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Abstract15

This thesis documents the results of analyses searching for long-lived particles (LLPs) using the16

FASER experiment at the Large Hadron Collider. The results of the search for dark photons A′
17

at FASER with the signature A′ → e+e− are presented. This analysis uses proton-proton collision18

data at a centre of mass energy of
√
s = 13.6 TeV corresponding to an integrated luminosity of 27.019

fb−1 collected by the FASER experiment in 2022. The search provides sensitivity to dark photons20

with couplings 4 × 10−6 < ϵ < 2 × 10−4 and with masses 10 MeV < mA′ < 80 MeV, providing21

world-leading exclusion limits for dark photon masses 17 MeV < mA′ < 70 MeV and couplings 222

× 10−5 < ϵ < 1 × 10−4 [1]. The results of this analysis are also reinterpreted for the B − L gauge23

boson model.24

The results of the search for axion-like particles (ALPs) a with coupling to the SU(2)L gauge25

boson with the decay signature a → γγ are also presented. This analysis uses proton-proton collision26

data at a centre of mass energy of
√
s = 13.6 TeV corresponding to an integrated luminosity of27

57.7 fb−1 collected by the FASER experiment in 2022 and 2023. This search provides sensitivity28

to ALPs with couplings 10−5 GeV−1 < gaWW < 10−3 GeV−1 and masses 60 MeV < ma < 50029

MeV, providing world-leading exclusion limits for ALP masses 100 < ma < 250 MeV, with coupling30

3× 10−5 GeV −1 and 5× 10−4 GeV −1 [2].31

Additionally, models where ALPs interact either exclusively with photons or with gluons are32

considered for interpretation using the selection outlined in the search for ALPs with coupling to33

the SU(2)L gauge boson. In the case of the ALP coupling to photons, ALP masses up to ma ∼34

80 MeV are excluded and previously unexplored parameter space around gaγγ ∼ 10−4 GeV−1 is35

probed. In the case of the ALP coupling to gluons, FASER probes unconstrained regions around36

the π mass and η meson mass where production rates is enhanced due to resonant mixing. The37

analysis also has reinterpretation potential for the U(1)B gauge boson, the up-philic scalar, the38

Type-I two Higgs doublet model, and the dark photon.39

The results of the 2021 calorimeter test beam are also discussed, as well as the planned preshower40

detector upgrade and the resulting impact on future ALP searches.41
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Chapter 1671

Introduction672

This thesis1 introduces the Forward Search Experiment (FASER) and its role in searches for physics673

beyond the Standard Model, specifically searching for long-lived particles produced in the far-674

forward region at the ATLAS Interaction Point at the LHC.675

With the exception of gravity, the Standard Model (SM) of particle physics provides a consistent676

description of the natural world. However, it is unable to address several key questions raised about677

the possibility of physics beyond the Standard Model (BSM). One of the strongest pieces of evidence678

for BSM physics is dark matter (DM) which dominates the matter density in the universe. It’s679

existence could also imply the existence of a dark or hidden sector that mirrors the complexities of680

the Standard Model of ordinary matter. The two models explored in this work are dark photons681

A′ with coupling to the SM photon, and axion-like particles (ALPs) a with various couplings to682

SM particles.683

The structure of this thesis is as follows: Chapter 2 outlines the current understanding of684

particle physics and defines the Lagrangian of each of the models discussed. The motivations for685

searching for dark matter are explored. Theory surrounding the dark photon model is described,686

in addition to the production and decay modes that are relevant to the parameter space probed687

with this model. The same is described for the three axion-like particle models discussed: ALPs688

with coupling to the SU(2)L gauge boson, ALPs with coupling to photons and ALPs coupling to689

gluons.690

Following this is a brief introduction to the LHC and an in-depth description of the components691

1The convention ℏ = c = 1 is used throughout this thesis
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of the FASER detector. Also included in this chapter is a description of FASER’s trigger system692

and data acquisition.693

There is a chapter introducing the process of event and object reconstruction, with specific focus694

on calorimetry. The study of the energy response and resolution of the EM calorimeter (ECAL)695

has been a large focus of the author’s work, specifically with respect to implementing the Monte696

Carlo (MC) simulation of the ECAL. Chapter 5 details the MC simulations used in the analyses697

discussed in this thesis, it also describes the framework used in the statistical interpretation of the698

results presented.699

This is followed by an analysis chapter describing the search for dark photons. This analysis uses700

Run 3 data at a centre of mass energy of
√
s = 13.6 TeV corresponding to an integrated luminosity701

of 27.0 fb−1 collected by the FASER experiment in 2022. The search sets world-leading exclusion702

limits for dark photons with masses 17 MeV < mA′ < 70 MeV and couplings 2 × 10−5 < ϵ <703

1 × 10−4. Reinterpretation of these results for the B − L gauge boson is also presented. In this704

analysis, the author contributed to estimation of the SM background processes, validation of these705

estimates using data-driven techniques and the estimate of the systematic uncertainties associated706

with the calorimeter.707

A second analysis chapter describes the search for axion-like particles. This analysis also uses708

Run 3 data, corresponding to an integrated luminosity of 57.7 fb−1 collected by the FASER ex-709

periment in 2022 and 2023. This search sets world-leading exclusion limits for ALPs with masses710

100 < ma < 250 MeV and couplings 3 × 10−5 < gaWW < 5 × 10−4 GeV−1. The exclusion limits711

for ALPs coupling to photons and ALPs coupling to gluons are also presented, in addition to fur-712

ther reinterpretation with the U(1)B gauge boson model, the up-philic scalar model, the Type-I713

two Higgs doublet model, and the dark photon model. The author led analysis efforts, covering714

numerous aspects including the definition and optimisation of the signal selection, the estimation715

of the SM background using both MC and data-driven approaches, the estimation of signal sys-716

tematic uncertainties related to the MC generation, the estimation of the experimental systematic717

uncertainties related to the calorimeter, and the statistical interpretation of the final results.718

The final chapter before the conclusion describes the 2021 FASER calorimeter test beam and the719

hardware tests performed in preparation for the preshower detector upgrade in 2024. The author720

had direct involvement in both of these campaigns; the author generated the initial MC samples721
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used in analysis of the test beam data and had significant involvement in the pre-production and722

production level tests of the chips used in the high-precision W-Si preshower detector upgrade. The723

implications of this detector upgrade on future ALP searches is also explored.724
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Chapter 2725

Theoretical Overview726

This chapter details the theoretical motivation for searching for long-lived particles (LLPs) with727

FASER, specifically dark photons and axion-like particles (ALPs). It provides an overview of the728

Standard Model of particle physics (SM), shortcomings that contribute towards the motivation for729

a search for dark matter and details of the particular models that are targeted in the analyses730

discussed in this thesis.731

2.1 The Standard Model of Particle Physics732

The Standard Model provides an elegant description of all known elementary particles and their733

interactions. It has been extremely successful in describing experimental measurements in high734

energy particle physics [3] and describes three of the four fundamental forces: the weak force, the735

strong force, and electromagnetism. An overview of the structure of the SM is given in Table 2.1;736

the information presented is taken from Ref. [4] with the exception of the upper limit given on737

the mass of the electron neutrino, which is taken from Ref. [5]. The SM is made up of: fermions,738

particles of half-integer spin that obey Fermi-Dirac statistics, and bosons, particles with integer739

spin that obey Bose-Einstein statistics. The fermions can be divided into two categories: quarks740

and leptons. The bosons can be divided into gauge bosons, with spin 1, and scalar bosons, with741

spin 0.742

There are three “generations” within the SM, into which the 6 quarks and 6 leptons are arranged.743

The gauge bosons: W and Z bosons, the photon and the gluon are the vector bosons responsible for744

4
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Table 2.1: An overview of the three generations of fermions and bosons that make up the Standard
Model of particle physics.

The Standard Model

Fermions

Generation Name Symbol Charge (e) Spin Mass

I

Up quark u +2
3

1
2 2.2 MeV

Down quark d −1
3

1
2 4.7 MeV

Electron e -1 1
2 0.511 MeV

Electron neutrino νe 0 1
2 <0.8 eV

II

Charm quark c +2
3

1
2 1.275 GeV

Strange quark s −1
3

1
2 95 MeV

Muon µ -1 1
2 105.7 MeV

Muon neutrino νµ 0 1
2 <0.19 MeV

III

Top quark t +2
3

1
2 173 GeV

Bottom quark b −1
3

1
2 4.18 GeV

Tau τ -1 1
2 1.78 GeV

Tau neutrino ντ 0 1
2 <18.2 MeV

Bosons

Force Name Symbol Charge (e) Spin Mass

Electromagnetic Photon γ 0 1 0

Strong Gluon g 0 1 0

Weak

W+ W+ +1 1 80.4 GeV

W− W− -1 1 80.4 GeV

Z Z0 0 1 91.2 GeV

- Higgs h 0 0 125.2 GeV

the weak, electromagnetic, and strong interactions, respectively. There is also, of course, the Higgs745

boson [6, 7], a scalar boson that, via the spontaneous electroweak symmetry breaking (EWSB) of746

the Higgs field, gives mass to the fundamental fermions and the W and Z bosons [8]. This process747

is known as the Higgs mechanism.748

Leptons experience three of the fundamental interactions: the weak interaction, electromag-749

netism and gravity. The three types are: electron e, muon µ, and tau τ ; the muon and tau leptons750

are unstable particles which decay to lighter particles via the weak interaction. The neutrinos,751

which come in these three flavours, are also classed as leptons, although their properties are very752

different. Neutrinos are stable and do not decay, instead neutrino oscillation is observed in which a753

neutrino changes “type”; the assignment of a particular neutrino flavour is due to a superposition754
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of the three neutrino generations. Neutrinos interact very rarely and are considered nearly massless755

[9].756

Quarks are the only particles in the SM to experience all four fundamental forces, they carry757

colour charge which allows them to experience the strong interaction. Quarks also carry a flavour:758

up, down, charm, strange, top or bottom. Quarks are confined within hadrons, a particle class that759

includes mesons and baryons. Mesons consist of a quark-antiquark pair, for example, the pion π.760

The π+ meson is made up of an up and an anti-down quark ud̄, its antiparticle, the π− meson, is761

made up of an anti-up quark and a down quark ūd. The neutral pion, the π0 meson, is considered762

to be a combination of uū and bb̄. Baryons consist of three quarks where “quarks” refers to both763

the particle and its antiparticle, for example the proton is a baryon made up of uud. Free quarks764

cannot exist in nature, at least not at the current temperature and state of our universe due to765

colour confinement [10]: only gauge invariant objects, i.e. colourless particles can be observed.766

2.1.1 Quantum Electrodynamics and Electroweak Unification767

Quantum Electrodynamics (QED) is the quantum field theory of electromagnetic interactions. The768

photon γ is the force carrier of the electromagnetic interaction. QED acts between photons and769

electrically-charged fermions. It is an abelian gauge theory, meaning that all elements within the770

group are commutable, described by the symmetry group U(1).771

The weak interaction is responsible for radioactive decay, its force carriers are the W± and772

Z bosons. The weak force is the only fundamental force to break CP symmetry [11]. Unification773

between electromagnetism and the weak interaction results in a SU(2)L×U(1)Y group. The SU(2)L774

group has three associated gauge fields: W
(1)
µ , W

(2)
µ and W

(3)
µ , the U(1)Y group has a neutral gauge775

field Bµ which couples to hypercharge Y . The W bosons can be written as a combination of W
(1)
µ776

and W
(2)
µ :777

W± =
1√
2
(W (1)

µ ∓W (2)
µ ). (2.1)

The electroweak gauge bosons γ and Z are written as combinations of Bµ and W
(3)
µ , connected778

through the weak mixing angle θW [12]:779

Aµ = +Bµ cos θW +W (3)
µ sin θW , (2.2)
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Zµ = −Bµ sin θW +W (3)
µ cos θW , (2.3)

where Aµ and Zµ are the corresponding neutral fields of the photon and Z boson, respectively.780

2.1.2 Quantum Chromodynamics781

Quantum Chromodynamics (QCD) is the quantum field theory of strong interactions. The gluon782

is the force carrier for the strong interaction, which acts on quarks and gluons. Like electric charge783

in QED, the QCD charge carried by quarks and gluons is colour, which comes in three types: red,784

blue and green. There are eight gluons due to these colour combinations, corresponding to eight785

fields Ga
µ where a = 1,..., 8 [12].786

The coupling strength αs of QCD decreases logarithmically with energy; αs is large at low787

energies, requiring a non-perturbative QCD description and quarks and gluons behave according788

to colour confinement; αs is small at higher energy, requiring a perturbative QCD description789

and quarks and gluons have asymptotic freedom. At higher orders of perturbation theory, loop790

corrections arise leading to ultraviolet (UV) divergences, which requires the introduction of the791

renormalisation scale µR at which αs can be calculated. QCD is a non-abelian gauge theory,792

meaning that gluons are able to self-interact. It has the symmetry group SU(3)C which describes793

rotation in colour space.794

2.1.2.1 The Strong CP Problem795

An unsolved puzzle in the Standard Model is the lack of CP violation in strong interactions [13],796

an observation that should be possible according to QCD [14]. Weak interactions are known to797

violate CP symmetry, but in strong interactions, which also contain a CP-violating term in their798

Lagrangian, this remains unobserved [15].799

2.1.3 The Standard Model Lagrangian800

The SM is a quantum field theory in which Lagrangian formalism is used to describe the field801

associated with each kind of particle. The symmetries in the SM are described by local phase802

transformations of the symmetry groups SU(3)C × SU(2)L × U(1)Y . A compact form of the803
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Lagrangian can be written as shown in Equation 2.4.804

L = −1

4
FµνFµν

+ Ψ̄(iγµDµ)Ψ + h.c.

+ΨiyijΨjΦ+ h.c.

+ |DµΦ|2 − V (Φ).

(2.4)

Within this equation are the kinetic terms of the three fundamental forces described in the SM805

that correspond to the (SU(3)C × SU(2)L × U(1)Y ) gauge invariance, Ψ̄(iγµDµ)Ψ is the gauge806

covariant derivative term which encompasses the interactions between the fermions and the forces807

and expresses how fields vary based on their position within a reference frame, where Ψ is the808

wavefunction. The remaining terms refer to the contributions to the SM from the Higgs boson809

(Φ), ΨiyijΨjΦ describes the Yukawa terms related to fermion masses, |DµΦ|2 dictates how the810

Higgs couples through the gauge covariant derivative to particles, V (Φ) describes the interactions811

of the Higgs with the vacuum expectation value, and“+h.c.” refers to the addition of the Hermitian812

conjugate. The −1
4F

µνFµν term is the kinetic energy term, where Fµν can be written in terms of813

the field tensors for the electroweak and strong force:814

FµνFµν = BµνBµν +W (i)µνW (i)
µν +GaµνGa

µν . (2.5)

2.2 Shortcomings of the Standard Model815

Excluding gravity, the Standard Model provides a consistent description of all known fermionic816

particles and their interactions up to the Planck scale O(1019) GeV [16]. However, there are several817

physical phenomena that the SM cannot explain, pointing at the existence of physics beyond the818

Standard Model (BSM).819

2.2.1 Dark Matter820

One of the strongest arguments that the SM does not yet provide a complete picture is the existence821

of dark matter (DM) which dominates the matter density in the universe. Although the origin and822

8
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Figure 2.1: The observed galactic rotation curve (data points) for the M33 galaxy showing the
contributions from the stellar disc and gaseous disc and the dark matter halo contribution needed
to match the data.

properties of DM remain a mystery, the existence of DM in the universe is inferred from gravitational823

effects [17]. Measurement of the temperature fluctuations [18] of the cosmic microwave background824

(CMB) shows anisotropies that can be used to measure the mean density of dark matter, which is825

roughly five times larger than the baryonic matter density of the universe. Ordinary matter makes826

up only 5% of the matter in our universe, the rest falls under the umbrella of dark energy and dark827

matter.828

2.2.1.1 Galactic Rotation Curves829

The first of evidence of dark matter was the measurement of galaxy rotation curves [19] and the830

formation and growth of galactic halos. It has been found that the stellar rotational velocity within831

a galaxy remains constant, or “flat” regardless of how distant a star is from the galactic centre. This832

observation is not what is expected, Newton’s law of gravity demonstrates that rotational velocity833

of stars would decrease proportionally to the distance from the centre of the galaxy. Figure 2.1,834

adapted from Ref. [20], shows the observed rotational velocity curve of the M33 galaxy, compared835

with the best fitting model that includes the contributions from the dark matter halo, stellar disc836

and gaseous disc. The shape of the observed rotational velocity at higher radius motivates the idea837

that the galactic halo of dark matter must be contributing to these observations.838
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Figure 2.2: A composite image showing the galaxy cluster 1E 0657-56, regions of hot gas are shown
in pink, regions where most of the mass density lies are shown in blue.

2.2.1.2 Gravitation Lensing839

Gravitational lensing is the visible effect of the bending of space-time near any gravitating mass840

[21], causing the deflection of passing light. This observation provides a potential piece of evidence841

for gravitational dark matter, which would cause the distortion and magnification of images of842

background galaxies.843

2.2.1.3 Bullet Cluster844

The most energetic event known to have occurred since the Big Bang is the formation of galaxy845

cluster 1E 0657-56 from the collision of two large clusters of galaxies. Figure 2.2 [22] shows this846

“Bullet Cluster”; the two pink regions are hot gas containing most of the “normal” matter. The847

blue regions show where most of the mass of the cluster is found, this is clearly separated from848

normal matter leading to the conclusion that the majority of the mass of the galaxy clusters comes849

from dark matter.850
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2.2.2 Baryon Asymmetry and CP Violation851

The matter-antimatter asymmetry problem is the apparent imbalance of baryonic and anti-baryonic852

matter in the universe. According to assumptions made in the SM, the universe should be neutral853

and equal amounts of matter and antimatter should have been created at the time of the Big Bang.854

This is obviously not the case, the universe is dominated by matter. Baryon asymmetry is evident855

in the relative size of the peaks observed in the shape of the cosmic microwave background (CMB)856

[23].857

CP violation is a necessary condition to prevent an equal number of left-handed and right-858

handed baryons and anti-baryons. With the assumption of non-zero quark masses, one source of859

CP violation is the Cabibbo-Kobayashi-Maskawa (CKM) matrix that describes quark mixing [13].860

With the inclusion of neutrino masses, another source arises from the weak interaction in leptonic861

mixing [24]. Even with existing sources of CP violation in the SM, the baryon asymmetry generated862

as a result is not sufficient to explain the current levels of matter-antimatter asymmetry.863

2.2.3 The Hierarchy Problem864

The Planck mass, which combines the speed of light c, the Planck constant h and Newton’s gravi-865

tational constant GN , provides the Planck scale O(1019) GeV [16]. The Hierarchy problem arises866

in relation to the Higgs mass mh = 125 GeV which lies around the weak scale (mW ∼ 100 GeV −1867

TeV); one would expect the mass of the physical Higgs boson to approach that of the Planck scale,868

this would make sense in terms of electroweak symmetry. But, as mentioned, the Higgs mechanism869

occurs via spontaneous EWSB.870

2.3 Motivating the Search for Dark Matter871

DM can be framed as an unknown particle produced in the early universe [17], this modelling872

explores the idea that DM has a weak coupling to baryonic matter, in an attempt to place the873

question of dark matter into the context of known cosmology and particle physics [25]. Potential874

candidates for the particle nature of DM include WIMPs, gravitinos, sterile neutrinos, asymmetric875

dark matter, axions and hidden sector dark matter [22].876
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2.3.1 Detection Methods877

There are three main methods to search for dark matter candidates: indirect detection, direct878

detection and collider searches [26].879

Indirect dark matter detection searches for the products of annihilating dark matter, often built880

around the hypothesis that dark matter is produced as a thermal relic of the Big Bang [16]. This881

style of search relies on the DM interacting with ordinary matter through a mediator which decays882

to SM final states.883

Direct dark matter detection is based on the existing gravitational evidence for dark matter.884

This style of search relies on the DM interacting with ordinary matter through collisions with nuclei885

[26], hoping to prove the existence of gravitational dark matter by measuring the nuclear recoil and886

DM-nuclei scattering.887

Searches for dark matter in high-energy collisions at particle colliders relies on the the idea of888

missing transverse energy from electrically neutral, invisible particles and the detection of visible889

components such as hadron jets and charged leptons [27]. This is distinct from far-forward experi-890

ments at colliders, such as FASER at the LHC, which do not exploit the transverse plane. Collider891

searches offer a probe to dark matter but only direct or indirect DM searches can confirm a signal892

is dark matter, as all electrically neutral particles could produce this missing energy.893

2.3.2 WIMPs and Thermal Relic Density894

Weakly interacting massive particles (WIMPs) are the most well studied candidates for dark matter895

of a particulate nature [16]. They typically have a mass in the range of the weak scale and naturally896

have the correct relic density to serve as dark matter candidates. The thermal relic density [28] of897

a dark matter particle χ was found from recent Planck data [29] to be:898

Ωχh
2 ∼

m2
χ

g4χ
h2 ∼ 0.12 (2.6)

where mχ is the mass of the dark matter particle, h here is not the Planck constant but Hubble899

constant in units of 100 kms−1Mpc−1, h = 0.6727 ± 0.0066. This corresponds to the density of900

non-baryonic dark matter evident in the CMB ΩDM ∼ 0.227± 0.014 [29].901
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Figure 2.3: Thermal freeze-out of dark matter for different annihilation cross sections. The comov-
ing number density Y and resulting thermal relic density Ωχ of a 100 GeV dark matter particle as
a function of temperature T . The solid line represents the dark matter cross section that yields the
correct relic density, the coloured bands show the density for cross section variation of order 10,
102 and 103 from Ωχ ∼ 0.23. The dashed line shows the number density of a particle that did not
“freeze-out” but remained in thermal equilibrium.
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The thermal relic number density of dark matter is the constant approached by dark matter902

in the event of thermal freeze out [30]. In the high temperatures of the early universe thermal903

equilibrium is achieved, as the Universe cools and the temperature falls below the mass of the dark904

matter, the number of dark matter particles falls exponentially. In addition to cooling, the universe905

is also expanding which prevents the dark matter density from falling completely to zero. The906

distribution of gaseous dark matter particles at this point is spread such that annihilation cannot907

happen. This is the point at which thermal freeze out occurs, the number density of dark matter908

asymptotically approaches a constant value. Thermal freeze out is shown in Figure 2.3 [16] for a909

dark matter particle with the correct relic density. WIMPs are considered thermal dark matter,910

as are dark photons. The dark photon model is suitable to probe the thermal relic density target,911

whereas axion-like particles as candidates for dark matter arise from non-thermal processes.912

2.3.2.1 The WIMP Miracle913

Supersymmetry proposes a solution to the hierarchy problem [16] by introducing an additional sym-914

metry between fermions and bosons that avoids the need to “fine-tune” the Higgs mass to O(100)915

GeV. Additionally, the huge discrepancy between the Higgs mass and the Planck scale motivates916

new physics around the weak scale. Such new particles could be WIMPs or the supersymmetric917

equivalent, superWIMPs. The fact that WIMPs address the hierarchy problem and provide a relic918

density consistent with dark matter is referred to as the “WIMP miracle” [31].919

2.3.3 Dark Sector Models920

The absence of interactions between DM and ordinary matter motivates the idea that potential DM921

particles χ would be neutral under SM forces GSM . The same logic dictates that all SM particles922

are neutral under an extended SM by a non-abelian gauge group Gν [32]. However, these potential923

light, long-lived DM particles could be charged under new forces that have not yet been discovered924

[25]. Such new forces can be referred to as a dark sector or hidden-sector, rather than being a single925

particle, the dark matter candidates could be an entire sector that mirrors the complexities of the926

Standard Model.927

This thesis will focus on hidden sector dark matter. Constraints from SM symmetries allow928

several types of “portal” interactions between dark sectors and the SM. The mass range of hidden-929
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Figure 2.4: The different portals involved in dark sector dark matter models. The four main portal
types are highlighted: Vector, Scalar, Neutrino, Axion, grouped by those that require renormaliz-
able coupling and those that require higher operators.

sector DM lies in the vicinity of Standard Model mass scales O(100 TeV) down to below keV masses.930

FASER has sensitivity to long-lived particles with renormalisable portal interactions between the931

SM and the dark sector: dark photons and the B −L gauge boson, dark Higgs, and heavy neutral932

leptons (HNLs). There is also sensitivity to pseudoscalar axion-like particles (ALPs) coupled to933

photons through non-renormalisable operators [33]. The different models are introduced in Figure934

2.4, showing the four portal types to which FASER is sensitive.935

There is the “vector” portal mediated by the dark photon and the “axion” portal mediated936

by ALPs with coupling to photons (ALP-photon), the gluon (ALP-gluon) and the SU(2)L gauge937

boson (ALP-W). Additionally, although not explored here, there is the “Higgs” portal mediated938

by dark scalars and the “neutrino” portal mediated by HNLs.939

Three of these four models are considered benchmark models defined by the CERN Physics940

Beyond Colliders (PBC) [34] study group: dark photons (BC1) [35], ALP-photon (BC9) and ALP-941

gluon (BC11) [36]. The ALP-W model [37, 38] is not considered a PBC benchmark, however, ALPs942

with coupling to the SU(2)L gauge boson provide a UV complete model that performed favourably943

over other models during optimisation studies.944
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2.4 Motivating a Forward Search at the LHC945

In the setting of the LHC, such light, weakly interacting, long-lived candidates for dark matter946

are predominantly produced along the line of sight (LOS), in the far-forward region from the947

interaction points. The particles may travel hundreds of metres without interacting, before they948

decay to visible particles [33]. They are produced parallel to the beam line [39], in an inherent blind949

spot that the large LHC experiments are unable to access due to where the LHC beam pipe lies950

in relation to their experimental setup, and their focus on studying the transverse plane. FASER951

is ideally situated to exploit this blind spot, lying on the beam collision axis 480 m downstream952

of the ATLAS interaction point (IP1). More details about the location and experimental setup of953

FASER are given in Chapter 3.954

2.5 The Dark Photon955

The dark photon A′ is a hypothetical particle that could provide a “vector” portal to a dark sector956

that contains a U(1)′ electromagnetic force [1]. The renormalizable interaction between U(1)′ and957

the SM results in the dark photon that kinetically mixes with the SM photon [40]. The Lagrangian958

which describes the dark photon is obtained from an extension of the Standard Model Lagrangian959

through the addition of a U(1)′ gauge boson A′µ such that the Lagrangian [41] can be written as:960

L = −1

4
FµνF

µν − ϵ′

2
FµνF

′µν − 1

4
F ′
µνF

′µν − eJµA
µ − e′JµA

′µ +
1

2
m2

A′A′2 (2.7)

where Aµ and A′µ denote the gauge bosons associated with U(1) hypercharge and new U(1)′961

gauge group, respectively. − ϵ′

2 FµνF
′µν is the kinetic term connecting Fµν , the electromagnetic field962

strength tensor associated with the Standard Model U(1), and F ′µν , the tensor associated with963

U(1)′ and the dark sector. mA′ is the mass of the dark photon and Jµ is the hypercharge current,964

e and e′ is the electric charge and the charge associated with the dark sector, respectively.965

The detection of the dark photon is made possible by its kinematic mixing with the Standard966

Model photon, the strength of the coupling between the SM and the dark sector is governed by a967

mixing parameter ϵ. After redefining the fields and rotating to the mass eigenstates [41], the new968
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gauge boson acquires a coupling to the U(1) hypercharge that is proportional to ϵ′. The coupling969

ϵ = ϵ′ cos θW , where θW is the weak mixing angle, and the hypercharge current Jµ =
∑

f f̄A
′γf .970

The Lagrangian [1] for the dark photon can therefore be written:971

L ⊃ 1

2
m2

A′A′2 − ϵe
∑
f

qf f̄A
′γf. (2.8)

where mA′ is the mass of the dark photon and ϵ is the kinetic mixing parameter that defines the972

parameter space of the dark photon model. The sum is over all SM fermions f with normalised973

electric charge qf .974

The size of the kinetic mixing parameter ϵ determines the strength of the interaction, hence975

the lifetime of the dark photon. The kinetic mixing parameter can be anything between 10−11
976

and 10−2. The lower the kinematic coupling, the lower the decay rate to SM particles, which is977

proportional to ϵ2, and hence the longer lived the particle is. The kinetic mixing of the dark photon978

needs to be small to motivate that such a dark matter candidate has not yet been observed.979

2.5.1 Dark Photon Production and Decay980

Dark photon production in the very forward region takes place predominantly via light meson981

decays and dark bremsstrahlung. Dark bremsstrahlung is the emission of a dark photon from a982

proton in the presence of a magnetic field [33]. These processes produce highly-energetic dark983

photons along the LOS with a decay length compatible with the location of FASER. The Feynman984

diagrams for dark photon production via neutral pion decay and dark bremsstrahlung are shown in985

Figure 2.5. For light meson decays, the example of π0 decay is shown as it is the dominant signal986

contribution, however, there is also a significant contribution from η decay which is a comparable987

production mode for mA′ ∼ 100 MeV, occurring via the same mechanism.988

Dark photon production via neutral pion decay π0 → A′γ is accessible for mA′ < mπ0 ≈ 135989

MeV, with a branching fraction of B(π0 → A′γ) = 2ϵ2(1−m2
A′/m2

π0)
3B(π0 → γγ) where B(π0 →990

γγ) ≈ 0.99 [1, 42]. Production via eta meson decay η → A′γ is accessible for mA′ < mη ≈ 548 MeV,991

with a branching fraction of B(η → A′γ) = 2ϵ2(1−m2
A′/m2

η)
3B(η → γγ) where B(η → γγ) ≈ 0.39992

[1, 42]. Production via dark bremsstrahlung pp → ppA′ is accessible for mA′ up to O(2 GeV) [35].993

Dark photon production can occur through other mechanisms involving the decays of heavier994
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Figure 2.5: Feynman diagrams for LLP production processes: dark photon production from pion
decay (left), dark photon production via dark bremsstrahlung (right). The red circle indicates the
kinetic mixing parameter ϵ.

