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Abstract

The Monopole & Exotics Detector at the Large Hadron Collider (MoEDAL) is

designed to search for highly ionizing particle avatars of physics beyond the Standard

Model of particle physics. Phase 1 of the MoEDAL Apparatus for Penetrating

Particles (MAPP-1) upgrade is currently being installed to take data at LHC’s

Run-3. MAPP-1 is designed to extend the discovery horizon of MoEDAL to include

sensitivity to feebly interacting particles such as mini-charged particles, as well

as very long-lived charged and neutral particles. Phase 2 of the MAPP detector,

MAPP-2, will be installed in LS3 of the LHC for data taking during LHC’s Run-

4 which is scheduled to start in 2029. MAPP-2 is designed to greatly extend

the sensitivity of the MoEDAL-MAPP detector to long-lived neutral particles.

This thesis reports contributions to four main areas in the development of the

MAPP-1 and MAPP-2 detector systems. The first contribution is the planning

and fabrication of the main scintillator elements of the MAPP-1 detector and the

LED calibration system. The second contribution details the testing of the PMT

readout for the scintillating elements of MAPP-1. A third contribution presents a

refinement to the calculation of ionization energy loss for a neutral particle with an

anomalously large EDM. An example of such a particle has been hypothesized to be

a fourth-lepton generation Majorana particle through a heavy neutrino, a member

of a fourth generation lepton doublet with an anomalously large EDM. A fourth

topic of the thesis work is the development of prototype tracking and vertexing

software for MAPP-2. Here, it was shown that vertex resolutions around 2.0 cm in

all dimensions could be achieved using a scintillator tile technology utilizing X-Y

WLS fibre readout with a 1 cm pitch.
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“A theory with mathematical beauty is more likely to be correct than an ugly one
that fits some experimental data” - Paul Dirac

“It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you
are. If it doesn’t agree with experiment, it’s wrong” - Richard Feynman

This thesis is dedicated to those who find beauty in truth
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Summary

The Monopole & Exotics Detector at the Large Hadron Collider (MoEDAL) is an
experiment that looks for physics beyond the Standard Model. The MoEDAL main
detector is primarily designed to search for magnetic monopoles and other highly
ionizing particles produced from high-energy collisions at the LHC. The MoEDAL
Apparatus for Penetrating Particles (MAPP) is a subdetector of the MoEDAL
experiment. MAPP is designed to detect mini-charged particles, fractionally-
charged particles, and long-lived neutral particles, and the detector itself can be
divided into two parts: MAPP-1, designed to detect mini-charged particles and
highly-ionizing processes, and MAPP-2, aimed at detecting decay products of
long-lived particles. In particular, MAPP-1 could possibly detect heavy neutrinos
through the energy loss of their permanent electric dipole moment. Part of the
identification of particles at MAPP is done via the reconstruction of decay vertices.
This thesis is divided into three main parts: 1) the construction and testing of the
main elements of the MAPP-1 detector, 2) the development and evaluation of of
the algorithm to be used at MAPP-2 for the reconstruction of decay vertices of
long-lived particles; and lastly, 3) the consideration of the energy loss of an EDM
in the detector.
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Chapter 1

Introduction

1.1 Beyond the Standard Model
The Standard Model (SM) of particle physics describes the behavior of all known
elementary particles and their interactions. It includes three generations of matter
particles (quarks and leptons), and bosons, which transmit the fundamental forces
between these particles. The last piece of the SM puzzle was the Higgs boson,
which was discovered at CERN in 2012 [1, 2] and is responsible for giving particles
mass. The strong force is mediated by eight gluons, the weak force is mediated
by the W and Z bosons, and the electromagnetic force is mediated by the photon.
The Standard Model predicts the behavior of these particles with great accuracy
and has been confirmed through numerous experiments.

However, the SM has its limitations. It fails to predict the masses of the
quarks and leptons, for instance, and of several other parameters, about twenty
free parameters, which have to be determined by experiments [3]. It also provides
no explanation for neutrino masses, and it cannot explain the extreme imbalance
between matter and antimatter in the Universe. It does not account for the observed
dark matter and dark energy in the universe, and it does not incorporate the theory
of gravity, which is described by General Relativity. Thus, it is clear that there
must be a deeper more fundamental theory underlying the SM. The search for
physics Beyond the SM (BSM) is the key motivation behind the work presented in
this thesis.

1.2 The MoEDAL-MAPP Project
In 2010, the Monopole and Exotics Detector at the LHC (MoEDAL) was approved
as the seventh experiment at the LHC [4], and started its first tests in 2011 [5]. It
officially started collecting data in 2015 [6]. MoEDAL’s main purpose is to search
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for Highly Ionizing Partilces (HIPs) such as the Magnetic Monopole (MM), dyons,
Q-balls, strangelets and charged black-hole remnants. During the LHC’s Run-1
and Run-2, MoEDAL placed the world’s best limits of MMs [7], and the first-ever
limits on dyons [6] and MMs produced via the Schwinger mechanism [8].

The addition of MAPP to the MoEDAL experiment was approved by CERN
in 2021, to take data during LHC’s Run-3, which starts in 2022. The Phase-1
MAPP detector (MAPP-1) is dedicated to expanding the search for mini-charged
particles (mCPs) and other feebly interaction particles, such as particles with an
anomalously large Electric Dipole Moment (EDM). MAPP-1 is also sensitive to
charged and neutral Long-Lived Particles (LLPs). Phase-2 of the MoEDAL-MAPP
project will see the installation of the MAPP-2 detector for data taking at the High
Luminosity LHC in 2029. MAPP-2 is designed to greatly enhance the ability of
MoEDAL-MAPP to detect neutral LLPs. It is currently planned that MAPP-2
will collect data during the LHC’s Run-4, starting in 2029. A summary of the
MoEDAL-MAPP project is given in Figure 1.1.

The MoEDAL Apparatus for Penetrating Particles (MAPP) is designed to
expand the physics reach of the MoEDAL detector, dedicated to the search for
Highly Ionizing Particle (HIPs) avatars of new physics, to include the search
for Feebly Interacting Particles (FIPs), such as mini-Charged Particles (mCPs),
Charged Long-Lived Particles (CLLPs), and Neutral Long-Lived Particles (NLLPs).

1.2.1 MoEDAL
MoEDAL stands out from other collider experiments in that it is the first dedicated
search detector, a new class of detector at colliders. MoEDAL is also unique among
the LHC detectors in the sense that it is a passive detector. It has the capacity
to capture particles for further analysis and to collect permanent records of HIP
tracks [6]. This is achieved by using plastic nuclear track detectors (NTDs) and
trapping subdetectors (MMTs) [6]. A Geant4 description of the MoEDAL detector
is given in Figure 1.2

MoEDAL is designed to search for HIP avatars of BSM physics. Its physics
program [6, 8] defines over 34 scenarios with potentially revolutionary insight into
foundational questions, involving: magnetic charge, a fourth lepton generation,
heavy neutrinos, extra dimensions, new symmetries, and dark matter. To date,
MoEDAL has placed the world’s best limits on the existence of singly and multiply
charge MMs [9, 10, 11, 12, 13, 14] and Highly Electrically Charged Objects (HECOs)
[15]. It has also carried out the first-ever searches for 1) Spin-1 MMs [10]; 2) dyons
[16], particles with electric and magnetic charge; and 3) MMs produced in heavy ion
collisions via the Schwinger Mechanism [17, 18] (published in Nature). Additionally,
it has published the LHC’s only search for MM production via photon fusion [11].
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Figure 1.1: Summary of the MoEDAL-MAPP project as located a the LHC.
MoEDAL is located around LHCb, in the Intersection Point 8 (IP8). MAPP-1 is
located approximately 100 m away from MoEDAL, in the UA 83 gallery. MAPP-2
is located approximately 40 m away from MoEDAL within the UGC1 tunnel.

Figure 1.2: Geant4 simulation of the MoEDAL detector surrounding LHCb. The
detection of HIPs is achieved passively via Nuclear Track Detectors (NTDs) and
Magnetic Monopole Trappers (MMTs). Taken from [6].3
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MoEDAL is complementary to the General Purpose Detectors (GPDs), ATLAS,
and CMS. The GPDs are not optimized for HIPs. However, MoEDAL is specifically
designed to maximize its sensitivity to HIPs, thus limits obtained using the MoEDAL
detector surpass other current experiments.

Figure 1.3: An illustration of the MAPP-1 detector. MAPP-1 has four sections,
each having 10 × 10 scintillator, each 75 cm long, making a total cross-sectional
area of 1 m × 1 m. 3.1-inch PMT readouts are attached to one end of the bars.
The bars are supported by high-density polyethylene (HDPE) matrices, and the
structure is held together with aluminum T-bars. A veto layer encases the detector,
to know whether a particle came from the outside or a decay occurred within the
detector. Finally, a flame shield, for safety, wraps the complete detector.

1.2.2 MAPP-1
The new MAPP-1 detector is a state of the art scintillator detector designed to
search for FIPs, such as: mCPs, with charge as small as one thousandth the electron
charge, and heavy neutrinos with an anomalously large EDM. Unlike MoEDAL,
MAPP is an active detector with electronic-readout and software/firmware trigger.
MAPP also has sensitivity to charged and neutral LLPs. The MAPP detector
represents a “Phase-1” addition to the MoEDAL program for Run-3. The MAPP
upgrade has effectively created a new MoEDAL-MAPP experiment at the LHC,
affording an enhanced complementary expansion of the LHC’s discovery horizon by
providing sensitivity to an increased number of BSM physics scenarios involving

4



Introduction

HIPs, FIPs, and LLPs, for which the main LHC experiments are not optimized.
An illustration of the MAPP-1 detector is shown in Figure 1.3.

Example of MAPP-1 Physics Scenarios

Neutrinos and Heavy Neutrinos
The original assumption that neutrinos were massless was debunked in the

1990s by the Super-Kamiokande experiment [19], which observed flavour-changing
atmospheric neutrinos, due to neutrino oscillations. Such neutrino oscillations
require neutrinos to have mass. When considering neutrino oscillations, the “flavour”
neutrinos are linear combinations of different mass eigenstates [20], and as the
neutrinos propagated in space, the quantum mechanical phases of the three mass
states would advance at slightly different rates due to the slight differences in their
corresponding masses [21].

