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Abstract

As the leading theory in particle physics, the Standard Model (SM) defines our

understanding of the subatomic world. However, observed phenomena have proven

that the SM, despite its great success, is not complete yet and the search for particles

Beyond the Standard Model (BSM) has surged ever since. In models that try to

address the problems of the SM, BSM long-lived particles (LLPs), which have longer

lifetimes than unstable SM particles, occur naturally. With a proposed circular

electron-positron collider, the FCC-ee, these BSM LLPs could be discovered.

This thesis focuses specifically on the production and detection of long-lived

axion-like particles (ALPs), which are well-motivated BSM particles and also possi-

ble dark matter candidates. Utilizing the e+e− → Z → aγ → γγγ channel, which

only depends on the ALP-photon coupling cγγ under certain assumptions, the sensi-

tivity of the FCC-ee to detect ALPs is examined. Employing the analysis framework

of the Future Circular Collider (FCC), the simulation and analysis of events for ALP

production were conducted, testing coupling constants ranging from 10
−6 to 1.6 and

ALP masses between 0.01 GeV and 30 GeV. Finally, the sensitivity of the FCC-ee

to a long-lived ALP signature is studied for various settings of the ALP parameters.
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1 Introduction

The particle standing at the center of this thesis is the axion-like particle (ALP), a hypo-

thetical neutral particle originating in some theories beyond the Standard Model (BSM).

ALPs are predicted by models that address the strong Charge-Parity (CP) problem and

can exhibit a wide range of masses and couplings to the Standard Model (SM) [1]. Due to

their rather weak coupling to SM particles, ALPs can be long-lived. This characteristic is

of great importance for experimental detection since long-lived particles (LLPs) have spe-

cial signatures. While most particles produced in high-energy physics experiments decay

almost instantaneously, LLPs can travel measurable distances from their initial creation

point before they decay into other particles.

LLPs are difficult to detect with the typical trigger and reconstruction techniques used in

high-energy experiments at hadron colliders. The Future Circular Collider (FCC), which

is proposed to be built at CERN, would become the world’s largest particle collider and

would reach world-record luminosities [2]. The FCC would allow us to probe BSM sce-

narios further and study BSM LLPs, potentially leading to discoveries. The first stage of

the FCC, which contains electron-positron collisions (FCC-ee), would also allow for more

precise measurements of fundamental parameters of the SM and for increased sensitivity

to new particles due to its cleaner environment [3].

This thesis is concerned with the first stage of the FCC, the FCC-ee. Computational tools

are used to create realistic simulations of a specific ALP production channel, followed by

the analysis of generated events within the preexisting analysis framework of the FCC.

The goal is to further investigate the properties of ALPs and the underlying physics of

the simulation by varying the ALP mass and coupling constant. Additionally, selected

background events will be examined and event selections will be made to reduce the

amount of background, thereby increasing the sensitivity for ALP signal detection at the

FCC-ee.
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1.1 The Future Circular electron-positron Collider

Figure 1: Comparison of the current largest particle collider, the LHC (blue), with the
proposed FCC (orange). The FCC’s circumference is 90.7 km, which is over three times
bigger than that of the LHC’s [4].

Currently, the Large Hadron Collider (LHC) at the "Conseil Européen pour la Recherche

Nucléaire" (CERN) is the world’s largest and highest-energy particle accelerator with a

circumference of 27 km and a record center-of-mass energy of 13.6 TeV. The collider has

brought valuable scientific breakthroughs, such as the discovery of the Higgs boson in

2012 as the last missing piece of the SM puzzle.

To explore possibilities beyond the current framework of the visible sector, the pro-

posed CERN high-energy lepton collider, the FCC-ee, plays a crucial role. In the FCC’s

first stage, electron-positron collisions will be initiated at center-of-mass energies rang-

ing from the Z-pole (91 GeV), through the WW (160 GeV) threshold, to the top-quark

pair-production threshold of 365 GeV. The Z-pole run is spread over three different center-

of-mass energies (40 ab-1 at 87.9 GeV, 40 ab-1 at 94.3 GeV, 125 ab-1 at 91.2 GeV, for a

total of about 6 · 1012 Z-bosons) [5].

With a circumference of 90.7 km - over three times that of the LHC - the FCC would be

the world’s largest collider (see Figure 1), reaching new world-record luminosities. The

potential instantaneous luminosities for the FCC-ee are depicted in Figure 2 as a function

of the center-of-mass energy, starting from 88 GeV and going up to 365 GeV. According

to the latest updates from 2024, the FCC-ee baseline is now with four interaction points

[6], which results in a gain in luminosity (see Figure 2). The collider will run for four

years around the Z boson resonance, accumulating an integrated luminosity of 205ab−1

for the Z-pole run [5] and a total of 6 · 1012 Z bosons available for study [6]. The large

amount of Z bosons will allow for high-accuracy measurements of electroweak parameters

mainly limited by systematic uncertainties.
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Figure 2: Instantaneous luminosity versus center-of-mass energy for the FCC-ee for four
(orange) and for two (purple) interaction points. For comparison, the typical luminosity
of linear colliders with one interaction point is also shown [7].