Figure 2.6: Inelastic dark photon production cross section (per ϵ2) as a function of mass. The total
cross section and the far-forward cross section are shown.
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Figure 2.7: (Top) The decay length of the dark photon in the parameter space that FASER is
sensitive to. (Bottom) The branching fractions of the dark photon into leptonic and hadronic final
states, as a function of dark photon mass.

mesons such as through η′ meson decay or through direct Drell-Yan production in which a quark-995

antiquark pair annihilate to produce a dark photon qq̄ → A′ [43]. These production mechanisms996

have very small cross sections at the dark photon mass range of interest, hence they can be con-997

sidered sub-dominant and their contributions, therefore, neglected. An overview of the total and998

far-forward production cross section for dark photons is shown in Figure 2.6 [44]. The highest dark999

photon mass considered in the search for dark photons described in this thesis is mA′ = 112 MeV,1000

the Drell-Yan production mechanism becomes relevant at masses above mA′ ∼ 1 GeV.1001

In the case where EA′ ≫ mA′ ≫ me where EA′ is the energy of A′, dark photons typically have1002

a mass mA′ ∼ 100 MeV and coupling ϵ ∼ 10−5 with a decay length [35]:1003

L = cτγβ ∼ (80 m)

[
10−5

ϵ

]2 [
EA′

TeV

] [
100 MeV

mA′

]2
(2.9)

where τ is the lifetime of the dark photon, travelling at speed β = v/c where c is the speed of light.1004

Dark photons with this mass and coupling have O(TeV) energy and a decay length of the order of1005

80 m, this is well within the range of FASER’s sensitivity to LLPs. The dark photon decay length1006
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Figure 2.8: Existing experimental constraints in the parameter space probed in FASER’s search
for dark photons. Includes existing limits from the BaBar collaboration, the KLOE experiment,
the LHCb collabotion, NA62, NA64, NA48, E141, Orsay, NuCal, E137, CHARM.

and the branching fraction into different leptonic and hadronic final states is shown in Figure 2.7.1007

Dark photons with masses in the range 2me < mA′ < 2mµ ≃ 211 MeV decay to e+e− pairs with a1008

branching fraction of 100%.1009

2.5.2 The Parameter Space and Existing Limits1010

Figure 2.8 gives a picture of the dark photon parameter space and the existing limits from exper-1011

iments that have also searched for a massive dark photon with kinetic mixing between U(1)′ and1012

hypercharge. The thermal relic density is shown in red, in order for the dark photon model to1013

correspond to Ωχh
2 = 0.12 the mass ratio between the dark matter candidate and the dark photon1014

is equal to mχ/mA′ = 0.6 and the dark photon coupling constant to dark matter has a fixed value1015

of αDM = 0.1 [1]. These constraints ensure that the dark photon visibly decays to SM fermions.1016

Existing experimental constraints in the parameter space probed by FASER’s search for dark1017
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photons includes limits set by: BaBar [45], KLOE [46], LHCb [47], NA62 [48, 49], NA64 [50], NA481018

[51], E141 [52], Orsay [53], NuCal [54], E137 [55] and CHARM [56]. The different experimental1019

efforts can be divided into results from: electron beam dumps [57], proton beam dumps [58], e+e−1020

colliders, pp collisions, meson decays and electron fixed-target experiments [59].1021

Limits set by electron beam dump experiments tend to be in the low mass region across a1022

broad range of couplings, for example NA64, E141 and E137 all show results from electron beam1023

dumps. Extending to slightly higher mass range and in a region of relatively low coupling are the1024

results from proton beam dumps, for example the Orsay, NuCal and CHARM limits [60]. Across1025

most of the mass range in the parameter space FASER is sensitive to, and tending to be at higher1026

coupling than the electron and proton beam dump experiments (ϵ > 10−3), are the results from1027

e+e− colliders such as BaBar and KLOE. Results from pp collisions tend to target parameter space1028

at high coupling and with dark photon mass towards O(1 GeV), for example the limit in pink set1029

by LHCb which searched for dark photon decays with µ+µ− final states. FASER’s search for dark1030

photons particularly targets the region of unexplored parameter space with ϵ ∼ 10−5 − 10−4 and1031

with masses mA′ ∼ 10 MeV − 100 MeV.1032

2.6 Axion-like Particles1033

Solutions to the strong CP problem have been proposed in many forms [61, 62], one of the most1034

successful solutions is the Peccei-Quinn Mechanism [38]. The global U(1) symmetry (the PQ1035

symmetry) is spontaneously broken by the QCD axion a [63]. Its coupling to ordinary matter1036

is proportional to 1/fa, where fa is the scale at which electroweak symmetry breaking (EWSB)1037

occurs. The physical mechanism that leads to the axion is model dependent and also allows for1038

other axion-like particles (ALPs) [61].1039

Axion-like particles (ALPs) are defined as pseudoscalar particles coupled to SM particles by1040

dimension-5 couplings to gauge bosons or derivative interactions to fermions [64]. ALPs can nat-1041

urally serve as the source of dark matter in the universe, providing an “axion” portal to the dark1042

sector.1043

This section will look at three ALP models: ALPs with coupling to the SM photon, referred to1044

in this work as the ALP-photon model, ALPs with coupling to the gluon, referred to as ALP-gluon1045
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(a) (b)

Figure 2.9: (a) ALP-photon production via the Primakoff process in which a photon is converted
into an ALP when colliding with a nucleus. In the context of FASER, this would be LHC infras-
tructure, most likely the TAN (neutral particle absorber). (b) The production rate of ALPs from
the Primakoff process within an angular acceptance θ < 0.2 mrad with energy E > 1 TeV.

model and ALPs with coupling to the SU(2)L gauge boson, referred to as the ALP-W model. All1046

the models considered decay to SM final states, resulting in a highly-energetic di-photon signature.1047

2.6.1 ALPs with Coupling to Photons1048

ALPs with coupling only to SM photons is a benchmark model [33] for which the relevant La-1049

grangian is:1050

L ⊃ 1

2
m2

aa
2 − 1

4
gaγγaFµνF̃

µν (2.10)

where, at low energy scales (below the scale of EWSB), the di-photon coupling gaγγ = 1/fγ [33].1051

In the far forward region, ALPs with coupling to photons are highly energetic and produced1052

predominantly via the Primakoff process [33]. In the Primakoff process the photon is converted1053

into an ALP when it collides with a nucleus, this is illustrated in Figure 2.9a. There are addi-1054

tional processes that produce ALPs at FASER but these contributions to the signal are considered1055

subdominant for this model. The production rate via the Primakoff process is shown in Figure1056

2.9b.1057
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Figure 2.10: ALP-photon decay to two highly energetic photons.

ALPs with momentum in the TeV range typically have a mass ma ∼ 50 MeV and a coupling1058

gaγγ ∼ 10−4. The decay length is of the order of several hundred metres, according to Equation1059

2.11 [36]:1060

L = cτγβ ∼ 630 m

[
10−4GeV−1

gaγγ

]2 [ pa
TeV

] [50 MeV

ma

]4
, (2.11)

where pa is the momentum of the ALP, τ is the lifetime of the ALP, travelling at speed β = v/c1061

where c is the speed of light. The ALP decay length is within the range of FASER’s sensitivity to1062

LLPs.1063

ALPs with coupling to photons predominantly decay to a highly-energetic di-photon pair as is1064

shown in Figure 2.10. There is a sub-leading decay channel in which one of the photons is produced1065

off-shell and converts into an e+e− pair, this has a branching fraction of around 1% [36].1066

2.6.2 ALP with Coupling to Gluons1067

As discussed in this chapter, the concept of axions and axion-like particles was introduced in an1068

attempt to solve the strong CP problem [14, 65]. The mass of the QCD axion is set by its coupling1069

to gluons, and so a model in which axion-like particles couple only to gluons can be considered.1070

This is also a PBC benchmark case, the Lagrangian describing this ALP-gluon model is:1071

L ⊃ −1

2
m2

aa
2 − g2s

8
gaggG

a
µνG̃

aµν (2.12)

where gagg is the ALP coupling constant and Λ represents the QCD scale, it is expected that1072

the mass of such ALPs will be ma ≪ Λ [66]. ALPs in this model can be produced in flavour-1073
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(a) (b)

Figure 2.11: (a) ALP-gluon production via pion mixing.(b) The production rate of ALP-gluon from
π0 → a, η → a and η′ → a within an angular acceptance θ < 0.2 mrad with energy E > 1 TeV.

changing neutral-current (FCNC) B-meson decays, however, this element is loop suppressed and1074

sub-leading. The dominant production modes in the ALP-gluon case are π0 → a, η → a and1075

η′ → a. ALP production via π0 mixing is shown in Figure 2.11a and an overview of production1076

rate for these various modes is shown in Figure 2.11b.1077

The dominant decay mode for ALP-gluon interactions at low masses is to two photons, depicted1078

in Figure 2.12 . At ma > 3mπ decays via a → 3π0 and a → π+π−π0 become accessible [66], each1079

of these modes has a similar decay rate.1080

Figure 2.12: ALP-gluon decay to two highly-energetic photons, using pion mixing.
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Figure 2.13: ALP production via top loop, involving B meson decay to kaon and a W boson.

2.6.3 ALPs with Coupling to the SU(2)L Gauge Boson1081

ALPs can couple to the SM field strength tensor W a
µν from the SU(2) gauge group [37], this is a1082

possible UV completion of the ALP with photon couplings, the Lagrangian for this coupling is:1083

L ⊃ −1

2
m2

aa
2 − gaWW

4
aW a

µνW̃
a
µν (2.13)

where ma is the mass of the ALP and gaWW is the coupling constant with dimensions GeV−1.1084

The coupling to the SU(2)L gauge boson occurs before electroweak symmetry breaking; after1085

EWSB additional couplings of the ALP to γγ, ZZ and Zγ open up [37], the strengths of these1086

additional ALP couplings are dictated by the weak mixing angle. The production of ALPs in Z1087

decays is rare and can be neglected; the production of ALPs with coupling to photons through the1088

Primakoff process provides a subleading contribution to the ALP event rate in this case.1089

In the ALP-W model, the ALP is primarily produced in B meson decays, although the coupling1090

to the W boson also gives rise to kaon decays at a sub-dominant rate. Figure 2.13 shows an example1091

Feynman diagram for ALP production in B → Xsa in the case where the strange hadron is a kaon.1092

The loop diagram is facilitated by flavour-changing down-type quark-decay, or flavour changing1093

neutral-current (FCNC) decay.1094

The leading production processes are B0 → Xsa and B± → Xsa where Xs represents a strange1095

hadron. Decays of other B mesons including Bs still have subdominant contributions to the produc-1096

tion rate. Kaon decay also contributes at a lower rate, with a sharp cutoff in mass range compared1097

to the other modes considered. The production rate in the mass range 10 MeV < ma < 1 GeV1098

relevant for the ALP-W search is shown in Figure 2.14 for B0 → Xsa, B
± → Xsa, Bs → Xsa and1099

K → πa. The production via B meson decay is dominant across the entire parameter space.1100

The ALP decays to a highly-energetic di-photon pair, shown in Figure 2.15. There is also the1101

25

gwilliam
Highlight
This needs to come in the ALP-photon section



Figure 2.14: The production rate of ALPs from B meson and Kaon decays in the mass range of
interest in this analysis. There are four production modes relevant to this ALP model: B0 → Xsa,
B± → Xsa, Bs → Xsa and K → πa. The shaded bands indicate the uncertainty associated with
these production modes.

possibility of a radioactively induced decay that includes a converted photon: a → γee, this decay1102

channel contributes only at the level of a few percent and is neglected in this search.1103

2.6.3.1 The Parameter Space and Existing Limits1104

Figure 2.16 shows the parameter space of interest to FASER with this ALP search with coupling to1105

the W boson. Existing constraints in this parameter space have been set by: NuCal, NA62/64 [67],1106

Figure 2.15: A typical ALP decay signature to two highly collimated and highly energetic photons
in the case of the ALP-W model. The red circle indicates the ALP coupling constant gaWW .
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Figure 2.16: Existing experimental constraints in the parameter space probed in FASER’s search for
axion-like particles with coupling to the W boson. Includes existing limits from NuCal, NA62/64,
beam dumps, KTEV, KOTO, E949, CDF, BaBar, E137, NA62, SN1987, NA62, E949, LHCb and
LEP.
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beam dumps, KTEV [68], KOTO [69], E949 [70, 71], CDF [72], BaBar [73], E137 [55], NA62,1107

SN1987 [74], NA62 [75], E949, LHCb and LEP [76].1108

Experimental results from the BaBar collaboration come from studying B± decays in BB̄1109

meson pairs at SLAC. The experiment probes a similar parameter space to FASER, at a slightly1110

higher ALP mass. Experiments with sensitivity at weaker coupling include results from SN1987,1111

which search for ALPs emitted during supernova. At stronger couplings, the parameter space is1112

probed by LEP in searches for ALPs produced in Z decays. Experimental results from the KOTO1113

collaboration show “possible observation of three anomalous events in the search for KL → π0νν̄”1114

[37], this observation would indicate a branching fraction that exceeds the SM prediction by two1115

orders of magnitude. A potential explanation for this discrepancy would be the introduction of1116

a new light (so that it can be produced in kaon decays), weakly-interacting, long-lived particle1117

with a mass of the order of a few MeV, such as the ALP. FASER has the possibility to answer1118

the questions raised by this neutral kaon anomaly, benefiting particularly from it’s sensitivity to a1119

much higher amount of high-energy LLP decay events with very low SM background [37].1120
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Chapter 31121

The FASER Experiment1122

This chapter provides an overview of the CERN accelerator complex and LHC infrastructure in1123

the context of the FASER experiment. The concept of luminosity is introduced and a detailed1124

description of the components of the FASER detector is given.1125

3.1 The LHC1126

The Large Hadron Collider (LHC) is the largest and most powerful particle accelerator in the world.1127

It consists of a 27 km ring of superconducting magnets and was switched on for the first time on1128

10th September 2008. The LHC is capable of creating both proton-proton collisions and lead ion1129

collisions; this thesis will focus on pp collisions.1130

The CERN accelerator complex, modified from Ref. [77], is shown in Figure 3.1. The protons1131

accelerated in the LHC are fed into a chain of accelerators starting from a single source of hydrogen1132

gas which is ionised to produce negative hydrogen ions. LINAC4 accelerates the negative hydrogen1133

ions to 160 MeV [78] and the ions are stripped of their two electrons during injection into the1134

Booster. Within the Booster the protons reach an energy of 2 GeV in preparation for injection1135

into the Proton Synchrotron (PS). Within the PS the protons reach an energy of 26 GeV and are1136

accelerated to 450 GeV in the Super Proton Synchrotron SPS, the final stage before the proton1137

beam enters the LHC. The LHC accelerates each proton to an energy of 6.8 TeV, resulting in a1138

centre of mass energy
√
s = 13.6 TeV.1139

Each proton beam is split up into 2835 bunches of 1011 protons, separated in time by 25 ns [79].1140
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Figure 3.1: A diagram of the CERN accelerator complex, modified to include FASER in the TI12
tunnel that connected the LHC and the SPS in the time of LEP.
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Figure 3.2: Schematic diagram of the octants of the LHC. It shows the 4 interaction points where
the largest experiments are situated.

The bunches are accelerated using 16 radiofrequency (RF) cavities housed in 4 cryomodules along1141

the LHC ring, the field within the RF cavities oscillates at such a frequency that the structure1142

of the proton bunches is maintained. Figure 3.2 shows the octants that form the LHC ring [79].1143

There are 8 arcs separated by 8 straight sections with a total of 1232 dipole magnets, for bending1144

the beam, and 392 quadrupole magnets, for focusing the beam. The injection of proton bunches1145

into the LHC machine is referred to as a “fill”.1146

The two proton beams are accelerated in opposite directions and collisions occur at dedicated1147

interaction points located around the LHC ring. The four large experiments at the LHC are1148

positioned to correspond to these crossing points. The ATLAS experiment is located at Interaction1149

Point (IP) 1, ALICE at IP2, CMS at IP5 and LHCb at IP8.1150

In addition to FASER, there are four other small experiments at the LHC: SND@LHC, LHCf,1151

MoEDAL and TOTEM. SND@LHC is an experiment designed to detect collider neutrinos, it has1152

a complimentary neutrino program to FASER and is located on the opposite side of the ATLAS1153

IP in the forward region. LHCf is an astroparticle physics experiment designed to study particles1154

in the forward region to determine the origin of ultra-high-energy cosmic rays, it is comprised of1155
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two independent detectors that sit 140 m either side of the ATLAS IP. MoEDAL is an experiment1156

designed to directly search for the magnetic monopole, located at the LHCb IP. Finally, TOTEM1157

is an experiment aimed at measuring the proton-proton interaction cross section, elastic scattering1158

and diffraction processes at the LHC, it is located at the CMS IP.1159

LHC operations are divided into Runs, when beam circulates in the LHC and physics data1160

taking commences, and Long Shutdowns (LS), when the machine is switched off and maintenance1161

and upgrades are carried out. Run 1 began in 2009 until 2013, followed by 2 years of LS1. Run 21162

began in 2015 until 2018, followed by 5 years of LS2. Run 3 began in March 2022; as of 2024, Run1163

3 is ongoing with LS3 planned to start at the end of 2025. The LHC does not run in the winter1164

months, from November to February there is a Year End Technical Stop (YETS) for smaller scale1165

maintenance and planned access to the LHC tunnel.1166

3.1.1 Luminosity1167

The instantaneous luminosity delivered in a particle collider is defined as the rate of collisions1168

between particles in the two beams; the integrated luminosity is the total number of collisions that1169

occur over a particular period of time. The total number of expected events is calculated from the1170

cross section of the interaction and the instantaneous luminosity. The cross section of an interaction1171

is a measure of the probability of a particular process and is defined in Chapter 5.1. The cross1172

section is typically written as σ and measured in barns (b); a barn is a unit of area corresponding1173

to 10−28 m2.1174

In the case of process X, the expected number of events can be calculated as:1175

NEvents(pp → X) = σ(pp→X)L (3.1)

where L is the integrated luminosity which is measured in inverse barns (b−1) and can be written1176

as the integral of the instantaneous luminosity with respect to time, L =
∫
Ldt. The instantaneous1177

luminosity [80] is defined as:1178

L =
N2

b nbfrevγr
4πϵnβ∗ F (3.2)

where N2
b is the number of particles per bunch, frev is the revolution frequency, γr is the relativistic1179
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Operations, May 2024
13.6 TeV p-p collisions
IP1 Instantaneous Luminosity and FASER Trigger Rates 

Figure 3.3: The instantaneous luminosity measured at IP1 and the total and coincidence trigger
rate recorded by FASER for 2 LHC fills in May 2024. The instantaneous luminosity is provided by
ATLAS and shown in blue, the total trigger output rate is shown in green. The output rate of a
coincidence trigger requiring a signal the veto scintillator and the preshower scintillator, is shown
in red.

gamma factor, ϵn is the normalised transverse beam emission at the IP, β∗ is the optical beta1180

function at the collision point, and F is the geometric luminosity reduction factor [80] due to the1181

crossing angle at the IP. The crossing angle is the full angle between the orbits of beam 1 and beam1182

2 in the LHC [79]. The beta function describes the “squeezing” of the beam; a low β∗ represents a1183

narrow beam and a higher value of β∗ describes a wider, straight beam.1184

Figure 3.3 shows the instantaneous luminosity measured at IP1 and delivered to FASER during1185

two LHC fills in May 2024. Figure 3.4 shows the total integrated luminosity versus time delivered1186

to FASER during stable beams for pp collisions at 13.6 TeV centre-of-mass energy in 2022, 20231187

and 2024 [81]. The luminosity information shown is provided by the ATLAS Collaboration [82]1188

using their latest calibration. In 2022 FASER recorded 27.0 fb−1 suitable for the analyses discussed1189

in this thesis; in 2023 a further 30.7 fb−1 was recorded. As of July 2024, over 110 fb−1 has been1190

delivered to FASER; Run 3 aims to achieve a total integrated luminosity of L = 250 fb−1.1191

3.2 The FASER Detector1192

The FASER experiment sits in the TI12 tunnel, 480 m downstream of the ATLAS Interaction Point1193

(IP1) [39] positioned in the far-forward region along the beam collision axis line of sight (LOS).1194

The location of the detector in relation to the ATLAS IP and the LHC is shown in Figure 3.5.1195
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Figure 3.4: The total luminosity delivered during LHC stable beams as of July 2024 (measurement
by ATLAS) (yellow). The total luminosity recorded by FASER (blue).

Figure 3.5: FASER’s location in service tunnel TI12, 480m east of the ATLAS IP.

TI12 is a former service tunnel that connected the LHC tunnel to the SPS in the time of LEP.1196

The tunnel slopes slightly upwards, to connect to the shallower SPS, this was something that was1197

taken into account to make sure FASER sits on the beam collision axis which passes along the floor1198

of TI12 [33]. A 45 cm deep trench was dug to lower the floor, the exact position of the LOS is1199

determined by the beam crossing angle and polarity at IP1, the position of the FASER experiment1200

can be adjusted to account for a possible shift in these parameters [83]. The 480 m between IP11201

and FASER consists of a 270 m long straight insertion section before the beam enters an arc and1202

bends away from the beam collision axis. The remaining distance includes ∼ 10 m of concrete and1203

90 m of rock.1204

A schematic of FASER in relation to the LHC infrastructure between the ATLAS IP and TI121205
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Figure 3.6: Schematic view of the far-forward region downstream of ATLAS and various particle
trajectories as they make their way through the LHC infrastructure towards FASER. The upper
panel shows the 480 metres between the IP and FASER, the beam collision axis is shown with a
dotted line, and several components of the LHC, which have a large influence on the particle flux
seen at FASER, are highlighted. The lower left of the Figure shows various high energy particles
that can be produced at the IP. LLPs travel through the LHC infrastructure without interacting,
the lower right of the figure shows LLPs arriving at FASER, 480 m after they are produced.

can be seen in Figure 3.6 [84]. After the interaction point, the two proton beams reside in a1206

single beam pipe following the collision. After the TAS (Target Absorber for Secondary particles),1207

the beam is separated by the inner beam separation dipole magnet [79] which also deflects other1208

charged particles. At a distance of around 140 m from the IP, the TAN (Target Absorber for Neutral1209

particles) absorbs neutral particles produced at the IP and the proton beams are transitioned into1210

individual beam pipes, the horizontal separation between the beams is 96 mm [85]. At around 1601211

m downstream, the proton beam passes the outer beam separation dipole magnet, this gives the1212

beams a horizontal separation of 194 mm and ensures they are parallel. At 270 m downstream of1213

ATLAS the LHC magnets start to deflect the beam and the tunnel curves away from the collision1214

axis. Charged particles produced in the far-forward region are deflected away from FASER by the1215

LHC magnets. The majority of neutral hadrons are stopped by the TAS and the TAN or in the1216

rock preceding FASER. The only standard model particles capable of reaching FASER with large1217

fluxes are muons and neutrinos.1218

An understanding of neutrinos and how they interact in and around FASER [86] is vital for1219

understanding the LLP signal and potential background. The flux of neutrinos in the forward region1220
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Figure 3.7: FASER in TI12 in January 2023, viewed from the calorimeter towards FASERν

of the LHC can be considered in three categories: prompt neutrinos, those produced in the decays1221

of short-lived particles, particularly charm hadrons; displaced neutrinos, produced in the decay of1222

long-lived light hadrons in the LHC beam pipe before interaction with any material, this refers to1223

mainly pions and kaons; secondary neutrinos, produced from downstream hadronic showers which1224

result from interactions of primary hadrons with material upstream of FASER. These are discussed1225

in more detail in the context of Monte Carlo generators in Chapter 5.1226

36



Figure 3.8: The components of the FASER detector. The coordinate system is also shown.

3.3 Detector Components1227

A recent photograph of FASER in TI12 can be seen in Figure 3.7 and a schematic of the detector1228

components is shown in Figure 3.8. The FASER detector is described in detail in Ref. [87]. Particles1229

produced at IP1 enter the detector from the right of the diagram in Figure 3.8. FASER is 5 m long1230

and has an active radius of 10 cm. The FASER detector uses a cartesian coordinate system with1231

the z-axis pointing along the beam collision axis on the LOS away from IP1, the y-axis pointing1232

vertically upwards, and the x-axis pointing horizontally towards the LHC machine. The origin1233

(0,0) of the coordinate system is aligned with the centre of the magnets in the transverse x-y plane1234

and conventionally at the front surface of the second tracker station in the z plane. The angular1235

acceptance of FASER is θ ≲ 1 mrad, where θ is the angle with respect to the beam collision axis.1236

The pseudorapidity η is often used instead of θ when discussing angular acceptance, this is defined1237

as η = −ln(tanθ/2) where η = 0 would correspond to an angle perpendicular to the beam collision1238

axis.1239

The first component of the detector is the “VetoNu” scintillator system, to veto charged particles1240
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before they enter the detector, this scintillator sits in front of the FASERν emulsion detector (red).1241

The FASERν box is followed by Interface Tracker (IFT), a single tracking station (orange) that1242

enables track reconstruction in the emulsion. The next component is the “Veto” scintillator station1243

(yellow) to veto charged particles produced in the FASERν detector. The veto scintillator layers1244

are followed by a 0.57 T permanent dipole magnet (blue) which acts as a decay volume for incoming1245

particles. It has a 10 cm aperture radius and is 1.5 m long; the magnets bend charged particle tracks1246

in the y direction. In the case of highly collimated particle tracks, the magnet provides a horizontal1247

kick to separate tracks to a detectable distance. There is a third scintillator station for timing1248

and triggering (yellow); this scintillator, larger in area than the Veto and VetoNu scintillators, is1249

referred to as the timing scintillator or timing station and sits in front of the tracking spectrometer.1250

FASER’s tracker consists of three tracking stations (orange) and two 1 m long 0.57 T permanent1251

dipole magnets. The role of the tracking spectrometer is to observe the characteristic signal of two1252

oppositely charged particles pointing back to the IP, and measure their momentum. Immediately1253

following the tracking spectrometer is the preshower detector and scintillator system (yellow), also1254

used for triggering. The final component is a sampling electromagnetic calorimeter (red) to measure1255

the total electromagnetic energy of incoming particles.1256

3.3.1 FASERν Emulsion Detector1257

FASERν is a passive emulsion-based neutrino detector. It is made up of emulsion films interleaved1258

with 770 1 mm-thick tungsten plates which act as a target for neutrino interactions. The FASERν1259

detector has a target mass of 1.1 tonnes and has a transverse size of 25 × 30 cm2.1260

The tungsten acts as a target for neutrino interactions and the emulsion films record the tra-1261

jectories of all charged particles that enter the FASERν box with excellent position and angular1262

resolution. It can be used to identify leptons produced in charged-current (CC) neutrino inter-1263

actions, for example muons are easily characterised by their long tracks that can penetrate up to1264

the eight interaction lengths that make up the FASERν detector [87]. FASERν has measured the1265

interaction cross section for νe and νµ, detailed in Ref. [88]. Due to the nature of emulsion, and the1266

fact that FASERν is a passive detector, it is necessary to exchange the box before track multiplicity1267

becomes so high that the ability to distinguish and reconstruct track vertices in the emulsion is1268

degraded.1269
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Figure 3.9: The four scintillator stations used in FASER.

The FASERν emulsion detector is not used in either of the analyses discussed in this thesis.1270

However, whilst the tungsten plates do play a role in suppressing potential background, they also1271

act as a target for neutrino interactions.1272

3.3.2 Scintillators1273

The four scintillator stations within FASER are vital to achieve high detection efficiency. The1274

scintillators are used for the vetoing of charged particles and also for triggering purposes. The light1275

in each scintillator is transmitted to PMTs (Photomultiplier tubes) through wavelength shifting1276

(WLS) rods or plastic light guides, the exact design and setup depends on the location and role of1277

the specific scintillator. Each scintillator module, consisting of the scintillator plane, WLS rod/light1278

guide and PMT, is wrapped in 0.5 mm-thick foil to avoid light leakage. In front of each PMT is1279

an open-ended optical fibre for injecting light pulses for calibration purposes. The arrangement of1280

each of the four scintillator stations can be seen in Figure 3.9 [87].1281
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The first scintillator station is placed in front of FASERν in order to veto charged particles1282

as they enter the detector. VetoNu is made up of two scintillator layers and its design is unique1283

compared to the other stations, due to the limited space available in the FASERν trench. The1284

two scintillator modules are positioned back to back and each include a 30 × 35 cm EJ-200 plastic1285

scintillator which is 2 cm thick and connected via a 1.5 × 1.5 × 37.5 cm EJ-280 plastic WLS rod1286

[89] to a Hamamatsu H11934-300 PMT [90]. This PMT is a 12 dynode-stage head-on PMT with1287

a 23 mm sensitive photocathode [87].1288

The second scintillator station is placed in front of the FASER decay volume, this veto station1289

has four scintillator layers which form two pairs of modules. Each module in a pair is again placed1290

back-to-back for increased efficiency. EJ-200 plastic scintillator plates are used, connected via light1291

guides to Hamamatsu H6410 PMTs [91], these are large 12 dynode-stage head-on PMTs with a1292

47 mm sensitive aperture. Two layers of permalloy tube protection surround the PMTs to protect1293

from magnetic fields [87]. The primary role of this second scintillator station is to suppress high1294

energy muons. To avoid high energy photons due to muon bremsstrahlung entering the FASER1295

volume undetected, a 10 cm-thick lead block is placed between the two modules to act as an1296

absorber. Each veto scintillator plane is larger than FASER’s active transverse size in order to1297

more effectively veto charged particles, even those that could enter FASER at large angles. The1298

total size of the 2 cm-thick scintillator plane in each module is 30 × 30 cm. The light guide and1299

PMT are positioned vertically and at slight angles to avoid interference between the neighbouring1300

PMTs.1301

FASER sees a rate of 0.4 Hz cm−2 muons from IP1. This has been confirmed with in-situ1302

measurements of the muon flux in TI12 and simulated by FLUKA [92]. The efficiency of the veto1303

system composed of five scintillator planes has been measured, with each plane showing a muon1304

veto inefficiency below 10−5 using a 40 pC threshold. Within a fiducial selection of 100 mm in the1305

extrapolated track x and y positions, the inefficiency of the entire veto scintillator system is 10−27.1306

The normalised charge distribution of single track events in the first VetoNu scintillator layer is1307

shown in Figure 3.10 and the efficiency of each individual veto scintillator layer is shown in Table1308

3.1.1309

The third scintillator station is the timing scintillator station which provides trigger and timing1310

information to FASER, it is located after the decay volume magnet and before the first tracking1311
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Figure 3.10: Charge deposited in the first layer of the VetoNu scintillator in front of FASERν in
data. Using a 40 pC threshold (indicated by the dotted red line), the measured MIP detection
efficiency is 99.99976(2).

