi.org/10.1088/1748-0221/10/02/P02006 (Feb. 2015).

67. Micheas, A. C. & Dey, D. K. Prior and Posterior Predictive P-Values in the One-Sided

Location Parameter Testing Problem. Sankhyā: The Indian Journal of Statistics (2003-
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A. Appendix

A.1. List of Monte Carlo Samples

The information regarding the used MC samples can be found in the table provided below.
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A.2. List of Data Samples

The information regarding the used Data samples can be found in the table provided below.

Processgroup Datasetpath

SingleMuon /SingleMuon/Run2018A-UL2018 MiniAODv2 GT36-v2/MINIAOD
/SingleMuon/Run2018B-UL2018 MiniAODv2 GT36-v2/MINIAOD
/SingleMuon/Run2018C-UL2018 MiniAODv2 GT36-v3/MINIAOD
/SingleMuon/Run2018D-UL2018 MiniAODv2 GT36-v2/MINIAOD

DoubleMuon /DoubleMuon/Run2018A-UL2018 MiniAODv2 GT36-v1/MINIAOD
/DoubleMuon/Run2018B-UL2018 MiniAODv2 GT36-v1/MINIAOD
/DoubleMuon/Run2018C-UL2018 MiniAODv2 GT36-v1/MINIAOD
/DoubleMuon/Run2018D-UL2018 MiniAODv2 GT36-v1/MINIAOD

EGamma /EGamma/Run2018A-UL2018 MiniAODv2 GT36-v1/MINIAOD
/EGamma/Run2018B-UL2018 MiniAODv2 GT36-v1/MINIAOD
/EGamma/Run2018C-UL2018 MiniAODv2 GT36-v1/MINIAOD
/EGamma/Run2018D-UL2018 MiniAODv2 GT36-v2/MINIAOD
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A.3. Additional material for some interesting event classes
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Fig. A.1.: Distribution of the 2e+4Jet Minv inclusive event class, with the Region of Interest demar-
cated by a red dashed line.
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Fig. A.2.: Distribution of the 2e+4Jet Minv jet-inclusive event class, with the Region of Interest
demarcated by a red dashed line.
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Fig. A.3.: Distribution of the 2e+4Jet ST exclusive event class, with the Region of Interest demar-
cated by a red dashed line.
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Fig. A.4.: Distribution of the 2e+4Jet ST inclusive event class, with the Region of Interest demarcated
by a red dashed line.
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Fig. A.5.: Distribution of the 4µ+4Jet Minv inclusive event class, with the Region of Interest demar-
cated by a red dashed line.
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Fig. A.6.: Distribution of the 4µ+4Jet Minv jet-inclusive event class, with the Region of Interest
demarcated by a red dashed line.
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Fig. A.7.: Distribution of the 4µ+4Jet ST exclusive event class, with the Region of Interest demar-
cated by a red dashed line.
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Fig. A.8.: Distribution of the 1e+1µ+3bJet+2Jet ST jet-inclusive event class, with the Region of
Interest demarcated by a red dashed line.
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Fig. A.9.: Distribution of the 4µ Minv inclusive event class, with the Region of Interest demarcated
by a red dashed line.
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Fig. A.10.: Distribution of the 4µ Minv jet-inclusive event class, with the Region of Interest demar-
cated by a red dashed line.
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Fig. A.11.: Distribution of the 2e+2µ Minv exclusive event class, with the Region of Interest demar-
cated by a red dashed line.
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Fig. A.12.: Distribution of the 2e+2µ Minv inclusive event class, with the Region of Interest demar-
cated by a red dashed line.
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Fig. A.13.: Distribution of the 2e+2µ Minv jet-inclusive event class, with the Region of Interest
demarcated by a red dashed line.
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Fig. A.14.: Distribution of the 2e+2µ ST inclusive event class, with the Region of Interest demarcated
by a red dashed line.
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Fig. A.15.: Distribution of the 2e+2µ ST jet-inclusive event class, with the Region of Interest de-
marcated by a red dashed line.
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