Electron-positron collisions are excellent for precision measurements because they provide

a "clean" environment to measure the products of the collision. "Clean" in this case means

that fewer particles are produced in the collision and the background is less cluttered

compared to proton-proton collisions. The total momentum and energy are well-defined,

as electrons and positrons are elementary particles with no substructure, unlike protons.

This simplifies theoretical calculations and the interpretation of collision results. Most

importantly, the clean environment, combined with the high luminosity, allows us to

reduce uncertainties and increases the sensitivity to new physics lying below the weak

scale [3]. This includes weakly coupled particles from the dark sector and other candidates

for BSM physics. In particular, for this thesis, the FCC-ee’s unprecedented potential for

new particle searches will be investigated, specifically in the context of LLPs and ALPs.

More on the properties of these particles and their detection in the FCC-ee will be covered

in Section 2.

The e+e− stage of the FCC will also provide precision measurements of fundamental pa-

rameters of the SM. Thorough precision tests of the strong, weak, and electromagnetic

coupling constants will be made with uncertainties reduced by up to two orders of magni-

tude [3]. Also, during the Z-pole run, properties of the Higgs boson, the electroweak gauge

bosons, and the top quark will be investigated with so far unreached levels of precision.

After the e+e− run, the infrastructure is proposed to be reused for the FCC-hh stage.

Here, proton-proton collisions will take place in the 90.7 km long tunnel of the FCC,

which accelerates the charged hadrons close to the speed of light. The final goal will

be to achieve 100 TeV proton-proton collisions, far beyond the energy scale of the LHC.

The record center-of-mass energy of the FCC-hh, which is seven times that of the LHC,

expands the direct discovery reach for new particles [7].

The FCC-ee will be able to probe regions not accessible to the LHC and has excellent
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potential for direct searches for ALPs with masses up to 90 GeV [3].

The FCC is an ambitious future project expected to deliver highly significant scientific

results. The FCC feasibility study, which investigates the technical, financial, geological,

and environmental feasibility of the project, is scheduled for completion in 2025. Dis-

cussions regarding its potential construction are ongoing, with a final decision by CERN

member states and international partners expected by 2028. If approved, construction

will commence in the 2030s. The FCC-ee is planned to begin operations in the mid-2040s

and run for approximately 15 years before transitioning to the FCC-hh stage [2].

1.2 The IDEA detector

To successfully operate the world’s most powerful particle collider and to utilize it to

its full potential, appropriately advanced detectors will be needed. Three detector de-

sign concepts have been proposed for the FCC-ee: the “CLIC-like Detector” (CLD), the

“Innovative Detector for Electron-positron Accelerators” (IDEA), and the noble-liquid

based "Lepton-Lepton collider Experiment with Granular Read-Out" (ALLEGRO) [8]

[9]. The analysis conducted in this thesis uses the IDEA detector, which would provide

high-resolution energy measurements and excellent particle identification.

(a) (b)

Figure 3: Schematics of the IDEA detector concept proposed for the FCC-ee. (a) shows
a 3D view and (b) shows a more detailed cross section view of the detector layout. The
innermost part is a silicon pixel vertex detector (VTX), followed by a large-volume drift
wire chamber (DCH) that is surrounded by a silicon wrapper layer, a solenoid coil, a
pre-shower detector, a dual-readout calorimeter, a muon chamber, and a magnetic yoke.
[8][10].

Figure 3 shows the conceptual design for the IDEA detector consisting of multiple sub-

detectors. The IDEA vertex detector (VTX) is a silicon pixel detector around the 1.5

cm radius beam pipe, in the direct vicinity of the particle collision point, and detects the

tracks of charged particles with an excellent resolution of approximately 3µm [3].

5





1.3 Detection of long-lived particles at the FCC

As the FCC-ee will venture further into search territories beyond the SM, looking, for

example, for BSM LLPs, that factor must be considered in the detector design. Long-

lived particles travel measurable distances from where they are produced. If they decay

within the detector, their displaced decay products could be measured. Furthermore, if

LLPs decay into charged particles within the detector, they will also produce displaced

vertices. To study these signatures, dedicated techniques are needed.

In order to measure displaced particles and displaced vertices, it is essential to provide a

large detector volume.

If the displaced vertex of the LLP is inside the detector, the resulting signature, of e.g.

a long-lived ALP, can be reconstructed with high efficiency since the signature is often

almost background-free. LLPs that decay outside of the detector, due to low mass or

weak coupling, could be detected through missing-energy signatures or by future detectors

specifically designed to search for long-lived particles [12].

The sensitivity to long-lived ALPs in the FCC-ee with the IDEA detector will be explored

in the analysis presented here.

7



2 Theory

In this section, the key physical foundations, essential to understanding the motivation

and nature of ALPs, are discussed. This includes an introduction to BSM physics and a

closer look at an example signal process for ALP production and decay.