Scintillator Efficiency (%)

VetoNu Layer 0 99.99976(2)

VetoNu Layer 1 99.99974(2)

Veto Layer 0 99.99994(1)

Veto Layer 1 99.999976(7)

Veto Layer 2 99.999982(6)

Table 3.1: The independent efficiencies of each of the five veto scintillators using the 2022 dataset.
Veto layer 0 belongs to the first module of the veto scintillator station, veto layers 1 and 2 belong
to the second module of the veto scintillator station.
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Figure 3.11: The timing distribution of the top timing scintillator with a timing resolution of 423.0
± 0.5 ps.

station. The timing scintillator station is used to precisely measure the arrival time of physics1312

signals with respect to the pp collisions at IP1, this information can be used suppress non-collision1313

backgrounds. This station has a larger area than the veto scintillator planes, in order to cover1314

the magnet surface and to detect muons that may enter FASER at a large angle after the veto1315

scintillators. The timing station is made up of two 1 cm-thick 40 × 20 cm scintillator layers1316

which are stacked vertically with a 5 mm overlap and referred to as the top and bottom timing1317

scintillators. Each layer is connected to a Hamamatsu H6410 PMT via light guides that are bent1318

at 90◦ to minimize size due to limited space in the trench. The total charge deposited in the1319

timing scintillator is a combination of the charge deposited in each of the two layers. The timing1320

distribution of the top timing scintillator is shown in Figure 3.11; the top timing station has a1321

timing resolution of 423.0 ± 0.5 ps, the resolution of the bottom timing scintillator is similar.1322

The fourth and final scintillator station is part of the preshower detector; it can be used as an1323

additional trigger station and can also provide coincidence triggering to reduce the rate of non-1324

physics triggers [87]. The preshower detector is located after the final tracking station and before1325

the calorimeter and is shown in Figure 3.13. It is made up of two 20 mm-thick scintillator planes1326

which form the active sensor component. Each scintillator layer is preceded by a 3.18 mm-thick1327

sheet of tungsten that acts as an absorber and aids the development of particle showers. The1328

absorbers correspond to roughly one radiation length. Graphite blocks are interleaved before and1329

after the preshower layers to minimise the back-splash of activity in the calorimeter leaving signal1330
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Figure 3.12: The ratio of charge deposited in the two preshower scintillator layers for a 200 GeV
π−, a 150 GeV µ− and a 200 GeV e− from test beam data. Calculated in terms of the equivalent
number of MIPs.

in the preshower scintillators or the final layer of the tracker. The geometry of the preshower1331

detector is shown in Figure 3.14; in total, the preshower detector has around 2.5 radiation lengths1332

of material. The two preshower scintillator layers are referred to as preshower layer 0 and preshower1333

layer 1. Preshower layer 0 is the first and most upstream scintillator. The role of the preshower is to1334

cause showering of electromagnetic interactions that otherwise would not be distinguishable from1335

other similar signals in the calorimeter, which lacks spatial resolution. In addition, the ratio of the1336

charge deposited in preshower layer 0 and preshower layer 1 can be used for particle identification1337

(PID). Figure 3.12 shows the ratio of charge deposited in preshower layers for a 200 GeV π−, a 1501338

GeV µ− and a 200 GeV e− from test beam data.1339

There is a planned upgrade of the preshower detector, to be installed in TI12 in the 2024 Year1340

End Technical Stop (YETS). Details of the upgraded preshower detector are given in Chapter 8.1341

3.3.3 Tracking Spectrometer1342

FASER has four tracking stations, with three layers per station. There are three stations situated1343

downstream that make up the tracking spectrometer and one station upstream that is the Interface1344

Tracker (IFT) used by FASERν. The FASER tracking stations have three planes which each have1345

eight double-sided silicon microstrip modules with a resolution (x × y) of 580µm × 17µm. The1346

average hit efficiency across the full tracker is 99.64 ± 0.10 %, this is shown in Figure 3.15 as a1347
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Figure 3.13: The current FASER preshower detector, January 2023.

Figure 3.14: A schematic of the current preshower detector: 50 mm graphite blocks, 20 mm plastic
scintillator layers, 3.18 mm tungsten absorber.

44



1.0 1.5 2.0 2.5 3.0
Threshold [fC]

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00
H

it 
Ef

fic
ie

nc
y

FASER preliminary

nominal value

(a)

50 100 150 200
Bias Voltage [V]

0.800

0.825

0.850

0.875

0.900

0.925

0.950

0.975

1.000

Hi
t E

ffic
ien

cy FASER preliminary

nominal value

(b)

Figure 3.15: The hit efficiency as a function of a) the applied hit threshold (in fC) and b) the
applied bias voltage (in V) for the FASER silicon strip (SCT) tracker. The nominal settings are
indicated as as a dashed line, and yields an average hit efficiency across the full tracker of 99.64 ±
0.10 %.

function of applied hit threshold and as a function of applied bias voltage. The nominal settings1348

for threshold and voltage in the tracker are 1 fC and 150 V, respectively.1349

The modules used in the tracker are spare barrel SCT (Semiconductor Tracker) modules from1350

ATLAS [93] and consist of four single-sided silicon microstrip sensors that are glued in pairs on each1351

side of the central baseboard, resulting in the double-sided module. On top of one of the sensors in1352

the pair is a copper/polyimide hybrid that provides the readout electronics. Each sensor is 64 ×1353

63.6 mm2 and has 768 readout strips. The silicon strips are the sensitive element of the SCT sensor,1354

readout of the 128 strip channels is done by ATLAS ASIC readout chips [94]. Figure 3.16 shows1355

an SCT barrel module inside an aluminium test-box. Spatial resolution of 17 µm perpendicular to1356

the strips, and 580 µm parallel to the strips is provided by the 40 mrad stereo angle between the1357

front and back pairs of sensors.1358

The eight SCT modules are shown in Figure 3.17 [93] for a single tracker plane, they are held1359

in place by an aluminium frame and arranged with four modules on each side. The modules are1360

oriented with the strip perpendicular to the y-axis so that the momentum of charged particles that1361
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Figure 3.16: SCT barrel module inside an aluminium test-box.

Figure 3.17: A tracker plane with all eight SCT barrel modules.

46



Figure 3.18: Arrangement of the 4 FASER calorimeter modules in a 2 × 2 configuration before
additional shielding and dual readout PMTs were added.

are separated by the magnetic field can be measured. The distance between the modules is 2.4 mm1362

to achieve an active area overlap of 2 mm in order to avoid gaps. The overall active area of the1363

tracker plane is 240 × 240 mm, which covers the 200 mm-diameter magnet aperture of FASER.1364

3.3.4 Electromagnetic Calorimeter1365

The FASER sampling EM calorimeter is made of four LHCb outer ECAL modules arranged as1366

shown in Figure 3.18 [87]. Each module is 754 mm long, including the PMT and has a transverse1367

size of 121.2 × 121.2 mm. The four modules are separated by a gap of 0.2 mm between the top1368

and bottom modules and approximately 1.2 mm between the left and right modules. There is a1369

50 mrad tilt to the calorimeter in the horizontal plane towards the positive x direction. This tilt1370

is to ensure particles are entering the ECAL modules rather than the gap. Each module features1371

66 alternating layers of 2 mm lead absorber and 4 mm plastic scintillator, this is shown in Figure1372

3.19. Between the lead and scintillator is a very thin layer of TYVEK paper (120 µm), in total1373

each cell corresponds to 25 radiation lengths.1374

The ECAL modules are “Shashlik-type” modules with WLS fibres that penetrate the entire1375

module. These WLS fibres deliver light to a single Hamamatsu R7899-20 PMT [95] at the rear1376

centre of the calorimeter modules. This PMT is a ten dynode-stage head-on PMT custom built for1377
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Figure 3.19: Design of the LHCb outer ECAL modules used for FASER.

Figure 3.20: A FASER calorimeter Hamamatsu R7899-20 PMT.

FASER with a voltage-divider to ensure good linearity in the case of large pulses [87]. The voltage1378

divider and PMT sit in a steel tube, shown in Figure 3.20, with additional permalloy protection1379

surrounding it to reduce the effect of magnetic fields. In front of the tube is a 32 × 8 mm polystyrene1380

light mixer which reduces the non-uniformity of the PMT response. In addition, optical filters can1381

be placed in front of the PMTs to reduce their transmission efficiency to 10%; this allows for the1382

calorimeter to be operated at a higher gain where the non-linearity is reduced, without causing1383

saturation of O(TeV) signals. In fact, to overcome the compromise between running in low or high1384

gain mode, the calorimeter PMTs were upgraded in December 2023 to allow for dual readout. A1385

schematic of this new setup, which allows for measurements to be taken in both high and low gain,1386

and requires an additional digitiser to provide enough channels, is shown in Figure 3.21. However,1387

the analyses discussed in this thesis, only use data taken with the calorimeter in low gain mode.1388

3.4 Trigger and Data Acquisition1389

The trigger and data acquisition (TDAQ) system is designed to maximise rebustness and stability1390

during data taking to ensure that data is recorded with high efficiency [96]. For nominal physics1391

running FASER records data from runs taken with optical filters installed in the calorimeter,1392

as described in Section 3.3.4 and with the calorimeter readout in low gain mode. This is to1393

ensure that high energy deposits do not saturate the calorimeter. Due to it’s location on the1394
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Figure 3.21: Dual readout upgrade for the calorimeter PMTs in YETS 2023. PMT 1 has a “low”
energy range of 0.1 to 300 GeV. PMT 2 has a “high” energy range of 3 to 3000 GeV. The region
of overlap is useful for cross calibrations.

LOS, FASER is designed to be operated completely remotely since there is significant amount of1395

time during data taking that TI12 is inaccessible. FASER does not have a dedicated experimental1396

cavern or physical control room, therefore, monitoring that gives a detailed overview and control1397

of all detector systems, in addition to reliable recording of FASER’s raw data, is vital. FASER1398

employs a operations schedule with a weekly run manager to coordinate detector operations, plan1399

access to TI12 and perform calibrations of the tracker and calorimeter. A weekly shifter monitors1400

the performance of each component of the detector, checks the cooling systems and reports any1401

fluctuations outside of nominal running.1402

Figure 3.22 [96] gives an overview of the FASER TDAQ architecture; the number in brackets1403

is the number of channels used for readout. The calorimeter and scintillators are readout by a1404

CAEN digitiser. The tracker stations are readout by the Tracker Readout Board (TRB). These1405

communicate with the Trigger Logic Board (TLB) which, via Ethernet connection, sends the raw1406

data to data acquisition and storage. The TLB also generates and assigns each event with a bunch1407

counter ID (BCID), this indicates the number of clock cycles that have passed between the last1408

BCR (bunch counter reset signal, generated by the TLB on every LHC orbit signal [96]) and the1409

trigger signal. Therefore, one can define an event with a colliding BCID as an event within ± 11410

BCID of a collision.1411

The CAEN digitiser provides eight trigger outputs to the TLB: VetoNu, 1stVeto, 2ndVeto,1412

TimingTop, TimingBottom, Preshower, CaloBottom, CaloTop. In the case of the calorimeter and1413

scintillators, where a pair of PMTs is used in the trigger definition, “and/or” logic is used. The1414

definitions of the eight trigger outputs are given in Table 3.2. For 2022 and 2023 data taking, the1415
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Figure 3.22: A diagram of the FASER TDAQ architecture showing the underground and surface
elements. The number in brackets is the number of channels used for readout.

second PMT in the first Veto scintillator station was not connected to the digitiser due to lack of1416

available channels. A second digitiser was added to the TDAQ system in 2024 and both PMTs are1417

now connected.1418

The triggers outputs received by the TLB are combined into four triggers items that generate1419

a Level 1 Accept signal [96]. These trigger items are defined in Table 3.3 and also shown in Figure1420

3.23. Figure 3.24 shows the DAQ electronics in TI12.1421
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Table 3.2: The definitions of the eight trigger outputs used in FASER.

Trigger Output Digitiser Logic Definition

VetoNu VetoNu PMT 1 and VetoNu PMT 2

1stVeto First Veto Layer PMT 1 (PMT 2 not connected to digitiser)

2ndVeto Second Veto Layer PMT 1 and Second Veto Layer PMT 2

TimingTop Timing Layer Top Left PMT and Timing Layer Top Right PMT

TimingBottom Timing Layer Bottom Left PMT and Timing Layer Bottom Right PMT

Preshower First Preshower Layer PMT and Second Preshower Layer PMT

CaloBottom
Calorimeter Bottom PMT 1 (Module 0) or

Calorimeter Bottom Module PMT 2 (Module 1)

CaloTop
Calorimeter Top PMT 1 (Module 2) or

Calorimeter Top Module PMT 2 (Module 3)

Table 3.3: Trigger items that combine the eight trigger outputs.

Trigger Item Trigger Output Combination

Scintillator Trigger VetoNu OR 1stVeto OR 2ndVeto OR Preshower

Timing Trigger TimingTop OR TimingBottom

Calo Trigger CaloTop OR CaloBottom

Coincidence Trigger (VetoNu OR 1stVeto OR 2ndVeto) AND Preshower

Figure 3.23: FASER recorded trigger rate for individual items and total recorded rate (black) for
LHC Fill 8143 on 19th August 2022. Trigger items: timing scintillator (green), signal in any veto
or preshower scintillators (orange), coincidence trigger between FASERν veto and preshower (red),
calorimeter (blue).
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(a) (b)

Figure 3.24: DAQ electronics in TI12, January 2023.
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Chapter 41422

Event and Object Reconstruction1423

This chapter provides details of the steps required for event reconstruction. It also discusses1424

calorimetry and important methods regarding measurement of the energy response and resolution.1425

4.1 Event Reconstruction1426

Event reconstruction takes the raw data read from the tracking spectrometer, scintillator PMTs and1427

calorimeter module PMTs and makes the data available for physics analysis. Charged particles will1428

deposit some amount of charge in the VetoNu, Veto and timing scintillator layers, leave tracks in the1429

spectrometer and energy deposits in the preshower scintillators and calorimeter. Neutral particles1430

will leave no signal in the upstream scintillators or the spectrometer but still deposit energy in1431

the preshower and calorimeter. Event reconstruction, as well as simulation and digitisation, is1432

performed in FASER’s Calypso offline software framework [97] based on the ATLAS Athena [98]1433

and LHCb GAUDI [99] frameworks.1434

4.1.1 Track Reconstruction1435

The detection and reconstruction of tracks within the tracking spectrometer is vital in suppressing1436

potential backgrounds and for identifying certain LLP signals in physics analyses, for example in the1437

case of the dark photon. Track reconstruction also plays a vital role in the rejection of background,1438

especially considering the large flux of muons which traverse FASER. Successful reconstruction of1439

particle tracks from the raw data collected in the SCT strips is performed in a number of steps1440
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Table 4.1: Descriptions of the different steps used in the reconstruction of full tracks within FASER’s
tracking spectrometer.

Name Definition Description

Hit
Charge deposits in a

single SCT strip above a threshold

A signal detected in the sensitive element

of the SCT module sensors

Cluster
Adjacent hits in neighbouring

SCT modules

Clusters give the total charge

of groups of SCT strips that see a signal

Spacepoint
The global 3D position of clusters

on both sides of an SCT module

Using the stereo-angle between clusters on the front

and back of a module and combining with the global

position of the SCT module in the aligned geometry

Segment
Partially reconstructed track in a

single tracking station

A fit of all spacepoints in individual tracking layers

in an SCT module. Segments must have an

x-angle ≤ 0.08 rad, indicating a straight track

Full Track
A fully reconstructed track that

traverses the full spectrometer

The track segments are used as seeds in a Kalman

filter within the ACTS library

which take the hits in the tracker and finally form full tracks. The stages in track reconstruction1441

are defined in Table 4.1.1442

A hit in the tracker is recorded when the amount of charge deposited in a single strip is above1443

a certain threshold. A cluster can therefore be defined as adjacent strips on one side of the SCT1444

module, since clusters can only form on a single side of a module the cluster position is only based1445

on the precision local coordinate ŷ. The position of a cluster is defined by the charge-weighted1446

position of the hits. A spacepoint defines the global 3D position of a track, providing the local x̂1447

position of clusters on two sides of a module using the stereo angle between them and combining this1448

with the global position of the SCT module in the aligned geometry. All spacepoints in the three1449

individual layers within a given SCT module are linearly fitted to form track segments that could1450

potentially form a full track within the full tracking spectrometer. The maximum x-angle that a1451

track segment can have and still be considered part of a straight track capable of traversing the full1452

spectrometer, is 0.08 rad. Any track segment with an x-angle above this threshold is discarded. If1453

a track segment shares over 60% of its clusters with another segment, only the track segment with1454

the smallest χ2 is kept. This requirement avoids overlapping segments. The track segments are1455

used as seeds in a Kalman filter [100] within the ACTS library [101] which takes into account the1456

detector material and the effect of the magnetic field in the spectrometer.1457
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Figure 4.1: An event display showing a collision event of a muon traversing the FASER detector.
The measured track momentum is 21.9 GeV. The waveforms are shown for signals in scintillator
counters and calorimeter modules and are fitted using a Crystal Ball function. All PMT waveforms
are consistent with a muon passing through the scintillators and one of the calorimeter modules.
The event has been triggered by modules in the VetoNu scintillator station, veto scintillator station
and timing scintillator station with pulses above 25 mV, and by modules in the preshower station
with pulses above above 3 mV. The detected hits in the SCT modules are shown with blue lines
and the reconstructed track is shown with a red line. In the title of the waveform plots, left and
right is defined facing the downstream direction.

Figure 4.1 shows a reconstructed track from a muon traversing FASER. The hits in the SCT1458

modules are represented by the horizontal blue lines, the reconstructed full track is shown with1459

the red line, traversing all three tracking stations in the spectrometer. This muon has a track1460

momentum of 21.9 GeV.1461

4.1.2 PMT Waveform Reconstruction1462

Physics data readout from FASER’s scintillators and calorimeter are in the form of digitised in-1463

formation produced by analog-to-digital converters (ADCs). An ADC converts a physics signal,1464

for example the integrated charge readout by a PMT, into a finite number of bits that represent1465

the size/amplitude of said physics signal. Steps must be taken, including inverting the raw wave-1466

form and subtracting the baseline noise of the signal, to produce reconstructed waveforms that are1467

prepared for physics analysis.1468

The first step of the offline reconstruction process involves pedestal subtraction of the baseline1469

noise and inversion of the negative ADC pulse. An example of a raw PMT waveform readout1470
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Figure 4.2: A example of a typical PMT raw waveform signal coming from the digitiser. Waveforms
have a window of 1200 ns, with 2 ns bins and a negative amplitude of ADC counts.

from the digitiser is shown in Figure 4.2. The digitiser has a 2 V range with a 14 bit readout,1471

resulting in a 0.122 mV/ADC conversion factor. For the baseline subtraction, the distribution of1472

the ADC counts is fitted with a Gaussian fit to obtain the most common value, this process is shown1473

in Figure 4.3. The length of the waveform is large in comparison to the signal pulse, therefore,1474

the most common value obtained from the fit corresponds to the baseline noise. The measured1475

baseline mean is subtracted from the raw waveform and then the signal inverted, in order to get a1476

baseline-subtracted positive pulse which can be used in reconstruction.1477

Figure 4.4a shows the resulting waveform, within a 120 ns reconstruction window either side of1478

the expected trigger time, fitted with a Crystal Ball function. The fit is defined in Section 4.2.1.1479

This allows extraction of the mean, peak and integral of the distribution. This is converted into1480

deposited charge according to the ADC conversion 0.122 mV/ADC. Figure 4.4b shows a failed fit1481

of a saturated waveform pulse, in this case it is preferable to use the raw charge extracted from1482

the distribution rather than the fitted value. Figure 4.5 shows a reconstructed waveform of a high1483

energy signal in the bottom right calorimeter module.1484

Figure 4.1 shows an event display of the full FASER detector geometry and the reconstructed1485

PMT waveforms from a collision event with a muon traversing FASER. The event was triggered1486

by pulses in the VetoNu scintillator, Veto scintillator and timing scintillator above 25 mV, and by1487

pulses in the preshower station above 3 mV.1488

56

gwilliam
Highlight
You said above it was invereted before the noise.  Which is it?

gwilliam
Highlight
In addition to the muon track, Figure 4.a shows ...

gwilliam
Highlight
This doesn't make sense.  If it is saturated you can't use the raw values as they are truncated and not representative.  Isn't it that we use the raw UNLESS it is saturated?



(a) (b)

Figure 4.3: (a) The distribution of ADC counts for a PMT waveform (b) A Gaussian fit of the
zoomed in ADC histogram range.

(a) (b)

Figure 4.4: (a) A example of a typical PMT raw waveform signal coming from the digitiser. Wave-
forms have a window of 1200 ns, with 2 ns bins and a negative amplitude of ADC counts. (b) An
example of a saturated waveform pulse.
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Figure 4.5: A example of a reconstructed waveform in the bottom right ECAL module.

4.2 Calorimeter Response1489

This section discusses the response and simulation of FASER’s calorimeter, including investigations1490

into the most realistic setup and corrections applied to the material desciption and geometry. The1491

energy resolution of a calorimeter is discussed in the context of the ECAL simulation, using results1492

from the FASER 2021 calorimeter test beam. Full details of the test beam are presented in Chapter1493

8.1494

Sampling EM calorimeters, such as FASER’s, are designed to absorb high-energy electrons and1495

photons and measure their energies through electromagnetic interactions such as bremsstrahlung1496

and pair production. This is a destructive process which does not apply to muons or neutrinos that1497

can penetrate significant amounts of material.1498

When the charged particles such as electrons or neutral particles such as photons interact with1499

the EM calorimeter, the resulting EM showers are relatively compact and have a short shower1500

depth, ideal for a detector the size of FASER. The size and shape of the shower is governed by the1501

radiation length, defined as the mean length (in cm) to reduce the energy of an electron interacting1502

with the EM calorimeter by a factor of 1/e [102] and depends on the material of the calorimeter,1503

the density, and the energy loss of the incoming interacting particles. Charged particles lose energy1504
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Figure 4.6: The energy loss for positive muons according to the Bethe-Bloch formula (shown
between the second and third grey band. The rest of the plot shows other models).

by ionisation according to the Bethe-Bloch equation [4]:1505

〈
−dE

dx

〉
= Kz2

Z

A

1

β2

[
1

2
ln

2mec
2β2γ2Wmax

I2
− β2 − δ(βγ)

2

]
(4.1)

where Wmax is the maximum energy transfer possible in a single collision, I is the mean excitation1506

energy, β = v/c, e is electron charge and me is the electron rest mass, K = 4πNAr
2
emec

2, z is the1507

charge number q/e, Z is the atomic number of the absorber, A is the atomic mass of the absorber.1508

Conversely, muons are considered minimum ionising particles (MIPs) which do not lose much1509

energy in the calorimeter. Figure 4.6 [103] illustrates the energy loss of muons according to the1510

Bethe-Bloch formula, ionisation dominates in the MeV to TeV energy range.1511

4.2.1 Energy Response1512

Not all the energy of an incident particle is deposited in the calorimeter, as there are also absorber1513

layers which degrade the signal. The fraction of energy effectively reconstructed by the calorimeter1514

needs to be estimated and then corrected to achieve the total calorimeter EM energy of an event.1515

One of the functions believed to best reflect the behaviour of an electron depositing energy1516
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in a calorimeter, and therefore best fit the spectrum of deposited energy, is the Crystal Ball ()1517

function. The function was developed to describe the distribution of energy deposited by electrons1518

or photons, however, it does not allow the extraction of the initial particle energy.1519

The is made up of a Gaussian peak and a power-law tail, giving it an asymmetry compared to1520

the standard Gaussian. The function is given by [104]:1521

fCB(x : µ, σ, α, n) = N


e−

(x−µ)2

2σ2 , for x−µ
σ > −α

A
(

n
|α| − |α| − x−µ

σ

)−n
, for x−µ

σ ≤ −α

(4.2)

where A =
(

n
|α|

)n
e−

|α|2
2 and where µ and σ are the mean and standard deviation of the Gaussian1522

peak, n is the exponent of the tail function, α represents a parameterisation of the Gaussian and1523

tail function, and N is the normalization factor. The µ and σ parameters are typically used to1524

study the energy scale and energy resolution of a calorimeter.1525

The distribution best believed to describe the fluctuations of energy loss due to a minimum1526

ionising particle (MIP), such as a muon, passing through matter is the Landau distribution [105].1527

This distribution resembles a Gaussian with a long upper tail and gives the probability that the1528

particle loses energy δ whilst traversing x:1529

fl(x, δ) =
ϕ(λ)

ζ
(4.3)

where ϕ(λ) is the Landau function and λ is Landau’s universal variable given by:1530

λ =
1

ζ
(δ − ⟨δ⟩)− β2 − ln

(
ζ

Em

)
− 1 + γE (4.4)

where ζ is an approximation of the energy loss and γE is Euler’s constant. The energy loss cor-1531

responding to the maximum of fl(x, δ) is the mean most probable energy loss, referred to as the1532

most probable value (MPV).1533

Figure 4.7 shows fitted MC distribution for a 100 GeV electron fitted with a function and a1534

100 GeV muon fitted with a Landau distribution, simulated in FASER’s ECAL. As expected for a1535

MIP, a very small fraction of the muon’s total energy is deposited in the calorimeter. An electron1536
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(a) (b)

Figure 4.7: Fitted MC distribution for (a) a 100 GeV electron fitted with a function (b) a 100
GeV muon fitted with a Landau distribution simulated in FASER’s ECAL

is expected to deposit roughly 16.5% of beam energy in FASER’s calorimeter.1537

4.2.2 Corrections and Local Effects1538

Since FASER uses outer ECAL modules from LHCb, comparison with their results is useful, par-1539

ticularly when comparing the energy response and local calorimeter effects. Understanding these1540

effects is necessary to implement a realistic simulation. In addition, accurate simulation of the exact1541

material used in FASER can have a large impact on the simulated energy response. This section will1542

explore the impact of implementing Birks’ law correction and non-uniformities in light-collection1543

efficiency in order to build a realistic simulation of FASER’s ECAL.1544

Birks’ Law is an empirical formula for the light yield per path length as a function of energy1545

loss per path length, for a particle traversing a scintillator [106]. It is not linear at high loss rates1546

and decreases the energy deposited by around 3%. The correction factor applied to the energy loss,1547

dL/dx, is given by:1548

dL

dx
=

1

1 +
(
c1 ∗ dE

dx /ρ+ c2 ∗
(
dE
dx /ρ

)2) (4.5)

where c1 = 0.013 gMeV−1cm−2, c2 = 9.6 × 10−6 g2MeV−2cm−4, ρ is the density in gcm−3 and1549
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(a) (b)

Figure 4.8: Non-uniformity in calorimeter response across the ECAL cell for (a) a 50 GeV electron
in LHCb data (b) a 200 GeV electron in FASER data. The dashed blue line on the LHCb plot
shows the centre of the ECAL cell, the solid blue lines indicate the edges. The FASER plot shows
data collected from two areas of the ECAL cell: away from the WLS fibres (green) and close to the
WLS fibres (red), showing the position-dependent response, in addition to the change in response
at the cell edge.

dE/dx is the average energy loss in MeVcm−1 according to the Bethe-Bloch formula in Equation1550

4.1.1551

In addition to this, there are also non-uniformities in the ECAL due to light collection efficiency1552

and energy reflection at the edges [107]. Figure 4.8a [108] shows the variation seen at the ECAL1553

cell edges of the LHCb outer modules in the case of 50 GeV electrons. The dashed blue line1554

indicates the centre of the ECAL cell and the solid vertical lines indicate the edges. Figure 4.8b1555

shows the variation in calorimeter response as a function of position in FASER data. It also shows1556

the difference in the response based on the position within the ECAL cell; the red fit uses data1557

collected close to the WLS fibres in the ECAL module, light collection improves close to these1558

fibres. Accounting for these non-uniformities in calorimeter response in the simulation results in1559

an increase in deposited energy of ∼3%.1560

Finally, the layer of Tyvek paper between the alternating plastic scintillator and lead layers in1561

the calorimeter was not initially taken into account in the FASER MC geometry. The addition of1562
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this material into the simulation of the calorimeter geometry decreased the energy deposited in the1563

calorimeter by around 6%. Plots showing the change in energy deposition with the implementation1564

of these effects and corrections can be found in Appendix A.1.1565

4.2.3 Energy Resolution1566

The measurement of energy with an EM calorimeter is based on the principle that the energy1567

deposited by a charged particle shower is proportional to the energy of the incident particle. The1568

energy resolution, σ/E, of a realistic calorimeter is defined as [109]:1569

σE/E = a/
√
E ⊕ b/E ⊕ c (4.6)

where σ is the width of the distribution, ⊕ indicates quadratic sum. The a/
√
E term is the1570

stochastic term that describes fluctuations related to the physical development of the particle1571

shower; b/E is the noise term which describes electronic noise of the readout chain; c represents1572

the constant term that is independent of the particle energy.1573

LHCb test beam simulation using the same ECAL modules [108] found an energy resolution1574

with a stochastic term of (9.4 ± 0.4)% and a constant term of (0.83 ± 0.02)%. The energy response1575

and resolution of the ECAL modules in LHCb simulation are shown in Figure 4.9 [108]. The energy1576

resolution found in FASER test beam simulation is (9.73 ± 0.08)% with a constant term of (0.97±1577

0.01)%. The comparison of the two results is shown in Figure 4.10. Measurement of the energy1578

resolution of the FASER calorimeter is further explored in Chapter 8 where the results of the 20211579

calorimeter test beam are discussed. The fit of the simulation in Figure 4.10 does not include a1580

noise term since the measurement of the resolution was performed on MC before any digitisation1581

steps to mimic realistic detector noise. The results show that the calorimeter energy resolution1582

is O(1%) in the high energy range relevant to the analyses discussed in this thesis. This level of1583

energy resolution in the calorimeter is more than sufficient for physics analysis.1584
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(a) (b)

Figure 4.9: Simulation of the (a) energy response and (b) energy resolution of electrons in the outer
ECAL module LHCb test beam

Figure 4.10: The simulated energy resolution of electrons in FASER’s ECAL (red) compared to a
parameterisation of LHCb test beam results (green).
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Chapter 51585

The Modelling of Physical Processes1586

and Statistical Analysis1587

The realistic modelling of hadron-hadron collisions and the resulting parton interactions is impor-1588

tant in particle physics analysis. The generation of dedicated Monte Carlo (MC) simulations is1589

necessary to study potential new physics signals and in order to estimate background processes.1590

This chapter describes the MC samples used in generating the dark photon and ALP signals for1591

the two analyses discussed in this thesis. It includes discussion of the systematic uncertainties that1592

arise due to variations in the generator predictions and descriptions of the samples used in back-1593

ground estimation. This chapter also details the statistical framework used to interpret the results1594

of the dark photon and ALP searches, where MC predicted signal yields are used in combination1595

with background predictions to set the exclusion limits presented in this work.1596

5.1 Monte Carlo Simulation and Event Generators1597

The modelling of pp collisions, and the resulting interactions, requires an understanding of parton1598

interactions. Protons cannot be dealt with as point-like particles, but rather their interactions can1599

be described in terms of their constituent, point-like quarks and gluons.1600

Calculations in the Standard Model used to simulate realistic physics interactions depend on1601

factorisation theorems [110]. Factorisation allows for the separate treatment of different processes.1602

Hard scattering processes at high energy in the LHC, where constituent partons of the incoming1603
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beams interact and produce a relatively small amount of highly-energetic outgoing particles, can1604

be perturbatively calculated [111]. In softer processes, at lower energies typically around 1 GeV,1605

incoming partons are confined within the beam and interact non-perturbatively to produce outgoing1606

particles. Soft processes cannot be calculated from first principles but instead need to be modelled1607

[112].1608

The Parton Distribution Function (PDF) can be considered the probability of finding a parton a1609

with a momentum fraction x in a hadron h. The PDF is independent of the particular process and1610

cannot be calculated using perturbation theory, it must be determined using experimental data. It1611

contains all unresolved emission below the factorisation scale µF . The factorisation scale can be1612

considered as the cutoff between perturbative and non-perturbative processes. The renormalisation1613

scale can be considered the scale at which the strong coupling constant αs is calculated for hard1614

processes.1615

The cross section for a scattering process ab → n in a hadronic collision [111] can be calculated1616

through:1617

σ =
∑
a,b

∫ 1

0
dxadxb

∫
fh1
a (xa, µF )f

h2
b (xb, µF )dσ̂ab→n(µF , µR)

∑
a,b

∫ 1

0
dxadxb

∫
dϕnf

h1
a (xa, µF )f

h2
b (xb, µF )

× 1

2ŝ
|Mab→n|2(ϕn;µF , µR)

(5.1)

where:1618

• fh
a (xa, µF ) is the parton distribution function (PDF) that depends on the momentum fraction1619

x (the Bjorken variable) of a parton a compared to the parent hadron h and the factorisation1620

scale µF .1621

• σ̂ab→n is the production cross section of process n. This parton-level cross section depends1622

on the momenta given by the final-state phase space ϕn, the factorisation scale, and the1623

renormalisation scale µR.1624

• |Mab→n|2(ϕn;µF , µR) is the matrix element describing the hard scattering processes, averaged1625

over initial-state spin and colour degrees of freedom. The matrix element can be considered1626

as the sum over all the Feynman diagrams for a given process1627
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• 1
2ŝ describes the parton flux, 1