Neutrinos interact with matter as flavour eigenstates (νe, νµ, ντ ), but propagate
as eigenstates of the free-particle Hamiltonian (ν1, ν2, ν3) [3]. The Maki-Nakagawa-
Sakata-Pontecorvo (MNSP) matrix relates these two types of eigenstates byνe

νµ

ντ

 =

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3


ν1
ν2
ν3

 , (1.1)

where U is the mixing matrix, which can be expressed in terms of mixing angles
and a phase factor [3], which in turn allows for the expression of the neutrinos
produced at the sun, with an initial electron flavour, to be expressed as

|νe⟩ = cos(θ12) cos(θ13) |ν1⟩ + sin(θ12) cos(θ13) |ν2⟩ + sin(θ13)e−iδ |ν3⟩ . (1.2)

In reality, the oscillation process itself is enhanced by the Mikheyev-Smirnov-
Wolfenstein (MSW) effect [20]; this is a small correction, and goes beyond the
purpose of this section. The key point here is that neutrinos are not massless
particles, although their actual masses are yet undetermined.

In addition, the existence of a very heavy neutrino would require a new leptonic
generation. However, the Z◦ has a lifetime consistent with the three generations
of light neutrinos (2.9841 ± 0.0083) [22, 3]. A mass of 45 GeV or more would not
affect the lifetime of the Z◦ boson.

Nevertheless, the Higgs data rule out the addition of a fourth leptonic generation
[23, 24], making the discovery of heavy neutrinos non-trivial. The solution to this
problem is proposed by a model by Ishiwa and Wise, which suggests that a fourth
generation of leptons would leave most of the decays of the Higgs unscathed, except
by the H → γγ, γZ, and gg modes [23, 25]. These modes could be induced by gauge
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boson and heavy-fermion loops, and if the heavy neutrino is light enough, then the
Higgs boson would be allowed to decay into particles not currently predicted by the
SM [23, 25]. Furthermore, the existence of heavy neutrinos would require parity
violation. MoEDAL will carry out a search for evidence of a fourth generation
using the MAPP detector.

Electric and magnetic dipole moments (EDMs and MDMs, respectively) may
reflect the flavour structure of the lepton model [23], so measurements of these
moments could give important information on physics BSM. This is expected to
happen as even electrically neutral objects, such as neutrinos, may have EDMs and
MDMs. In Chapter 5, arguments are provided to show that a moving electric dipole
induces a magnetic dipole. The MAPP detector attempts to find EDMs, and if one
were to encounter enourmous EDMs, in comparison to the known limits, reasonable
models could explain this with the existence of a fourth lepton generation, or a
generation of heavy leptons [26, 23].

MAPP proposes to obtain information on the existence of a fourth lepton
generation via the detection of a large EDM [23]. An equation for the energy loss
expected from the process of an EDM going through the detector’s material is
derived.

The detection of the heavy neutrinos by MAPP would occur through ionization
processes caused by an anomalously large EDM of the neutrino. MoEDAL estimates
that a heavy neutrino’s EDM might lead to the production of 100 photons through
ionization loss in scintillating material. Preliminary propositions assume that 104

photons are produced per MeV energy deposited in the scintillator [27].

Mini-charged Particles
Mini-charged particles (mCPs) are hypothetical non-SM particles that have

charges that are a fraction of the known charge of the electron e. MoEDAL
is studying mini-charged particles that are generated in a “model-independent”
scenario [28, 29] in which a new masless U ′(1) Abelian gauge field and a dark photon,
A′

µ, couple to Bµν , a SM hyper-charge gauge field [28]. In addition, one adds,
from Dark Quantum Electrodynamics (Dark QCD), a massive dark fermion, ψmCP ,
which has a mini-charged mass, mmCP , that couples to the dark photon gauge field,
A′

µ, charged with e′. Introducing an arbitrary parameter and a redefinition of the
dark photon field to A′

µ ⇒ A′
µ + κBµ, one obtains the interaction Lagrangian [28]:

L = LSM − 1
4A

′
µνA

′µν + iψ̄
(
/∂ + ie′ /A

′ − iκe′ /B + immCP

)
ψ. (1.3)

From this equation, the fractional charge, expressed in terms of electric charge,
is given by ϵ = κe′ cos θW/e [28, 29].

MAPP expects to find mCPs produced in pairs through Drell-Yan mechanisms
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in p− p collisions at an center-of-mass (CM) energy of
√
s = 14 at the LHC [28].

See Figure 1.4.

Figure 1.4: Feynman diagram for the Drell-Yan pair-production of mCPs via p-p
collisions at the LHC. Taken from [28].

MAPP-1 is dedicated to the detection of these hypothetical particles (and also
to HIPs). This thesis focuses on the technical part of MAPP-1, specifically on the
evaluation of the performance of its components.

1.2.3 MAPP-2
The MAPP-2 detector is planned for HL-LHC. The MAPP-2 detector is essentially
a monitored decay volume formed from the UGC1 gallery, a fiducial volume of
some 1200 m3. In order to achieve this, the UGC1 gallery is lined by three layers
of 1.25 cm thick scintillator tiles of size ≈ 1 m2 with embedded wavelength shifting
(WLS) fibres - with a 1 cm pitch - on each face of the tile, arranged orthogonally
to each other. WLS fibres are read out by Silicon Photomultipliers (SiPMs). Right
now, we are studying the KETEK PM3225WB 3 × 3 mm2 SiPM, which we are
using to readout the MAPP-2 VETO tiles. Currently, we are planning to use the
electronic readout and trigger for MAPP-2 that we developed for MAPP-1. A
visual description of MAPP-2 is given in Figure 1.5.
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Figure 1.5: A visual description of the MAPP-2 detector.

Example of MAPP-2 Physics Scenarios

Long-Lived Particles
Long-lived particles (LLPs) in the SM are relegated to particles with small

masses, 5 GeV [30]. The more massive particles are not stable enough and have
shorter lifetimes in the SM. There are several theories that motivate the search for
LLPs that include physics beyond the SM. Some include Supersymmetry (SUSY)
considerations to the SM and some others consider the dark sector at and below
the weak scale, for example [30]. Some of the limitations in current experiments
in detecting LLPs are the insensitiveness to models that require one decay vertex
within the detector, as is the case with ATLAS; inefficiency in the detection of
LLPs in the lower mass spectrum, in CMS; and, as the case is for LHCb, there
are limitations in its detection capacity by its geometry [30]. Thus the need for a
detector thought for LLPs, such as MAPP-2.

Massive LLPs can occur in theories that go BSM, such as in SUSY [31]. In
the SUSY scenario, MAPP-2 considers the gluino pair production from an original
proton-proton collision; a gluino is then expected to decay into two quarks and
a long-lived neutralino, χ̃0

1, a neutral LLP: g̃ → qq̄χ̃0
1 [7]. Furthermore, it is also

considered that the χ̃0
1 furhter decays into an stau and a tau lepton; the lifetime of

the neutralino will depend on the mass splitting ∆m = mχ̃0
1

−mτ̃1 ≲ mτ , allowing
a lifetime that varies from a nanosecond to a microsecond, approximately [7], which
means that they can decay far from the proton-proton interaction point [30] well
into the detector. This means that one way of determining the presence of LLPs is
by looking at displaced SM particles within the detectors [30].

MAPP-2 is also sensitive to heavy neutral leptons, which arise on SM extensions
that contain massive neutrinos [7]. In addition to the consideration of a fourth
leptonic generation, the case of a gauged B-L model described in [32] is also taken
into account. In this case, a new Abelian gauge field, B′

mu, is introduced into the
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SM with three right-handed Majorana neutrinos and the Z ′ gauge boson. The new
neutrinos could be produced from the decay of such boson, Z ′ → NN . In turn,
these neutrinos can decay as N → µ±qq̄ and N → µ+µ−νmu, products that can be
detected by MAPP-2 [7].
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Chapter 2

MAPP Overview

2.1 MAPP-1 - The Phase-1 MAPP Detector
The MoEDAL Apparatus for Penetrating Particles (MAPP) will be installed in
two phases, as indicated in Figure 1.1 in Chapter 1. The MAPP-1 detector will be
installed in the UA83 gallery for data taking during LHC’s Run-3, which started in
2022. MAPP-1 is designed for the detection of FIPs such as mCPs from dark-sector
models and heavy neutrinos with anomalously large EDM. MAPP-1 will also be
capable of detecting neutral and charged LLP decays.

The MAPP detector is divided into four equal sections, as can be seen in Figure
2.1. Each section corresponds to a 10 × 10 array of 100 scintillator “units” that we
shall refer to hereafter as “bars”, each of size 10 cm × 10 cm × 75 cm, and each
read out by a low noise 3.1-inch Photo-Multiplier Tube (PMT). The scintillator
bars in each of the four sections of the MoEDAL-mCP detector are supported by
three matrices machined out of high-density polyethylene (HDPE) plates. The
scintillator bar sections constitute the main detector which is hermetically encased
in a scintillator-tile veto layer. The MAPP detector and VETO layer are completely
enclosed in an aluminium frame shield. The size of the shield is roughly 1.3 m ×
1.5 m × 4 m. Installation of the MoEDAL detector started in December 2021.

2.1.1 Detector Location
MAPP’s location in UA83, 100 m from Intersection Point 8 (IP8) at an angle of 7o

to the beam-line, was chosen to reduce the background from primary and secondary
particles from the interaction point as much as possible, whilst maintaining an
acceptable signal particle flux. Also, the position of the MAPP detector, roughly
110 m underground, severely reduces the backgrounds from cosmic rays [6]. Figure
2.2 indicates the various positions of the MoEDAL-MAPP detector with respect to
IP8.
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Figure 2.1: A side view of the MAPP detector for different detection scenarios:
(ABOVE) a muon coming from IP8 as background noise triggers the veto. (MID-
DLE) a mini-charged particle causes an ionization that goes as the square of a
unit charged particle, hence the dotted line (an mCP with charge e/10 will cause
100th the ionization of a unit charge). (BELOW) a very long-lived neutral particle
decays within the detector (the veto is not triggered, but an spontaneous vertex
within the detector is present).
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Figure 2.2: Location of the MAPP detector(s) at the LHC. MAPP is to be
installed in the UA83 (Phase-1) and UGC1 (Phase-2) tunnels at the LHC, which
is adjacent to the MoEDAL detector.

2.1.2 The Scintillator Elements of MAPP
The MAPP-1 Scintillator Bars and Light Guides

The compact central section of MAPP is dedicated to the search for mCPs. It
is made up of four collinear sections, with cross-sectional area of roughly 1.0 m2,
each comprised of 200 × (5 cm × 10 cm) plastic scintillator bars, each 75 cm long.
These bars are combined to form 100 × (10 cm × 10 cm) bars. A drawing of this
basic sub-unit of the MAPP-mCP detector is shown in Figure 2.3. Each bar is
read out by one low noise 3-inch PMT. The detector is arranged to point toward
the IP8.

Thus, each through-going particles from the IP will encounter 3.0 m of scintilla-
tor and be registered by a coincidence of four PMTs. The 4-fold PMT coincidence
essentially eliminates the background from “dark counts” in the PMTs. Addition-
ally, the division of the detector into four bars virtually excludes all fake 4-fold
coincidences due to radiogenic backgrounds in the scintillator and PMTs.