2.1 Phenomena beyond the Standard Model

There are gravitational effects that cannot be explained by visible matter alone. By

observing different spiral galaxies, Rubin and Ford delivered evidence in the 1970s that

stars in the outer region of galaxies move faster around their galaxy center than the

matter we see could account for. It was deduced that there must be some invisible

matter that creates enough gravity to hold the galaxies together: dark matter (DM) [13]

[14]. The matter that we know, elementary particles from the standard model of particle

physics, only makes up 5% of our universe, while dark matter and dark energy make up

25% and 70% each, showing that there is a big part of the universe that we cannot see

and understand yet. Dark energy is a mysterious force that was introduced to describe

the acceleration of the universe’s expansion. While dark energy pushes galaxies apart,

DM pulls them together. It is still unknown what DM is exactly and whether it can

interact with particles of the SM through means other than gravitation. Accordingly,

numerous experiments have been proposed and conducted in an attempt to answer this

question. The search for DM encompasses a broad landscape of mass scale (∼ meV-ZeV)

and coupling strength (∼ 1− 10−12 or less) to the SM [7].

Of great importance for the theoretical foundation of this thesis is the BSM phenomena of

Charge-Parity (CP) violation because that is what motivated the introduction of axions,

and by extension, ALPs. In physics CPT (Charge conjugation, Parity, Time) invariance

is believed to uphold for all interactions, meaning that all quantum field theories are

symmetric under the combined transformation of charge, parity, and time. However,

under CP transformation, the physics of particles does not always remain equal. In 1964,

Cronin and Fitch delivered evidence for CP violation in the decay of neutral K-mesons

[15], proving that there is a CP-symmetry violation for the electroweak theory. This led

to the famous and still unsolved strong CP problem, which deals with the question of

why violation of the CP-symmetry for quantum chromodynamics (QCD) has not been

observed yet. Since the CP violation solely from electroweak interaction alone would not

be enough to explain the baryon asymmetry of the universe, it is expected that QCD is

also contributing to the CP-asymmetry. Additionally, according to the QCD Lagrangian,

it should be possible for the CP-symmetry to be broken [16].

As a solution for the problem, new pseudoscalar particles, namely axions, were intro-

duced as part of the Peccei-Quinn mechanism, a suggested theory to address the strong

CP problem. ALPs are generally used for theories with a spontaneously broken global
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symmetry [16].

2.2 Long-lived particles

LLPs are BSM particles with a shorter decay width and a longer lifetime than unstable SM

particles. While most particles produced in high-energy physics experiments decay almost

instantaneously, LLPs can travel macroscopic distances from their initial creation point

before they decay into other particles. As a result, they exhibit displaced vertices, which

can be identified as a visible displacement of the track in a detector, or, if the LLP decays

outside of the detector volume, missing energy will be detected. The distinct signature

of the hypothesized LLPs could be detected in the proposed FCC [1]. BSM particles

that can acquire long lifetimes are, for example, ALPs and heavy neutral leptons. The

existence of LLPs is of particular interest for modern particle physics, since they point

to physics BSM, answering unsolved questions of the current model mentioned in Section

2.1.

There are two main factors that can make a particle long-lived: a weak coupling constant

and a low mass. A weak coupling reduces the probability of interaction and a smaller

mass limits the number of possible decay channels. These two properties of LLPs have

a significant influence on the particle’s characteristics and will therefore be of particular

interest for the analysis of long-lived ALPs conducted in this thesis.

2.3 Axion-like particles

ALPs were motivated by the strong CP problem and are hypothesized pseudoscalar,

light, neutral, spin-zero bosons, which are odd under CP transformation. They can be

understood as a generalization of the axion. For ALPs, unlike axions, mass and coupling

strength are independent parameters, leaving freedom for the expected phenomenology

[17]. These parameters are not set and can vary within a big range. The detection of ALPs

would confirm the Peccei-Quinn mechanism and would explain the baryon asymmetry of

the universe.

Furthermore, ALPs could be candidates for non-thermal dark matter in certain ranges of

the parameter space of mass and coupling or mediators to a dark sector [1].

2.3.1 ALP production and decay

This section takes a quick dive into the potential interactions between ALPs and SM

particles if such interactions exist.

The hypothesized ALP couples to SM particles with dimension-5 operators. The specific

coupling to the Z boson and to photons is possible in the broken phase of the electroweak
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symmetry and is described by the following terms in the Lagrangian [18]:

Leff ∋ e2cγγ
a

Λ
FµνF̃

µν +
2e2

swcw
cγZ

a

Λ
FµνZ̃

µν +
e2

s2wc
2
w

cZZ

a

Λ
ZµνZ̃

µν . (1)

The new-physics scale Λ is related to the axion decay constant fa via Λ = 32π2fa|cGG|,
and "a" stands for the pseudoscalar ALP field. Fµν and Zµν are field-strength tensors

describing photons and Z bosons. The coupling constants are described by the Wilson-

coefficients cγγ, cγZ and cZZ .