2ŝ = 1
2xaxbs

where s is the hadronic centre-of-mass energy squared1628

Standard event generators used in particle physics are typically based on the parton model1629

and employ Leading Order (LO) or Next-to-Leading-Order (NLO) matrix elements to compute1630

simulations [112]. NLO QCD computations have become the typical tools employed at hadron1631

colliders, tests have been carried out by comparing NLO results with experimental measurements.1632

LO calculations include dominant QCD effects at leading logarithmic level, but do not have the1633

same accuracy that NLO enforces. To provide a precision measurement requires the merging of LO1634

and NLO calculations.1635

A problem with merging NLO calculations with PS simulations is the risk of over-counting.1636

Double-counting occurs when the first emission from the PS and NLO correction is counted in each1637

case. Matching matrix elements and parton showers resolves the issue of double counting when it1638

comes to including NLO calculations in addition to LO [113]. This can be acheived in various ways.1639

One solution is the MC@NLO proposal [114], that avoids the over-counting by subtracting the NLO1640

approximation from the exact NLO cross section. Another method, and the one implemented in1641

this thesis, is the POWHEG method to successfully incorporate NLO into the parton shower. An1642

unavoidable feature of subtraction methods is the negative weights, the treatment of these is also1643

handled by POWHEG.1644

5.1.1 MC Event Generators1645

Listed here are the event generators used in the production of signal and background processes in1646

MC used in the analyses discussed in this thesis. This is, of course, not an exhaustive list of all1647

event generators and there are other methods used for matrix and PS matching.1648

1649

PYTHIA The PYTHIA event generator is used for the generation of high-energy physics collision1650

events, named after the Ancient Greek Pythic oracle [115]. The structure of the PYTHIA event1651

generator can be split into three main parts [116]: the process level which includes the hard scat-1652

tering processes, described perturbatively; the parton level which includes initial and final state1653

radiation, the simulation of various shower models and beam remnants; the hadron level which1654

deals with QCD confinement, the decay of unstable hadrons and hadron rescattering, described1655
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non-perturbatievly using modelling and tuning of parameters. In this thesis, PYTHIA8 is used1656

both with the default Monash tune [117] and a dedicated forward tune [118]. PYTHIA is used as1657

a PS generator matched to NLO generators such as POWHEG.1658

1659

POWHEG The POWHEG [114] event generator applies NLO accuracy to the simulation of1660

hadron-hadron collisions. This is achieved through matrix element generation that is interfaced1661

with generators such as PYTHIA in order to simulate the parton shower. POWHEG is used in this1662

thesis with the NNPDF3.1sx+LHCb PDF set [119, 120] to model the production of B-mesons at1663

NLO+NLLx 1[122] accuracy, matched with PYTHIA8 [2] to model the parton shower and hadro-1664

nisation.1665

1666

EPOS-LHC The EPOS-LHC [123] event generator is designed for minimum bias hadronic inter-1667

actions, used for both heavy ion interactions and cosmic ray air shower simulations. EPOS-LHC1668

is used to generate the flux of light hadrons in the forward region, including forward π0 and η1669

production.1670

1671

SIBYLL The SIBYLL [124] event generator is used for cosmic ray and extensive air shower sim-1672

ulations. SIBYLL is used to model hadronic interactions at fixed target and collider experiments,1673

it is based on the Dual Parton Model, Lund Monte Carlo Model and minijet model. In this thesis1674

it is used to calculate the uncertainty on the light hadron flux.1675

1676

QGSJET The QGSJET [125] event generator is another cosmic ray event generator which is used1677

to model light hadrons, QGSJET is based on the quark gluon string model. The prediction from1678

this generator is also taken into account when calculating the light hadron flux uncertainty.1679

1680

DPMJET The DPMJET [126] event generator is a cosmic ray event generator based on the Dual1681

Parton Model, it is often used to simulate the production of charmed hadrons.1682

1683

1NLLx refers to the computation of next-to-leading logarithmic corrections which deal with small-x resummations
due to scaling variations [121].
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GENIE GENIE [127] is a neutrino event generator and simulation package that aims to model all1684

types of neutrino interactions with any neutrino flavour and target type. The framework uses a1685

large number of physics models including nuclear physics models, hadronization models and cross1686

section models which provide accurate calculations of the differential and total cross section of1687

interacting neutrinos. It is used to model the interactions in each of the neutrino MC samples used1688

in this thesis.1689

1690

FLUKA FLUKA [92] is an event generator and simulation package. It provides MC estimations1691

with many applications in high energy experimental physics and engineering, shielding, detector1692

and telescope design, cosmic ray studies, dosimetry and medical physics. It is used in the generation1693

of several high-statistic muon MC samples in this thesis.1694

5.1.2 FORESEE: The Forward Experiment Sensitivity Estimator1695

Properly modelling the far-forward spectra of mesons which could produce BSM signatures is vital1696

to understand and predict FASER’s sensitivity to LLPs. As discussed above, there are many event1697

generators that can be used to produce MC simulation of hadronic interactions. However, these1698

event generators do not provide predictions of the fluxes of the resulting LLPs at FASER.1699

The Forward Experiment Sensitivity Estimator (FORESEE) is the package used by FASER1700

that provides the spectra of an extensive list of light mesons, baryons, photons, charmed hadrons,1701

bottom hadrons and heavy gauge bosons and predicts the resulting LLP spectra specific to the1702

FASER location [128]. Figure 5.1a shows the forward spectra predicted by EPOS-LHC in the case1703

of neutral pions, a primary source of dark photons. Figure 5.1b shows the forward spectra predicted1704

by PYTHIA8 with the Monash tune in the case of neutral B-mesons, a primary source of ALPs.1705

The angular acceptance of FASER is to the left of the dashed line in each case. The characteristic1706

transverse momentum of each meson is indicated by the diagonal dashed line. In FORESEE these1707

distributions are used to generate the forward LLP flux due to these meson decays.1708

FORESEE allows the user to obtain the expected sensitivity reach for particular BSM mod-1709

els. The package performs simulations for an extensive range of BSM models with experimental1710

geometries specific to FASER and with the option to apply basic cuts to the visible signal [128].1711

Three different LLP production modes are considered within the framework; the main production1712
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(a) (b)

Figure 5.1: The distribution of (a) π0 mesons and (b) B0 mesons in the forward (θ, p) plane. Where
θ is the angle with respect to beam axis and p is the meson’s momentum. The predicted spectra is
obtained assuming 14 TeV pp collision energy. The angular acceptance of FASER is indicated.

mode of LLPs in most models is from the decay of SM particles. LLPs may also be produced in1713

three-body decays, where mixing with SM particles occurs. Finally, LLPs can be produced directly,1714

for example as in A′ production via Bremsstrahlung or Drell-Yan production as discussed in Chap-1715

ter 2. FORESEE generates neutral pions using the EPOS-LHC generator and generates B-mesons1716

using PYTHIA with various tuning parameters including the Monash tune [117] as discussed in the1717

above section.1718

5.2 Modelling of the Dark Photon and ALP Signal1719

The production of dark photons in the far-forward region is modelled in FORESEE using the1720

EPOS-LHC generator. The production of sufficiently light dark photons occurs primarily through1721

the decay of forward π0 and η mesons. Dark photons can also be produced via dark Bremsstrahlung,1722

modelled by the Fermi-Weizacher-Williams approximation [1]. The relevant Feynman diagrams for1723

dark photon production via pion decay and dark bremsstrahlung are shown in Figure 2.5 in Chap-1724

ter 2.5.1, Figure 2.6 shows the different production mechanisms and the far-forward dark photon1725

production cross section as a function of mass. At heavier masses, the production is dominated by1726
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Figure 5.2: Predictions for the production of B-mesons with POWHEG+Pythia prescription used
for the ALP signal MC (NLO+NLL PDF + P8), compared to the POWHEG+HERWIG and LHCb
data. The blue band shows the large scale uncertainties.

Drell-Yan production [44] but this is outside of the dark photon mass considered in this search.1727

The production of ALPs mainly occurs in FCNC decays of kaons and B mesons. The modelling1728

of light hadrons that make up the ALP signal is done using the EPOS-LHC event generator. The1729

simulation of the forward B-mesons comes from recommendations outlined in Ref. [129] using1730

POWHEG with the NNPDF3.1sx+LHCb PDF set [119, 120] to model the B-meson production1731

at NLO+NLLx [122] accuracy, matched with PYTHIA8 [2]. The NLO calculation is performed in1732

a fixed-flavour scheme with massive heavy quarks and the hadronisation of these heavy quarks is1733

modelled using PYTHIA8. Figure 5.2 shows how the modelling of the production of B-mesons with1734

the prescription chosen for this analysis agrees well with data, although with large uncertainties.1735

The uncertainty on the light hadron component of the ALP signal comes from the spread of1736

the generator predictions provided by SIBYLL, QGSJET, PYTHIA and PYTHIAForward 2 . The1737

2A dedicated forward tune of PYTHIA discussed in Ref. [118].

71

gwilliam
Highlight
forward LHCb data



uncertainty associated with the charm hadron component comes from the POWHEG+PYTHIA1738

minimum and maximum predictions, which use variation of the factorisation and renormalisation1739

scales by a factor of 2 and a factor of 1
2 . The central factorisation and renormalisation scales are1740

set to µF = µR = (m2
Q + p2T,Q)

1/2 defined in Ref. [129], in addition to a 20% uncertainty in the1741

modeling of the B hadrons, recommended following discussion with the FASER theory group, due1742

to the large uncertainties that can be seen in Figure 5.2.1743

For the generation of the ALP signal, the weights of the different generators are taken into1744

account in the simulation stage before digitisation and reconstruction. With the generation of the1745

A’ signal, the uncertainty is derived using a parameterisation of the signal yields from EPOS-LHC,1746

QGSJET and SIBYLL, this is described in Chapter 6.1747

5.3 Overview of MC Background Samples1748

This section gives an overview of the MC samples used to evaluate background predictions and1749

systematic uncertainties. This includes the MC samples used to: predict the neutrino background;1750

study photon conversion events; predict the muon flux at FASER; investigate the muon flux specif-1751

ically reaching FASER at large-angles.1752

5.3.1 Modelling of Far-Forward Neutrino Interactions1753

Simulation of the total flux of neutrinos at FASER is vital to the dark photon and ALP searches.1754

The total background estimation from neutrinos in both of the analyses is reliant on MC prediction1755

and the neutrino interactions are modelled with GENIE.1756

In the dark photon analysis, where the component of neutrino background is negligible, a 3001757

ab−1 MC sample of neutrino interactions is used. Modelled in GENIE, this sample uses EPOS-LHC,1758

QGSJET, DPMJET3, SIBYLL and PYTHIA, according to Ref. [130].1759

In the ALPs analysis the component of neutrino background is not negligible and is modelled1760

according to updated recommendations in Ref. [129]. There are two primary components of the far-1761

forward neutrino flux: light, displaced hadron decays and prompt charmed hadrons. The component1762

of neutrino flux coming from light hadrons is simulated using the EPOS-LHC generator. An1763

3DPMJET has not been tuned to charm production data [130] and is not validated for charm production, it was
not included in the generation of neutrino MC for the ALP analysis.
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(a) (b)

Figure 5.3: The predicted energy distribution of (a) electron neutrinos and (b) muon neutrinos for
an integrated luminosity of 250 fb−1. The component from light (charm) hadron decays is shown
in red (blue). The shaded regions show the corresponding uncertainties associated with the flux.

envelope of the EPOS-LHC, SIBYLL, QGSJET and PYTHIAForward generators is used to derive1764

the uncertainty. The charm hadron component comes from the POWHEG+PYTHIA prediction1765

with uncertainty derived from scale and tuning variations in the same way as the ALP signal1766

MC. To combine the light and charm uncertainties to give the symmetric uncertainties on the1767

νe and νµ component, the maximum deviation from the nominal yield is calculated and then1768

added in quadrature. The neutrino flux produced from the different MC event generators is shown1769

in Figure 5.3 for both νe and νµ [131], the large uncertainties particularly associated with the1770

POWHEG+PYTHIA charmed hadron component are clear from the large error bands.1771

For each of the MC samples used for the neutrino background estimation, 10ab−1 are simulated1772

and scaled to the size of the dataset used in the ALP search.1773

5.3.2 FLUKA and Large-angle Muon Simulations1774

In both analyses, the component of background from muons that may miss the veto scintillators1775

must be evaluated. The use of tracking variables in the signal selection for the dark photon1776

search, which looks for two closely-spaced charged tracks from an e+e− pair makes rejecting muon1777
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background simple. However, there is still a possibility that large-angle muons which miss the1778

veto scintillators could enter FASER and produce signal-like topology. It is more difficult to reject1779

this type of background in the ALP search, where no requirements are placed on tracks, therefore,1780

different MC samples are used to evaluate this backgrounds to more specifically target the large-1781

angle muons.1782

For the purposes of background estimation in the dark photon analysis, two MC samples of high1783

energy muons are used, sampled from the 2D FLUKA energy and angular spectra [92, 132, 133].1784

The first sample simulates 2 × 107 muon events entering FASER from the direction of IP1. The1785

second sample contains 8 × 105 events generated to study muon events that could miss the veto1786

scintillators. These events are generated before the VetoNu detector (z = −3.75 m) at a radius1787

of 15-30 cm spanning the edge of the VetoNu acceptance. These samples are used to evaluate the1788

component of large-angle muon background present in the dark photon analysis, see Chapter 6.3.4.1789

The first MC sample considered in the ALPs search is generated from a FLUKA sample con-1790

sisting of 200 million pp collisions, resulting in 15 × 106 muon events. This sample includes a1791

realistic spectrum of muons entering from all directions, therefore giving an idea of the number of1792

such large-angle muon events that survive analysis selections, it is also used to estimate the neutral1793

hadron background in Chapter 7.3.2. It provides more statistics than previous samples used in the1794

dark photon search. To properly evaluate the large-angle muon component, there is an additional,1795

dedicated large-angle muon MC sample also used to study this type of muon background. In this1796

sample 4 × 105 muons are simulated at a large radius (9 cm < r < 25 cm) with the FLUKA1797

energy spectrum. The full method for estimating the component of large-angle muon background1798

in explored in Chapter 7.3.4.1799

5.4 Statistical Analysis1800

Data analyses rely on prediction for the various signal and background components in the data to1801

aid the interpretation of observations, where the signal component describes the process of interest.1802

If no excess is observed in the data, exclusion limits may be set within a grid of potential physics1803

scenarios, excluding a subset of the tested parameter space. The statistical interpretation of the1804

results is done using the statistical analysis framework HistFitter [134], described in the following1805
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section.1806

5.4.1 The HistFitter Framework1807

The HistFactory package is used to build a parametric model to describe the data which is provided1808

as histograms of the MC signal model and associated background. A Probability Density Function1809

(PDF) is constructed to perform fits on the data. The framework performs a profile-likelihood fit,1810

with a general likelihood of an analysis represented by the product of a Poisson distribution of1811

the number of events in control regions (CRs) and signal regions (SRs), and additional Gaussian1812

distributions which constrain the uncertainties. The likelihood, which can be thought of as the1813

probability of a particular outcome of an experiment, is given in Equation 5.2 [134]:1814

L(n, θ0|µsig, b, θ) = PSR × PCR × Csyst

= P (nS |λS(µsig, b, θ))×
∏
i∈CR

P (ni|λi(µsig, b, θ))× Csyst(θ
0, θ)

(5.2)

where nS and ni are the Poisson measurements of the number of events in the signal region and1815

control region i, θ is the nuisance parameter that describes each systematic uncertainty, b is the1816

background prediction, λS and λi represent the Poisson prediction of the number of events in the1817

SR and CRs. µsig is the signal-strength parameter.1818

Csyst is the systematic uncertainty term, a probability density function constructed with the1819

product of the Gaussian distributions of each systematic variation [134]. The nominal value of the1820

nuisance parameters describing the systematic uncertainties is varied and a maximum likelihood1821

procedure is performed:1822

Csyst(θ
0, θ) =

∏
j∈systs

G(θ0j − θj) (5.3)

where G is the Gaussian width.1823

HistFitter performs statistical tests based on interpolation and extrapolation algorithms which1824

describe the parameterised PDFs for all values of nuisance parameters θj . The likelihood function1825

in Equation 5.2 is used to construct a profile likelihood ratio in order to test hypothesised values1826

of µsig [135].1827

The first step is performing a profile likelihood ratio [135] to test hypothesised values of µsig1828
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given by a test statistic tµsig defined in Equation 5.4. In the search for new physics, the test statistic1829

can be used to assess the level of agreement between expected and observed signal yields. A high1830

value of tµsig represents incompatibility between the data and µsig.1831

tµsig = −2 ln

(
L(µsig,

ˆ̂θ)

L(µ̂sig, θ̂)

)
. (5.4)

The numerator in Equation 5.4 represents the value of θ that maximises L in Equation 5.2 for a1832

particular µsig. It is the conditional maximum-likelihood estimator of θ; the denominator is the1833

maximised (unconditional) likelihood function [135].1834

In the search for new physics there are two hypotheses to consider: a background-only hypoth-1835

esis assumes no BSM signal, only contributions from the Standard Model are taken into consid-1836

eration; a signal+background hypothesis assumes that a BSM signal is present in the dataset in1837

addition to the SM expectation. The distribution of the test statistic is evaluated for each of these1838

hypotheses. When the signal strength is set to µsig = 0 the signal component is turned off, for1839

µsig = 1 the signal expectation is set to the nominal value of the model under consideration [134].1840

Given a hypothesis H0, the p-value can estimate the significance of a discrepancy between data1841

and the assumption made in H0 [4]. Equation 5.5 [135] defines the p-value in terms of test statistic:1842

p =

∫ inf

tµsig,obs

f(tµsig |µsig)dtµsig , (5.5)

where tµsig ,obs is the value of the test statistic observed in data, f(tµsig |µsig) represents the PDF of1843

tµ. The p-value can be visualised as the integral of a PDF from the observed value to the end of1844

the probability density function, this is shown in Figure 5.4a [135]. In particle physics searches the1845

usual convention is to convert the p-value to a significance Z, the relation between the p-value and1846

significance is shown in Figure 5.4b [135] and defined according to the quantile Φ−1 of a Gaussian1847

distribution in Equation 5.6. A rejection of the background hypothesis with a significance of at1848

least Z = 5 is considered an appropriate level to be deemed a discovery.1849

Z = Φ−1(1− p) (5.6)

1850
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(a) (b)

Figure 5.4: (a) The p-value can be visualised as the integral of a PDF from the observed value to
the end of the probability density function. This is shown in Figure 5.4a. (b) The relation between
the p-value and significance Z

To determine whether an observation agrees with the background-only hypothesis, or with the1851

signal+background hypothesis as an indication of new physics results, the CLs method [136] can be1852

used. The CLs can be thought of as the confidence a physicist can have in the signal hypothesis, and1853

can be defined in terms of the background-only confidence-level CLb and the signal+background1854

confidence-level CLs+b:1855

CLs =
CLs+b

CLb
(5.7)

A confidence-level of 90%, the convention used for the results in this thesis, can therefore be1856

obtained by requiring a CLs value of less than 0.1, since:1857

1− CLs ≤ CL. (5.8)

5.4.2 Fit Configuration1858

The three most commonly used fit configurations are: a background-only fit; a model-dependent1859

fit; a model-independent fit.1860

1861
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A very succinct way of explaining the CLs can be seen in my previous student Emily's thesis, Sec 5.2 at

https://livrepository.liverpool.ac.uk/3046735/1/200783253_Jun2019.pdf

Her EQN 5.7 is basically your 5.5 and you could essentially replace what you have after that with a rephrasing of her Sec 5.2.

There is more detail in Ellis's this in Sec 11.2 at

https://livrepository.liverpool.ac.uk/3026560/1/200707986_Sep2018.pdf

for your understanding.



Background-only fit A background-only fit is independent of any signal models and only the SM1862

background MC prediction is included in the fit. The signal strength parameter is set to µsig = 0,1863

only CRs are considered, therefore, the results of this fit are not affected by any observed events1864

in the SR. This fitting procedure uses the background-only hypothesis; the purpose of this fit is to1865

estimate the total background in the signal region(s) and validation regions.1866

1867

Model-independent fit A model-independent fit compares the background prediction with the1868

expectation from the signal. It measures the significance of any observed excess in the SR, indepen-1869

dent of any particular signal model. This fitting procedure uses the background-only hypothesis;1870

the purpose of this fit is to set upper limits on the number of events above what is expected in the1871

SR.1872

1873

Model-dependent fit In the case of no excess in data in the SR, a model-dependent fit is used1874

to set exclusion limits. In the case of excess, the model-dependent fit measures the signal strength.1875

This fitting procedure uses the signal+background hypothesis; the purpose of this fit is to study a1876

specific signal model.1877

1878

A sketch, adapted from Ref. [134], of the fit configuration implemented in the ALP-W search1879

is shown in Figure 5.5. The setup uses a single Channel: the signal region. There are no control1880

regions or validation regions used in this configuration. The two samples refer to the ALP signal1881

and background yields, respectively. The experimental systematic uncertainties related to the1882

calorimeter and preshower variables used in the signal selection (Sys. B, Sys. C, Sys. D) are1883

correlated between the signal and background samples. The uncertainties due to the MC generation1884

of the signal (Sys. A) and neutrino background (Sys. E) are uncorrelated as the uncertainty is1885

derived differently in the two cases. Also included in the fit is the uncertainty due to the limited1886

MC statistics of the samples, and the uncertainty on the luminosity measurement from ATLAS,1887

which is implemented as a measurement uncertainty within the framework. More details on the1888

treatment of systematic uncertainties used in the ALP analysis are given in Chapter 7.4.1889

This thesis presents two searches for BSM physics in the form of LLPs: the dark photon and the1890

axion-like particle. These searches resulted in the observation of no excess in data, leading to the1891
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Figure 5.5: The fit configuration and setup of the signal region, samples and systematics used in
the model-dependent fit in the ALP-W search.

setting of exclusion limits in the respective parameter space. A model-dependent fit is repeated for1892

each point on a grid of potential signal MC scenarios, assessing the confidence level of each point1893

and therefore probing the phase space of the signal model. Using 90% confidence levels means the1894

probability of falsely excluding a true signal is less than 10%.1895

79

gwilliam
Highlight
This should come earlier above when defining the CL.

gwilliam
Highlight
Not clear what sample 1 and II are.



Chapter 61896

The Search for Dark Photons1897

This chapter describes FASER’s search for dark photons with 27.0 fb−1 of the 2022 Run 3 dataset1898

[1, 137]. This analysis searches for a highly-collimated and highly-energetic electron-positron pair1899

that is characteristic of a dark photon decay within FASER’s decay volume. The search provides1900

sensitivity to dark photons with couplings ϵ ∼ 4 × 10−6 < ϵ < 2 × 10−4 and with masses mA′ ∼ 101901

MeV − 80 MeV. This is a blinded cut-and-count analysis that uses signal and background yields1902

in the defined signal region.1903

This chapter will describe: the dataset and signal MC simulation samples used in the analysis;1904

the event selection applied to data and MC in order to identify the dark photon signal; the methods1905

of SM background estimation, including a prediction of total background processes present in the1906

dataset; the evaluation of the various sources of systematic uncertainties; the statistical interpreta-1907

tion of the results of the analysis. The author contributed to estimation of the SM background and1908

validation of these estimates using data-driven techniques, and the evaluation of the systematic1909

uncertainties associated with the calorimeter.1910

6.1 Dataset and Simulation Samples1911

This analysis uses Run 3 data at a centre of mass energy of
√
s = 13.6 TeV corresponding to an1912

integrated luminosity of 27.0 fb−1 collected by the FASER experiment in 2022. The luminosity1913

values are evaluated by the ATLAS Collaboration with an uncertainty of 2.2% [138, 82, 139].1914

The data used for the dark photon analysis are required to belong to a colliding BCID, pass1915
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Figure 6.1: Reconstructed good tracks normalised by the corresponding luminosity for the runs
used in this analysis. A good track is defined as having a momentum of at least 20 GeV, a χ2/NDF
of at least 25 and at least 12 hits on track within a 95 mm radius once extrapolated back to the
scintillator station.

the timing trigger and contain events which have track clusters in all three tracking stations in1916

the spectrometer. In addition, all events must have an EM energy in the calorimeter of at least1917

100 GeV in order to avoid inefficiency in the calorimeter trigger. Figures 6.1 and 6.2 show the1918

stability of the yields as a function of run number for events with reconstructed good tracks and a1919

calorimeter energy of at least 100 GeV. The yield of events normalised to corresponding luminosity1920

is stable across all data used in this analysis.1921

The dark photon signal points are generated spanning a 2D parameter space across a range1922

of couplings ϵ ∼ 10−6 − 10−4 GeV−1 and with masses mA′ ∼ 10 MeV − 100 MeV. The modelled1923

parameter space covers the expected region of sensitivity and is shown as a function of mass and1924

coupling in Figure 6.3. The dark photon MC signal samples are modelled in FORESEE [128]1925

and scaled to a luminosity of 27.0 fb−1 and additional simulation samples are used in background1926

estimation and studies of the systematic uncertainties. More details on the simulation of the dark1927

photon signal and background processes are given in Chapter 5.1928
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Figure 6.2: Reconstructed events normalised by the corresponding luminosity for the runs used in
this analysis. Plot shows the total yield of events with calorimeter energy greater than 100 GeV.

Figure 6.3: Dark photon MC signal points spanning the 2D parameter space as a function of dark
photon mass and coupling. Included are existing constraints from previous experiments (grey) and
projected sensitivity of future experiments (dashed lines). In yellow is the predicted FASER reach
assuming various benchmark amounts of recorded luminosity.
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Figure 6.4: A typical dark photon (A’) signal event traversing FASER. The neutral A’ (dotted line)
enters the detector from the left and deposits no charge in any of the veto scintillator stations. It
decays within FASER’s decay volume to a highly-energetic e+e− pair (dashed lines) which leave
charge deposits in the timing scintillator, as well as two tracks within the tracking spectrometer.
Energy deposits in the preshower and calorimeter are consistent with an EM shower.

6.2 Event Selection1929

The dark photon signature is shown in Figure 6.4 in which a neutral A′ particle enters the detector1930

and deposits no charge in any of the veto scintillator stations. It decays within the FASER decay1931

volume to a highly-energetic e+e− pair which leave charge deposits in the timing scintillator as well1932

as two highly-collimated tracks within the tracking spectrometer. In addition, there will be energy1933

deposits in the preshower and calorimeter consistent with an EM shower.1934

To avoid any bias affecting the outcome of the analysis, a blinding strategy is initially applied1935

to avoid looking at any event with less charge deposited in the veto scintillators than consistent1936

with a MIP, and with more than 100 GeV EM energy deposited in the calorimeter.1937

The event selection applied to the signal region in this analysis is as follows:1938

• The event time is consistent with a colliding BCID1939

• The event passes the timing trigger1940

• No charge is deposited in any of the five veto scintillator stations1941

– Placing a requirement at a threshold of 40 pC is roughly equivalent to half a MIP signal.1942

This requirement removes over 99% of the muon background in this analysis, as shown1943

in Figure 3.10 in Section 3.3.2.1944

• The charge in the timing scintillators is equivalent to or larger than two MIPs1945

83



Figure 6.5: Charge deposited in the timing scintillator in data (black), populated mainly by muon
events, compared to a representative dark photon MC signal sample (green). The dotted line
indicates the 70 pC charge selection used in this analysis.

– Placing a requirement of at least 70 pC deposited in the timing scintillator removes muon1946

events in data whilst retaining dark photon signal, motivation for this requirement is1947

shown in Figure 6.51948

• The event has two reconstructed tracks of good quality and opposite charge1949

– A good quality track is defined as having a momentum of at least 20 GeV, a χ2/NDF1950

of less than 25, and at least 12 hits on track1951

• The event has two fiducial reconstructed tracks throughout the entire tracking spectrometer1952

– A track position within a 95 mm radius in all three stations in the tracking spectrometer1953

and extrapolated back to the scintillator stations1954

• The event has a total calorimeter energy greater than 500 GeV1955

– Significant deposits in the calorimeter ensures that events with EM-like behaviour are1956

selected and neutrino background is rejected1957

Table 6.1 shows the efficiency of each of the selections used in this analysis for two dark photon1958

MC signal points at different mass and coupling in the parameter space. The event selection retains1959

between 40 and 50% of signal events decaying in the decay volume, with the largest inefficiency1960
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Table 6.1: MC cutflow for representative dark photon signal points with mass 25.1 MeV and
coupling ϵ = 3 × 10−5 and mass 50.1 MeV and coupling ϵ = 1 × 10−5 , showing number of signal
events entering and passing each selection, along with the efficiency of that selection and the
cumulative efficiency to that point. The signal yield is scaled for 27.0 fb−1.

Selection Input Pass Effic. Cum. Effic.

mA′ = 25.1 MeV, ϵ = 3× 10−5

No timing saturation 95.6 95.3 99.7% 99.7%

No VetoNu Signal 95.3 95.3 100.0% 100.0%

No Veto Signal 95.3 95.0 99.7% 99.7%

Timing Signal 95.0 93.3 98.2% 97.9%

Preshower Signal 93.3 93.0 99.7% 97.6%

≥ 1 good track 93.0 85.2 91.6% 89.4%

== 2 good tracks 85.2 52.4 61.5% 55.0%

Track Radius < 95 mm 52.4 47.6 90.9% 50.0%

Calo E > 500 GeV 46.9 46.8 99.8% 49.0%

mA′ = 50.1 MeV, ϵ = 1× 10−5

No timing saturation 17.0 16.9 99.4% 99.4%

No VetoNu Signal 16.9 16.9 100.0% 100.0%

No Veto Signal 16.9 16.8 99.8% 99.8%

Timing Signal 16.8 16.5 98.1% 97.9%

Preshower Signal 16.5 16.5 99.6% 97.6%

≥ 1 good track 16.5 14.9 90.5% 88.3%

== 2 good tracks 14.9 8.99 60.3% 53.2%

Track radius < 95 mm 8.99 8.07 89.8% 47.8%

Calo E > 500 GeV 7.39 7.26 98.2% 43.0%

coming from the strict tracking requirements. In order to replicate realistic two-track efficiency,1961

the MC in Table 6.1 would also need to be scaled down by 7% following data-driven estimation of1962

this efficiency. This is detailed in Section 6.4.2.3.1963

6.3 Background Estimation1964

Multiple sources of background that can potentially contaminate the selected signal are described1965

in this section. The largest source of background in this analysis is due to neutrino interactions,1966

followed by background from neutral hadrons that may enter FASER. Muons are a potential source1967

of background, there could be muons that pass the veto scintillator charge requirements due to1968

inefficiency, and large-angle muons that may miss the veto scintillator but still leave a signal in the1969
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Figure 6.6: The calorimeter EM energy distribution of the GENIE neutrino MC sample after
the signal region selections have been applied. The dashed line indicates the calorimeter energy
requirement above 500 GeV, above this point there are 1.5 × 10−3 expected neutrino events.

timing scintillator when they travel through the tracking spectrometer. Other sources of background1970

considered are non-collision backgrounds from LHC beam 1 and cosmic-ray interactions.1971

6.3.1 Neutrino Background1972

Neutrinos produced upstream of FASER will pass the charge selections placed on the five veto1973

scintillators. In addition, interactions of the neutrinos with detector material downstream of the1974

veto stations can produce charged and neutral particles that may leave tracks in the spectrometer1975

and significant energy deposits in the calorimeter, similar to the dark photon signature. In order to1976

estimate this background, the 300 ab−1 MC sample described in Chapter 5 is used. Once scaled to1977

the luminosity of the dataset, 1.5 × 10−3 events passed the signal region selection, consisting of 1.21978

× 10−3 νe events and 3 × 10−4 νµ events. The uncertainty on the incoming neutrino flux is taken1979

to be 100% for electron neutrinos and 25% for muon neutrinos due to the theoretical uncertainties.1980

An additional 100% uncertainty is applied to account for the effect of uncertainties in the modelling1981

of neutrino interactions in MC.1982

Figure 6.6 shows the calorimeter energy distribution of the neutrino MC sample. The 500 GeV1983

requirement used in the event selection is indicated by the dashed line, chosen to reject the majority1984

of this background whilst keeping significant dark photon signal. The total neutrino background1985
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Table 6.2: Summary of the MC estimate for the neutrino background for 27.0 fb−1 in the signal
region. Included are uncertainties from flux variations, and those derived from MC statistics,
respectively.