For MAPP-1 scintillator bars, we are utilizing a highly doped polystyrene
scintillator with operating characteristics, essentially identical to fast high light
output acrylic scintillators, but more cost effective. For the scintillator utilized in
the MAPP-mCP detector, the light output of the standard composition of 0.6 %
pTP (para-Terphenyl - primary fluor) and 0.05 % POPOP (secondary fluor) was
improved by increading the doping to 2 % pTP, 0.05 % POPOP. This scintillator
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Figure 2.3: A drawing, to scale, of MAPP-1/mCP scintillator bar.

was developed by the MoEDAL group of the Czech Technical University and is
now being manufactured by the Czech company, NUVIA a.s.

Scintillating materials are usually made of aromatic plastics or non-aromatic plas-
tics that have an aromatic co-solvent; some of these materials include polystyrene
(PS) and polyvinyltoluene (PVT) [33, 34]. In addition to the possibility of adding
a co-solvent, these plastics are usually mixed with fluor and a spectrum shifter to
calibrate the scintillating wavelength to the light spectrum at which the photode-
tectors to be used are most effective [33]. The basic process behind scintillation is
that of de-localization of valence electrons from the plastic molecules upon being
hit by incoming ionizing particles; this leads to fluorescence, which occurs from a
transition from a spin singlet excited state to a singlet ground state of the valence
electrons in the plastic [34].

The coupling between the scintillating material and the photo-detectors is
achieved by the incorporation of light guides. The purpose of light guides is to
direct as much light as possible from the scintillator bars into the PMT. For
MAPP-1, Sylgard 184 sylicone is used for this purpose. The coupling between the
PMT and the silicone is achieved by mechanical compression of the light guide
(see Section 3.4.1). The flexible nature of the light-guide material allows a close
air-gap-free junction between the scintillator and the light-guide as well as between
the light-guide and the PMT.

In MAPP-2, the scintillation light is taken out of the scintillation tile walls of
the detector via WLS fibres. The ends of these fibres are in contact with SiPMs,
and the coupling is achieved by the application of optical gel/grease while the
system is held in place via a mechanical connection that maintains a positive
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contact between the fibre end and the SiPMs.

The VETO Scintillator-Tile System

The MAPP-mCP detector is completely surrounded by a scintillator veto system,
shown in blue in the engineering drawing included in Figure 2.4. The MAPP-mCP
detector is completely encased in a veto detector comprised of scintillator tiles
of size 25 cm × 25 cm and thickness 1 cm. We will readout the tiles using two
embedded wavelength shifting fibres (WLS) of diameter 1 mm readout by a SiPM
(KETEK PM3225WB 3 × 3 mm2), as shown in Figure 2.5. The prototype for
testing is shown in Figure 2.6; abrupt angles are avoided in order to avoid light loss,
and the two ends of the fibre meet to collect light from both from a single readout.

Figure 2.4: A design of the MAPP-1 veto system. The scintillator tile system is
shown in blue.
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Figure 2.5: A scintillating tile basic element of the MAPP-1 veto system.

Figure 2.6: A scintillating tile prototype for testing.15
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According to the law of geometrical optics, light entering an optical fibre from
outside the fibre must leave it. Thus, ordinary optical fibres cannot be used to
collect light from scintillator plates. However, a WLS fibre containing a fluorescent
material absorbs the higher frequency scintillation light from the scintillator and
emits lower frequency photons. Some of these photons will be trapped in the fibre
and can be transmitted to the end of the fibre by internal reflection at the fibre
boundary with the lower refractive index cladding layer surrounding the core.

Figure 2.7: The Franck-Condon Principle of energy illustrated in a diagram. This
can be summarized in three steps: 1) an absorption of a photon leads to a higher
energy state of the system, 2) the fluorescence of the molecule leads to a lower
energy state of the system, and 3) the shift in the nuclear coordinates caused by
the photon absorption sets a new equilibrium position in the interaction potential.
Taken from [35].

In more detail, when WLS fibres capture light, the excitation of their molecules
leads to a new electronic configuration. The transition to this electronic configura-
tion happens faster than the nuclei can respond, so that when the nuclei realign with
respect to each other, according to the new electronic configuration, the vibrational
energy of the molecule has been changed [35]. This will lead to the emission of
photons that have a lower frequency than the one that was initially absorbed, as
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shown in Figure 2.7. In the case of WLS fibres readout of scintillators, the small
diameter of the fibers, typically around 1 mm in diameter, matches the typical size
of the entry window of a SiPM. These SiPMs provide an efficient approach to light
collection from WLS fibres.

Figure 2.8: Absorption and emission/luminescence spectra for different nano-
structured organosilicon luminosphores. This is a type of WLS fibre nano-fabricated
to have specific absorption and emission spectra. Taken from [36].

17



MAPP Overview

In practice, the WLS fibre “colour” is matched to the photo-detection method
employed. For SiPMs, this colour would be “green”. The emission/absorption
spectra for different WLS “colours” are shown in Figure 2.8.

The MAPP-1 Scintillator Calibration System

In order to check the operation of the MAPP-mCP detector, we will be installing
an LED calibration system. A blue emitting LED will be inserted at the end of each
“non-PMT” end of the 400 × 0.75 m scintillator bars comprising the MAPP-mCP
detector. The LED pulser control/power box allows each, or all, of the LEDs
embedded to be pulsed with a 15 ns pulse with a voltage that can be varied by
the pulser system. This allows the simulation of either the light expected from a
standard minimum ionizing particle or an mCP.

Figure 2.9: A schematic view of the MAPP-mCP pulser system.

A total of four LED pulser control calibration boxes will be required. These units
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are produced in-house based on previous experience building the LED calibration
system for the ATLAS LUCID detector. A sketch of the calibration system unit is
shown in Figure 2.9.

2.1.3 The PMT and VETO Tile Readout
Photo-Multiplier Tubes (PMTs) are photosensitive devices used in experimental
physics for the detection of particles through their production of scintillation or
Cerenkov light. A PMT consists of a photo-cathode that converts incoming photons
into electrons that then enter an electron multiplier region consisting of a series
of dynodes, whose function is to multiply the electron signal produced at the
cathode. Finally, we have the anode that serves as an electron collector, providing
the output signal of the PMT [37]. See Figure 2.10 for an internal diagram of a
typical PMT. All these components are held in a vacuum envelope in order to
preserve the photo-cathode and avoid the noise that would be generated by electron
interactions with the gas in the vessel. Figure 2.11 shows a photograph of a PMT
used in the MAPP detector. Figure 2.12 shows its specifications.

Figure 2.10: Cross-section of a typical head-on type PMT. MAPP uses head-on
types PMTs. Taken from [38].
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Figure 2.11: Head-on type PMT used in MAPP’s main section.

Some of the main sources of noise in a PMT arise from the anode’s dark current,
which is a current that flows through the PMT internal system even when no light
falls on the PMT photo-cathode. The dark current mainly originates from thermal
electron emissions at the photo-cathode and at the dynodes. It is the main factor
in determining the lower limit of light detection [37]. Among the methods that can
be used to reduce the effects of dark current in the particle detection process is
to place the PMTs in coincidence and to leave the PMTs in the dark previous to
their use (typically 48 hours is enough). Furthermore, reducing the temperature at
which the PMTs are operated to further reduce the dark current/pulses.

It is necessary to determine the voltage at which the PMT has to be operated.
At values below this high voltage, one loses photo-detection signals, and at values
above this voltage the noise becomes dominant over real photo-detection signals.
The testing of MAPP’s PMTs is a part of this thesis. The testing procedure and
results are given in Chapter 3.

HZC Photonics ZP72B20 PMTs are used in MAPP-1. In this design, the
photo-cathode will be at ground potential with positive high voltage applied to the
anode. The signal will be capacitively coupled to the cable. The HV power supply
will consist of a boost converter to convert from 48 V DC to 250 V using a coupled
inductor to reduce the maximum voltage seen by the controller. Several stages of a
Cockcroft-Walton multiplier will then increase this up to 2000 V. Power, signal,
and control will be delivered via the same cable to reduce cabling costs. In this
way, we avoid HV cables and connectors as the related safety concerns.

A block diagram of the electronic readout and the powering scheme is shown
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Figure 2.12: Specifications of the PMTs used in MAPP-1. From HZC Photonics.
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Figure 2.13: A block diagram showing the basic electronics readout structure for
the MAPP-mCP detector.

in Figure 2.13. Each Data Acquisition (DAQ) board will consist of 32 identical
channels. The DAQ will connect to the front end via an MCX connector. A bias
tee will couple the 48 V DC supply to the signal line. Control signals for the
high-voltage power supply will also be coupled capacitively to the signal line. The
amplifier chain will include a programmable gain amplifier to allow tuning of the
overall system gain, minimal shaping, and an anti-alias filter. The ADC will consist
of a Texas Instruments ADS4249 dual channel amplifier running at 240 MHz and
14-bit readout to an Intel (formally Altera) Cyclone IV FPGA via LVDS.

The FPGA will perform discrimination, coincidence, and peak detection of the
incoming signals, with inter-FPGA communication via back-plane B-LVDS. Events
that pass both the software trigger and the veto will be passed for storage via
Ethernet to the PC(s). The system will run synchronously to the LHC (bunch
crossing) clock. The orbit clock will also veto background events from non-colliding
bunches.

2.2 MAPP-2 - The Phase-2 MAPP Detector
MAPP-2 will be installed for data taking on HL-LHC that is expected to start in
2029. MAPP-2 is essentially a large monitored decay volume. It is dedicated to
the improvement of MoEDAL-MAPP’s sensitivity to neutral LLPs.
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Figure 2.14: (LEFT) A graphic of the deployment of the MAPP-2 detector in the
UGC1 gallery. (MIDDLE) the fiducial volume of the MAPP-2 detector. (RIGHT)
The “Russian Doll” layout of the nested scintillator walls comprising the MAPP-2
detector.

Figure 2.15: Basic diagram of the scintillator sheets, of which MAPP-2 is
constructed, with embedded WLS fibres. Taken from [7].

The MAPP-2 detector is essentially a monitored decay volume formed from the
UGC1 gallery, a fiducial volume of some 1200 m3, as shown in Figure 2.14 (left
and middle). In order to achieve this, the UGC1 gallery is lined by three layers of
1.25 cm thick scintillator tiles of size ≈ 1 m2 with embedded WLS fibres - with a 1
cm pitch - on each face of the tile, arranged orthogonally to each other. The whole
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arrangement is shown in Figure 2.15. The WLS fibres are readout by SiPMs. At
this time, we are studying the KETEK PM3225WB 3 × 3 mm2 SiPM, which we
are using to readout the MAPP-2 VETO tiles. Currently, we are planning to use
the electronic readout and trigger for MAPP-2 that we developed for MAPP-1.