ALP decays into gauge bosons, leptons, and quarks are possible. The relevant ALP decay

width for this thesis is [19]

Γ(a → γγ) =
α2m3

a

64π3f 2
c2γγ, (2)

where the ALP decays into two photons, as will be further explained in Section 2.4. The

decay width scales with the third power of the ALP mass ma and taking into consideration

the formula for the calculation of lifetimes,

τ =
~

Γ
, (3)

it can be deduced that the smaller the ALP mass is, the more long-lived the particle is.

Similarly, a smaller coupling constant cγγ leads to greater lifetimes.

2.4 Signal process

There are many potential ways for the production of the hypothesized ALP. However,

in the scope of this thesis, only one particular process will be of interest for the event

production and analysis. This particular process produces an ALP in association with a

Z boson in the following way:

e+e− → Z → aγ → γγγ, (4)

where a → γγ.

During the Z-pole run of the FCC-ee, an electron-positron collision would very likely

produce a Z boson. In the signal process of interest, the Z boson then decays into a

photon and an ALP, which then decays into two further photons, leaving us with three

photons in the final state, as illustrated in Figure 5.

One advantage of the e+e− → Z → aγ → γγγ channel over other processes is that it only

depends on one coupling (under the assumption that the coupling originates from U(1)

gauge bosons before electroweak symmetry breaking [19]). The relevant coupling for the

channel is the ALP-photon coupling cγγ. Therefore, for the analysis, all other couplings

are set to zero to ensure a branching ratio of 1 for the ALP-to-photon decay. Setting all
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✁Z/γ∗

a

γ

γ
e−

e+ γ

Figure 5: Feynman diagram of the generated process for the ALP production. The ALP
is produced in association with a Z boson and decays into two photons.

the other couplings to zero allows the ALP to become long-lived due to fewer possibilities

for it to decay.
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3 Methodology

As the FCC is still undergoing feasibility studies and does not exist yet, there are no

experimental data available for the analysis of possible ALP production. Instead, various

software and computational tools are used to create realistic simulations of the desired

signal event and to simulate the detector response of IDEA. The analysis of generated

events follows within the preexisting analysis framework of the Future Circular Collider1,

allowing one to define and calculate variables of the particles, to make selections, and to

display results in the form of histograms.

An overview of the entire process is depicted in Figure 6 and will be further elaborated

in the following subsections, where the software setup will be explained [20].

Figure 6: Overview of the generation and analysis of particle collision events with the
corresponding computational tools. Events are first generated with MadGraph and then
simulated with the programs Pythia and Delphes [20].

The following properties were set for the simulation and analysis:

• Integrated luminosity L = 205ab−1

• Center-of-mass energy:
√
s = 91 GeV

• Axion decay constant fa = 6.33 GeV

• ALP mass: 0.01 GeV≤ m ≤ 30 GeV

• All couplings set to 0 except for cγγ: 10−6 ≤ cγγ ≤1.6

3.1 Simulation

To generate the desired particle collision data, several steps must be carried out using three

different programs. Firstly, matrix elements are calculated and Monte Carlo generated

events are produced with MadGraph5_aMC@NLO v.3.5.6 [21]. For this, a MadGraph

1The Common analysis framework for the Future Circular Collider: https://hep-
fcc.github.io/FCCAnalyses/
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process card with specified configurations for the properties of the signal or background

is used as input. An example of a MadGraph process card used for the generation of an

ALP can be found in Appendix B.

The relevant signal process for the ALP production and decay is the signature event

discussed in Section 2.4. In previous work, samples for the same signal event were created

[22]. Within the scope of this thesis, new samples were generated to increase the number of

generated events and to update the data format to match the latest software developments.

Different ALP masses and coupling strengths were applied for the configuration of the

MadGraph process cards. For the simulation of the signal event, all couplings were set to

zero except for the coupling to photons cγγ, which is varied between values from 10−6 to

1.6, while the ALP mass is varied between 0.01 GeV and 30 GeV.

The output files from MadGraph (.lhe files) are used as the input for the next step, where

the programs Pythia 8 and Delphes run simultaneously [23] [24].

Pythia takes a process card as input specifying the collision properties. An example of

the Pythia process card is shown in Appendix C.

Pythia simulates the electromagnetic showering processes and hadronization. Delphes

uses the IDEA detector card to perform reconstructions and to imitate the detector re-

sponse [25].

3.2 Analysis within the "FCCAnalyses" framework

For the majority of FCC-related analyses, the common analysis framework "FCCAnal-

yses" is used. The analysis input files contain physics objects in EDM4hep format and

the main event processor for the analysis is based on RDataFrame [26]. The simulation

analysis is executed with ROOT and C++-based scripts, which are called in corresponding

Python scripts.