Signal Region

νe 0.0012

νµ 0.0003

Total (1.5 ± 1.9 ± 0.5 )× 10−3

Total (1.5 ± 2.0) × 10−3 (130%)

estimate, in terms of neutrino type and with sources of systematic and statistical error, is presented1986

in Table 6.2.1987

6.3.2 Neutral Hadrons1988

Neutral hadrons could be a possible source of background in this analysis if they pass through1989

the veto scintillator system undetected and go on to decay to particles producing two charged1990

particles that leave tracks in the spectrometer and deposit a significant amount of calorimeter1991

energy, mimicking an e+e− pair in the detector. The neutral hadron would have to travel through1992

the eight interaction lengths that make up the FASERν emulsion detector, and so this component1993

of background is highly suppressed.1994

In order to investigate the fraction of neutral hadron events that do produce this signal-like1995

topology and deposit at least 500 GeV in the calorimeter, a three-track control region is used. This1996

is due to low statistics in the case of signal-like two-track events.1997

Three-track events are studied where a parent muon enters FASER, interacts to produce a1998

neutral hadron, and produces two decay products of the neutral hadron. The ratio of events with1999

a calorimeter energy below 100 GeV to the number of events with a calorimeter energy above 5002000

GeV is used to scale the number of events with two reconstructed tracks at low energy (E < 1002001

GeV) where the parent muon does not enter the detector, in order to estimate the expected number2002

of such two-track events originating from neutral hadrons in the signal region (E > 500 GeV).2003

To further improve statistics in the low-energy two-track control region, the veto scintillator2004

requirements used in the main analysis are relaxed such that no signal is required in VetoNu but2005

no requirements are placed on the other Veto scintillators.2006

A large fraction of three-track events are made up of photon conversions, which must be removed2007
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Table 6.3: Summary of the neutral hadron estimate method targeting two and three-track events.

Selection Nevents E<100 GeV Nevents E>500 GeV

3 tracks (VetoNu signal) 404 19

2 tracks (No VetoNu signal) 1 Predicted: 0.047

from the dataset. This is achieved by placing a requirement on the E/p ratio, the calorimeter2008

energy divided by the z-momentum of the 2-track system. A requirement of E/p< 0.7 separates2009

the hadrons from the conversion events. After the removal of these photon conversion events, the2010

number of three-track events is 404 and 19 in the low and high calorimeter energy bins, as shown2011

in Table 6.3. This ratio of 19/404 is used to scale the 1 event in the low energy two-track region to2012

the high energy signal-like region, resulting in a prediction of 0.047 neutral hadron events in this2013

region. Further scaling to obtain the actual signal region estimate must be performed to account2014

for the relaxed requirement on the veto scintillators. The fraction of 3-track events in which 1 track2015

goes through the veto system is 0.0184. This results in a final neutral hadron estimate in the signal2016

region of (0.8 ± 1.2) × 10−3 events. An uncertainty of 100% comes from the single event in the2017

low-energy 2-track control region. The additional uncertainty is due to the uncertainty associated2018

with assumptions made in this method.2019

6.3.3 Inefficiency of the Veto Scintillators2020

The expected number of muons crossing through the FASER volume in the dataset considered for2021

this analysis is of the order of 108. The efficiency of the five individual veto scintillators is described2022

in Chapter 3.3.2 and is greater than 99.99%, resulting in a combined inefficiency of 10−27. The2023

expected background of muons crossing FASER without being vetoed by any of the scintillator2024

stations is therefore below 10−18, showing this component of background to be negligible.2025

6.3.4 Large-angle Muons2026

As discussed above, one of the potentially source of backgrounds arises from muons coming from2027

the IP that miss the veto stations but still enter FASER, depositing charge in the timing scintillator2028

and tracks in the spectrometer. Such muons with an angle of around 40 mrad can miss both veto2029

scintillator stations.2030
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Table 6.4: Cutflow for large-angle muon background in the case of a veto signal (top) and no veto
signal (bottom).

Selection Input Pass Effic. Cum. Effic.

Veto Signal

No timing saturation 800000 799877 99.9% 99.9%

Veto/VetoNu Signal 799877 195651 24.5% 24.5%

Timing Signal 195651 24946 12.8% 3.12%

Preshower Signal 24946 9878 39.6% 1.24%

≥ 1 good track 9878 1258 12.7% 0.157%

= 2 good tracks 1258 0 0.00% 0.00%

No Veto Signal

No timing saturation 800000 799877 99.9% 99.9%

No VetoNu Signal 799877 655829 81.9% 82.0%

No Veto Signal 655829 604226 92.1% 75.5%

Timing Signal 604226 26519 4.39% 3.32%

Preshower Signal 26519 8893 33.5% 1.11%

≥ 1 good track 8893 96 1.08% 0.012%

= 2 good tracks 96 0 0.000% 0.00%

Dedicated MC samples are used to confirm that there is no component of background arising2031

from large-angle muons. The resulting sample consists of 800k muons and is described in Chapter2032

5.3.2, of which no events have two good tracks either with or without a veto signal, see Table 6.4.2033

When requiring no veto signal, only 96 events have even 1 track with none passing the fiducial2034

requirements. Before any signal selection requirements, the reconstructed calorimeter energy spec-2035

trum shows no events above 50 GeV, suggesting that the background from large-angle muons is2036

negligible.2037

To avoid relying on an approach based on purely MC prediction, a data-driven method conven-2038

tionally referred to as an ABCD method can be used to validate the estimation of large-angle muon2039

background. The ABCD method [140] relies on the assumption that the distribution of background2040

events can be factorised in the plane of two uncorrelated variables so that it is divided into four2041

regions: A (the signal region, SR), B, C, and D (control regions, CRs). The number of background2042

events in the SR can be evaluated as NA = NC ×NB/ND. To define the various regions, the two2043

variables used are the calorimeter EM energy and the requirement that there is or is not a signal2044

in the veto stations above 40 pC.2045
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Data events categorised in both the signal region and control regions defined in Figure 6.7 are2046

selected with the following requirements:2047

• Preshower signal selection: The charge in each preshower layer > 2.5 pC2048

• At least one good track (1+ track) selection2049

• Timing signal selection: The signal in the timing scintillator is consistent with 1 MIP2050

The ABCD plane is defined considering a 1+ good track selection rather than a 2-track selection2051

as in the final analysis, this is to overcome a substantial lack in statistics in the control regions. In2052

addition, events are required to have a track with extrapolated radius at the first veto station greater2053

than 90 mm, and an extrapolated track angle θX and θY at veto station 1 greater than 10 mrad.2054

Such strict requirements on track angle and radius lead to selected events with a deposited energy in2055

the calorimeter that is most likely to be equivalent to what would be expected from the background2056

muon events of interest, whilst excluding regions populated by other sources of background.2057

The ABCD plane is divided to include intermediate regions to be used as validation regions2058

(A∗, B∗). In this case, given that the Veto signal/No Veto signal variable cannot be split, additional2059

regions are defined in terms of the calorimeter EM energy.2060

Events in the “No Signal in Veto Station” (SR A, VR A*, CR C in Figure 6.7), are referred to2061

as NoVeto and are required to pass the No VetoNu signal and No Veto signal selections defined in2062

the event selection for this analysis. On the other hand, events in the “Signal in Veto Station” (SR2063

B, VR B*, CR D in Figure 6.7) are referred as Veto and are required to have charges in all veto2064

stations > 40 pC.2065

The basic assumption that motivates the use of the VetoNu and Veto scintillator charge as2066

variables in this method, is that a muon that misses the veto stations but still creates a signal-like2067

topology will resemble a signal which is within FASER’s acceptance and does not fire the veto2068

stations.2069

To guarantee the validity of an ABCD method it is assumed that the variables defining the plane2070

are uncorrelated and that the composition of background events is the same across all regions, such2071

that the ratio NA/NB ≃ NC/ND. Multiple thresholds are used to define regions in term of the2072

calorimeter EM energy that are considered as control and validation regions following the logic2073
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Figure 6.7: The ABCD background estimation method showing the control regions, validation
regions and signal regions used to validate the large-angle muon estimate in the dark photon
analysis.

below:2074

• The range 10-25 GeV is used to define the initial control regions C and D;2075

• The range 25-50 GeV is first used as validation region and then merged to be used as a control2076

region in the range 10-50 GeV (initial validation regions A* and B*);2077

• The range 50-100 GeV is first used as validation region and then merged to be used as a2078

control region in the range 10-100 GeV (extended validation regions A* and B*);2079

• The range 100-500 GeV is used as a validation region post-unblinding and then merged to be2080

used as a control region2081

Table 6.5 shows the number of events for each of the regions considered above before any2082

scaling. The statistical uncertainty of the prediction will be driven by the statistics of the Veto2083

region corresponding to the same energy range of the SR. As there is only 1 event in this region,2084

the uncertainty is 100%. It is still useful to calculate the various cases and compare the predictions2085

obtained depending on the range used for the control regions C and D.2086

The scaling from the 1+ to the 2-track selection used in the main event selection is evaluated2087

by scaling the ABCD-method prediction by the ratio between the number of events found in a2088
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Regions Energy Range

10-25 GeV 25-50 GeV 50-100 GeV 100-500 GeV 500 GeV

NoVeto 31 1 0 0 0

Veto 724 74 2 1 1

Table 6.5: Event yields in the various regions. Note: number of events as found using a 30 pC
window for a single track.

Veto-region with EM energy between 10-50 GeV and two tracks, and the yields in the 1+ Veto2089

region in the same EM energy range. The 2-track selection is the same as in the signal region of2090

this analysis, but it also requires that at least one track has radius above 90 mm and angle greater2091

than 10 mrad .2092

The scaling factor for 1+ to 2-track selection is calculated by dividing the 798 events in the2093

10-50 GeV 1+ track Veto region by the 3 events in the corresponding 2-track Veto region. Resulting2094

in a scaling of 0.00376.2095

Table 6.6 shows the expected and observed yields for various signal-like regions (25-50, 50-1002096

and 100-500 GeV) and the signal region, calculated either using the lowest ranges for C, D regions,2097

or using an intermediate or extended validation region that incorporates the previous one(s). This2098

table shows the calculated predictions after scaling has been applied.2099

The predicted number of events for the fully unblinded validation region, taken as the one with2100

calorimeter EM energy between 25 and 50 GeV, is 3.2±0.5, compared with 1 observed event. For2101

the following range (50-100 GeV), the prediction for the fully unblinded validation region is between2102

0.03±0.02 and 0.09±0.06, depending on the regions taken as control regions. This is consistent with2103

the observation of no events. The predictions for the regions 100-500 GeV is 0.04±0.04. The same2104

prediction is found for the SR when considering the whole range below 100 GeV as regions C and2105

D: this can be considered a conservative upper bound for this source of background.2106

The background prediction for the 2-track signal region therefore takes the control region pre-2107

diction of 0.04 and scales it to 1.5× 10−4, with an uncertainty up to 100%. This is consistent with2108

the above estimation from MC, therefore, this study can be used to validate the above method of2109

estimation and confirm that this source of background is negligible.2110
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ABCD region/method Predicted Observed

N25−50,noV eto = N25−50,V eto ×
N10−25,NoV eto

N10−25,V eto
3.2±0.5 1

N50−100,noV eto = N50−100,V eto ×
N10−25,NoV eto

N10−25,V eto
0.09±0.06 0

N50−100,noV eto = N50−100,V eto ×
N25−50,NoV eto

N25−50,V eto
0.03±0.02 0

N50−100,noV eto = N50−100,V eto ×
N10−50,NoV eto

N10−50,V eto
0.08±0.06 0

N100−500,noV eto = N100−500,V eto ×
N10−25,NoV eto

N10−25,V eto
0.04±0.04 0

N100−500,noV eto = N100−500,V eto ×
N25−50,NoV eto

N25−50,V eto
0.01±0.01 0

N100−500,noV eto = N100−500,V eto ×
N10−50,NoV eto

N10−50,V eto
0.04±0.04 0

N100−500,noV eto = N100−500,V eto ×
N50−100,NoV eto

N50−100,V eto
0 0

N100−500,noV eto = N100−500,V eto ×
N10−100,NoV eto

N10−100,V eto
0.04±0.04 0

Table 6.6: Calculations and predictions for intermediate validation regions and for the final signal
regions. In the former case, various ranges are used as test. For the SR, only the integrated 10-
500 GeV region is used for the predictions. The uncertainty in 100% due to the Veto region in the
range 100-500 GeV having only 1 event. Post-unblinding: in bold, the observed events (0) in
both validation and signal regions.

6.3.5 Non-collision Backgrounds2111

Due to FASER’s location in TI12, background can arise due to interactions of the nearby LHC2112

beam. In addition, despite being 100 m underground, the interactions of cosmic ray muons must2113

be considered. The following sections demonstrate that all non-collision background is negligible2114

in this analysis.2115

6.3.5.1 Background due to cosmic ray muons2116

Most high-energy cosmic ray muons will have been absorbed by the surrounding rock and concrete2117

before reaching FASER, however, it is possible that these particles could survive the selections2118

used in this analysis. Cosmic ray muon events are recorded during time with no beam in the LHC2119

to ensure no physics events are collected. The cosmic ray data is collected over a period that is2120

roughly equivalent to the length of physics data-taking used in this analysis, around 300 hours. In2121

the collected cosmic ray dataset, no events with a good track were found. In addition, Figure 6.82122

shows that none of these events had a calorimeter energy deposit greater than 100 GeV or had any2123

tracks, and so are far removed from the signal region for the dark photon analysis. This cosmic ray2124

background can therefore be considered negligible.2125
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Figure 6.8: The calorimeter energy distribution of cosmic muon events with various track require-
ments. Few events survive the veto scintillator selection. No events survive the requirement of at
least one good track.

6.3.5.2 Beam 1 Background2126

Background from LHC beam 1 is the result of secondary particles produced when beam 1, passing2127

FASER towards the ATLAS IP, interacts with beampipe material, such as an LHC quadrupole2128

magnet located close to FASER. The data to evaluate this background is collected by taking events2129

with colliding BCIDs that overlap with BCID timings of the inbound LHC beam 1 passing FASER.2130

Figure 6.9 shows that none of the events that survive the veto scintillator selection have at least2131

one good track. Furthermore, zero events have a calorimeter energy above 400 GeV. Therefore,2132

this component of background can be considered negligible.2133

6.3.6 Summary of Total Expected Background2134

A summary of the total background estimate in this analysis is shown in Table 6.7. Components2135

from large-angle muons, inefficiencies from the veto scintillators, and non-collision backgrounds2136

are considered to be negligible. Therefore, the background estimate in the signal region is due to2137

neutral hadrons and interactions from neutrinos. When combined, the total background estimate2138
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Figure 6.9: The calorimeter energy distribution of beam 1 background events with various track
requirements. Few events survive the veto scintillator selection. No events survive the requirement
of at least one good track.

is (2.3 ± 2.3) × 10−3 (100%).2139

6.4 Systematic Uncertainties2140

This section describes the various sources of systematic uncertainties that are relevant to signal.2141

This is a cut-and-count analysis, therefore, the systematic uncertainties are related to the signal2142

yield, rather than shape uncertainty. These systematic uncertainties are implemented as nuisance2143

Table 6.7: Summary of the different sources of background considered in this analysis and the total
estimate, with uncertainty.

Source Background Uncertainty

Neutrino 1.5 × 10−3 2.0 × 10−3 (130%)

Neutral Hadrons 0.8 × 10−3 1.2 × 10−3 (140%)

Veto Inefficiency - -

Large-angle Muons - -

Non-collision Backgrounds - -

Total 2.3 × 10−3 2.3 × 10−3 (100%)
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parameters in the model-dependent fit performed in the statistical interpretation of the results of2144

this analysis, this is explained in Chapter 5.4.1. The main sources of systematic uncertainty are2145

categorised into theory, experimental and statistical uncertainties. The theory uncertainty is the2146

uncertainty associated with the MC generators used to simulate signal and background processes.2147

The experimental uncertainties include those which arise due to MC modelling, tracking efficiency2148

and measurement uncertainties. There is also a statistical uncertainty derived from MC statistics,2149

calculated from the standard deviation of the sum of the weights of each MC sample.2150

6.4.1 Signal Theory Uncertainties2151

Theory uncertainties arise due to the systematic uncertainties from the differences in the MC2152

generator predictions used to simulate the signal in this analysis. The systematic uncertainty2153

associated with the generation of the dark photon signal is derived by comparing the signal yields2154

from the central MC prediction provided by the EPOS-LHC generator with the signal yields from2155

QGSJET and SIBYLL. The envelope provides an uncertainty on the number of signal events and2156

also on the uncertainty on the signal prediction due to the modelling of the cutoff in transverse2157

momentum for dark bremsstrahlung with the different generators. Such uncertainty on the signal2158

is parameterised and can be is defined as:2159

∆N

N
=

0.15 + (EA′/4 TeV)3

1 + (EA′/4 TeV)3
, (6.1)

where EA′ is the energy of the dark photon. Figure 6.10 shows the energy spectrum of a dark2160

photon with mass 50 MeV and coupling ϵ = 3 × 10−5 produced in meson decays whose production2161

is modelled by the three different generators. The production due to bremsstrahlung is shown, with2162

a factor of two variation in the pT cutoff. The parameterisation of this uncertainty has been tested2163

for signal samples encompassing the entire phase space that is relevant to this analysis.2164

6.4.2 Experimental Uncertainties2165

The experimental uncertainties in this analysis are the systematic uncertainties related to the2166

modelling of the detector response in MC simulation. This includes the uncertainty associated2167

with the scintillators, the calorimeter and the tracker. Another experimental uncertainty is the2168
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Figure 6.10: The energy spectrum of a dark photon signal with mass 50 MeV and coupling ϵ = 3 ×
10−5 produced in meson decays whose production is modelled by the EPOS-LHC (blue), QGSJET
(orange) and SIBYLL (green) generators. The production due to bremsstrahlung is shown in grey,
with a factor of two variation in the pT cutoff. The bottom panel shows the ratio of the different
generator estimates with the parameterisation of the uncertainty as a function of signal energy.
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2.2% uncertainty on the luminosity measurement from ATLAS [138, 82].2169

6.4.2.1 Scintillator Systematic Uncertainty2170

The systematic uncertainties associated with the veto scintillators are considered negligible due to2171

the almost 100% efficiency of the five individual scintillator layers upstream of the decay volume.2172

In order to evaluate the systematic uncertainty associated with the remaining scintillators (tim-2173

ing scintillator and preshower scintillators), the fraction of two-track events that are rejected by the2174

requirements on these scintillators is measured. The timing and preshower scintillator efficiencies2175

were found to be greater than 99.7% in both data and MC. The effect on the signal yield is less than2176

1%, therefore, it is not necessary to place on uncertainty on these scintillator charge requirements.2177

6.4.2.2 Calorimeter Systematic Uncertainty2178

The uncertainty associated with the threshold applied to the EM calorimeter energy as part of the2179

event selection in this analysis is calculated from the individual uncertainties in the various stages2180

of the energy calibration process, for both data and MC. Uncertainties arise from the MIP MPV2181

Landau fit, the PMT HV gain dependence, the drift in the PMTs over time, the corrections in data2182

and MC calibration, the difference in the average calibrated energy in test beam data and MC,2183

and other components from energy loss at the calorimeter module edges and position dependence.2184

A breakdown of all of these measured uncertainties, which result in the total uncertaity associated2185

with the calorimeter, are shown in Table A.1 in Appendix A.2. The total uncertainty associated2186

with the calorimeter energy measurement is estimated to be 6%.2187

The uncertainty on the calorimeter energy selection is validated in data by comparing the2188

calorimeter response in data and FLUKA MC in the case of photon conversion events. Photon2189

conversions are isolated from three-track high-energy muon events in which the muon traverses2190

FASER and the resulting photon converts to a e+e− pair. The ratio E/p of photon conversions is2191

measured in data and compared to MC, where E is the EM energy in the calorimeter, and p is the2192

measured track momentum of these e+e− candidates. The selection carried out in order to isolate2193

these photon conversion events in data is as follows:2194

• Require 3 good tracks2195

98

gwilliam
Highlight
Ti12 data

gwilliam
Highlight
applied



(a) (b)

Figure 6.11: (a) The E/p distribution for photon conversion events with 75 GeV < p < 175 GeV
for data and FLUKA MC. (b) The fitted E/p peak values for various momentum ranges: 20 GeV
< p < 30 GeV, 35 GeV < p < 75 GeV, 75 GeV < p < 125 GeV, 125 GeV < p < 175 GeV. The
E/p ratio is centred around one, and the agreement between data and MC is well within the 6.06%
uncertainty across the momentum range.

• Require that the two lowest momentum tracks were oppositely charged (to target e+e− events)2196

• Require a ratio in the preshower scintillator layers of greater than 2 (removes 90% of non-2197

conversion events with E/p < 0.5)2198

Ideally, the E/p distribution should be centred around one, indicating that the selection cor-2199

rectly targets EM events, and that the calorimeter calibration is as expected. The relative difference2200

in the E/p ratio in data and MC is well within the 6% uncertainty across a range of track momen-2201

tum, this is shown in Figure 6.11.2202

6.4.2.3 Tracking Systematic Uncertainty2203

The uncertainty associated with single-track efficiency is evaluated by investigating events with at2204

least one good track segment in each of the spectrometer’s three tracking stations. Comparing the2205

single-track efficiency in data and MC leads to an uncertainty of 1.5% per track.2206

The process of reconstructing tracks in two-track events is more complex, particularly in the case2207

of two closely-spaced tracks, as is likely given the dark photon decay. It is possible that tracks from2208

99



Figure 6.12: Top panel: The two track reconstruction efficiency as a function of track separation
for single, overlaid tracks in both data and FLUKA MC. Shown in red is the track separation of
e+e− tracks in a representative A’ signal sample. Bottom panel: The ratio of the reconstruction
efficiency of these overlaid events in data and MC.

different events could share common hits in the tracking stations making reconstruction difficult.2209

To measure the uncertainty associated with the reconstruction of two-track events, the raw strip2210

data of high momentum single track events is overlaid with the hits from the full event. This mimics2211

signal-like events with real data and this process can be carried out in MC with single muon events2212

for direct comparison. The reconstruction efficiency as a function of track separation in data and2213

MC is shown in Figure 6.12. The ratio of the efficiency between data and MC, as a function of the2214

distance between the two tracks, is used to assess the uncertainty. At track separations equivalent2215

to what is expected in a typical dark photon decay, the efficiency in data is up to 7% less than in2216

MC simulation. A 7% correction is, therefore, applied to the two-track reconstruction efficiency,2217

and this value is taken as the overall uncertainty.2218

The uncertainty associated with the momentum resolution and momentum scale is estimated2219
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Table 6.8: Summary of the track scale, and resolution variations in MC and compared to data.

Sample Scale Resolution

Mass peak (MeV) Peak width (MeV)

Data 503 51

MC 514 39

MC (5% variation) 489 57

MC (10% variation) 463 88

with a conservative assumption of 5% uncertainty. By comparing the mass peak in photon con-2220

version events in data and MC, a shift of 5% more than accounts for the difference in the position2221

of the photon conversion peak in data and MC. The shift in the mass peak and resolution due2222

to a 5% and 10% smearing of the momentum in MC, compared to data is shown in Table 6.8.2223

It can therefore be concluded that this conservative uncertainty of 5% is sufficient for both track2224

momentum resolution and track momentum scale.2225

6.4.3 A Summary of Systematic Uncertainties2226

A comprehensive overview of the various sources of systematic uncertainty in the search for dark2227

photons is given in Table 6.9. The effect of each systematic uncertainty on the signal yield is shown,2228

the dominant source of systematic uncertainty is the parameterised uncertainty associated with the2229

dark photon signal event generator.2230

6.5 Results2231

Once the signal efficiency and background estimates with uncertainties were evaluated, data were2232

unblinded and no events were found to pass the event selection. This is consistent with the total2233

expected background of 2.3 × 10−3 events expected in the signal region, with an uncertainty of2234

100%. Figure 6.13 shows the calorimeter energy distribution of events with at least one track,2235

with no selection applied to data (left) and the case where the veto scintillator charge requirement2236

of <40 pC is applied (right). This selection drastically reduces the number of data events, and2237

comparison with three representative A’ MC signal points demonstrates that the energy of the2238

data events that survive the selection is far below the eventual signal region. Figure 6.14 shows2239

the same distribution in data but with the application of all signal region selections, including the2240
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Table 6.9: Summary of the various sources of signal uncertainty, the size of the uncertainty and
the range of the effect of this uncertainty on the signal yield across the parameter space. For the
latter, the numbers in parenthesis indicate the effect on signals in the new exclusion reach with this
analysis. The error on the MC statistics is calculated using the standard deviation of the sum of
the weights (W) of each sample. The systematic uncertainty is dominated by the uncertainty on
the signal generators.

Source Value Effect on signal yield

A’ Signal Generator
0.15+(EA′/4TeV)3

1+(EA′/4TeV)3
15-65% (15-45%)

Luminosity 2.2% 2.2%

MC Statistics
√∑

W 2 1-3% (1-2%)

Single track efficiency 3% 3%

Two-track efficiency 7% 7%

Track Momentum Scale 5% <5%

Track Momentum Resolution 5% <5%

Calorimeter Energy scale 6% 0-8% (<1%)

two-track requirement.2241

Since no significant excess is observed in the signal region, exclusion limits on FASER’s sensi-2242

tivity to this model can be set. The statistical interpretation of the results produces the exclusion2243

limit shown in Figure 6.15. The HistFitter framework used to produce this limits plot is discussed2244

in Chapter 5. The results are shown at a 90% confidence level [141], in accordance with previous2245

searches performed by other experiments with sensitivity in the same parameter space. The grey2246

regions indicate previous constraints, the details of which are given in Chapter 2. In the dark2247

photon parameter space that is probed by this analysis, signal models with mass 10 MeV < mA′ <2248

80 MeV and coupling 4 × 10−6 < ϵ < 2 × 10−4 are excluded. World-leading constraints are set by2249

FASER for signal models in the mass range 17−70 MeV and coupling 2 × 10−5 − 1 × 10−4. This2250

can be seen in the region of Figure 6.15 where no previous limits have been set. Of particular inter-2251

est in this dark photon search is the thermal relic density probed, discussed in Chapter 2, which is2252

indicated by the red contour in Figure 6.15. The region below the contour would be populated by2253

an over-abundance of dark matter and thus is ruled out cosmologically. FASER, therefore, probes2254

a significant amount of phase space in this cosmologically-allowed region [1].2255

102

gwilliam
Highlight
Could just say since no evens are observed



(a) (b)

Figure 6.13: Calorimeter EM energy distributions showing three representative A’ signal samples
with (a) all data events with at least one good track (b) data events with at least one good track
which also survive the veto scintillator selections outlined in the selection.

Figure 6.14: Calorimeter EM energy distributions showing three representative A’ signal samples
showing data events with 2 good tracks that pass all the signal selections. Zero events survive these
requirements.
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Figure 6.15: Interpretation of the signal region yield as A’ exclusion limits with the assumption of 2
× 10−3 background events and zero data events. The expected limit with 90% CL is shown by the
dashed line and yellow uncertainty band. The observed limit is shown by the blue line. Existing
constraints are shown in grey. The thermal relic density target is shown in red.

6.5.1 Reinterpretation: The B − L Gauge Boson2256

The dark photon analysis can be reinterpreted for the B − L gauge boson [33]. The contour from2257

evaluating the CLs values at a 90% confidence level for the B − L gauge boson model is shown2258

in Figure 6.16. The analysis probes unconstrained parameter space in the region of B − L gauge2259

boson mass around mA′
B−L

∼ 15− 40 MeV and coupling gB−L ∼ 5× 10−6 − 2× 10−5.2260
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Figure 6.16: Interpretation of the signal region yield as B − L gauge boson exclusion limits. The
expected limit with 90% CL is shown by the dashed line and green uncertainty band. The observed
limit is shown by the blue line. Existing constraints are shown in grey.
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Chapter 72261

The Search for Axion-like Particles2262

This chapter describes FASER’s search for axion-like particles with 57.7 fb−1 of the 2022 and 20232263

Run 3 dataset. This analysis searches for a highly energetic di-photon signal charactersitoic of an2264

ALP decay within FASER’s decay volume. The parameter space explored in this analysis includes2265

ALPs with couplings gaWW ∼ 10−5 − 10−3 GeV−1 and masses ma ∼ 60 MeV − 500 MeV. This2266

analysis has been optimised for the ALP-W signal model, described in Chapter 2. This is a blinded2267

analysis that uses signal and background yields in the defined signal region.2268

This chapter will describe: the dataset and signal MC simulation samples used in the analysis;2269

the event selection applied to data and MC in order to identify the ALP signal; the methods of2270

SM background estimation, including a prediction of the total background processes present in2271

the dataset; the evaluation of various systematic uncertainties; the statistical interpretation of the2272

results of the analysis. The author led analysis efforts, covering numerous aspects including the2273

definition and optimisation of the signal selection, the estimation of the SM background using both2274

MC and data-driven approaches, the estimation of signal systematic uncertainties related to the MC2275

generation, the estimation of the experimental systematic uncertainties related to the calorimeter,2276

and the statistical interpretation of the final results.2277

7.1 Dataset and Simulation Samples2278

This analysis uses Run 3 data at a centre of mass energy of
√
s = 13.6 TeV corresponding to2279

an integrated luminosity of 57.7 fb−1 collected by the FASER experiment during 2022 and 20232280
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Figure 7.1: Calorimeter trigger efficiency in 2022 vs 2023 data. The calo turn-on curve vs total
energy for a large run in 2022 (red) and 2023 (blue).

physics running. The 2022 ALP dataset contains an additional run compared to the A’ dataset,2281

this is due to a slight change in the determination of recorded luminosity, which pushed a single2282

run above the 10 pb−1 data quality threshold. The luminosity values are taken from ATLAS, this2283

has an associated uncertainty of 2.2% [138, 82, 139], for 2022 and an uncertainty of 2.04% in the2284

2023 dataset. This is a small uncertainty compared to other systematic uncertainties associated2285

with the signal (see Chapter 7.4), it therefore has a small impact on the final results.2286

An important note on the differences in the 2022 and 2023 dataset is the change in calorimeter2287

trigger efficiency turn-on. There is a clear improvement in the 2023 data due to better trigger2288

timing of the calorimeter, resulting in fewer late triggers and a much improved trigger efficiency.2289

This is illustrated in Figure 7.1. It can be seen that the trigger efficiency has no impact above 1002290

GeV, where both the 2022 and 2023 datasets have very high (close to 100%) trigger efficiency. As2291

part of data quality checks, and to confirm that the data and luminosity have been reconstructed2292

correctly in the offline processing, the number of events per run that pass the calo trigger (see Table2293

3.3) and are in a colliding BCID, with at least 100 GeV in the calorimeter for the 2022 and 20232294

dataset are studied. Figures 7.2 and 7.3 show the number of events per unit luminosity for each2295

run that passes these data quality requirements for 2022 and 2023, respectively. The yield plots2296

show a stable data yield within 15% for both 2022 and 2023 datasets.2297

It is required that data is recorded during periods in which the LHC is running in stable beams.2298
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Figure 7.2: Reconstructed events per unit luminosity that pass data quality requirements in the
2022 dataset. Plot shows the total yield of events with calorimeter energy greater than 100 GeV.
The large error band seen in run 8752 is due to low statistics for this run (10.3 pb−1 recorded).