2.2.1 Detector Location
As with MAPP-1, MAPP-2’s location severely reduces the background from primary
and secondary particles from the interaction point. Its location, 110 m underground,
severely reduces the backgrounds from cosmic rays [6]. Figure 2.2 shows the location
of MAPP-2 in the UGC1 gallery. This tunnel will be lined with three layers of
scintillating sheets in a “Russian Doll” configuration, taking advantage of the
entirety of the tunnel as well as its geometry and allowing the measurement of
decay vertices.

2.2.2 MAPP-2’s Silicon Photo-Multiplier Readout
Silicon photo-multipliers (SiPMs) are made of high-purity p- or n-type silicon with
highly doped p- or n-type contacts on opposite surfaces [39]. In this application,
MAPP is using Ketek PM3315-WB SiPMs (Figure 2.16), which have the advantage
of being ideal for WLS fibre readout and cost-effective compared to regular PMTs.
The SiPMs’ photo-detection efficiency is the highest in the blue-green region, as
seen in Figure 2.17, and it is if 30 % operated at 5 V at room temperature, as seen
in Figures 2.17 & 2.18 The active area of the SiPMs MAPP is planning to use is
3 x 3 mm2. The ends of the optical fibres would be in direct contact with these
areas. In addition to being more economic, SiPMs have also an advantage over
PMTs in that they have a higher quantum efficiency, they required a lower power
consumption (compare a PMT requiring 1200 V, as an estimate, for operation
versus a 5 V SiPM), they are also unaffected by the presence of external magnetic
fields, and, although they are solid state devices, their relatively small sizes allows
them to have a time response comparable to regular PMTs [39].

Figures 2.19 & 2.20 show a SiPM used in MAPP. A special encasing for holding
the optical fibres and the SiPMs in contact was built for the testing of noise
reduction of the photo-multipliers; see Figures 2.21 & 2.22. By putting SiPMs
in coincidence one can lower the threshold at which noise is eliminated from the
readout, as shown in Figure 2.23. The results indicate that MAPP could use two
to four SiPMs in coincidence per WLS end.
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Figure 2.16: Ketek PM3315-WB SiPM. Taken from [40].

Figure 2.17: Photo-detection efficiency at 5 V over voltage (see Figure 2.18) of a
Ketek PM3315-WB to be used in the detector. The SiPM is more efficient in the
green 400-500 nm wavelength spectrum. Taken from [40].
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Figure 2.18: Photo-detection efficiency vs overvoltage at 21 ◦C of a Ketek PM3315-
WB SiPM. Taken from [40].

Figure 2.19: SiPM to be used in
MAPP (small grey square).

Figure 2.20: Electronic board driving
the SiPM in (a).
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Figure 2.21: SiPM and optical fibre
encasing with a two-piece Delrin plastic
design.

Figure 2.22: The SiPM and the op-
tical fibre are held in place through
screws that go through the SiPMs elec-
tronic board’s and the two-piece Delrin
encasing’s holes.

Figure 2.23: Threshold at which the noise from the SiPMs is killed per number
of SiPMs put in coincidence. Taken from [41].
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2.2.3 The Test Volume Used for Tracking Studies
For the purposes of testing the vertexing and tracking algorithms we consider a
test volume three nested boxes, as shown in Figure 2.24. The inner box (A) has
the dimensions 3 m × 3 m × 3 m. The other two external boxes have increased
dimensions for 30 cm (B) and 60 cm (C), respectively. The particles that enter the
box do it through one side of the box. The veto wall is located, in relation to the
walls of the boxes, as shown in Figure 2.25.

A

B

C

Figure 2.24: Russian doll box model. Not to scale. A cross section showing the
veto wall and the dimensions of the boxes is shown in Figure 2.25.

As indicated in Figures 2.15 & 2.26, the large scintillator tiles (roughly 1 m × 1
m × 1.3 cm ) making up the MAPP-2 detector walls have two orthogonal sets of
embedded fibres, one set on each side, allowing an “X-Y” position to be determined.
The experimental information that MAPP-2 looks to provide regarding detected
particles is the reconstruction of their vertices, and this grid provides a good method
to obtain the vertex at which particles decay via decay track reconstruction. Only
those particles with a well-reconstructed vertex, according to the “chi-square” of
the fit, are retained in the study.

The Python code generates a decay vertex within the decay volume, from which
it creates two decay tracks from it. The points at which these tracks intersect
with the walls of the boxes are registered in the computer program. A detailed
description of the tracking and vertexing algorithms and their effect is given in
Chapter 4.
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Figure 2.25: Three-box setup showing veto and dimensions.
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Figure 2.26: Effective 1 cm × 1 cm scintillating grid created by the two sheets of
scintillating material with optical fibres embedded in them. The sheets are placed
one behind the other at right angles with respect to the orientation of their optical
fibers. Taken from [41].
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Chapter 3

MAPP-mCP Construction

The 800 scintillator bars used in MAPP-1 are made of polyvinyl-toluene. Two bars,
each 75 cm long with a cross-section of 5 cm × 5 cm, constitute a “unit” in the
assembled detector. So effectively, we have bars 75 cm long with a cross-section of
10 cm × 10 cm. See Figure 3.1 for photographs of the plastic scintillators exposed
to black/UV light. The preparation of the bars for installation in UA83 is reported
in detail in this chapter.

Each of the 400 scintillators “units” is read out by a low noise 3.1” HZC
Photonics PMT. The PMT is joined to the bar using a moulded silicon rubber light
guide and held in place by a special plastic housing. A calibration LED is connected
to one bar of each scintillator “unit”. The design, fabrication and placement of
these items, is described below. Lastly, the testing and “plateauing” of the PMTs
used for the readout of MAPP is also recounted in this chapter.

3.1 Polishing and Wrapping Scintillator Bars
A small number of the scintillator bars have surface imperfections such as scratches
and gouge marks. In order to minimize light loss arising from such defects the
affected bars were polished to give a mirror-smooth surface. The polishing process
required a few steps. First, a compound of organic liquid/aluminum oxide/water
mixture polisher heavy scratch remover (sold under the name Novus #3) was
utilized. Second, a compound of aqueous silica/hydrocarbon mixture fine scratch
remover (sold under the name Novus #2) was used. Third, the bars were washed
with distilled water (see Figures 3.2 & 3.3). For the polishing process, anti-lint
wipes and a polishing machine were used.

The next step was to create a single scintillator bar “unit” from two individual
scintillator bars. In order to do this, two bars were individually tightly wrapped
with sheets made of high-density polyethylene fibres (sold under the name Tyvek)
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Figure 3.1: Scintillator bars exposed to UV light.

leaving about a quarter of a centimeter without wrapping at the ends of the bars
(these are wrapped later on after the addition of light guides). See Figures 3.4 &
3.5.

The individual wrapped bars were then paired up. The side where the Tyvek
overlaps was left facing the outside with respect to the surfaces of the individual
bars put into contact; see Figure 3.6. The reason for the individual wrapping is to
isolate one bar from the other so that we can, in the future, read out the individual
bars if a finer granularity of detection is required.

We then pair two bars with a final layer of Tyvek, tightly held in its place by
clear tape, as shown in Figure 3.7. Finally, one end of the paired scintillator bars
was wrapped in a single layer of Tyvek.

The paired bars in the second layer of Tyvek were then wrapped in black paper,
as part of the light exclusion wrapping of the bars, as shown in Figure 3.8. Care was
taken to ensure that the black paper was NEVER in contact with the scintillator
bar, to avoid light emitted within the scintillator bar being absorbed by the paper.

To provide light tightness of the scintillating environment, the paired bars
wrapped in black paper were covered with (fire-proof) black tape, as shown in
Figure 3.9. The black tape was overlapped by 50 % to ensure that the pairs were
wrapped in, effectively, two layers of tape. It was also made sure that the tape never
came into contact with the bare surface of the scintillator bar, in order to avoid
degradation of the scintillating material by the deposition of the sticky component
of the tape on the plastic. Finally, the end wrapped in Tyvek was covered with an
effective double layer of black tape as depicted in Figure 3.10.
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Figure 3.2: Plastic polishers used on
the scintillator bars.

Figure 3.3: Distilled water for wash-
ing the scintillator bars.

Figure 3.4: Scintillator bar wrapped
in the first layer of Tyvek.

Figure 3.5: The distance between the
bar’s end and the end of the first Tyvek
layer is of about half a centimeter.
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Figure 3.6: The overlapping layers of
Tyvek are facing outwards.

Figure 3.7: Paired scintillator bars (al-
ready wrapped in a first layer of Tyvek)
wrapped in a second layer of Tyvek.

Figure 3.8: Paired bars (previously wrapped in a second Tyvek layer) wrapped
in black paper.
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Figure 3.9: Paired scintillator bars
wrapped in an effective double layer of
black tape.

Figure 3.10: End of a fully wrapped
sctintillator pair.

3.2 Installing the LED Calibration System
A mold was 3D printed to guide the drilling of the wrapped end of the paired
scintillator bars. These holes are required to install the LEDs. See Figure 3.11.
Only one hole of the 3D-printed mold was used to drill the bars. The mold itself
was placed in such a way that the drilling happened right at the center one of
the paired bars (so only one of the paired bars was drilled). See Figures 3.12. A
1/8-inch drill bit was used and it was dug into the scintillator bar to a distance of
0.75 inches deep (counting the thickness of the mold). Any remain of plastic dust
in the drilled hole was removed with a sharp tool and pressurized air.
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Figure 3.11: 3D-printed mold used to
drill holes at one end of the scintillator
units.

Figure 3.12: Drilling mold aligned
with the bar to be drilled.

The reason for this hole is the future attachment of an LED at the end of the
“unit” of paired bars. This is to simulate the detection of a particle and testing
of the performance of the scintillating material. See Figures 3.13 & 3.14 for an
image seeing through the bare end of otherwise wrapped scintillator bars with an
LED attached to the end of the scintillator unit. The LEDs are attached to the
scintillator bar with optical epoxy (this fills in any scratching left in the plastic
from the drilling). The preparation of the optical epoxy is achieved with a 28:100
ratio of optical cement and optical resin, respectively.
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Figure 3.13: View of the end of an
array of scintillating bars connected to
the LED calibration system. The blue
point of light arise from the individual
LEDs used in the calibration system.

Figure 3.14: LED attached to the
scintillating unit; back view of the elec-
tronic board driving it.

3.3 The MAPP Support Structure
The scintillator bars are held in place utilizing a set of grids comprised of hard,
resistant plastic: HDPE 500. Three of these grids are used for each of the four
scintillator sections. The frame that supports the HDPE structure of the detector’s
scintillator bars is made of generic T-bar extruded aluminum construction bars
[42]. See Figure 3.15. The support structure is designed to point each longitudinal
group of four scintillator bars so that they point to the collision vertex. Thus, each
mCP impinging on the MAPP detector will pass through four scintillator bars, i.e.,
3 m of scintillator, readout by four PMTs in coincidence. Figure 3.16 shows the
preliminary steps of the assembly of the detector.
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Figure 3.15: MAPP-mCP’s HDPE
500 frame grids and sturdy aluminum
frame.