A simplified overview of the process is depicted in Figure 7. Firstly, the accessor functions

are declared and defined in C++ header (.h) and source (.cc) files. The accessor functions

are then used in the "Stage 1" Python script to define and access desired variables of

the EDM4hep objects. This creates a column in the RDataFrame and fills it with the

return value of the accessor function. Following this, the next stage "Final" is used to

define the parameters for the plots and, more importantly, to make event selections to

reduce background signals. The last Python script "Plots" is used to plot histograms of

the processed data.
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4 Analysis

This section will discuss the outcomes of the particle collision simulation. Histograms of

relevant variables highlighting different physical behaviors of background and signal have

been plotted and analyzed. This comparison was then used to make selections on the

events to reduce the relative amount of background events compared to signal events.

It is important to note that the histograms in this thesis are either labeled with "gen"

or with "reco" followed by a variable name. Histograms that are labeled with "gen"

are generated events coming straight from the simulation with MadGraph and Pythia,

without factoring in the properties of the detector. Events labeled with "reco" correspond

to the reconstruction with the IDEA detector, using the detector simulation software

Delphes. The reconstruction takes measurement errors and misidentification of particles

into account, which ultimately leads to more realistic simulations. For all signal and

background samples in this analysis, 106 events were generated.

4.1 Signal

To understand the physical behavior of the ALP and to analyze its sensitivity to detection

for diverse scenarios, several signal points were generated. The e+e− → Z → aγ → γγγ

process was generated, as described in Section 2.4. The signal points encompass eight

different masses ranging from 0.01 GeV to 30 GeV and twelve different coupling constants

ranging from 10−6 to 1.6 (see Table in Appendix A for a full list of all created samples).

For demonstration purposes, the plots will illustrate only a few chosen signal points.

Firstly, it needs to be understood how different ALP masses and couplings influence the

process cross section. Generally, the cross section increases for bigger coupling strengths

cγγ (see Table 1) because the ALP is then more likely to couple to photons, increasing the

production of the process. For larger masses, the cross section decreases because a heavier

ALP reduces the available energy for the photon and leaves less room in the phase space.

That behavior can also be seen in Table 1. According to Equation 5, a bigger cross section

for a certain process results in a larger number of expected events. These processes are

easier to detect than the ones with smaller cross sections if no backgrounds and selections

are considered.

Now, with the knowledge of the previous sections, the signal events can be studied in

detail by analyzing the histograms for different variables. The goal here is to find variables

to distinguish the signal from background events. One of the most important traits of

the process discussed in this thesis is the three final state photons, where one photon

is decaying directly from the Z-boson and the other two are decaying from a displaced

vertex from the ALP (see Figure 5). The number of generated ("gen") and reconstructed

("reco") final state photons for various choices of ALP parameters is shown in Figure 8.

The plots shown in this section are scaled to the expected number of events during the Z-
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do not, in principle, carry information about relative positions and angles, looking at the

diagram for the signal process in Figure 5 still helps to imagine the angular differences

between the produced final state photons. The first photon in this process comes from

the Z-boson and is produced in conjunction with the ALP. That photon will be referred

to as the "leading" photon because it is expected to be the highest momentum photon.

The second and third photons, which together will be referred to as the "diphoton", are

produced from the ALP decay. The photons in the diphoton system are expected to be

collimated, while the diphoton and the leading photon are expected to be back-to-back.

To highlight this trait of the process, the variable ∆R between photons is calculated. The

definition of the variable is:

∆R =
√

(∆η)2 + (∆φ)2. (7)

This variable is commonly used in collider experiments and describes the separation be-

tween two objects with the pseudorapidity η and azimuthal angle φ. The difference of the

respective angles of two particles is then written as ∆η and ∆φ. For an illustration of the

angles in the coordinate system of a detector, refer to Figure 4.

The plots of the angles between the reco photons (Figure 9) confirm the expected difference

of the angles between the three photons of the signal. For all samples, the ∆R plot displays

a strong peak for very low ∆R values, which means that the two photons are close in space

and collimated. This corresponds to the photons that decay directly from the ALP. The

second peak at around π corresponds to the measurement between the leading photon

and the diphoton, which share a bigger angular separation since the leading photon and

the diphoton are expected to fly back-to-back after the Z-boson decay.

To examine how the momenta of the signal process is distributed among the photons

in each event, the plot in Figure 10 was created. This will be very insightful for later

selections, after the momenta of background events is examined. It is noticeable that there

is a flat distribution of photon momenta between 2 GeV and 44 GeV and a significant

peak at around 45 GeV. This peak comes from the leading photon while the entries for the

lower momenta come from the two ALP photons. These two photons can share varying

momenta among themselves in each event as long as the total momentum is conserved,

which is why the distribution is evenly spread out until 44 GeV.
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Background events

Diphoton : e+e− → γγ

Triphoton : e+e− → γγγ

Quadphoton : e+e− → γγγγ

e+e− → e+e−

e+e− → e+e−γ

e+e− → e+e−γγ

e+e− → e+e−γγγ

The background events have photons in the final state and could potentially imitate

the signal event. Especially the triphoton production has a great potential to directly

mimic the three final state photons of the signal. In the diphoton production, a single

photon might split into an electron-positron pair and then both tracks might be incorrectly

reconstructed as separate photons, or an energy mismeasurement could cause a photon

to appear as two, giving us three reconstructed photons in total in both cases.