Figure 7.3: Reconstructed events per unit luminosity that pass data quality requirements in the
2023 dataset. Plot shows the total yield of events with calorimeter energy greater than 100 GeV.
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Table 7.1: Requirements on data to target physics events and ensure good quality data.

Selection Description

Stable Beams Require period of stable beam delivered to LHC

Excluded Times Remove time regions with potential issues

Colliding BCID Event corresponds to a colliding bunch

Calo Trigger Triggers the calorimeter

Calorimeter Timing Timing in the calorimeter between > −5ns and < 10ns

The removal of certain time regions is performed for a number of reasons. Notable to this dataset are2299

periods when ATLAS stopped their physics running and so did not report the delivered luminosity2300

to FASER. An excluded times criteria is also applied to two runs during which FASER experienced2301

operational issues related to storage space for raw data. As stated above, for data quality purposes,2302

events are required to belong to a colliding BCID and to pass the calo trigger. In addition, the2303

timing in each calorimeter module with respect to the expected bunch collision time is required2304

to be larger than −5ns and smaller than 10ns in order to remove non-collision background. This2305

requirement has no impact on physics signal, but removes non-collision background from beam 12306

with 100% efficiency. Motivation for this requirement can be seen in Figure 7.20 in Section 7.3.5.2.2307

A summary of all requirements applied to data to ensure good quality physics events are targeted2308

is shown in Table 7.1.2309

The ALP-W signal points are generated spanning a 2D parameter space across a range of2310

couplings gaWW ∼ 10−5 − 10−3 GeV−1 and masses ma ∼ 60 MeV −500 MeV. The modelled2311

parameter spaces covers the expected region of sensitivity and is shown as a function of mass and2312

coupling in Figure 7.4. The grey regions indicate previous constraints, the details of which are given2313

in Chapter 2. The ALP MC signal samples are modelled in FORESEE and scaled points generated2314

in FORESEE and scaled to 57.7 fb−1. Additional simulation samples are used in background2315

estimation and studies of the systematic uncertainties. More details are given in Chapter 5.2316

7.2 Event Selection2317

A typical ALP signature is shown in Figure 7.5 [2] in which a neutral ALP particle enters the2318

detector and deposits no charge in any of the veto scintillator stations. It decays within the FASER2319
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Figure 7.4: ALP-W signal points generated across the parameter space that FASER is sensitive to.
Previous limits set by existing experiments are indicated in grey. The projected expected limits in
red and blue were produced for 27 fb−1, which is equivalent to the dataset used in the dark photon
analysis, and 60 fb−1, which was the initial prediction for the combined 2022 and 2023 dataset
used in the ALP search, and close to the final 57.7 fb−1 that was recorded. These projections are
shown for a zero-background case with a 500 GeV calorimeter energy selection. This is not the case
for this analysis, which has a non-zero background expectation and applies a stricter calorimeter
energy requirement.
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Figure 7.5: A typical ALP signal event traversing FASER. The neutral ALP (dotted line) enters
the detector from the left and deposits no charge in any of the veto scintillator stations. It decays
within FASER’s decay volume to two highly energetic photons (dashed lines) which also do not
leave any charge deposits in the timing scintillator. However, energy deposits will be seen in both
preshower layers and in the calorimeter, as the EM shower develops.

decay volume to a highly-energetic di-photon pair, depositing no charge in the timing scintillator2320

but significant deposits in the preshower and calorimeter consistent with an EM shower. The2321

dominant background in this analysis is high energy neutrinos, variables related to the preshower2322

station are vital to distinguish ALP signal with neutrino background.2323

To avoid any bias affecting the outcome of the analysis, a blinding strategy is initially applied2324

to avoid looking at any event with the equivalent of less than a MIP deposited in each of the2325

veto scintillators, and with more than 100 GeV EM energy deposited in the calorimeter. During2326

the analysis, in order to validate background predictions, this was relaxed to 500 GeV calorimeter2327

energy.2328

The event selection applied to the signal region in this analysis, in addition to the data quality2329

requirements already discussed and defined in Table 7.1, is as follows:2330

• No charge is deposited in any of the five veto scintillator stations2331

– Placing a requirement at a threshold of 40 pC is roughly equivalent to half a MIP signal.2332

This requirement removes over 99% of the muon background in this analysis2333

• No charge is deposited in the timing scintillator2334

– In the absence of tracking variable selections in this analysis, the decision was made to2335

place a requirement that less than 20 pC charge is deposited in the timing scintillator2336

station that sits at the beginning of FASER’s tracking spectrometer. The idea is that2337

any event depositing more than 20 pC at this stage is very likely to be a charged muon or2338

similar unwanted background. A selection at 20 pC lies below the expected MIP signal,2339
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as shown in Figure 7.6a for the 2022 data and Figure 7.6b for the 2023 data. Specifically,2340

it is required that the raw charge deposit in the top scintillator layer and the bottom2341

scintillator layer be less than 20 pC2342

• The event has a ratio of charge deposited in the second and first preshower layers that is2343

greater than 4.5 (PS ratio > 4.5)2344

– The preshower detector plays an important role in distinguishing between the photon2345

signatures of the ALP and any potential background. The ratio of charge deposited in2346

the preshower layers is used to target the EM behaviour in the preshower2347

• The event has greater than the equivalent of 10 MIP signals deposited in the second preshower2348

layer (PS1 nMIP > 10)2349

– ALP signal events have large deposits in the second preshower layer (PS 1) relative to2350

the first layer (PS 0), as a result of the showering photons2351

• The event has a total calorimeter energy greater than 1.5 TeV2352

– The ALP signal is expected to have very large deposits in the calorimeter, as shown in2353

Figure 7.7, significant deposits in the calorimeter also ensures that events with EM-like2354

behaviour are selected and neutrino background is rejected2355

The ALP event selection is summarised in Table 7.2. Table 7.3 shows two MC ALP signal points2356

at different mass and coupling in the parameter space and the efficiency of each of the selections2357

used in this analysis. The same cutflow is shown in Table 7.4 for the neutrino background MC2358

prediction.2359

Initial signal optimisation studies were done to investigate the significance of applying a selection2360

to the calorimeter EM energy. The definition of significance (Z) used in these studies is given by:2361

Z =
s√

b+ σb2
, (7.1)

where s is the number of signal events, b is the corresponding number of background events, σb is2362

the uncertainty associated with the background (studies were done for 20, 50 and 100% background2363
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(a) (b)

Figure 7.6: Charge deposited in the top timing scintillator layer. Comparison between data (black)
and a representative ALP signal point (blue) with mass 200 GeV and coupling 1 × 10−4. Shown
for (a) the 2022 dataset and (b) the 2023 dataset.

(a) (b)

Figure 7.7: Calorimeter EM energy distributions for ALP signal models with (a) ma = 100 MeV
(b) ma = 200 MeV for a range of different couplings. The calorimeter EM energy threshold of 1.5
TeV is indicated by the dashed line.
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Table 7.2: Event selection for the ALPs analysis.

Selection Description

Baseline Selection

Veto Signal < 40 pC Veto and VetoNu Scintillator Charge < 40 pC

Timing Signal < 20 pC Timing Scintillator Charge < 20 pC

Signal Region

PS Ratio > 4.5 Preshower Ratio (Layer 1/Layer 0) > 4.5

PS1 nMIP > 10 Preshower Layer 1 nMIP > 10

Calo E > 1.5 TeV Calorimeter EM energy > 1500 GeV

Table 7.3: MC cutflow for representative ALP-W signal points with mass 120 MeV and coupling
gaWW = 3 × 10−4 GeV−1 and mass 100 MeV and coupling gaWW = 6 × 10−5 GeV−1, showing
number of signal events entering and passing each selection, along with the efficiency and the
cumulative efficiency to that point. The signal yield is scaled for 57.7 fb−1.

Selection Input Pass Effic. Cum. Effic.

ma = 120 MeV, gaWW = 3× 10−4 GeV−1

Veto Signal < 40 pC 115.7 115.4 99.7% 99.7%

Timing Signal < 20 pC 115.4 111.1 96.2% 96.0%

PS Ratio > 4.5 111.1 94.4 85.0% 81.6%

PS1 nMIP > 10 94.4 93.4 98.9% 80.7%

Calo E > 1.5 TeV 93.4 88.3 94.5% 76.3%

ma = 100 MeV, gaWW = 6× 10−5 GeV−1

Veto Signal < 40 pC 147.8 147.6 99.9% 99.9%

Timing Signal < 20 pC 147.6 144.8 98.1% 97.9%

PS Ratio > 4.5 144.8 114.4 79.0% 77.4%

PS1 nMIP > 10 114.4 108.3 94.7% 73.3%

Calo E > 1.5 TeV 108.3 8.72 8.09% 5.90%

Table 7.4: Cutflow for the neutrino background MC prediction. The background yield is scaled for
57.7 fb−1.

Selection Input Pass Effic. Cum. Effic.

Veto Signal < 40 pC 16075.9 7478.0 46.5% 46.5%

Timing Signal < 20 pC 7478.0 5060.1 67.7% 31.5%

PS Ratio > 4.5 5060.1 278.4 5.50% 1.73%

PS1 nMIP > 10 278.4 84.5 30.4% 0.526%

Calo E > 1.5 TeV 84.5 0.415 0.491% 2.58 × 10−3%
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Figure 7.8: Significance studies on initial ALP-W signal sample. The significance of selections on
the calorimeter EM energy (left) assuming 100% (red), 50% (blue) and 20% (green) background
uncertainty. For two different ALP MC samples.

uncertainty). This is shown for an ALP signal sample in Figure 7.8 for varying levels of background2364

uncertainty. These studies motivated the decision to place a strict requirement on the calorimeter2365

EM energy. Motivations for the preshower selections are discussed in the next section (see Chapter2366

7.3.1) where ALP signal MC is compared to neutrino background MC, defined in terms of where2367

in FASER the neutrino interactions take place.2368

7.3 Background Estimation2369

Multiple sources of background that can potentially contaminate the selected signal are described2370

in this section. The primary source of background in this analysis is due to neutrino produced2371

upstream of FASER and further neutrino interactions in the FASER volume. Also considered are2372

large-angle muons that could miss the FASER veto scintillators, the component of background that2373

may arise due to inefficiency of the veto scintillators themselves, and interactions of neutral hadrons.2374

Beam-related background and background from comsic rays are also taken into consideration.2375
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(a) (b)

Figure 7.9: Distributions in r-z of the neutrino interaction vertex (blue/red) and ALP decay vertex
(yellow) within the FASER detector with (a) calorimeter energy above 100 GeV (b) calorimeter
energy above 100 GeV and preshower ratio > 4.5.

7.3.1 Neutrino Background2376

Neutrinos produced upstream of FASER will pass the charge cuts placed on the five veto scintil-2377

lators. In addition, interactions of the neutrinos [142] with detector material downstream of the2378

veto stations can produce charged and neutral particles that may leave significant energy deposits2379

in the calorimeter, with a signature that appears similar to that of the ALP signal. The lack2380

of material in the tracking stations means that most of the neutrino interactions are expected to2381

happen in the magnets, preshower and calorimeter, resulting in signatures which have little tracker2382

activity, similar to that expected for signal events, and so neutrinos are expected to be a significant2383

background for this analysis. The neutrino background prediction in this analysis is made using2384

MC, this is discussed in Chapter 5. To validate a purely MC approach, neutrino validation regions2385

are constructed; for these validation regions, a lower energy requirement of 100 GeV is applied, but2386

there is no upper energy limit placed on the region definitions. Signal contamination from ALPs is2387

below 30% in models not already in excluded parameter space.2388

The most effective way to target this neutrino background is by categorising neutrinos according2389
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Figure 7.10: Plot showing the magnet region, calorimeter region and preshower region. The three
different regions for targeting neutrino interactions, in the plane of the preshower layer 1 and
preshower ratio cuts. The preshower region becomes the signal region for this analysis at high
calorimeter energies.

to where in FASER they interact, resulting in the “Magnet”, “Calorimeter” and “Preshower”2390

regions. The difference in location of these interactions can be seen in Figure 7.9. The definitions2391

of the three regions are given below.2392

• Magnet region: preshower layer 1 nMIP > 10, preshower ratio < 1.52393

• Preshower region: preshower layer 1 nMIP > 10, preshower ratio > 4.52394

• Calorimeter region: preshower layer 1 nMIP < 102395

The selections listed are in addition to the baseline selection, and also with Calo E > 100 GeV.2396

Initially, these regions were blinded above a calorimeter energy of 500 GeV, and eventually used2397

as validation regions up to the 1.5 TeV signal region energy selection. Figure 7.10 shows the2398

three different regions for targeting neutrino interactions, in the plane of the preshower layer 1 and2399

preshower ratio selections.2400

Figure 7.11 and Figure 7.12 show the distribution of calorimeter energy in the magnet and2401

calorimeter regions, respectively, for the MC neutrino background compared to a representative2402

ALP signal. The neutrino background is split in terms of light and charm components, and in terms2403

of neutrino types. The control regions, particularly at lower calorimeter energy, are largely domi-2404

nated by neutrino background. 7.13 shows the distribution of calorimeter energy in the preshower2405

region which, at high calorimeter energies, becomes the signal region. Here, the (representative)2406

ALP signal dominates the preshower region at higher energies.2407
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(a) (b)

Figure 7.11: The calorimeter energy distribution for the MC neutrino background and a represen-
tative ALP signal in the magnet region. The ALP signal has mass 120 GeV and coupling 1 × 10−4

GeV−1. The uncertainty band includes MC statistical uncertainties and systematic uncertainties
on the neutrino background flux. (a) shows the neutrino background in terms of light and charm
components, (b) shows in terms of electron and muon neutrinos. The green dashed line indicates
the region that was unblinded at the beginning of the unblinding procedure.

(a) (b)

Figure 7.12: The calorimeter energy distribution for the MC neutrino background and a represen-
tative ALP signal in the calorimeter region. The ALP signal has mass 120 GeV and coupling 1
× 10−4 GeV−1. The uncertainty band includes MC statistical uncertainties and systematic un-
certainties on the neutrino background flux. (a) shows the neutrino background in terms of light
and charm components, (b) shows in terms of electron and muon neutrinos. The green dashed line
indicates the region that was unblinded at the beginning of the unblinding procedure.
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(a) (b)

Figure 7.13: The calorimeter energy distribution for the MC neutrino background and a representa-
tive ALP signal in the preshower region. The ALP signal has mass 120 GeV and coupling 1 × 10−4

GeV−1. The uncertainty band includes MC statistical uncertainties and systematic uncertainties
on the neutrino background flux. (a) shows the neutrino background in terms of light and charm
components, (b) shows in terms of electron and muon neutrinos. The green dashed line indicates
the region that was unblinded at the beginning of the unblinding procedure. The preshower region
becomes the signal region for this analysis at high calorimeter energy.
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(a) (b)

Figure 7.14: The preshower ratio distribution of the neutrino background MC in (a) the magnet
region and (b) the calorimeter region. The neutrino background is shown in terms of light and
charm components. The uncertainty band includes MC statistical uncertainties and systematic
uncertainties on the neutrino background flux.

(a) (b)

Figure 7.15: The preshower layer 1 nMIP distribution of the neutrino background MC in (a) the
magnet region and (b) the calorimeter region. The neutrino background is shown in terms of light
and charm components. The uncertainty band includes MC statistical uncertainties and systematic
uncertainties on the neutrino background flux.
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(a) (b) (c)

Figure 7.16: Number of MIPs in the second preshower layer against calorimeter energy for electron
neutrinos (red) and muon neutrinos (blue) as well as a representative ALP signal (yellow). The
neutrinos are categorised in terms of their interaction vertex: (a) neutrinos interacting in the
magnet, (b) neutrinos interacting in the calorimeter, (c) neutrinos interacting in the preshower.
The green dashed line shows the cut used in this analysis: preshower layer 1 > 10 MIPs.

The magnet, calorimeter and preshower neutrinos can be effectively distinguished with require-2408

ments on number of MIPs in the second preshower layer and the preshower ratio. Neutrinos inter-2409

acting in the magnet have relatively large charges in the second preshower layer (PS1) as shown in2410

Figure 7.15a, and the PS ratio is centred around one as can be seen in Figure 7.14a. The different2411

distributions of the preshower variables depending on the region where the neutrinos interact is also2412

shown in Figure 7.16 and Figure 7.17. Neutrinos interacting in the calorimeter have low charges in2413

the second preshower layer, shown in Figure 7.15b, and a wide range of preshower ratio values since2414

most interactions are yet to take place, shown in Figure 7.14b. In contrast, neutrinos interacting2415

in the preshower look very signal-like, making it difficult to distinguish. Therefore, the majority of2416

neutrinos making up the background in this analysis come from interactions in the preshower.2417

The power the preshower variable selections have in removing neutrino background from ALP2418

signal is highlighted in Figure 7.16 and Figure 7.17. Figure 7.16 shows that most of the charge2419

deposited by ALP signal (yellow) in the second preshower layer (PS 1) is above 10 MIPs. A selection2420

above 10 MIPs is particularly effective at removing neutrinos interacting in the calorimeter. Figure2421

7.17 shows that the ALP signal lies above a preshower ratio of 4.5. By contrast to the preshower2422

layer 1 selection, this preshower ratio selection above 4.5 mostly targets neutrinos interacting in2423

the magnet, shown in Figure 7.17.2424
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(a) (b) (c)

Figure 7.17: Preshower ratio against calorimeter energy for electron neutrinos (red) and muon
neutrinos (blue) as well as a representative ALP signal (yellow). The neutrinos are categorised in
terms of their interaction vertex: (a) neutrinos interacting in the magnet, (b) neutrinos interacting
in the calorimeter, (c) neutrinos interacting in the preshower. The green dashed line shows the cut
used in this analysis: preshower ratio > 4.5.

As stated, the neutrino background estimation is based purely on MC predictions. The MC2425

prediction was validated in these neutrino validation regions defined above; good agreement between2426

data and MC in the “calorimeter”, “magnet” and “preshower” neutrino validation regions was found2427

and this is shown in Table 7.5. The efficiency, defined as the percentage of true neutrinos of the2428

desired type found in a particular region, is greater than 80% and 90% in the magnet and calorimeter2429

regions, respectively. The purity of these regions, defined as a the percentage of “target” neutrinos2430

kept relative to all neutrinos populating that region, is greater than 90% in both regions. For the2431

preshower region, which is the region that become the signal region at high calorimeter energy, the2432

efficiency is 47% with a purity of 80%. Signal contamination is not taken into account in these2433

calculations of efficiency and purity; this plays a large role in the low efficiency seen in the preshower2434

region, where signal contamination becomes more significant at large calorimeter energies. These2435

numbers also do not take into account any additional contribution from background. However, due2436

to the calorimeter timing selection, there is no component from beam 1 background. There are two2437

cosmic muon events in the 100 GeV to 500 GeV validation region, but zero above this energy.2438

ALP signal could decay in the magnet or calorimeter regions, producing signatures in the2439

detector that pass the selections defining the magnet and calorimeter validation regions. The2440

extent of signal contamination in the validation regions was checked using extended ALP MC signal2441
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Table 7.5: Neutrino MC predictions in the calorimeter, magnet and preshower validation regions
compared to data. Broken down in terms of neutrino flavour and with the uncertainties from
flux variations, experimental uncertainties associated with the preshower and calorimeter cuts, and
those derived from MC statistics, respectively.

Calorimeter region

νe 22.6 ± 12.8 ± 0.7 ± 0.4 Light 51.6+2.0
−3.4 ± 3.1 ± 0.5

νµ 39.9 ± 6.8 ± 2.8 ± 0.5 Charm 11.1+19.1
−5.1 ± 0.4 ± 0.3

MC 62.7 ± 19.7 (31.4%)

Data 74

Magnet region

νe 13.8 ± 10.3 ± 1.4 ± 0.3 Light 33.6+6.7
−3.4 ± 4.3 ± 0.4

νµ 29.4 ± 8.0 ± 3.8 ± 0.4 Charm 9.9+16.1
−4.6 ± 0.9 ± 0.2

MC 43.5 ± 18.2 (41.9%)

Data 34

Preshower region

νe 5.16 ± 2.59 ± 0.51 ± 0.17 Light 14.8+0.9
−1.2 ± 1.8 ± 0.3

νµ 12.6 ± 2.3 ± 1.61 ± 0.3 Charm 3.0+4.5
−1.4 ± 0.3 ± 0.1

MC 17.8 ± 5.1 (28.8%)

Data 15

samples with at larger radius and z position, so that interactions in the full fiducial volume, as well2442

as to the end of the calorimeter, were taken into account. Signal contamination can be very large,2443

particularly in the calorimeter region, however, further investigation into which models provide2444

the largest contamination shows that these models are already well excluded. At the borders of2445

FASER’s expected reach with this analysis, the signal contamination remains consistent with the2446

systematic uncertainties associated with the neutrino MC prediction.2447

The number of neutrinos expected in 57.7 fb−1 is 0.44 ± 0.38 events. This is shown in Ta-2448

ble 7.6 and broken down in terms of νe and νµ as well as light and charm components, with the2449

uncertainty arising from generator flux, experimental uncertainties associated with the MC mod-2450

elling of preshower and calorimeter cuts, and the uncertainty due to MC statistics. All sources of2451

uncertainty are discussed later in Section 7.4.2452
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Table 7.6: Summary of the MC estimate for the neutrino background for 57.7 fb−1 in the signal
region. Included are uncertainties from flux variations, experimental uncertainties associated with
the preshower and calorimeter, and those derived from MC statistics, respectively.

Signal Region

νe 0.34 ± 0.33 ± 0.11 ± 0.05 Light 0.23+0.01
−0.11 ± 0.11 ± 0.04

νµ 0.10 ± 0.05 ± 0.05 ± 0.02 Charm 0.20+0.34
−0.09 ± 0.06 ± 0.03

MC 0.44 ± 0.39 (88.6%)

7.3.2 Neutral Hadrons2453

Neutral hadrons could be seen in this analysis if they are generated from muon interactions in the2454

material in front of FASER, and therefore pass through the veto scintillator system undetected. It2455

is possible, through interaction and decay within the magnets and infrastructure of FASER, that2456

such particles could leave significant deposits in the preshower and calorimeter, and therefore be a2457

potential background for an ALP search.2458

The FLUKA muon MC sample described in Chapter 5.3.2 is used to evaluate this background.2459

The neutral hadrons, and the corresponding PID that are targeted in this study are:2460

• KL - PID = 1302461

• KS - PID = 3102462

• Neutrons (and anti-neutrons) - PID = 21122463

• Λ0 (and anti-Λ0) - PID = 31222464

It is possible that these neutral hadrons decay to final states with a signal-like topology, by2465

examining the truth information available in the physics ntuples created for this analysis, it was2466

found that none of these events survived calorimeter energy cuts above 200 GeV which is far below2467

the signal region. This confirms that neutral hadrons are negligible in this analysis.2468

7.3.3 Inefficiency of the Veto Scintillators2469

As shown in Chapter 6.3.3, the expected background of muons crossing FASER without being2470

vetoed by any of the scintillator stations is below 10−18, due to the very high efficiency of each veto2471

layer. Therefore, this component of background is considered to be negligible.2472
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Table 7.7: MC cutflow for FLUKA muon sample.

FLUKA Muon MC

Selection Input Pass

Calo trigger 5245973878 155049

VetoNu Signal < 40 pC 155049 111

Veto Signal < 40 pC 111 0

Timing Signal < 20 pC 0 0

Table 7.8: MC cutflow specifically for studying ALP large-angle muon background.

Large-angle Muon MC

Selection Input Pass

Calo trigger 400000 431

VetoNu Signal < 40 pC 431 4

Veto Signal < 40 pC 4 2

Timing Signal < 20 pC 2 0

7.3.4 Large-angle Muons2473

A potential background that must be considered in this analysis arises due to large-angle muons2474

that enter FASER at such an angle that they miss the veto scintillators but potentially leave a2475

large enough energy deposit in the calorimeter to be mistaken for signal. Two MC samples are2476

used in this analysis to investigate this background component and are defined in Section 5.3.2.2477

The resulting cutflow for the FLUKA MC sample is shown in Table 7.7, scaled to 57.7 fb−1. Zero2478

muon events pass the veto cuts in the ALPs baseline selection, additionally, a second MC sample,2479

designed to specifically generate this type of muons was tested and shows zero events passing the2480

selection. This is summarised in Table 7.8.2481

Whilst providing a known underestimate, these MC samples give confidence in a negligible2482

component of large-angle muons. Additional methods are applied in order to validate and confirm2483

that this background is negligible.2484

7.3.4.1 The ABCD Method2485

Various data-driven ABCD methods are explored, with the aim of trying to capture and target this2486

large-angle muon component, should it be present in the dataset, in order to place a conservative2487
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Figure 7.18: The first ABCD configuration considered to target large-angle muons. Using an
inversion of the timing scintillator charge selection used in this analysis, and the calorimeter energy.
The unblinded regions are indicated in pink. The regions where the timing charge requirement is
inverted are indicated by the dashed blue lines to show where large-angle muons would be expected
to populate data.

upper limit on this background. The definition of an ABCD method is given in Chapter 6.3.4 in2488

the context of a validation method for the dark photon analysis background estimate. Here the2489

basic idea is similar, with the aim to take two uncorrelated variables: energy in the calorimeter,2490

and charge deposited in scintillators, to construct an ABCD validation of the signal region such2491

that a prediction can be calculated:2492

A(pred.) = B × C

D
. (7.2)

A number of differently constructed ABCD regions are investigated in the plane of calorimeter2493

energy and either timing scintillator charge or veto scintillator charge. Investigations were carried2494

out with various combinations of baseline selections in order to find the best method for targeting2495

this type of background, whilst also minimising the necessary extrapolation to the signal region.2496

7.3.4.2 Constructing regions based on the timing scintillator2497

The first ABCD configuration to be tested is based on the assumption that these muons could2498

plausibly deposit significant charge in the timing scintillator and go on to leave deposits in the2499

calorimeter. Modelling this background and using an ABCD method to extrapolate to the signal2500

region, should give a clear idea of size of this background.2501
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Table 7.9: The events in ABCD regions defined above, after baseline cuts. The central MC neutrino
estimate in the different regions is subtracted from data events to give a picture of the component
of large-angle muons captured by this method. In bold is the negative large-angle muon estimate
which proves this method unsuitable for targeting this background.

Events in ABCD Region

Region Data Neutrino MC Large-angle Muon

A 43.0 ± 6.6 54.0 ± 18.3 -11.0 ± 19.5

B 5.0 ± 2.2 3.7 ± 1.5 1.1 ± 2.7

C 71.0 ± 8.4 70.8 ± 17.3 0.19. ± 19.3

D 11.0 ± 3.3 8.2 ± 2.8 2.8 ± 4.37

Table 7.10: The events in ABCD regions defined above, after baseline cuts and the preshower cuts
used in this analysis (PS ratio > 4.5, PS1 nMIP > 10). The central MC neutrino estimate in the
different regions is subtracted from data events to give a picture of the component of large-angle
muons captured by this method. In bold is the negative large-angle muon estimates which proves
this method unsuitable for targeting this background.

Events in ABCD Region + Preshower Selections

Region Data Neutrino MC Large-angle Muon

A 5.0 ± 2.2 7.5 ± 1.8 -2.5 ± 2.9

B 1.0 ± 1.0 0.12 ± 0.08 0.88 ± 1.0

C 6.0 ± 2.5 6.8 ± 1.4 -0.81 ± 2.80

D 0.0 ± 0.0 0.19 ± 0.07 -0.19 ± 0.08

The four regions are constructed in terms of calorimeter energy and the inversion of the timing2502

scintillator charge requirement used in the analysis, Figure 7.18 shows the ABCD regions. The2503

baseline selection is applied and the region definitions are:2504

• Region A - Calorimeter energy 200 GeV − 500 GeV, Timing scintillator charge < 20 pC.2505

• Region B - Calorimeter energy 200 GeV − 500 GeV, Timing scintillator charge > 20 pC.2506

• Region C - Calorimeter energy 100 GeV − 200 GeV, Timing scintillator charge < 20 pC.2507

• Region D - Calorimeter energy 100 GeV − 200 GeV, Timing scintillator charge > 20 pC.2508

With this logic, control regions D and B would be populated by large-angle muons and, using C2509

as shown in Equation 7.2, would provide an estimate of the component of this background present2510

in the signal region, A, once scaling had been applied to extrapolate to higher calorimeter energy.2511
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Issues arise with this configuration because once the neutrino estimate in these regions is taken2512

into account, the remaining component argued to be large-angle muons is negative. Therefore,2513

no meaningful scaling can be applied to extrapolate to the signal region. The population of these2514

regions, in terms of data and neutrino MC prediction, and the resulting large-angle muon component2515

is shown in Table 7.9.2516

This problem becomes even more apparent when the requirements on the preshower variables2517

used in this analysis are applied (PS ratio > 4.5, PS1 nMIP > 10), this is shown in Table 7.10.2518

The negative large-angle muon estimate, and the lack of statistics particularly in region D, proves2519

that this method, in the current configuration, is unsuitable for targeting this type of background.2520

7.3.4.3 Constructing regions based on the veto scintillator2521

In each of the ABCD configurations using the timing scintillator charge and calorimeter energy, it2522

was found that the regions were dominated by neutrino background. It is, therefore, impossible to2523

use this method to place an upper limit on the number of large-angle muons expected in the signal2524

region, the reason being that there are so little of such events to capture. Therefore, in order to2525

validate that the large-angle muon component of background in this analysis is negligible, a final2526

ABCD method is constructed using the veto scintillator charge cuts and calorimeter energy.2527

This ABCD method is used to estimate the large-angle muon background in two separate2528

control regions. Both require charge deposits in the timing scintillator of greater than 20 pC but2529

less than 40 pC in the veto scintillators. The first control region requires a preshower ratio less than2530

4.5, whereas the second control region requires a preshower ratio greater than 4.5 and a charge in2531

the second preshower layer of greater than the 10 MIP equivalent. The construction of the first2532

control region, with the requirement of PS ratio < 4.5 should target large-angle muons, which are2533

unlikely to have a large preshower ratio. The second control region has the same selection as the2534

preshower/signal region, but with the charge requirement in the timing scintillator inverted.2535

To summarise, the following combination of preshower requirements are applied to the two2536

ABCD configurations:2537

• Configuration 1:2538

– PS Ratio > 4.52539
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• Configuration 2:2540

– PS Ratio > 4.52541

– PS1 nMIP > 102542

The four ABCD regions in each of the two configurations are defined in terms of calorimeter2543

energy and the inversion of the veto scintillator charge requirement used in this analysis. The2544

regions are visualised in Figure 7.19. In addition to the above preshower selections, the baseline2545

selection is applied and all of the ABCD regions require a timing scintillator charge > 20 pC, this2546

is the opposite of the selection used in the signal region. The ABCD region definitions are:2547

• Region A - Calorimeter energy > 1.5 TeV, Veto scintillator charge < 40 pC.2548

• Region B - Calorimeter energy > 1.5 TeV, Veto scintillator charge > 40 pC.2549

• Region C - Calorimeter energy 100 GeV − 200/500 GeV, Veto scintillator charge < 40 pC.2550

• Region D - Calorimeter energy 100 GeV − 200/500 GeV, Veto scintillator charge > 40 pC.2551

This ABCD method was investigated after the initial unblinding of this analysis, leading to2552

some differences in blinding compared to the previous method described above. The two values2553

considered for the upper limit on calorimeter energy in regions C and D depends on which control2554

region is considered. The higher threshold is used for the second configuration, to provide sufficient2555

statistics for this method.2556

The estimate in region A is shown in Table 7.11, as with the previous method, the component of2557

neutrino background (inclusive of uncertainties) is subtracted from the data. The final prediction in2558

the two configurations, inclusive of tracking systematics and uncertainties associated with studying2559

the muon events, is shown in Table 7.12.2560

The neutrino background in the signal region is estimated to be 0.44 ± 0.39, taking the more2561

conservative upper limit of (19.1 ± 27.3) × 10−3 is an order of magnitude below this estimate. The2562

estimate derived from the second configuration, (4.1± 6.1) × 10−3, requires the least scaling to the2563

signal region since both preshower requirements are applied. For example, the timing scintillator2564

charge requirement would have to be inverted, which is very likely to suppress this estimate further.2565
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Figure 7.19: ABCD configuration of the two configurations considered to target muons. Using an
inversion of the veto scintillator charge cut used in this analysis, and the calorimeter energy as the
ABCD variables. The regions where the veto charge requirement is inverted are highlighted in blue
to show where forward-going muons are expected to populate data.