Figure 3.16: Preliminary assembly of
the MAPP-mCP detector at CERN.

3.4 PMT Mounting and Testing

3.4.1 PMT Mount
A PMT is mounted to each scintillator bar. The contact between the scintillator
bars and the PMT is achieved through an intermediate clear, Sylgard 184 silicone
light guide (see Figures 3.17 & 3.18). This light guide is also wrapped in Tyvek
and black tape, to trap light all the way to the surface of the PMT, where the
PMT and the light guide are in contact. The PMT is mounted on the scintillator
bar using a PVC plastic mount, as shown in Figure 3.19. This mount was design
on the computer and made through model injections (Figures 3.20 & 3.21). Figure
3.22 shows a view of the inside of the mount with the PMT and cushioning light
guides placed together in contact.
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Figure 3.17: PMT light guide. Figure 3.18: View of the light guide
attached to the end of the scintillating
unit.

Figure 3.19: PMT plastic mount/housing.
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Figure 3.20: PMT metallic mold. Figure 3.21: Making of the PMT
metallic mold.

Figure 3.22: View of the contact between the cushioning light guides within the
PMT housing/mount.

The silicone rubber light guides were fabricated using metallic molds. The
elements of the silicone rubber mixture used in the light-guides were, for each 914 g
of silicon, 740 g of base, and 74 g of curing agent. The silicone mixture was subject
to degassing under vacuum and then poured into metal molds that were baked in
an oven for 3 hours at 82 ◦C to set the material. Sylgard has desirable properties for
the applications in mind, such as very good light transmission and similar refractive
index to the scintillator employed (see Table 3.1). The silicon rubber also provides
a tight coupling when strongly held against the end of the scintillating bars (see
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Figures 3.18 & 3.23). In this way, an air-free contact between the PMT and the
light guide is maintained. Figures 3.24 & 3.25 show the transmission and absorption
indices of Sylgard 184 at 100 ◦C. According to [43], the recommended temperature
range for using this material is -45 ◦C to 200 ◦C. Studies have determined that in
the UA83 tunnel, part of the LHC tunnel infrastructure, the MAPP detector will
be subjected to a steady room temperature that hardly varies by more than a few
degrees centigrade.

Figure 3.23: Diagram of the optical coupling between the PMT, light guide and
scintillator bar, along with its assembly with the PMT mount.

Property Unit Result
Refractive index @ 589nm 1.4118

= @ 632.8nm 1.4225
= @ 1321nm 1.4028
= @ 1554nm 1.3997

Table 3.1: Refractive index of Sylgard 184 at different wavelengths. Taken from
[43].
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Figure 3.24: Transmission spectra of the optical elastomer Sylgard 184, LS-6946,
and a mixture of Sylgard 184 with LS-6946. Taken from [44].

Figure 3.25: Absorption spectra of LS6945 and Sylgard 184 elastomer. Taken
from [45].
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3.4.2 PMT Testing
The main purpose of testing the PMTs was to determine the voltage at which
the PMTs should be operated. The operating point of the PMTs was determined
utilizing a laser pulsing system. The basic setup is shown in Figures 3.26 & 3.27.
The laser unit was triggered using a signal generator (Figure 3.28). Square pulses
at 1 kHz triggered the laser unit, as shown in Figures 3.29 and 3.30. The light was
directed into a dark box via an optical fibre. The laser light was passed through a
collimator and then a series of optical splitters and filters; these splitters and filters
allowed for the testing of multiple PMTs in a single run. At the same time, they
were selected such that about the same amount of light reached each PMT. See
Figure 3.31 for details.

Figure 3.26: Laser pulser setup diagram for Figure 3.27. For the testing of the
PMTs, the signal generator triggered the laser, digitizer (analog-to-digital converter,
or ADC), and the oscilloscope at the same time. This ensured that 1) the PMT
signal seen at the oscilloscope corresponded to that of the photon captures from
the laser by the PMT (see Figure 3.29), and 2) that the ADC was passing data
at the same rate as the laser was being triggered (see Figure 3.36), meaning that
what the computer read coincided with the photon capture by the PMT.

The PMTs in the dark box were connected to a multiple-channel high-voltage
supply (Figure 3.32), and their signals, when triggered by the signal generator-
driven laser, were sent to a digitizer (Figure 3.33) that was also triggered by the
signal generator. The digitizer’s signals were sent to the computer for processing.
The optical table within the dark box was setup in such a way that the amount
of light reaching each PMT was roughly the same. In addition, the final light
beam hitting the PMTs’ cathodes was made as dim as possible, so that the signals
reaching the digitizer were not too large. Care was also taken to ensure that the
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Figure 3.27: The laser pulser system used to make the measurements. The
connections are made as in Figure 3.26.

signals coming from the PMT from the laser pulses were bigger in comparison to
dark noise or electronic noise signals.

The data collection process consisted of increasing the voltage applied to the
PMTs while leaving the lsb (least-significant bit; 1 lsb ≈ 0.97 mV) discriminator
threshold fixed. The data collection per voltage applied was for 180 seconds or 60
seconds, from 800 V or 900 V up to possibly 1790 V (the maximum voltage tolerance
of the electronic boards driving the PMTs was 1800 V). The data collection per
high voltage was kept on going until a good plateau in the count rate (vs high
voltage) plot was observable (see Section 3.4.3). The point at which this curve
starts bending towards a plateau tells us at which voltage the PMT should be
operated.
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Figure 3.28: Signal generator used for driving the laser pulser. Setup: 1000 HZ
square pulses, at 1 V each. The phase or, alternatively, the pulse thickness could
be changed in order to match the pulsing and PMT signal timing.

Figure 3.29: The PMT signal (green) that falls within the square pulse (yellow)
produced by the signal generator (see Figure 3.30).
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Figure 3.30: Signal generator pulses as seen on the oscilloscope. 1 kHz square
pulses of 1 V amplitude.
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Figure 3.31: Optical table setup. The laser light travels through an optical fiber
(yellow cable) which then is passed through a collimator. Before reaching PMT
#1, the light passes through two 50:50 beam splitters. When reaching PMT #2, it
also passes through two 50:50 beam splitters. The light reaching PMTs #3 and
#4 is redirected towards them via the use of mirrors. The optical equipment was
chosen so the optical wavelengths at which it works optimally match the laser’s
wavelength. In addition, the setup is such that about the same amount of light
reaches each PMT.
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Figure 3.32: HV supply driving four
channels at the same time.

Figure 3.33: Digitizer used to send
incoming PMT signals to the computer.

3.4.3 Results
The PMT signals obtained from the setup described above were clean and easily
identifiable. These were significantly larger than noise signals, even at relatively
low voltages. Figure 3.34 shows a typical waveform of a PMT as acquired by the
digitizer.

Figure 3.34: Sample wave-form of an incoming signal from a PMT (black) being
tested at around the plateau region, coming from the digitizer and as filtered out by
the computer software using a 300 ns long gate (green), 80 ns short gate (purple),
and 5 ns trigger (red) at a 50 lsb theshold.

For the general test of the PMTs, a 50 lsb threshold and a 300 ns gate were
chosen, as they gave the best results. The digitizer was triggered at 1 kHz, along
with the laser pulser, by an external signal generator, and these were put in
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coincidence (see Figure 3.28). For the initial tests, the PMTs were subject to
the high voltage for 180 seconds first, and later, as the procedure became well
established, the testing time was reduced to 60 seconds.

Figure 3.35: Sample histogram of a tested PMT at 1200 V, just at the beginning
of the plateau region of Figure 3.38. All noise is filtered out at a 50 lsb threshold.

Figure 3.35 shows the ADC data for a PMT tested at a 1200 V, just past the
plateauing threshold, for 180 seconds. The noise signals have been mitigated with
the 50 lsb threshold set in the software. The data are expected to follow a Gaussian
distribution. The software was seen to capture data with the event rate at the
digitizer, consistent with the signal generator being set at 1 kHz, as shown in Figure
3.36. From Figure 3.37, it is easy to extract the uncertainties needed to generate a
count rate vs high voltage plot, an example of which is given in Figure 3.38.
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Figure 3.36: Software collecting data from a CAEN DT5751 digitizer pulsed at
1 kHZ (ICR column showing the rate of events coming at the digitizer input) in
the four different channels 0, 1, 2, and 3, connected to the PMTs 1, 2, 3, and 4,
respectively, ensuring that the registered signals corresponded to the pulsed laser
and subsequent photon detection by the photo-multiplier tube. The data rate from
the board, or throughput, as well as the rate of evens passing the cuts/filters and
filling the histogram, or OCR, are both as well at roughly 1 kHz. At higher voltages,
the electronic noise in the PMT becomes noticeable in the energy histogram (Figure
3.39).

Figure 3.37: Count rate plot as determined by the software reading out the
digitizer. These plots were used to determine the error bars in the count rate curve
in Figure 3.38. The error bars would vary depending on the applied high voltage;
for this case, voltage = 1300V .
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Figure 3.38: Typical count rate curve of a PMT up to the plateau region. The
error bars are too small to be visible at 800 V to 1000 V; they were determined by
a built-in software function (see Figure 3.37). The uncertainties come mainly from
Poissonian statistics and shot noise.

Figure 3.38 tells at which high voltage the PMT should be operated (at about
1200 V, in this case), and that is just at the point where the plateau begins. Figure
3.34 shows the waveform of the incoming data as seen by the software after filtering
out the noise at the plateau region. Plots like Figure 3.38 were generated for each
PMT, from which it was found their optimal operating voltage.

As the high voltage is further increased, however, the random noise in the PMT
becomes big enough to surpass the set threshold. This is shown in Figure 3.39,
where the noise is becoming overwhelmingly high. At even higher voltages, the
noise becomes comparable to, or even more significant, than the real PMT signal
from photon captures, indicating that the data is not coming from the pulsing laser
alone, but also from random, uncontrolled events.
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Figure 3.39: PMT tested in Figure 3.35 at 1200 V, just over the plateau break
(see Figure 3.38) now tested beyond the plateau region, at 1500 V. The noise
here has made it past the 50 lsb threshold and can be seen in the histogram (left
pedestal); the PMT signals from photo-detection are collected in the pedestal to
the right.
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Chapter 4

Vertex Reconstruction Study and
MAPP-2

A software model of a test decay volume “detector” was built in order to study
the issue of tracking and vertexing of particles decaying within MAPP-2. This
test detector consists of three boxes missing one face, one box inside the other,
much like Russian dolls. Each box’s face is made up of a single scintillator plate
readout on each side by an “x” oriented WLS fibre array and a “y” oriented WLS
fibre array; both arrays at right angles to each other, making up effectively a grid
(Figure 2.15. Figure 4.1 shows the basic geometry of the detector; box C encloses
box B, which encloses box A. See Figure 4.2 for a sample image of a scintillating
plank with optical fibres embedded in it made for testing purposes.