Background events like e+e− → e+e− are also included for this analysis since they have

very high cross sections (see Table 2) and will very likely experience extra photon radiation

in Pythia, which will ultimately lead to photons in the final state.

Background e+e− → γγ e+e− → γγγ e+e− → γγγγ e+e− → e+e− e+e− → e+e−γ e+e− → e+e−γγ e+e− → e+e−γγγ
σ[pb] 67.25 2.995 0.06271 4500 118.4 1.993 0.02369

Table 2: Rounded cross sections [pb] from MadGraph for the background events. For
each background sample, 106 events were produced.

The corresponding Feynman diagrams for a few of the mentioned background processes

are illustrated in Figure 11.

20











the final state. The diphoton, triphoton, and quadphoton background processes are not

affected by this selection, as can be seen in the same plot and Table 4.

A second selection criterion requires exactly three reconstructed photons in each event

(Selection 2). This is the number of photons expected in each signal event (Equation 4)

and would, as can be seen in Figure 16, completely remove the diphoton background

events and the remaining ee → ee background process. A large part of the quadphoton

and the remaining ee → eeγ would be removed as well. The ee → eeγγ and ee → eeγγγ

processes, which make up a significantly smaller part of the total background, would also

be slightly reduced.

In Section 4.1, the ∆R variable was discussed, and its behavior for our signal process was

examined. The photons in the diphoton system, which are produced by the boosted ALP,

are collimated, while the diphoton and the leading photon are expected to be back-to-

back. This kinematic trait of the process can be used to distinguish it from background

events. For this, the variable of min∆R is introduced, which computes the minimum angle

shared between the reconstructed photons of each event. Ideally, for the signal, we would

expect min∆R to be the angle shared between the two photons decaying from the ALP.

Indeed, Figure 17 shows that the signal peaks for small min∆R values below 1, which

are very likely from the collimated diphoton. It is also noticeable that for bigger ALP

masses, the peak shifts towards bigger min∆R values because the ALP is less boosted and

the diphoton becomes less collimated as a result. The background, on the other hand,

has a flatter distribution in min∆R. Hence, a tighter selection would be effective here

as well. Accordingly, the third selection made, after analyzing the plot, was to require

min ∆R < 1 for the reconstructed photons (Figure 17[(b)).

Lastly, it is worth looking at the distribution of the momenta again. The photon de-

caying directly from the Z-boson, which is referred to as the leading photon, or in the

plots as "photon0", plays a crucial role in identifying the signal event compared to com-

mon background events of the process. As was proven in a calculation in Section 4.1,

photon0’s momentum is around 45 GeV. The plots validating this calculation are depicted

in Figure 18, where it can be seen that the leading photon’s momentum at reco level

peaks at around 45 GeV. A fourth selection criterion, requiring a minimum momentum

threshold for photon0 of 42 GeV (Selection 4) effectively removes much of the quadphoton

background events while still keeping the majority of the signal events (Figure 18(b)).

The remaining triphoton background overlays almost perfectly with the signal, making it

difficult to make more selections.

To further investigate possible selections for this process and to see how well the ALP

mass would be reconstructed, a variable for the invariant mass was introduced. Generally,

the ALP mass and momentum cannot be measured directly since the particle leaves no

tracks in the tracker. Hence, the daughter particles have to be used to reconstruct the

ALP’s properties. The calculation uses the two reconstructed photons decaying from the

ALP (photon1 and photon2) and calculates the invariant mass of their united four-vector,
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Selection Criteria

Selection 1 Vetoes No reconstructed electrons

Selection 2 Final State Exactly 3 reconstructed photons

Selection 3 Angles min∆R < 1

Selection 4 Momentum p > 42 GeV for leading photon (photon0)

Table 3: Summary of the event selections.

in Table 4. The selections are cumulatively added to each other to understand what

happens to the number of expected events for the Z-pole run at the FCC-ee after each step.