Table 7.11: Data and neutrino yields in the different ABCD regions and the prediction for the large-
angle muon estimate for the two preshower selections. To calculate the prediction in region A, the
expected MC neutrino background is first subtracted from the data in region C. The uncertainty
on the neutrino MC includes flux and experimental sources and is propagated to the final estimate.

Preshower selection A B C C (ν MC) D A (pred.) ×10−3

PS ratio < 4.5 0 1211 11 7.9 ± 2.9 199506 19.1 ± 20.1 (stat.) ± 17.7 (ν syst.)

(Configuration 1)

PS ratio > 4.5, 0 143 1 0.3 ± 0.2 24130 4.1 ± 5.9 (stat.) ± 1.0 (ν syst.)

PS 1 nMIP > 10

(Configuration 2)

Table 7.12: Final estimates of the large-angle muon background in the two configurations.

Preshower selection A (pred.) ×10−3

PS ratio < 4.5 19.1 ± 20.1 (stat.) ± 17.7 (ν syst.) ± 5.2 (track syst.)

(Configuration 1) = 19.1 ± 27.3 (143%)

PS ratio > 4.5, PS 1 nMIP > 10 4.1 ± 5.9 (stat.) ± 1.0 (ν syst.) ± 1.1 (track syst.)

(Configuration 2) = 4.1 ± 6.1 (148%)
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Table 7.13: Cutflow of events passing selections for the evaluation of cosmic ray background.

Selection Events Efficiency[%]

Total Events 98510 -

Calo Trigger and Colliding BCID 1478 1.50

VetoNu Signal < 40 pC 1478 100

Veto Signal < 40 pC 1478 100

Timing Signal < 20 pC 1478 100

PS Ratio > 4.5 161 10.89

PS1 nMIP> 10 9 5.59

Calo E > 500 GeV 0 0

The large-angle muon estimate is several orders of magnitude below the neutrino estimate, as a2566

result, the large-angle muon background can be considered negligible in this analysis.2567

7.3.5 Non-collision Backgrounds2568

As with the dark photon analysis, it is necessary to consider the component of background that2569

arises due nearby LHC beam interactions and the interactions of cosmic ray muons. The following2570

sections demonstrate that all non-collision background is negligible in this analysis.2571

7.3.5.1 Background due to cosmic ray muons2572

In order to evaluate the number of cosmic events that could be included in this dataset, data2573

recorded during periods without beam in the LHC is analysed. The total time period of recon-2574

structed data collected in this setup is approximately equivalent to the timeframe in which the2575

physics dataset used in this analysis was collected.2576

The number of events passing each requirement are shown in Table 7.13. Requiring that the2577

events trigger in the calorimeter and also belong to a colliding BCID over 98% of this “cosmics”2578

dataset. The remaining events are completely removed with a relatively low calorimeter energy2579

selection that is far away from the eventual calorimeter energy chosen for the signal region. It is2580

therefore very clear that this component will be negligible.2581
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Selection Events Rel. Acceptance [%]

Calo Trigger and B1 BCID 54594 -

VetoNu Signal < 40 pC 54524 99.8

Veto Signal < 40 pC 54359 99.7

Timing Signal < 20 pC 53684 98.8

PS Ratio > 4.5 6452 12.0

PS1 nMIP > 10 95 1.47

Calorimeter Timing 0 0

Table 7.14: Summary of events passing selections and calorimeter timing requirement for the
evaluation of beam 1 background.

7.3.5.2 Beam 1 Background2582

Contributions from beam 1 background come from colliding bunch BCIDs that also correspond2583

with BCID timings of beam 1 passing FASER. This is the result of secondary particles produced2584

when beam 1, passing FASER towards the ATLAS IP, interacts with the LHC Q12 magnet located2585

close to FASER. Unlike cosmic ray muons and general beam background, which display random2586

signal timing, the beam 1 background has a well-defined signal time-of-arrival of roughly -12.5 ns2587

in relation to a collision signal. Timing can be used as an additional and effective handle to reduce2588

beam 1 background.2589

As with the dark photon analysis, data to evaluate this background is collected by taking events2590

with BCIDs corresponding to collisions in LHC B1 passing FASER, but which do not correspond2591

to colliding bunches at IP1. Although some of these events do pass the scintillator requirements in2592

the baseline selection, the beam 1 background is suppressed to a negligible level once calorimeter2593

timing requirements are applied. Such beam 1 events would arrive 127 bunch-crossings before2594

collisions from when the same bunch would be seen in the detector. Figure 7.20 illustrates the2595

clear distinction that can be made between collision events and beam 1 background. The cutflow2596

in Table 7.14 show how the calorimeter timing removes all of this background.2597

7.3.6 Summary of Total Expected Background2598

A summary of the total background estimate in this analysis is shown in Table 7.15. Components2599

from neutral hadrons, large-angle muons, inefficiencies from the veto scintillators, and non-collision2600
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Figure 7.20: Timing in the calorimeter of beam 1 background events (red) and collision events
(red). A cut at -5 ns removes all components of beam 1 background.

Table 7.15: Summary of the different sources of background considered in this analysis and the
total estimate, with uncertainty.

Source Background Uncertainty

Neutrino 0.44 0.39 (88.6%)

Neutral Hadrons - -

Veto Inefficiency - -

Large-angle Muons - -

Non-collision Backgrounds - -

Total 0.44 0.39 (88.6%)

backgrounds are considered to be negligible. Therefore, the background estimate in the signal2601

region is due to interactions from neutrinos. The total background estimate is is 0.44±0.39 events.2602

7.4 Systematic Uncertainties2603

This section describes the various sources of systematic uncertainties that are relevant to signal and2604

background. This is a cut-and-count analysis, therefore, the systematic uncertainties are related to2605

the signal yield, rather than shape uncertainty. These systematic uncertainties are implemented as2606

nuisance parameters in the model-dependent fit performed in the statistical interpretation of the2607

results of this analysis. This is explained in Chapter 5.4.1. The main sources of uncertainty can be2608

categorised into theory uncertainties and experimental uncertainties. The theory uncertainty is the2609

systematic uncertainty associated with the MC generators used to simulate signal and background2610

processes. The experimental uncertainties are the systematic uncertainties associated with the2611
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preshower and calorimeter variables used in this analysis and the uncertainty of the measurement2612

of the luminosity that comes from ATLAS. There is also a statistical uncertainty derived from MC2613

statistics, calculated from the standard deviation of the sum of the weights of each MC sample.2614

7.4.1 Theory Systematic Uncertainties2615

Systematic uncertainties that arise due to the modelling of the MC generators used to simulate the2616

signal and background samples used in this analysis. The flux uncertainties due to the different2617

generators used in the MC is the dominant systematic uncertainty, for both signal and background.2618

7.4.1.1 Signal Systematic Uncertainties2619

As discussed in Chapter 5, the type of generators used for the ALP signal can be separated into2620

light and charm hadron components. The uncertainty on the light hadron component comes from2621

the spread of the generator predictions provided by SIBYLL, QGSJET and Pythia (forward).2622

The uncertainty associated with the charm hadron component comes from the POWHEG+Pythia2623

minimum and maximum predictions which use central factorisation and resummation scales defined2624

in Ref. [129].2625

The net shift in the yield, either up or down, was taken for each generator and added in2626

quadrature, along with an additional 20% uncertainty recommended for the modelling of the B2627

hadron component, in order to obtain a total uncertainty up and down. This is shown as a2628

percentage of the total yield in Table 7.16. The uncertainty on the signal is by far the dominant2629

systematic uncertainty involved in this analysis, equal to between 30 and 60% uncertainty.2630

7.4.1.2 Background Systematic Uncertainties2631

As detailed in Chapter 5, the component of neutrino flux coming from light hadrons is based on the2632

EPOS-LHC generator and the charm hadron component uses the POWHEG+Pythia prediction.2633

The theory systematic uncertainty associated with the neutrino background comes from the spread2634

of the flux predictions from the different MC generators used. Particularly, there is a large un-2635

certainty due to the modeling of the charm hadron component. A breakdown of the uncertainties2636

associated with the neutrino background in terms of: theory uncertainty due to the spread of the2637
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Table 7.16: The percentage change in yield up and down due to systematic uncertainty on generator
type. Uncertainty from each generator are added in quadrature, including the additional 20%
uncertainty arising from modeling of B hadrons in the ALP-W model.

ALP Signal Generator unc shift up Generator unc shift down

ma = 80 MeV
63.3% 34.5%

gaWW = 1× 10−3 GeV−1

ma = 60 MeV
57.9% 33.3%

gaWW = 1.1× 10−4 GeV−1

ma = 120 MeV
59.9% 33.7%

gaWW = 3× 10−4 GeV−1

ma = 100 MeV
57.4% 33.2%

gaWW = 6× 10−5 GeV−1

ma = 140 MeV
59.4% 33.6%

gaWW = 2× 10−4 GeV−1

ma = 140 MeV
56.6% 32.9%

gaWW = 4× 10−5 GeV−1

ma = 200 MeV
59.7% 33.7%

gaWW = 1× 10−4 GeV−1

ma = 200 MeV
57.7% 33.2%

gaWW = 4× 10−5 GeV−1

ma = 230 MeV
58.8% 33.5%

gaWW = 6× 10−5 GeV−1

ma = 230 MeV
57.4% 33.1%

gaWW = 4× 10−5 GeV−1
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generator predictions, experimental uncertainty due to the preshower and calorimeter selections,2638

and the uncertainty due to MC statistics is shown in Table 7.6.2639

7.4.2 Experimental Systematic Uncertainties2640

This section deals with the experimental uncertainties: the systematic uncertainties related to the2641

scintillator, preshower and calorimeter selections used in this analysis, in addition to the 2.2% (20222642

data) and 2.04% (2023 data) uncertainty on the luminosity measurement from ATLAS.2643

7.4.2.1 Scintillator Systematic Uncertainty2644

The approach to the systematic uncertainty on the veto scintillator selections in this analysis is2645

based on the treatment of this uncertainty in the A’ analysis, detailed in Chapter 6.4.2.1. The same2646

40 pC cut in both the VetoNu scintillator and the veto scintillator stations is used in the selection.2647

Given that the veto scintillators are very efficient, the uncertainty on the signal yield is considered2648

to be negligible.2649

The systematic uncertainty associated with the timing scintillator in this analysis is driven by2650

the low threshold. Any signal greater than 20 pC in either the top or bottom timing scintillators is2651

rejected. When data (2022 and 2023) are compared to a representative MC ALP-W signal sample,2652

the difference between data and signal is clear. This was shown in Figure ??. The need to place a2653

large uncertainty on this threshold is not necessary.2654

7.4.2.2 Preshower Systematic Uncertainty2655

The systematic uncertainty related to the two preshower variables used in this analysis is evaluated2656

by looking at the discrepancy between data and MC for the charge distributions in the preshower2657

scintillator layers using both test beam (TB) and TI12 data.2658

The difference between MC and photon conversion events in TI12 data, shown in Figure 7.21a, is2659

used to derive a correction factor. The difference in test beam data and MC, shown in Figure 7.21b,2660

is also taken into account to determine the uncertainty, as the test beam uses FASER geometry2661

and material description that matches that used in the ALP signal MC.2662

A correction factor is applied in MC to the value of the preshower layer 1 nMIP (PS1 nMIP) of2663

1.20, with a 20% uncertainty applied to the variable. A correction factor of 1.13 is applied to the2664
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(a) (b)

Figure 7.21: (a) Photon conversion in TI12 data and MC. A correction factor for the preshower
variables is derived based on the difference between the two. (b) The difference in test beam data
and 100 GeV electron MC in the geometry description matching that used to generate the ALP
signal, used to estimate the uncertainty assigned to the preshower variables.

(a) (b)

Figure 7.22: The agreement between data and MC measured as a function of momentum in studies
of photon conversion events, resulting in correction factors for the preshower variables to be applied
in MC for (a) PS1 nMIP (1.20) and (b) PS Ratio (1.13).
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Table 7.17: The percentage change in yield up and down due to systematic uncertainty on PS1
nMIP. A correction factor of 1.20 is applied, with an uncertainty of 20%.

ALP Signal PS1 nMIP unc. up PS1 nMIP unc. down

ma = 80 MeV
0.299% 0.454%

gaWW = 1× 10−3 GeV−1

ma = 60 MeV
0.00% 0.00%

gaWW = 1.1× 10−4 GeV−1

ma = 120 MeV
0.432% 0.598%

gaWW = 3× 10−4 GeV−1

ma = 100 MeV
0.00% 0.00%

gaWW = 6× 10−5 GeV−1

ma = 140 MeV
0.257% 0.578%

gaWW = 2× 10−4 GeV−1

ma = 140 MeV
0.00% 0.270%

gaWW = 4× 10−5 GeV−1

ma = 200 MeV
0.695% 0.477%

gaWW = 1× 10−4 GeV−1

ma = 200 MeV
1.27% 0.921%

gaWW = 4× 10−5 GeV−1

ma = 230 MeV
0.721% 0.954%

gaWW = 6× 10−5 GeV−1

ma = 230 MeV
0.852% 0.461%

gaWW = 4× 10−5 GeV−1

MC preshower ratio (PS Ratio), with an uncertainty of 13%. Derivation of this correction factor2665

comes from the fits shown in Figure 7.22, where the agreement between data and MC is measured2666

for as a function of momentum. The percentage shifts in the yield are shown in Table 7.17 and2667

Table 7.18, respectively. These uncertainties, particularly those associated with the PS1 nMIP2668

variable, have a small overall impact on the signal.2669

7.4.2.3 Calorimeter Systematics2670

The energy calibration of the calorimeter and the uncertainty in comparing the calibrated energies2671

in data and MC at 500 GeV, is measured to be 6%, the various sources of uncertainty that contribute2672

to this 6% are shown in Table A.1 in Appendix A.2. The percentage change in the signal yield as a2673

result of this uncertainty is shown in Table 7.19. In addition, an 8.8% correction factor is applied2674
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Table 7.18: The percentage change in yield up and down due to systematic uncertainty on the PS
Ratio (preshower1/preshower0). A correction factor of 1.13 was applied, with an uncertainty of
13%.

ALP Signal PS Ratio unc. up PS Ratio unc. down

ma = 80 MeV
7.0% 7.6%

gaWW = 1× 10−3 GeV−1

ma = 60 MeV
4.2% 5.3%

gaWW = 1.1× 10−4 GeV−1

ma = 120 MeV
6.5% 8.8%

gaWW = 3× 10−4 GeV−1

ma = 100 MeV
4.9% 4.5%

gaWW = 6× 10−5 GeV−1

ma = 140 MeV
6.0% 7.9%

gaWW = 2× 10−4 GeV−1

ma = 140 MeV
6.4% 8.3%

gaWW = 4× 10−5 GeV−1

ma = 200 MeV
6.4% 8.1%

gaWW = 1× 10−4 GeV−1

ma = 200 MeV
5.1% 7.7%

gaWW = 4× 10−5 GeV−1

ma = 230 MeV
6.2% 7.7%

gaWW = 6× 10−5 GeV−1

ma = 230 MeV
5.6% 7.9%

gaWW = 4× 10−5 GeV−1
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to the calorimeter EM energy. This is derived from test beam studies which used a calibrated MC2675

energy to compare to test beam data, discussed in Chapter 8.1.2.2676

The calorimeter EM energy threshold used in the ALP analysis (1.5 TeV) is considerably higher2677

than the threshold used in the dark photon analysis (500 GeV). In order to study the effect of a2678

much higher calorimeter energy threshold, and whether a 6% uncertainty is still suitable, a 10%2679

and 20% uncertainty is also studied. The percentage change in the signal yield when applying these2680

larger uncertainties to the calorimeter energy are shown in Table 7.20. The increased uncertainty2681

and resulting shift in the signal yield can be large for certain signal points, however, it is still2682

sub-dominant to the uncertainty associated with the generator flux. Furthermore, a calorimeter2683

systematic uncertainty of 20% implemented into the statistical framework has a negligible impact2684

on overall sensitivity and reach. This study shows that the assumption of a 6% uncertainty on the2685

calorimeter energy remains a conservative estimate suitable for this analysis.2686

7.4.3 A Summary of Systematic Uncertainties2687

Table 7.21 summarises the sources of uncertainty on the signal, and the effect on the yield. De-2688

scriptions of the systematic uncertainties implemented in this analysis are given in Table 7.22. The2689

largest uncertainty, in the case of both signal and background, is due to the different generators2690

used in the production of the MC samples.2691

7.5 Results2692

Once the signal efficiency and background estimates with uncertainties were evaluated, data were2693

unblinded and 1 data event was observed in the signal region. This is consistent with the total2694

expected background of 0.44 background events expected in the signal region, with an uncertainty of2695

88.6%. The 1 event has a calorimeter energy of 1.6 TeV, a charge deposit in preshower layer 1 equal2696

to 146 MIPs, and a preshower ratio of 9.0. This is consistent with a signal-like electromagnetic2697

shower, however it cannot be ruled out that this event is a background event due to neutrino2698

interactions. In order to claim a discovery with a significance of 3σ, 5 events would need to be2699

observed in the signal region.2700

Figure 7.23 shows the unblinded results in terms of calorimeter energy in the preshower region2701
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Table 7.19: The percentage change in yield for representative signal MC samples in the case of the
6% calorimeter energy systematic uncertainty implemented in this analysis.

ALP Signal 6% unc. up 6% unc. down

ma = 80 MeV
0.0% 0.1%

gaWW = 1× 10−3 GeV−1

ma = 60 MeV
19.0% 10.6%

gaWW = 1.1× 10−4 GeV−1

ma = 120 MeV
1.6% 2.0%

gaWW = 3× 10−4 GeV−1

ma = 100 MeV
24.3% 16.4%

gaWW = 6× 10−5 GeV−1

ma = 140 MeV
2.7% 3.6%

gaWW = 2× 10−4 GeV−1

ma = 140 MeV
19.6% 15.0%

gaWW = 4× 10−5 GeV−1

ma = 200 MeV
2.5% 3.1%

gaWW = 1× 10−4 GeV−1

ma = 200 MeV
12.8% 12.1%

gaWW = 4× 10−5 GeV−1

ma = 230 MeV
6.0% 6.5%

gaWW = 6× 10−5 GeV−1

ma = 230 MeV
11.5% 12.2%

gaWW = 4× 10−5 GeV−1
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Table 7.20: An investigation into the percentage change in signal yield for representative signal MC
samples with 10% and 20% calorimeter energy systematic uncertainty.

ALP Signal 10% unc. up 10% unc. down 20% unc. up 20% unc. down

ma = 80 MeV
0.0% 0.1% 0.0% 0.483%

gaWW = 1× 10−3 GeV−1

ma = 60 MeV
31.7% 19.0% 84.7% 40.2%

gaWW = 1.1× 10−4 GeV−1

ma = 120 MeV
2.5% 3.7% 3.6% 9.108%

gaWW = 3× 10−4 GeV−1

ma = 100 MeV
36.9% 25.0% 67.6% 44.3%

gaWW = 6× 10−5 GeV−1

ma = 140 MeV
3.8% 5.6% 5.8% 13.2%

gaWW = 2× 10−4 GeV−1

ma = 140 MeV
30.0% 23.9% 62.7% 43.4%

gaWW = 4× 10−5 GeV−1

ma = 200 MeV
3.8% 5.5% 6.4% 11.4%

gaWW = 1× 10−4 GeV−1

ma = 200 MeV
22.8% 18.1% 48.3% 34.5%

gaWW = 4× 10−5 GeV−1

ma = 230 MeV
10.0% 11.0% 16.3% 22.4%

gaWW = 6× 10−5 GeV−1

ma = 230 MeV
20.3% 19.3% 42.1% 35.3%

gaWW = 4× 10−5 GeV−1

Table 7.21: Summary of the various sources of signal uncertainty, the effect of this uncertainty on
the signal yield across the parameter space is shown. Numbers in parenthesis indicate the effect on
signals in the new exclusion reach with this analysis. The error on the MC statistics is calculated
using the standard deviation of the sum of the weights (W) of each sample.

Source Value Effect on signal yield

ALP Signal Generator 30-60% 30-60% (30-60%)

Luminosity 2.2% 2.2%

MC Statistics
√∑

W 2 1-7% (1-2%)

Preshower Ratio 13% 4-8% (4-8%)

Preshower Layer 1 20% 0-2% (0-1%)

Calo E scale 6% 0-30% (0-25%)
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Table 7.22: Systematic uncertainties implemented in the statistical analysis framework.

Systematic Description

Luminosity uncertainty
2.2% from 2022 estimate from ATLAS, same uncertainty is
assumed for the 2023 dataset.

Calorimeter energy uncertainty A fudge factor of 1.088, 6% uncertainty

Preshower ratio uncertainty A fudge factor of 1.13, 13% uncertainty

Preshower Layer 1 uncertainty A fudge factor of 1.20, 20% uncertainty

Generator uncertainty
Different generator weights, additional 20% uncertainty due
to the ALP-W model

Neutrino background uncertainty Pure MC estimate uncertainties of 88.6%

(a) (b)

Figure 7.23: Calorimeter EM energy distributions in the preshower and signal regions, showing the
composition of the neutrino background expectation separated (a) in terms of neutrino type and
(b)in terms of light/charm production. The final energy bin above 1.5 TeV shows the signal region
and is indicated by the green arrow.
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Figure 7.24: Interpretation of the signal region yield as ALP exclusion limits with the assumption
of 0.44 neutrino background events. The expected limit with 90% CL is shown by the dashed line
and yellow uncertainty band. The observed limit is shown by the blue line. Existing constraints
are shown in grey.

and signal region. The plots are overlaid with the neutrino background expectation from MC,2702

categorised in terms of neutrino type and also in terms of light/charm hadron component. Overlaid2703

are three representative ALP MC signal points. The final bin showing the 1 event at 1.6 TeV2704

includes overflows and is indicated with a green arrow.2705

The statistical interpretation of the results of this analysis is performed using the HistFitter2706

statistical framework and described in Chapter 5.4.1. Since no significant excess is observed in the2707

signal region, exclusion limits on FASER’s sensitivity to this model can be set. The expected limits2708

and sensitivity were evaluated using a model-dependent fit which considers the ALP-W signal model2709

and the neutrino background estimate. The sources of systematic uncertainties, described earlier2710

in this Chapter, are implemented in the model as nuisance parameters. This analysis considers2711

the 90% Confidence Level (CL), in line with other similar dark matter searches. The contour from2712

evaluating the CLs values at a 90% confidence level is shown in Figure 7.24. The width of the2713
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Run 8834
Event 44421456
2022-10-13 16:09:44
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Figure 7.25: An event display of the data event seen in the ALP analysis. Run 8834, eventID
44421456. This event is in time with a collision event and shows signal in the timing scintillator,
second preshower layer and the bottom right calorimeter module.

uncertainty band is driven by the dominant systematic uncertainty, the flux of the MC generators2714

used in signal and background estimation. The grey regions indicate previous constraints, the2715

details of which are given in Chapter 2.2716

In the case of ALPs coupling to the SU(2)L gauge boson, FASER probes previously unexplored2717

parameter space with this analysis. ALP masses between 100 and 250 MeV, with coupling between2718

3× 10−5 and 5× 10−4 GeV−1 have been excluded by this search.2719

Figure 7.25 shows the event display of the full FASER detector geometry and the reconstructed2720

PMT waveforms from the 1 data event seen in signal region. Characteristics of this event are2721

consistent with a signal-like event: leaving no signal in any of the veto scintillators, a small deposit2722

in the timing scintillator, and large signatures in the preshower and calorimeter. Figure 7.26 shows2723

the reconstructed PMT waveforms for the timing scintillator, preshower scintillator and calorimeter.2724

A small amount of charge, 1.9 pC is deposited in the timing scintillator, a large signal of 653.3 pC2725

is deposited in preshower layer 1, an indication of a large EM shower, and 364.3 pC is deposited in2726

the bottom right calorimeter module.2727

7.5.1 ALPs Coupling to Photons2728

The contour from evaluating the CLs values at a 90% confidence level for the ALP-photon model is2729

shown in Figure 7.27. In this serach, ALP masses up to ma ∼ 80 MeV are excluded and previously2730
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(a) (b) (c)

Figure 7.26: Reconstructed PMT waveworms from ALPtrino event (Run 8834, eventID 44421456)
in: (a) the top layer of the timing scintillator with a peak of 12.9 mV and an integrated charge of 1.9
pC. (b) the second preshower scintillator layer with a peak of 171.1 mV and an integrated charge
of 74.5 pC. (c) the bottom right calorimeter module with a peak of 970.4 mV and an integrated
charge of 364.3 pC.

unexplored parameter space around gaγγ ∼ 10−4 GeV−1 is probed. Existing constraints are set by2731

previous experiments: E141, LEP, NA64, CHARM, E137, NuCal, PrimEx, Belle2 and BESIII.2732

7.5.2 ALPs Coupling to Gluons2733

The contour from evaluating the CLs values at a 90% confidence level for the ALP-gluon model2734

is shown in Figure 7.28. The analysis probes unconstrained parameter space in the region of ALP2735

mass around ma ∼ 100 MeV and coupling gagg ∼ 10−3. There is also a region at higher mass2736

that FASER explores, at mass ma ∼ 500 MeV and coupling gagg ∼ 10−4. The reason FASER has2737

sensitivity in these regions is because of enhanced production rates due to resonant mixing around2738

the π0 mass (mπ0 = 139 MeV) and the η meson mass (mη = 548 MeV). Existing constraints2739

from previous experiments include limits from the E949, NA48, NA62, NuCal, ΓK+ and BaBar2740

collaborations.2741

7.5.3 Reinterpretations2742

In addition to axion-like particles, the ALP analysis can be reinterpreted for additional models2743

with photonic final states with appropriately long lifetimes. In this section, exclusion limits are2744

presented for: the U(1)B model [143], the up-philic model [144] and the Type-I two-Higgs doublet2745

model (2HDM) [145]. Additionally, the ALP analysis provides sensitivity to the dark photon2746
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Figure 7.27: Interpretation of the signal region yield as ALP exclusion limits with the assumption
of 0.44 neutrino background events. The expected limit with 90% CL is shown by the dashed line
and yellow uncertainty band. The observed limit is shown by the blue line. Existing constraints
are shown in grey.

model discussed in this thesis. A reinterpretation of the results is possible without any tracking2747

requirements, characterising the e+e− decay by its EM deposits.2748

7.5.3.1 U(1)B Gauge Boson2749

The contour from evaluating the CLs values at a 90% confidence level for the B − L gauge boson2750

model is shown in Figure 7.29.2751

7.5.3.2 Up-philic scalar2752

The contour from evaluating the CLs values at a 90% confidence level for the up-philic model is2753

shown in Figure 7.30.2754

7.5.3.3 Type-I two-Higgs doublet model2755

The contour from evaluating the CLs values at a 90% confidence level for the 2HDM model is2756

shown in Figure 7.31.2757
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Figure 7.28: Interpretation of the signal region yield as ALP exclusion limits with the assumption
of 0.44 neutrino background events. The expected limit with 90% CL is shown by the dashed line
and yellow uncertainty band. The observed limit is shown by the blue line. Existing constraints
are shown in grey.

7.5.3.4 Dark Photon2758

The contour from evaluating the CLs values at a 90% confidence level for the dark photon model2759

is shown in Figure 7.32.2760
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Figure 7.29: Interpretation of the signal region yield as U(1)B gauge boson exclusion limits. The
expected limit with 90% CL is shown by the dashed line and yellow uncertainty band. The observed
limit is shown by the blue line. Existing constraints are shown in grey. Certain models require
the introduction of new, heavier fields which can have phenomenological implications, constraints
using such models are indicated by the blue dashed line.

Figure 7.30: Interpretation of the signal region yield as up-philic exclusion limits. The expected
limit with 90% CL is shown by the dashed line and yellow uncertainty band. The observed limit is
shown by the blue line. Existing constraints are shown in grey.
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Figure 7.31: Interpretation of the signal region yield as Type-I two-Higgs doublet exclusion limits.
The expected limit with 90% CL is shown by the dashed line and yellow uncertainty band. The
observed limit is shown by the blue line. Existing constraints are shown in grey.