The detection of light from the WLS fibres is achieved using SiPMs. These
optical fibres are placed at right angles to each other, on either side of a 1.25 cm
thick scintillator sheet, making up a grid of 1 cm × 1 cm scintillating “squares”.
A hit in one of these squares would trigger mainly four optical fibres, two per
axis. This would allow the observer to estimate where the hit in the detection
plane happened. By utilizing hits in each layer the first iteration of a tracking and
vertexing program capable of efficiently operating in the presence of “noise” hits
was created.

The approach used is that detailed in [46]: finding track candidates by drawing
curves/lines that best fit the data points, and then evaluating these via a goodness-
of-fit test. The chi-square test is a method of goodness of fit allowing the algorithm
to evaluate tracks that are similar in length. The first step of finding track
candidates is performed by subjecting fitted lines to an evaluation of the goodness
of fit using a χ2 test. This test can be misleading in the sense that a poor χ2 value
does not necessarily mean a poor fit when compared to a better fit result. This
usually arises in cases in which one is comparing a shorter track to a longer track,
with the shorter track exhibiting, generally, a better fit result than the longer one
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[46]. This problem is ameliorated in the MAPP detector, however, by remembering
that the tracks we are seeking emanate from a common vertex and are boosted in
the direction of the decaying particle. Hence the detected tracks will tend to be
roughly equal in length.

Figure 4.1: Figure of the three-box simulation real hits generation. The vertex
reconstruction algorithm, however, flips the location of the back walls of the boxes
to the negative z axis.
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Figure 4.2: Scintillator tile with parallel optical fibres embedded in it.

Since the detector in question is a series of boxes, one enclosing the preceding
one, the problem at hand can be solved in a three-step procedure: 1) finding
track candidates (i.e., those tracks consisting of three points that can be fitted well
enough to a line), 2) evaluating these track candidates, and 3) forming vertices using
the good track candidates. We consider two types of points: the real hits in each
detection wall (detection plane from now on) and noise hits (or the background).

We assume that the detected tracks originate from a decay vertex occurring
somewhere in a detection volume (within the volume of the innermost box). Several
different track candidates with the best χ2 results of ≤ 0.5 are tested for a point
of intersection in the volume of the test detector. The tracks will not perfectly
intersect in three dimensions, but they do in two dimensions. The tracks that do
NOT intersect perfectly in two dimensions within the innermost box’s volume are
eliminated from the track candidates, and those that do intersect perfectly in two
dimensions within this volume are kept in the candidate pool. These remaining
tracks will have two points in the third dimension that correspond to the point of
intersection in two dimensions. The distance in the third dimension is calculated,
and the two tracks that exhibit the smallest distance of closest approach are kept
as the tracks originated from the real, simulated, decay.

The objective of this vertex reconstruction study is to identify a decay vertex and
the tracks forming the vertex. The final results provided at the end of the section
are i) the vertex finding efficiency of the detector, with the efficiency basically
defined as

Efficiency = # of correct vertex reconstructions

# of trials
, (4.1)
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and ii) the vertex reconstruction accuracy, i.e., the distance between the real
(simulated) vertex to the reconstructed vertex (generated from the best track
candidate method described above). In addition to this, several suggestions and
preliminary analysis results of further improvements to the algorithm are proposed.

4.1 The Algorithm

4.1.1 Particle Decay and Hits Simulation
The vertexing algorithm described below was implemented through Python and
Matlab, and the codes and functions can be found in Appendix A. The first step
is to generate hits on the walls of the detection boxes. A set of three boxes is
built, one inside the other, all of them missing the “front” wall, i.e., the one that
faces the incoming particle that subsequently decays in the fiducial volume of the
test detector. The walls surrounding the decay point are placed, starting from the
smallest to the biggest box, at z = -2.40 m (box A), -2.90 m (box B), and -3.20 m
(box C). See Figure 4.1 for the orientation of the boxes in space.

Figure 4.3: Definition of the “opening” and “rotation” angles in the vertex
reconstruction algorithm.

In the algorithm, it is assumed that the incoming particle decays at the origin
(0, 0, 0) in 3D space. This particle is coming straight ahead towards the boxes
along the z axis, in the negative direction, and its two decay products fly off at
equal angles from the original direction of motion of the initial particle. The decay
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products can decay at any rotation angle of the plane formed by the two tracks and
the "x-z" plane. The tracks will always extend forwards towards the boxes due to
conservation of momentum, as indicated in Figure 4.3. The algorithm proceeds by
identifying where the decay products hit the three boxes and storing the resulting
coordinates in text files. See Appendix A for further details.

At this point the computer has simulated the production of a pair of decay
products that passed through specific spots on the detection walls of the boxes
making up the detector. The next step is to create noise points on the detection
walls of the boxes. These noise points are random coordinates generated along
the walls of the the boxes. The noise hits are added to the hits arising from the
passage of particles crossing the detector layers.

4.1.2 Optical Fibres and Noise Generation
As described above, WLS fibre are embedded in the scintillator planes forming
the walls of the boxes. The WLS fibres define a grid of 1 cm × 1 cm squares, as
depicted in Figure 2.26. It is then assumed that as the ionizing particle hits one
of these squares, four optical fibres will catch most of the light produced in the
particle-scintillator interaction: two fibers along say the y axis and two fibers along
the x axis, as shown in Figure 4.4.

The two optical fibres enclosing the “hit” will capture some light produced by
the hit’s interaction with the scintillator material. Because of the design of the
detector, one can only know the position of the “hit” down to the coordinates on
which the optical fibre are placed. For each coordinate, “x” and “y”, it is assumed
that the optical fibre closer to the “hit”, this is the fibre on the right to the “hit”
in Figure 4.4, for instance, will transport more light than the other one. The code
then substitutes the exact location of the “hit” by the coordinates where the “x”
and “y” fibres are placed. The “z” coordinate remains the same, as this is the
location of the wall, and this is exact.

The next step is to generate coordinates for noise points. For simplicity, an
equal amount of noise points are generated per wall on all the three boxes. These
points are randomly generated.

4.1.3 Data Combination and Sorting
At this point, it is important to mention that the coordinates of both the simulated
real hits and the noise are organized in matrices; one matrix per axis. Care is taken
to make sure that the coordinate triplets (one per box) are kept in the same rows,
although these rows could be moved around. See Equation 4.2, which shows the
matrix configuration of the coordinates information for the tracking algorithm: A,
B, and C correspond to the three different boxes; 1 and 2 make reference to the
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Opticalfiber Opticalfiber

Hit

Figure 4.4: A hit in between two optical fibres means that both fibres are assumed
to be hit.

two decay tracks; x, y, and z are the three different axes in Cartesian space; finally,
n stands for “noise”. The matrices have three columns, one per box, and these
columns are not moved around at any point in the code, only the rows.


A1x B1x C1x
A2x B2x C2x
Anx Bnx Cnx
... ... ...

 ↔


A1y B1y C1y
A2y B2y C2y
Any Bny Cny
... ... ...

 ↔


A1z B1z C1z
A2z B2z C2z
Anz Bnz Cnz
... ... ...

 (4.2)

All the information is now mixed in a set of three matrices containing the
simulated real coordinates and the noise coordinates. For future use in the testing
of the code’s efficiency in reconstructing the decay vertex, a second set of matrices
is created, in which the coordinates of the simulated real hits are stored for the
two tracks. This second set of matrices is put aside for the moment.

4.1.4 Least-Squares Fit
Working with the first set of three matrices, where the real hits and the noise
points are mixed together, one does not know which coordinates correspond to
the simulated real hits and which ones are noise. The algorithm then attempts to
identify the simulated real hits by means of a chi-square goodness of fit after fitting
a line through the boxes by means of a least-squares fit, looking at all the possible
combination of points that could make a line.

The least-squares analysis extracts the best fit parameters for any possible
combination of points, the slope and the yintercept in Equation 4.4. For instance,
in an “x− y” plot one could assume a linear relationship between the “x” and “y”
coordinates, and this is the case for our purposes: the decay particles are assumed to
move in a straight line. However, that this relationship is linear does not necessarily
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Figure 4.5: Least-squares fitting of a straight line in between “observed” data
points. Taken from [47].

mean that the points fall exactly on a line, only that one could draw a straight line
passing, as best as it could, in between the data points, as shown in Figure 4.5.
So, making “x” the independent variable and “y” the dependent variable, one has
the observed “y” coordinates corresponding each to an “x” coordinate. But, if one
draws a line passing through the points in the plot, as in Figure 4.5, one can also
have fitted, or predicted, “y” coordinates that correspond to each of the observed
“x” coordinates. The best fit line will be the line that reduces the square difference
of the yobserved and the ypredicted data (Equation 4.3).

∑
e2

linej
=
∑

(yobserved − ypredicted)2 (4.3)

y = slope× x+ yintercept (4.4)
The algorithm picks all combinations of hits in A, B, and C and keeps the best

fits according to the following process: the computer picks a point in box C, then
it proceeds to pick a point in box B, then a point in box A, and it extracts the
fit parameters of a line through those three points. The code then picks another
point in box A, keeping the two previously selected points in boxes B and C, and
extracts the fit parameters. The algorithm does this until it has looked at all the
points in box A while keeping those two previously selected points in boxes B and
C. Once this is done, the algorithm picks another point in box B and proceeds,
again, to look at all the points in box A. This is repeated until the code has done
this with all the points in box B. Finally, the algorithm picks another point in box
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C and the entire process described above is repeated until there are no more points
in box C to pick.