Each selection step includes all prior selections and the expected number of events Nexp

that remain at each stage of the selection is calculated using Equation 6. Additionally,

the percentage of the initial event number (prior to any selections) is calculated. The

table shows that the selections were effective in removing a large number of background

events, except for the triphoton process, where 15% of the original number of expected

events remain after all selection criteria are applied. The majority of the signal events

displayed in the table are maintained after the selections. The table in Appendix A shows

an overview of all signal samples that were produced for this thesis.
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All events 0 electrons + 3 photons + min∆R < 1 +leading photon p > 42 GeV
Signal events Nexp % Nexp % Nexp % Nexp % Nexp %
ma[GeV] cγγ
1 1 2.75e+08 100 2.67e+08 97 2.26e+08 82 2.26e+08 82 2.26e+08 82
3 0.4 4.39e+07 100 4.24e+07 97 3.56e+07 81 3.55e+07 81 3.54e+07 81
0.1 0.4 4.40e+07 100 4.30e+07 98 1.30e+07 30 1.30e+07 30 1.29e+07 29
10 1.6 6.79e+08 100 6.54e+08 96 5.47e+08 80 4.26e+08 63 4.25e+08 63
10 0.002 1.06e+03 100 1.02e+03 96 8.54e+02 81 6.66e+02 63 6.65e+02 63
Background events Nexp % Nexp % Nexp % Nexp % Nexp %
e+e− → γγ 1.38e+10 100 1.38e+10 100 0. 0 0. 0 0. 0
e+e− → γγγ 6.14e+08 100 6.14e+08 100 5.96e+08 97 9.16e+07 15 9.16e+07 15
e+e− → γγγγ 1.29e+07 100 1.29e+07 100 5.05e+05 3.9 9.58e+04 0.75 2.16e+04 0.17
e+e− → e+e− 4.52e+11 100 4.97e+07 0.011 0. 0 0. 0 0. 0
e+e− → e+e−γ 1.19e+10 100 1.47e+06 0.012 3.57e+04 0.0003 3.57e+04 0.0003 1.19e+04 0.0001
e+e− → e+e−γγ 2.00e+08 100 2.10e+04 0.011 4.00e+03 0.003 2.20e+03 0.0011 2.00e+02 0.0001
e+e− → e+e−γγγ 2.38e+06 100 2.83e+02 0.012 1.95e+02 0.0082 7.14e+01 0.003 0. 0

Table 4: Cut flow table of the sequential application of the four event selections, where each selection step is cumulative. The table displays
the ALP mass and coupling strength of selected signal samples and all background events. Nexp is the expected number of events that
remain at each stage of the applied selection for the Z-pole run at the FCC-ee and is calculated using Equation 6. The % columns show
what percentage of the initial number of events (prior to any selections) remain after the specified selections.
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wide range of parameter space. The third dimension of the plot, visualized by color-coded

rectangles, shows the sensitivity. Yellow rectangles indicate high-sensitivity areas of the

FCC-ee within the ALP parameter space, while blue areas indicate low sensitivity, where

detection of the signal is more challenging.

As can be seen from the plot, the sensitivity for the signal detection decreases for lower

couplings. This is expected because the cross section also decreases for lower couplings, as

discussed in Section 4.1, ultimately leading to a smaller number of expected signal events.

The black dashed line in the plot illustrates which combination of ALP mass and coupling

strength results in a proper decay length of 2500 mm for the particle. This distance

corresponds to the inner part of the calorimeter, based on the geometry of IDEA. Signal

samples below this line have a longer lifetime and with that, a longer decay length.

Since for this analysis, the applied selections are aiming for ALPs decaying before the

electromagnetic calorimeter, the sensitivity is significantly reduced for very long-lived

ALPs that decay later. That explains the low sensitivity in the parameter space around

and beneath the dashed line.

The white space in the bottom left corner of the plot represents regions where the ALPs

are too long-lived and escape the detector volume. During the analysis, it was noticed

that Pythia sets the lifetime to zero for these very long-lived ALPs. There was no time

to explore this behavior further, but anyhow, we would expect very low sensitivities for

this region. These samples are therefore not analyzed.

Furthermore, a line with a sensitivity of s=2 is drawn on the graph to visualize the

exclusion limit for a signal significance of 2σ (∼ 95% confidence level limit).

Lastly, the results from this analysis are compared with existing bounds from other col-

lider experiments searching for ALPs. As Figure 28 shows, the FCC-ee will allow us to

significantly extend the ALP search range. The plot demonstrates how much uncovered

phase space one could access with the proposed future collider and this analysis strat-

egy. If no significant ALP signal is observed for the FCC-ee, the ALP parameters can be

excluded in the corresponding coupling and mass range shown in Figure 28.
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and signal efficiency should be included, which was not in the scope of this thesis due to

limited time. Another way to generally extend this work is by exploring more possible

background events, possibly even BSM background processes.

For now, the FCC remains a proposed next-generation collider, but its future is steadily

taking shape through research conducted by physicists around the globe. In the coming

years, between 2027 and 2028, CERN member states and international partners will make

the final decision on the construction of the FCC [2].
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Appendix A: Produced signal samples

List of all produced signal samples for the sensitivity analysis conducted in Section 5.