Figure 7.32: Interpretation of the signal region yield as dark photon exclusion limits. The expected
limit with 90% CL is shown by the dashed line and yellow uncertainty band. The observed limit is
shown by the blue line. Existing constraints are shown in grey, including FASER’s previous results.
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Chapter 82761

The Calorimeter Testbeam and2762

Preshower Detector Upgrade2763

8.1 The 2021 Calorimeter Testbeam2764

FASER’s 2021 Electromagnetic Calorimeter Test Beam [146] was carried out in order to calibrate2765

the calorimeter modules using electron beams with energy between 10 and 300 GeV. In addition2766

to the electron energy scan, the uniformity of the muon response was measured at 150 GeV, and2767

a pion scan was performed at 200 GeV to study the hadronic response, the PID capalities of the2768

preshower detector are demonstrated as discussed in Chapter 3.3.2.2769

Six ECAL modules were tested with an experimental setup that consisted of the two veto scin-2770

tillators from TI12 acting as trigger scintillators, the IFT tracking station, the preshower detector,2771

and six ECAL modules including the four chosen for use in TI12 and two spare modules. A pho-2772

tograph of this setup in Experimental Hall North 1 (EHN1) at CERN is shown in Figure 8.1. The2773

entire setup was placed on top of a large scissor table so that the equipment could be moved rela-2774

tive to the beam, in order to test the response at various points across the calorimeter modules. A2775

sketch of the setup is shown in Figure 8.2, the different scan points are shown in Figure 8.3.2776

The PMT signals from the ECAL, preshower, and trigger scintillators are digitised at 500 MHz2777

by 14-bit ADCs and read out in a wide window (1.2 µs), the integrated charge is summed in a2778

window around the expected peak signal. The readout for most events is triggered by signals in2779
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Figure 8.1: A photograph of the test beam setup in Experimental Hall North (EHN1) at CERN

Figure 8.2: A diagram of the components used in the test beam. The coordinate system is also
shown.
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Figure 8.3: The different scan point positions used in the test beam. Scan point 8 represents the
centre of the top middle ECAL module.

both trigger scintillators exceeding a predefined threshold at the same time. Hits in the tracker2780

stations are read out in a 75 ns window and used to reconstruct tracks. The response of the2781

calorimeter modules is studied using events selected as follows:2782

• The event trigger bit must indicate that the front two trigger scintillators were hit2783

• Only one track must be found in the event, with tracks reconstructed according to a dedicated2784

tracking algorithm2785

• Tracks must be relatively straight such that the angular spread in the x and y plane is | θx |2786

and | θy |< 2°2787

• The track position must be within a 20 mm × 20 mm square area surrounding the beam2788

position, obtained from extrapolating the track to the face of the calorimeter2789

8.1.1 Energy Calibration2790

Calibration of the calorimeter modules was carried out using test beam data. The charge of2791

the signal in the calorimeter PMTs is compared to the MPV of the PMT charge of a MIP. The2792

calorimeter settings used during physics data taking include the installation of an optical filter in2793

front of the PMTs and a low HV setting, to ensure that TeV scale EM showers are not saturated2794

in the calorimeter. Due to this, the MIP signal is not visible. To overcome this, and to measure2795
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the MIP signal, a higher HV setting is used and a correction applied to the measured MIP signal.2796

This correction, to extrapolate to the conditions used for physics data-taking, is known as the Gain2797

Ratio.2798

The MIP equivalence, NMIP is used in the calibration, in addition to being used as a variable in2799

the ALP analysis event selection. It is calculated using Qsignal, the PMT charge of a signal and the2800

gain ratio. Therefore, the size of the signal relative to the charge of a MIP signal can be calculated2801

according to Equation 8.1:2802

NMIP =
Qsignal ×Gain Ratio

Qµ
. (8.1)

This NMIP is used to estimate the initial calorimeter EM energy of a particle:2803

EEM = NMIP × ETB

N̄TB
MIP

(8.2)

where ETB is the beam energy of an electron from test beam data and N̄TB
MIP is the average NMIP2804

from test beam data. The value of ETB

N̄TB
MIP

is equal to approximately 330 MeV, according to LHCb2805

test beam data using the same ECAL calorimeter modules [147]. Therefore, the estimation of the2806

calorimeter EM energy can be obtained in both data and MC according to:2807

EEM = NMIP × 330 MeV. (8.3)

8.1.2 Test Beam Simulation2808

FASER’s test beam simulation initially used ParticleGun to simulate single particles at a fixed2809

energy, the Geant4 package [148] is used to model the propagation of particles through the test2810

beam geometry. LHCb test beam results using the same ECAL modules were used for comparison2811

when building the simulation and studying the energy response and resolution, before it could be2812

validated by FASER’s own test beam data. At this stage, the simulation does not include any2813

digitisation. Digitisation is a step which mimics the detector response, converting the simulation2814

output into an output similar to the PMT pulses of real data. A dedicated geometry was developed2815

for the test beam simulation, shown in an event display produced based on ATLAS VP1 software2816

[149] in Figure 8.4.2817
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Figure 8.4: An event display showing the simulated hits of a 100 GeV electron in the test beam
MC geometry

Figure 8.5: The calibrated EM energy in the calorimeter of MC simulation compared to test beam
response of each of the six ECAL modules.

This initial simulation showed some discrepancy compared to the test beam data, the difference2818

in the simulated calorimeter response compared to data taken at various scan points is shown in2819

Figure 8.5. Applying a correction factor of 8.8% to the calibrated MC calorimeter energy improved2820

the agreement between data and MC. The correction factor is obtained by comparing the average2821

calibrated energy in each of the six ECAL modules to the calibrated energy in MC at 100 GeV.2822

The calibrated EM energy is used in the analyses discussed in this thesis, where the FASER MC2823

geometry implements the same material description and local calorimeter effects as included in the2824

test beam studies.2825

As discussed, the reason for this discrepancy in test beam data and MC arises primarily from2826

differences in the material description in the MC geometry compared to the actual setup. The2827

inclusion of Tyvek paper has a large impact on the simulated response. The accurate description of2828

the various local calorimeter effects discussed in Chapter 4.2.2 also affects response and resolution.2829

Another important factor concerning the accuracy of the test beam MC is the realistic simulation2830
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(a) (b)

Figure 8.6: The simulated calorimeter energy resolution in (a) the original test beamMC and (b) the
updated test beam MC that includes the most up-to-date material description and implementation
of the studied local effects in the calorimeter. Compared with parameterisation of LHCb test beam
results in green.

of the particle beam and the setup specific to the H2 beamline used in EHN1. After updating2831

the material description in FASER MC geometry, implementing the local corrections and non-2832

uniformities discussed previously, and using the most realistic simulation of the CMS H2 beamline2833

[150], the change in the simulated calorimeter energy resolution is clear. Figure 8.6 shows the2834

improved agreement in energy resolution compared to previous LHCb test beam results using the2835

same ECAL modules.2836

8.1.3 Preshower Correction2837

In order to study the isolated response of the calorimeter in this test beam, it is necessary to apply2838

a correction factor to the measured energy response to account for the energy lost by a particular2839

particle as it traverses the preshower in this test beam setup. The preshower “steals” a portion2840

of the EM shower from the calorimeter, as a direct result of the two radiation lengths of tungsten2841

radiator. This effect varies on an event-by-event basis and thus degrades the energy resolution. This2842

is corrected for in order to obtain the most accurate calorimeter energy resolution measurement.2843

156



Figure 8.7: The energy deposited in the calorimeter modules vs the preshower scintillator layers in
test beam simulation (100 GeV electron).

The total deposited energy in the preshower station compared to the total deposited energy in the2844

calorimeter for a 100 GeV electron in test beam MC is shown in Figure 8.7.2845

A preshower correction was derived to mimic the absence of a preshower station, taking into2846

account the deposited charge in the calorimeter and preshower station:2847

Qcorrected = Qcalo + (m ∗Qpreshower) ,

where Q is the total deposited charge and m is the gradient derived from the fit of the deposits in2848

the preshower vs calorimeter. The preshower correction is applied in both data and MC, resulting2849

in an increased energy response and a reduced energy resolution, shown in Figure 8.8.2850

8.1.4 Energy Resolution2851

The calorimeter energy resolution is defined in Chapter 4.2.3. The measurement of energy resolution2852

from test beam data compared to test beam MC is shown in Figure 8.9. The energy response and2853

resolution show generally good agreement with some differences that are generally understood.2854

The test beam MC agrees well with parameterised results from LHCb, differences in data and MC2855

at higher energies is likely related to the lack of electronic noise implemented in the MC at this2856

stage of the analysis. The results show that the calorimeter energy resolution is O(1%) in the high2857
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Figure 8.8: The effect of the preshower correction on the charge deposited by a 100 GeV electron
in test beam data. The preshower corrected charge (red) shows a reduced and improved energy
resolution.

Figure 8.9: Calorimeter energy resolution measurement in test beam data (blue) and simulation
(red), compared to a parameterisation of LHCb test beam results.

158



energy range relevant to the analyses discussed in this thesis. This level of energy resolution in the2858

calorimeter is more than sufficient for physics analysis.2859

8.2 High-Precision Tungsten-Silicon Preshower Detector Upgrade2860

The high-resolution preshower upgrade [151] will be installed in front of the existing calorimeter2861

and will partially replace the present FASER preshower detector, shown in Figure 3.13 in the2862

Chapter 3. The current preshower contains 2 radiation lengths (χ0) of tungsten absorber. In the2863

proposed upgrade, the layout will consist of tungsten absorber alternated with planes of monolithic2864

silicon pixel detectors which will provide the longitudinal granularity needed for the detection of2865

two-photon signatures, while maximising the ability to reject background. The plan is that the2866

preshower installation will be finished in the YETS at the end of 2024.2867

The ALP-W model discussed in this thesis is the model chosen to characterise the performance2868

of the preshower detector, the decay signature to two high energy photons makes it the ideal choice2869

for such studies. FORESEE is used to investigate the photon energy in various signal samples, at2870

different positions across the parameter space. The results show the need for a preshower detector2871

that is sensitive to a large range of photon energies, which is in agreement with signal optimisation2872

and characterisation studies performed during the ALP analysis efforts.2873

8.2.1 Sub-detector Layout2874

The mechanical frame that surrounds the current preshower detector can be removed to allow room2875

for the new preshower detector. The upper frame that holds the calorimeter will remain in place.2876

The new preshower detector will be made up of six detector planes and two scintillators. Two of2877

the detector planes will have 1.7χ0 of W and Si, the remaining four will have 0.65χ0 of W and Si.2878

There are 6 planes, with 12 modules per plane, Figure 8.10a shows the 12 modules arranged in a2879

single plane. Each module contains 6 ASICs with an array of 208 × 108 pixels. Figure 8.10b shows2880

a CAD diagram of the components that make up each preshower module. Each module contains2881

6 ASICs attached to an aluminium base plate. The thermal interface sheet integrates the module2882

with the cooling plate. The module flex contains the electrical interconnection to an external patch2883

panel and SMD (surface mount devices) components.2884
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(a)

(b)

Figure 8.10: (a) One of the 6 preshower planes with 12 modules mounted on a 20×20 cm2, 5 mm
thick cooling plate. The overlap along the long edges of the modules minimises the dead area
of the chips. (b) CAD diagram of the components that make up each preshower module. Each
module contains 6 ASICs attached to an aluminium base plate. The thermal interface sheet ingrates
the module with the cooling plate. The module flex contains the electrical interconnection to an
external patch panel and SMD components (Surface Mount Devices).
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Figure 8.11: An example of one of the ASIC chips, the structure of the super-columns and 13 super
pixels are indicated in blue, with a diagram of a single SP on the right-hand side, pads run along
the bottom of the chip for probing (red).

8.2.2 Monolithic Readout Chip2885

The monolithic active pixel sensor uses 130 nm SiGe BiCMOS [151] technology. The chip will be2886

capable of distinguishing particle shows generated by photons of energy 100 GeV to 3 TeV, with2887

a separation between the primary photons above 200 µm. The high dynamic range of the readout2888

chips translates to charge measurements from 0.5 up to 65 fC, this corresponds to the huge charges2889

deposited in single pixels at the core of the electromagnetic showers initiated in the tungsten planes2890

by high energy photons.2891

The ASIC chip is 2.2 × 1.5 cm2 and is made up of 13 “super-columns” (SC) subdivided into2892

8 “super-pixels” (SP) each containing 16 rows of 16 pixels as shown in Figure 8.11, with a 40 µm2893

digital column running down the middle of each SP for masking and readout.2894

A slow-control interface which implements an SPI (Serial Peripheral Interface) protocol allows2895

configuration of the chip and the internal DACs (Digital-to-Analogue Converters). During chip2896

configuration and operations testing, probe needles can be aligned with the pads, marked in red on2897

Figure 8.11, in order to deliver test pulses or masking commands.2898

8.2.3 Prototype Tests for Pre-production2899

In order to test the electronics and debug software and firmware needed for the preshower detector2900

upgrade, pre-production versions of the ASIC readout chips were designed and produced. These2901

chips contain 3 super-columns, rather than the 13 SCs that make up the final production chips.2902

Their behaviour is monitored and tested by mounting the chips into the probe station. A dedicated2903
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(a) (b)

Figure 8.12: (a) FASER pre-production probe card used to probe the pre-production chips. (b)
Marks from the probe card needles left on the pre-production chip pads after establishing a good
contact.

FASER pre-production probe card with probe needles is inserted into the setup, aligning the pads2904

at the bottom of the chip with the probe needles, as seen in Figure 8.12a. A good contact with the2905

probe needles is required for adequate communication with the chip, Figure 8.12b shows the result2906

of good contact with the pads.2907

These tests were carried out initially to test the probe card system and to obtain standard2908

measurements of the chips to give an idea of the yield of working chips. The setup is connected2909

to a FPGA, the chips are placed on the chuck and loaded into the probe station, whose setup2910

includes a microscope and camera to monitor the position of the chip and to perform alignment2911

with the needles attached to the probe card. Using the switching matrix and SMUs provided by the2912

probe station, test scenarios can be setup to monitor the voltage and current supplied to the chip,2913

configure the chips and perform monitoring whilst testing the DAQ. Figure 8.13 shows the results2914

of an LV test performed on a pre-production chip. The current delivered to the FPGA board is2915

stable, and the LV and threshold currents quickly configure once the configuration command is sent2916

at around 9s into the test. This chip configures well and shows no sign of abnormalities or defects.2917

Once it is confirmed that the chip is successfully configured through the results of the LV test, a2918
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Figure 8.13: LV test to configure pre-production chip. In blue is the LV current I0, in orange is
the threshold current Ithr and green is the current pulled by the FPGA.

Figure 8.14: HV test to characterise pre-production chip

HV scan is performed between 0 V and −150 V in steps of −100 mV. The results of such a test are2919

shown in Figure 8.14, the chip is configured at −10 V and remains stable from this point, with no2920

sign of breakdown. The current pulled by the HV reaches a maximum of −9.3 nA and the current2921

pulled by the LV is 34.5 mA, which is well within the expected range. Additional tests are carried2922

out to confirm that the DAQ is responding and data is being sent and readout from the chip. This2923

includes searching for problematic pixels within the pixel matrix. This chip passes all tests and2924

confirms that the probe card system works.2925

8.2.4 Tests of Production Chips2926

Before the arrival of the final chips, ready for characterisation and testing in a dedicated test beam2927

in August 2024, a wafer of the production-level chip was produced for further testing. Figure2928

8.15 shows the wafer being loaded into the probe station. The ASICs in this test wafer respond2929

to programming commands according to expectations. The chip was configured correctly and2930

demonstrated sensitivity to the lowest value of testpulse sent, which corresponds to 0.5 fC, consistent2931

with having sensitivity to a MIP signal. An oscilloscope included in this setup is useful for visualising2932
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Figure 8.15: A wafer containing multiple chips being loaded into the probe station.

Figure 8.16: Oscilloscope reading of injected test pulse showing a single, unmasked pixel.

the chip’s response to the testpulse. Figure 8.16 shows a typical testpulse on the oscilloscope, in2933

the case when there is a single unmasked pixel in the chip, without any noise.2934

The final chips will be characterised and assembled over summer, in preparation for a preshower2935

testbeam. These initial tests give confidence that a high yield of good quality chips will be available2936

for the module assembly. The final preshower detector will be installed in TI12 in YETS 2024.2937

8.2.5 Implications for Future ALPs Search2938

The upgraded preshower detector, with its ability to distinguish closely-spaced, highly energetic2939

di-photon signatures, will have a huge impact on low-background analysis searching for photonic2940

final states. Of particular interest, especially given the focus of this thesis, is the ALP with coupling2941

to the SU(2)L gauge boson. Assuming the preshower upgrade is operational for the data-taking2942

from 2025, the impact on physics reach is substantial. Figure 8.17 shows the parameter space that2943
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Figure 8.17: The predicted physics reach with the upgraded preshower detector in the ALP-W
parameter space.

could be explored with the improved sensitivity provided by the preshower detector for the ALP-W2944

model. Note that this figure does not show the current reach for ALP-W discussed in this thesis.2945

The blue line shows the reach in the case of an ideal detector performance with 3 ab−1 collected,2946

the red line shows the same but for a luminosity of 90 fb−1. Considering realistic detector effects2947

at L =90 fb−1, the reach is equal to the solid black line. This is already a considerable increase in2948

explored parameter space compared to the current reach with the ALP-W analysis with a luminosity2949

of 57.7 fb−1.2950
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Chapter 92951

Summary2952

FASER has had an extremely successful start to life, with smooth operations and high quality data-2953

taking in Run 3. The experiment has undergone multiple test beams, two of which are mentioned2954

in this thesis. Numerous searches for BSM physics have yielded world-leading constraints and2955

explored new parameter space.2956

Chapter 6 describes FASER’s search for dark photons using Run 3 data at a centre of mass2957

energy of
√
s = 13.6 TeV corresponding to an integrated luminosity of 27.0 fb−1 collected in 2022.2958

The search sets world-leading exclusion limits for dark photons with mass of 17 MeV < mA′ < 702959

MeV and coupling of 2 × 10−5 < ϵ < 1 × 10−4.2960

Chapter 7 describes FASER’s search for axion-like particles. This analysis also uses Run 3 data,2961

corresponding to an integrated luminosity of 57.7 fb−1 collected in 2022 and 2023. This search sets2962

world-leading exclusion limits for ALPs with mass of 100 < ma < 250 MeV and coupling of2963

3× 10−5 < gaWW < 5× 10−4 GeV−1.2964

The various reinterpretation models discussed in this thesis, for both the dark photon analysis2965

and the axion-like particle analysis, demonstrate the versatility and breadth of FASER’s physics2966

reach. World-leading exclusion limits have been set for: the B − L gauge boson, the ALP with2967

coupling to photons, the ALP with coupling to gluons, the U(1)B gauge boson, the up-philic scalar,2968

and the Type-I Two Higgs doublet model.2969

Chapter 8.2.5 highlights the increased sensitivity to ALP searches that FASER will have in the2970

future, following detector upgrades. In general, FASER has a broad and ambitious plan for the2971

remainder of Run 3 and Run 4.2972
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Appendix A2973

FASER’s EM Calorimeter2974

A.1 Calorimeter Corrections2975

Figure A.1a shows the difference in deposited energy in the calorimeter with and without the2976

implementation of Birks’ Law correction to the energy loss of a charged particle in the simulation2977

of FASER’s ECAL modules. Figure A.1b shows the difference in energy response when the local2978

non-uniformity correction is applied, which accounts for variation at the cell edges and variation2979

in response close to WLS fibres in the ECAL module. The implementation of Tyvek into the2980

simulation geometry for the calorimeter also impacts the energy loss, shown in Figure A.2.2981

The addition of the Birks’ law correction decreases the energy deposited in the calorimeter by2982

around 3%. The non-uniformity corrections increase the energy deposited by a similar amount,2983

this effect also reduces energy resolution. The larger density of Tyvek was chosen and implemented2984

into the simulation, decreasing the deposited energy by around 6%.2985

A.2 Calorimeter Energy Uncertainty2986

A 6% uncertainty is assigned to the calorimeter energy threshold used in both the dark photon and2987

the ALP analysis. This overall uncertainty is calculated by including the individual uncertainties2988

in the various stages of calibration of both data and MC. The correction of the MC using the2989

test beam data as calibration also needs to be taken into account in this step. A summary and2990

description of each of these components that leads to the determination of the total uncertainty on2991

167



(a) (b)

Figure A.1: The change in energy loss in the calorimeter due to the implementation of (a) Birks’
Law correction (red) and (b) non-uniformity correction (blue). The green represents the simulation
setup without the correction, FTFP BERT ATL refers to the physics list used in the simulation.

Figure A.2: The change in fraction of deposited energy due to the addition of Tyvek paper into the
ECAL simulation, compared to the setup without Tyvek (black). Two different Tyvek densities
were investigated 0.95 g/cm3 (red) and 2.265 g/cm3 (green).
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Table A.1: Summary and description of each of the sources of uncertainty on the calorimeter energy
threshold, leading to a total uncertainty of 6.06%.

Source Uncertainty Description

TI12 MIP fit 1.90% Uncertainty associated with MPV fit of MIP data

TI12 HV gain 3.37% Uncertainty associated with

the extrapolation of the HV gain curves in data

TI12 PMT drift 1.45% Uncertainty due to the

drift in the calo PMTs over time

TI12 MIP fit (MC) 1.16% Uncertainty associated with

MPV fit of MIP MC

TB data calibration 0.74% TB MC energy correction

TB MC calibration 2.35% TB MC energy correction

TB MC calibration extrapolation 2.46% TB MC energy correction

extrapolated to 500 GeV threshold

Local effects 2.5% Uncertainty due to energy loss

at edges and position dependence

Total 6%

this energy selection is given in Table A.1. The process of extrapolating the test beam data, which2992

is at a lower energy, to the higher energy calorimeter energy selection used in analysis is shown in2993

Figure A.3. The total uncertainty in comparing the calibrated energies at 500 GeV in data and2994

MC is measured to be 6%.2995
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Figure A.3: The average of the calibrated energies of each of the six test beam calorimeter modules
as a function of beam energy in data and MC. The average linear fit in each case shows the
extrapolation process to higher energy (500 GeV) to evaluate the uncertainty at this point. The
fits results in a difference of 2.46% at 500 GeV.

170



Appendix B2996

ALP Signal Selection: Tracking2997

Variables2998

The ALP-W analysis does not use a track selection. Various track parameters were investigated to2999

determine whether a tracking cut would further discriminate signal from background. An important3000

factor to note is the lack of tracks present in the ALP-W signal model, which decays to two high3001

energy photons at the mass and coupling to which FASER is sensitive. A small fraction of photons3002

are expected to convert, such that a requirement of zero tracks would impact signal yield. In3003

addition, the main background expected in this analysis is from neutrinos.3004

The number of spacepoints, number of track segments and number of track clusters in ALP-W3005

MC signal samples with mass = 100 GeV and seven different couplings (gaWW ) were compared to3006

a neutrino MC sample (labelled here as 200003).3007

The number of clusters, defined as adjacent hit strips in the same side of a module in a tracking3008

station layer, is shown in Figure B.1a. The number of spacepoints, defined as the x position of3009

combined clusters from both sides of a module, is shown in Figure B.1b. The number of track3010

segments, defined as 4 or more clusters that could form a possible track, is shown in Figure B.2.3011
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(a) (b)

Figure B.1: (a) Number of clusters and (b) Number of spacepoints in 7 ALP-W MC signal samples
compared with GENIE neutrino MC. Histograms represent the signal samples, the blue markers
show the neutrino MC.

Figure B.2: Number of track segments in 7 ALP-W MC signal samples compared with GENIE
neutrino MC. Histograms represent the signal samples, the blue markers show the neutrino MC.
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Glossary3012

2HDM Type-I two-Higgs doublet model. 146, 1473013

ACTS A Common Tracking Software. 543014

ADC Analog-to-digital converter. 55, 563015

ALICE A Large Ion Collider Experiment, an LHC experiment located at IP2. 313016

ALP Axion-like particle. i, 1–4, 15, 21–26, 28, 65, 69, 71–74, 78, 106, 107, 109, 116, 117, 140, 146,3017

154, 1663018

ASIC Application Specific Integrated Circuit, used for readout in SCT modules and upgraded3019

preshower detector. 453020

ATLAS A Toroidal LHC Apparatus, an LHC experiment located at IP1. 1, 16, 31–35, 45, 53, 783021

BaBar The BaBar Experiment, the name is derived from the nomenclature for BB̄. 21, 283022

BC Benchmark Case, used to identify PBC benchmark models. 153023

BCID Bunch Counter ID, generated by the TLB to indicate the number of clock cycles that have3024

passed between the last BCR and trigger signal. 49, 80, 94, 107, 109, 131, 1323025

BCR Bunch Counter Reset signal. 493026

BiCMOS Bipolar Complementary Metal-Oxide-Semiconductor, integrated circuit made up of3027

bipolar junction transistor and CMOS logic gate. 1613028

BSM Beyond Standard Model. 1, 8, 69, 76, 78, 1663029
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CAD Computer-aided Design. 1593030

CC Charged-Current, usually in the context of neutrino interactions. 383031

CERN Conseil Européen pour la Recherche Nucléaire, the European Council for Nuclear Research.3032

15, 293033

CHARM The CERN High energy Accelerator Mixed field facility. 213034

CKM Cabibbo-Kobayashi-Maskawa. 113035

CL Confidence Level. 1443036

CMB Cosmic Microwave Background. 9, 11, 123037

CMS Compact Muon Solenoid, an LHC experiment located at IP5. 31, 323038

CP Charge-Parity. 6, 7, 11, 21, 233039

CR Control Region. 75, 783040

DAC Digital-to-Analogue Converts, used internally in ASIC chip. 1613041

DAQ Data Acquisition. 503042

DM Dark matter. 1, 8, 9, 11, 12, 14, 153043

DPMJET Dual Parton Model (+ Jet), a MC generator for hadronic interactions based on the3044

dual parton model. 723045

ECAL Electromagnetic Calorimeter. 2, 47, 58, 60–63, 1513046

EHN1 Experimental Hall North 1, an extension of the Neutrino Platform at the CERN Prévessin3047

site. 151, 1563048

EM Electromagnetic. 2, 47, 58, 63, 81, 111, 1473049

EPOS-LHC Energy conserving quantum mechanical approach, based on Partons, parton ladders,3050

strings, Off-shell remnants, and Splitting of parton ladders, an event generator. 68–73, 963051
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EWSB Electroweak Symmetry Breaking. 5, 11, 21, 22, 253052

FASER The Forward Search Experiment, an LHC experiment built to search for long-lived par-3053

ticles and to detect collider neutrinos. Located in the forward region 480 m from IP1. i, 1, 2,3054

4, 12, 15–17, 19–22, 26, 28, 29, 31, 33–40, 42, 43, 47–49, 53, 55, 56, 58, 60–63, 69, 72, 74, 85,3055

88, 94, 102, 106, 109, 144, 146, 1663056

FCNC Flavour-changing Neutral-current. 24, 25, 713057

FLUKA Fluktuierende Kaskade (Fluctuating Cascade), a general purpose tool for calculations of3058

particle transport and interactions with matter. 40, 693059

FORESEE Forward Experiment Sensitivity Estimator. 69, 70, 81, 1093060

FPGA Field Programmable Gate Arrays, integrated circuits. 1623061

GENIE Generates Events for Neutrino Interaction Experiments, a neutrino event generator. 69,3062

723063

HERWIG Hadron Emission Reactions With Interfering Gluons, an event generator. xiv, 713064

HNL Heavy Neutral Lepton. 153065

HV High Voltage. 98, 1633066

IFT Interface Tracker, part of FASER’s tracking system. 38, 43, 1513067

IP Interaction Point, location on the LHC ring where the two proton beams cross. 16, 31–35, 37,3068

38, 40, 42, 883069

KLOE The K0
L Long Experiment. 213070

KOTO The K0 to Tokai Experiment. 283071

LEP Large Electron-Positron Collider. 28, 343072

LHC Large Hadron Collider. 1, 12, 16, 29, 31–37, 49, 653073
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LHCb LHC Beauty experiment, an LHC experiment located at IP8. 21, 28, 31, 32, 47, 53, 61–633074

LHCf LHC Forward experiment, an LHC experiment designed to study the origin of ultra-high-3075

energy cosmic rays. Consists of two independent detectors 140 m either side of IP1. 313076

LINAC Linear accelerator, used to inject protons and ions into the CERN accelerator complex.3077

293078

LLP Long-lived particles. i, 4, 19, 23, 28, 35, 53, 69, 783079

LO Leading Order. 673080

LOS Line of Sight. 16, 17, 33, 373081

LS Long Shutdown, period of shutdown for the LHC machine. 323082

LV Low Voltage. 1623083

MC Monte Carlo simulation, named for the Monico casino. 2, 65, 69, 72–74, 78, 80, 85, 86, 89,3084

98, 101, 106, 116, 1383085

MIP Minimum Ionising Particle. 59, 60, 83, 98, 111, 112, 121, 1543086

MoEDAL Monopole and Exotics Detector at the LHC, an LHC experiment built to search for3087

the magnetic monopole. Located at IP8. 31, 323088

MPV Most Probable Value, derived from a Landau fit. 98, 1533089

NLO Next-to-Leading Order. 673090

NuCal The ν-Calorimeter Experiment. 213091

PBC CERN Physics Beyond Colliders study group. 15, 233092

PDF Parton Distribution Function. 66, 68, 71, 75. Probability Density Function. 75, 76.3093

PID Particle Identification. 43, 1243094

PMT Photomultiplier Tube. 39, 40, 42, 47–50, 53, 55, 56, 983095
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POWHEG Positive Weight Hardest Emission Generator, an event generator. 67, 68, 713096

PQ Peccei-Quinn. 213097

PS 67, 112 Proton Synchrotron. 29.3098

QCD Quantum Chromodynamics. 7, 21, 23, 673099

QED Quantum Electrodynamics. 6, 73100

QGSJET Quark Gluon String (+ Jet), a MC generator for hadronic interactions based on the3101

quark gluon string model. 68, 72, 963102

RF Radiofrequency, RF cavities are used for beam acceleration in the LHC. 313103

SC Super-column, part of the preshower ASIC substructure. 1613104

SCT Semiconductor Tracker, ATLAS modules used in the FASER tracking detector. 45, 53–553105

SiGe Silicon-Germanium. 1613106

SLAC Stanford Linear Accelerator Center. 283107

SM Standard Model of Particle Physics. 1, 2, 4, 6–8, 11, 12, 14–17, 20–22, 28, 70, 76, 78, 80, 1063108

SMD Surface Mounting Devices. 1593109

SMU Source and Measurement Units, devices to generate and simultaneously measure voltages3110

and currents. 1623111

SND@LHC Scattering and Neutrino Detector, an LHC experiment built for the detection of3112

collider neutrinos. Located in the forward region 480 m from IP1. 313113

SP Super-pixel, part of the preshower ASIC substructure. 1613114

SPI Serial Peripheral Interface, a communication protocol. 1613115

SPS Super Proton Synchrotron. 29, 343116

SR Signal Region. 75, 783117
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TAN Target Absorber for Neutral particles. 353118

TAS Target Absorber for Secondary particles. 353119

TB Test Beam. 1363120

TDAQ Trigger and Data Acquisition System. 48–503121

TI12 Location of the FASER experiment, a former service tunnel connecting the SPS to LEP. 37,3122

1513123

TLB Trigger Logic Board. 49, 503124

TOTEM Total Elastic and diffractive cross section Measurement, an LHC experiment aimed at3125

measuring total cross section, elastic scattering and diffraction processes. Located at IP5. 31,3126

323127

TRB Tracker Readout Board. 493128

TYVEK TYVEK Paper. 473129

UV Ultraviolet. 7, 15, 253130

WIMP Weakly interacting massive particle. 11, 12, 143131

WLS Wavelength shifting fibres or rods. 39, 62, 1673132

YETS Year End Technical Stop. 32, 43, 1593133
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