The same least-squares concept described above for two dimensions can also
be implemented for points existing in three dimensions. The extraction of the fit
parameters of these points in three dimensions, however, is done in two steps: one
first finds the fit parameters in two dimensions by looking at the point’s coordinates
in a plane, and then one adds a third dimension to the residual minimization
process. In order to explain this, consider a coordinate system (l,m, n), with a
decay particle moving along the n-axis. If the particle passes through three walls
that parallel to the l-m plane and that are located at specific, known, n coordinates,
then one knows where the hits of the particle passing through the walls in the n
coordinates are exactly. So, one can start the least-squares fitting with the following
process:

1) The code generates the best fit parameters in the l-n plane, because we know
the n values exactly, and so “n” is treated as the independent variable. These
“n” values, which happen to be the same for both simulated real hits and noise
fitted coordinates, are just the positions of the detection walls in the n coordinate
axis. One implements the best fit line, using n as the independent variable and l
as the dependent one to obtain the fit parameters, slope and intercept, p0 and p1,
respectively:

lpredicted = p0nobserved + p1. (4.5)

2) We repeat the process in 1) but adding a third dimension. This time, we use
the fitted l and n values to generate m values according to the formula

mpredicted = c0nobserved + c1lpredicted + c2, (4.6)

where c0, c1, and c2 are the fit parameters generated through a matrix implemen-
tation of the least-squares technique on the simulated and noise coordinates l, m,
and n. The algorithm identifies the line with the ci parameters for which

∑
e2

linej
=
∑

(mobserved−mpredicted)2 (4.7)

is minimized.
Because it is assumed that the coordinates n are the ones where a detection

plane is located, then it is needed that the algorithm identifies on which plane
the hits occur. This is implemented in the code, and the algorithm is able to tell
whether the point is located in the “straight ahead”, “left”, “right”, “bottom”, or
“top” detection plane of a box (these labels are better understood by thinking of
the direction of motion of the incoming particle before it decays). Whether a hit
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occurs in any of these planes depends on two parameters: the opening decay angle
and the rotation angle (See Figure 4.3 for a depiction of these angles, as well as
Appendix A).

The procedure outlined here is made for all the permutation of points that
form a line through the three boxes. The resulting fit parameters are stored in a
matrix, and they are indexed according to their respective observed and predicted
m coordinates.

4.1.5 Goodness of Fit Test
At this point, the algorithm has two sets of data: 1) the initial simulated and noise
coordinates, which are the observed coordinates and 2) the fitted coordinates based
on the best-fit line, which are the predicted coordinates. The next step would be to
evaluate the degree by which the observed and predicted points agree for each line.
This is done using the chi-square goodness of fit method according to the formula

χ2 =
∑

i

(Cpredicted − Cobserved)2
i

σ2
observedi

, (4.8)

where Cobserved is the simulated coordinate, corresponding to either a simulated
real hit or a noise point; Cpredicted is the fitted coordinate from the least-squares
analysis; and σobserved is the uncertainty in Cobserved, which for this case it is chosen
to be 0.005 m, half the side length of an effective square delimited by the optical
fibres in the detection planes. The final value of a goodness of fit is determined via
the integration of the chi-square density function

X
(
χ2′; ν

)
=
∫ χ2′→∞

χ2′=χ2

χ2′ ν
2 −1 exp (−χ2′/2)
2ν/2Γ (ν/2) dχ2′, (4.9)

where ν = n− p, with n being the number of data points and p the number of fit
parameters. The value of the integration should be approximately 0.5 [48].

After performing a chi-square calculation on all the possible lines, the code
picks the best of these results. These are, following [48], the ones closest to 0.5,
which the algorithm takes to be those values larger than 0 and less than 0.5.

4.1.6 Point of Intersection Test and Minimal Distance Test
The algorithm assumes that the incoming particle decays at the Cartesian origin
(0, 0, 0), which is within the test “decay volume”, the space within the concentric
boxes. Once the data points with the best chi-square results have been identified,
their corresponding lines are looked at closely by the code. Those lines that intersect
within the decay volume are kept for further filtering.
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Although these line do intersect exactly in a plane, they generally do not in all
three dimensions. The algorithm then picks the two lines, among all the candidates,
that provide the smallest distance between their z coordinates corresponding to
the location in the x− y plane at which they intersect exactly. The algorithm then
assumes that the intersection point of these two lines is the middle point in between
these two zs. At this point, the code stores in a set of matrices the observed data
points that produced the best linear fit results and their point of intersection.

4.1.7 Final Test
With a chosen set of “observed” data points now available, the algorithm compares
the original set with the final set. If they “match”, then the reconstruction of the
decay tracks and vertex is considered successful.

4.2 The Results

4.2.1 Vertex Reconstruction Resolution
Figure 4.6 shows the distances between the reconstructed vertices and the real
vertices at the origin of the Cartesian space. After filtering out incorrect recon-
structions, the result is that the impact parameter, or resolution, of the vertex
reconstruction capacity of the algorithm is ±2 cm.

4.2.2 Algorithm Correct Reconstruction Efficiency
The efficiency in the algorithm can be calculated with three methods discussed in
[46]. The following two give the highest and lowest efficiencies, respectively:

Efficiency = ⟨⟨f⟩/⟨n⟩⟩, (4.10)
where f is the number of correct reconstructions and n is the number of simulations
run. By a correct reconstruction, of course, it is meant the finding of the correct
decay vertex, which implies the correct reconstruction of two decay tracks. Equation
4.10 gives the highest efficiency, relative to other methods to determine the efficiency
of the algorithm. The following gives the lowest efficiency:

Efficiency = f/n. (4.11)
In order to balance the best and worst case scenarios, one can use a third

method, also proposed in [46], which gives a number in between the results yielded
by the two equations above. This is with the intention of being conservative about
the predictions of the real detector’s efficiency:
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Efficiency = ⟨f⟩/⟨n⟩. (4.12)

The efficiency plot shown in Figure 4.7 was generated using Equation 4.12. The
data was separated into chunks of 25 runs for 100 runs so that Equation 4.12 in
reality looks like this:

Efficiency = ⟨f⟩/25. (4.13)
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Figure 4.6: Histogram of the data generated for the distance between the recon-
structed vertices to the coordinate system’s origin.
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Figure 4.7: Vertex reconstruction algorithm efficiency results for 0, 5, 10, 15, and
20 noise points per plane for an opening angle of 110◦ and a rotation angle of 80.
Three different extrapolations provided: linear, quadratic and cubic. The efficiency
of the algorithm in reconstructing real vertices is at 100 % with zero noise points
per detection plane, with an average of (92 ± 4) % between 0 and 10 noise points
per plane, and (85 ± 5) %, on average, between 0 and 20 noise points per detection
wall. The error bars in the plot are too small to be visible.

4.3 Further Work
The algorithm presented here is a test code and further work is needed to complete
the studies of the tracking and vertexing algorithms described above. For example,
studies need to be performed where the vertex position within the box is varied in
addition to the opening angle of the decay tracks and various levels of inefficiency
are also needed to be considered. Further to these additional tests, the plan for the
future is to develop a final algorithm that uses the exact geometry of the MAPP-2
detector and a complete picture of the response of the detector. The final code
will be the one implemented at MAPP-2, and it will incorporate the procedure
that gives the best results in terms of track and vertex reconstruction accuracy and
efficiency.
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Chapter 5

Electric Dipole Moment Energy
Loss

The MAPP detector was constructed to search for FIPs avatars of new physics.
An example of such a particle is a fourth generation heavy neutrino with an
anomalously large EDM [23]. The first authors to write about the possibility of
detecting such particles with a scintillator detector are Sher, et. al [49, 26, 50].
His approach to the calculation of the energy loss of a moving EDM in matter is
revised here; his results are averaged over three possible orientations of the EDM
with respect to the atomic electrons in the material through which the particle
with anomalously large EDM traverses. Our results include the EDM of a particle
with a general orientation as well as an average of the EDM over all angles.

Frank, et. al [23] explore the possibility of detecting a heavy neutrino with a
large EDM with the MoEDAL-MAPP detector. Because large EDMs violate parity
and time-reversal symmetries, the detection of permanent EDMs of particles would
be a solid evidence of physics BSM. Furthermore, their detection will allow further
exploration of CP violation at the TeV scale. The values of the EDM are model
dependent, and there are several models that give rise to EDMs with the inclusion
of a new heavy lepton generation. Such models include, multiple-Higgs models
[51], leptoquark models [52], left-right models [53, 54, 55, 56], and the minimal
supersymmetric standard model (MSSM) [57]. MoEDAL has adopted the upper
bound of 10−15e cm, as in [58, 26, 50].

Experimental bounds indicate that the mass of a heavy neutrino would be larger
than 45 GeV [59]. If this is true, and the heavy neutrino is part of a fourth lepton
generation, then it cannot be accommodated by minimal extension to the SM, as
this is ruled out by the Higgs data [24]. Other models BSM, as cited above, do
allow for another fermion generation, however.

Frank, et. al [23] take an effective Lagrangian approach, pioneered by Sher, et.
al [58, 26, 50]. In particular, we cast a wide net in modelling the heavy neutrinos
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by using the Lagrangian

LN = N̄
(
i/∂ −MN

)
N + ieDN̄σµνγ5NF

µν (5.1)

+ ieD tan (θW )N̄σµνγ5NZ
µν + e

2 cos (θW ) sin (θW )Z0
µN̄Lγ

µNL. (5.2)

Here, the non-SM heavy neutrino is described by the field N , and MN is its mass.
Aµ and Z0

µ are the photon and Z0 fields, respectively. eD is the magnitude of the
electron EDM, and it could be as large as 10−15e cm. F µν = ∂µAν − ∂νAµ and
Zµν = ∂µZ0ν − ∂νZ0µ. This model was validated by using MadGraph. Frank, et.
al first looked at e+e− → NN̄ and considered s-channel photons only. This was
done by looking at the first Lagrangian interaction term. The implementation gave
excellent results compared to analytic predictions. In addition, they proceeded to
validate the second Lagrangian term, which is an effective low-energy dimension-five
operator involving N , by “turning off” the other interaction terms. The validation
required that the heavy neutrino, being a member of an isodoublet, would have
the same interaction with the Z as a regular neutrino would.

Additionally to the validation of the effective Lagrangian approach, Frank, et.
al [23] looked at the ionization loss due to the EDM of the heavy neutrino. A
neutrino with a large EDM is expected to lose energy in the MAPP detector via
electromagnetic interactions. Following Sher’s approach [26, 50], [23] concludes
that the energy loss of the EDM passing through the detector is

dE

dx
= πNZ

e2

4πϵ0
Dγ, (5.3)

where Z is the nuclear charge and N is the neutron number. γ is the relativistic
factor. This result, however, as discussed above, is not completely right; it is
averaged over three possible orientations of the EDM with respect to the atomic
electrons in the material with which the EDM interacts. This result is revised here
by including the EDM of a particle with a general orientation as well as an average
of the EDM over all angles.