1 000 000 events were generated for each sample. Nexp is the number of expected signal events

for the Z-pole run before any selections are applied, Nsel represents the expected number of

events after all event selections from Table 3 are applied and s is the sensitivity calculated with

equation 8

ma [GeV] cγγ Nexp Nsel s

1.0 1.0 2.75e+08 2.26e+08 1.27e+04
30.0 1.6 5.00e+08 1.58e+07 1.52e+03
10.0 1.6 6.79e+08 4.25e+08 1.87e+04
3.0 1.6 7.02e+08 5.67e+08 2.21e+04
1.0 1.6 7.04e+08 5.78e+08 2.23e+04
0.3 1.6 7.05e+08 5.31e+08 2.13e+04
0.1 1.6 7.05e+08 2.68e+08 1.41e+04
0.03 1.6 7.05e+08 1.98e+07 1.88e+03
0.01 1.6 7.05e+08 1.12e+05 1.17e+01
30.0 0.4 3.12e+07 9.95e+05 1.03e+02
10.0 0.4 4.25e+07 2.66e+07 2.45e+03
3.0 0.4 4.39e+07 3.54e+07 3.14e+03
1.0 0.4 4.40e+07 3.62e+07 3.20e+03
0.3 0.4 4.40e+07 3.32e+07 2.97e+03
0.1 0.4 4.40e+07 1.29e+07 1.26e+03
0.03 0.4 4.40e+07 8.85e+04 9.24e+00
0.01 0.4 4.40e+07 1.76e+02 1.84e-02
30.0 0.1 1.95e+06 6.21e+04 6.49e+00
10.0 0.1 2.65e+06 1.66e+06 1.72e+02
3.0 0.1 2.74e+06 2.21e+06 2.28e+02
1.0 0.1 2.75e+06 2.26e+06 2.33e+02
0.3 0.1 2.75e+06 2.03e+06 2.10e+02
0.1 0.1 2.75e+06 1.22e+05 1.27e+01
0.03 0.1 2.75e+06 3.25e+02 3.40e-02
0.01 0.1 2.75e+06 0.00e+00 1.51e-03
30.0 0.03 1.76e+05 5.56e+03 5.81e-01
10.0 0.03 2.39e+05 1.49e+05 1.56e+01
3.0 0.03 2.47e+05 1.99e+05 2.08e+01
1.0 0.03 2.48e+05 2.03e+05 2.12e+01
0.3 0.03 2.48e+05 1.14e+05 1.19e+01
0.1 0.03 2.48e+05 1.04e+03 1.09e-01
0.03 0.03 2.48e+05 2.48e+00 2.59e-04
0.01 0.03 2.48e+05 0.00e+00 2.62e-04
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ma [GeV] cγγ Nexp Nsel s
30.0 0.009 1.58e+04 5.05e+02 5.28e-02
10.0 0.009 2.15e+04 1.35e+04 1.41e+00
3.0 0.009 2.22e+04 1.79e+04 1.87e+00
1.0 0.009 2.23e+04 1.83e+04 1.91e+00
0.3 0.009 2.23e+04 1.52e+03 1.59e-01
0.1 0.009 2.23e+04 8.47e+00 8.85e-04
0.03 0.009 2.23e+04 6.69e-02 6.99e-06
30.0 0.002 7.81e+02 2.49e+01 2.60e-03
10.0 0.002 1.06e+03 6.65e+02 6.95e-02
3.0 0.002 1.10e+03 8.85e+02 9.25e-02
1.0 0.002 1.10e+03 4.92e+02 5.14e-02
0.3 0.002 1.10e+03 3.84e+00 4.01e-04
0.1 0.002 1.10e+03 2.75e-02 2.87e-06
30.0 0.0007 9.56e+01 3.07e+00 3.21e-04
10.0 0.0007 1.30e+02 8.15e+01 8.51e-03
3.0 0.0007 1.34e+02 1.09e+02 1.14e-02
1.0 0.0007 1.35e+02 1.03e+01 1.08e-03
0.3 0.0007 1.35e+02 5.41e-02 5.65e-06
0.1 0.0007 1.35e+02 2.70e-04 2.82e-08
30.0 0.0002 7.81e+00 2.48e-01 2.59e-05
10.0 0.0002 1.06e+01 6.69e+00 6.99e-04
3.0 0.0002 1.10e+01 4.52e+00 4.72e-04
1.0 0.0002 1.10e+01 7.07e-02 7.39e-06
0.3 0.0002 1.10e+01 3.30e-04 3.45e-08
30.0 0.00005 4.88e-01 1.55e-02 1.62e-06
10.0 0.00005 6.63e-01 4.53e-01 4.73e-05
3.0 0.00005 6.86e-01 2.41e-02 2.52e-06
1.0 0.00005 6.88e-01 2.65e-04 2.77e-08
30.0 0.00001 1.95e-02 5.66e-04 5.91e-08
10.0 0.00001 2.65e-02 4.14e-03 4.32e-07
3.0 0.00001 2.74e-02 3.80e-05 3.97e-09
30.0 0.000004 3.12e-03 7.02e-05 7.33e-09
10.0 0.000004 4.25e-03 1.17e-04 1.22e-08
3.0 0.000004 4.39e-03 9.26e-07 3.97e-09
30.0 0.000001 1.95e-04 9.48e-07 9.90e-11
10.0 0.000001 2.65e-04 4.74e-07 4.95e-11
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