We conclude, as shown in Appendix B, that the energy loss rate of the EDM
passing through the material is

−dE

dx
=
(
ke2p2π3ne

2v2me

)(
4πϵ0

2meγv
2

πep
− ⟨ω⟩2

γ2v2

)
, (5.4)

where k ≡ 1
4πϵ0

and q was substituted by e, the unit charge. This equation can be
expressed as

−dEM

dx
= π2epneγ

4πϵ0

(
1 − 1

4πϵ0

πep

2me

⟨ω⟩2

γ3v4

)
. (5.5)
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This can be compared to Sher’s results,

−dES

dx
= πepγne

4πϵ0
, (5.6)

by taking their ratio. This gives, substituting p = vm/c:

dEM

dx
dES

dx

= π

(
1 − 1

4πϵ0

πem

2mec

⟨w⟩2

γ3v3

)
. (5.7)

We consider two regimes: 1) high velocity regime and 2) low velocity regime.
In the first case, as v → c, γ → ∞ and 1

γ3v3 → 0, which implies that the ratio
simplifies to

−dEA

dx

−dES

dx

= π. (5.8)

The reason for this result, a factor of π, is that Sher averages his result over three
possible orientations of the EDM. The result that we provide here is a more general
case. In the second case, after substituting e = 1.6 × 10−19 C, ϵ0 = 8.85 × 10−12

F·m, me = 9.11 × 10−31 kg into Equation 5.7, one obtains

−dEA

dx

−dES

dx

= π

(
1 − 8.2689 × 1012m⟨ω⟩2

γ3v3

)
. (5.9)

Normally it is assumed that one can only register the presence of a neutral particle
by its “missing energy-momentum”, even if the particle has an anomalously large
EDM [49]. However, we have shown that by using a dedicated detector like MAPP-
1, with 3 m of scintillator readout by four PMTs as the sensitive element, an
anomalously large EDM might be detected by its ionization signal as it passes
through the detector if it gives rise to 100 photons or more in each of the 4 sections
of the MAPP-1 detector [23]. A rough order-of-magnitude estimate tells us that 104

photons are produced per MeV of energy deposited in the plastic scintillator [59,
23, 60], meaning that if a unit charge produces 104 photons, an mCP with a charge
of e/10 will produce 100 photons, for instance. Figure 5.1 shows the reach of EDM
detection by MAPP compared to the Large Electron-Positron (LEP) collider in an
EDM size vs the mass of a heavy neutrino. Further studies, using full simulation,
on MAPP’s ability to observe a neutral particle with an anomalously large EDM
interaction with the plastic, are currently underway (Chapter 4).
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Figure 5.1: The reach for EDM detection at MoEDAL’s MAPP detector at√
s = 14 TeV, with 3 or more events observed at 95 % C.L., and 30 fb1 and 300

fb1 of integrated luminosity. The vertical axis has the value of the EDM and the
horizontal axis, the mass of a heavy neutrino. Taken from [23].
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Conclusion

MoEDAL was the first dedicated detector to be installed at the LHC. It is designed
to search for HIP avatars of BSM Physics. The purpose of the MAPP addition
to the MoEDAL experiment is to expand MoEDAL’s physics reach to include the
search for FIP and LLP messengers of new physics. MAPP’s phase 1 incarnation,
or MAPP-1, is dedicated to the quest for mCPs and other FIPs, such as particles
with an anomalously large EDM. MAPP-1 also has some sensitivity to neutral
LLPs. During Run-3, MAPP-1 will also be used to monitor MoEDAL trapping
volumes for the presence of trapped very Long-Lived electrically Charged Particles
(LLCPs). It is envisaged that MAPP-1 will be able to detect trapped LLCPs with
lifetimes in excess of 10 years. MAPP-2, the second phase of the MAPP detector,
will be installed in the next long LHC shutdown preceding the envisaged startup
of the high-luminosity LHC, in 2029. MAPP-2 is designed to greatly expand
MoEDAL-MAPP’s sensitivity to LLPs.

This thesis is divided into two main parts describing: 1) the work I performed in
the construction and testing of the MAPP-1 detector, as well as potential physics
topics for MAPP-1 and 2) the studies I performed on the tracking of charged
particles in the MAPP-2 detector. I began my work on MAPP-1 by planning the
procedures for the light-tight wrapping of the 400 scintillator bars comprising the
MAPP-1 detector. I then took part in the inspection, re-polishing (if needed), and
wrapping of the bars. In addition, I designed the coupling of the bar and light-guide
to the PMT. This was achieved mechanically using a mount that keeps the PMT
and light guide fixed in place. Furthermore, I outlined the procedures for the
installation of the LED calibration system for MAPP-1. This included installing
a blue LED and accompanying circuit board attached to the “non-PMT” end of
each scintillator bar. The installation of these LEDs allows for the calibration of
each bar for standard ionizing particles and for mCPs. Lastly, I participated in the
fabrication of the prototype MAPP-1 veto-system scintillator-tiles for testing.

An important part of my commitment to the preparation for MAPP-1 for data
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taking at LHC’s Run-3 was the HV testing of 300 of the 400 3.1” PMTs needed to
read out the detector. The shortfall of 100 PMTs was due to our supplier HZC
Photonics shutting down operations due to Covid-related financial problems. In
order to perform the tests, I adapted an existing laser test bed by designing an
optical table, allowing the laser beam to be used to test four PMTs at a time. I
also prepared the DAQ system in which all the data that I collected was via a
digital-to-analog converter. I used this system to “plateau” each PMT allowing us
to find their optimum HV operating point. During testing, I identified 14 PMT
systems with malfunctioning electronic bases that have since been repaired.

Moving to MAPP-2, I developed a preliminary version of the tracking and
vertexing software for the MAPP-2 detector. In order to do this, I utilized as a
model a smaller test detector which is based on a “Russian-doll” model of concentric
boxes to be used in the full detector design. I used this model detector to test
our ability to determine the vertex of particles decaying in flight within the decay
volume. The results obtained indicate that a reconstruction of the decay vertex
can be known to a resolution of the order of 1 cm. In addition, the efficiency of the
algorithm is expected to be in excess of 92% with ten noise points per detection
plane, rising to 100% with no noise points.

Turning now to our ongoing investigations of FIPs, in the form of neutral
particles with anomalously large EDM, I took part in an investigation regarding
the expected energy loss of such particles in MAPP-1 scintillators. In this case, we
hypothesized a heavy neutrino, a member of a fourth-generation lepton doublet,
with an anomalously large electric dipole moment (EDM). In this model the heavy
neutrino is produced in association with a heavy lepton [23]. The energy loss by
ionization of such a particle does not follow the Bethe-Bloch formalism [49, 26, 58].
I took part in a re-calculation of the energy loss of a neutral particle with an EDM
in order to properly take into account the effect of the orientation of the EDM with
respect to the electron with which it interacts. This was done by taking an average
over all angles of incidence. We expect our result to lead to a new publication
re-assessing the sensitivity of MAPP to the heavy neutrino hypothesized in our
paper.

The MoEDAL-MAPP detector is the only dedicated search detector with com-
petitive sensitivity to all three types of new particles: HIPs, FIPs, and LLPs, which
the main general-purpose LHC detectors (ATLAS and CMS) are not optimized
to detect. The work described here will be utilized and developed during Phase-1
(Run-3) and Phase-2 (Run-4 and beyond) of the MoEDAL-MAPP project, with
the aim of maximizing the discovery potential of the LHC.
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Appendix A

Vertex Reconstruction Algorithm

The vertex reconstruction algorithm described in this thesis can be found in the
GitHub repository: https://github.com/aasalaza/MAPP-2-Test-Detector-V
ertex-Reconstruction-Algorithm.git.
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Appendix B

Electric Dipole Moment Energy
Loss Calculations

The problem arises from Jackson’s Classical Electrodynamics [61] (Problem 11.27):

(a) A charge density of ρ′ of zero total charge, but with a dipole moment p,
exists in reference frame K ′. There is no current density in K ′. The frame K ′

moves with a velocity v = βc in the frame K. Find the charge and current
densities ρ and J in the frame K and show that there is a magnetic dipole
moment, m = (p × β)/2, correct to first order in β. What is the electric
dipole moment in K to the same order in β?

(b) Instead of the charge density, but no current density, in K ′, consider no
charge density, but a current density J′ that has a magnetic dipole moment
m. Find the charge and current densities in K and show that to first order in
β there is an electric dipole moment p = β × m in addition to the magnetic
dipole moment.

We focus on part (b) of the problem, and provide an answer to the question of
whether a moving magnetic dipole induces an electric dipole moment. In doing so,
we revise the conclusion made by Fischer [62] in that indeed, a moving magnetic
dipole induces an electric dipole moment. We expand on his method of derivation
as per Franklin’s argument that Fischer’s derivation is incomplete [63]. We disagree
with Franklin, however, in that Fischer’s conclusion is false. Finally, we look at
what the EDM is like for neutrons occurring at MAPP.

B.1 Physics of a Moving Electric Dipole
Let K be the rest frame of the moving electric dipole, and let K ′ be the lab frame.
In addition, let K ′ be moving with a velocity v = βc with respect to K.
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We assume that the charge density is time independent:

ρ = ρ(x⃗); (B.1)

we also have, by definition, and by the problem conditions, that

q ≡
∫
ρd3x = 0. (B.2)

From Jackson, Eq. 4.8, we have that the electric dipole is defined as

p⃗ ≡
∫
x⃗ρd3x, (B.3)

and the magnetic dipole is, from Jackson, Eq. 5.54,

m⃗ = 1
2c

∫
x⃗× J⃗d3x. (B.4)

We construct the 4-current in the rest frame K. We have

Jµ = (cρ, 0). (B.5)

And boosting in the lab frame, K ′,

J ′µ =
(
cρ, γβ⃗cρ

)
. (B.6)

The Lorentz Transformations relate the coordinates in both reference frames as
follows (Jackson, Eq. 11.19):

x′0 = γ
(
x0 − β⃗ · v⃗

)
, (B.7)

and

x⃗′ = x⃗+ γ − 1
β2 β⃗

(
β⃗ · x⃗

)
− γβ⃗x0. (B.8)

In addition, in the lab frame K ′, the charge density is

ρ′
(
x′0, x⃗′

)
= γρ(x⃗), (B.9)

and the current density is

J⃗
(
x′0, x⃗′

)
= γβcρ(c⃗). (B.10)

Equations B.3 & B.4 define the electric and magnetic dipoles, respectively, as
integrations over the source densities at a fixed time x′0 in the lab frame. This is
true at any time, so we can simplify things by setting the time in the lab frame to
zero: x′0 = 0. Therefore, from Eq. B.7, we obtain
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x′0 = γ
(
x0 − β⃗ · x⃗

)
= 0

⇒ x0 = β⃗ · x⃗. (B.11)

From Eq. B.8, we have

x⃗′ = x⃗+ γ − 1
β2 β⃗

(
β⃗ · x⃗

)
− γβ⃗

(
β⃗ · x⃗

)
= x⃗+ γ − 1

β2 · γ + 1
γ + 1 β⃗

(
β⃗ · x⃗

)
− γβ⃗

(
β⃗ − x⃗

)
= x⃗+ γ2 − 1

β2 (γ + 1) β⃗
(
β⃗ · x⃗

)
− γβ⃗

(
β⃗ · x⃗

)

= x⃗+
1

1−β2 − 1
β2 (γ + 1) β⃗

(
β⃗ · x⃗

)
− γβ⃗

(
β⃗ · x⃗

)

= x⃗+
β2

1−β2

β2 (γ + 1) β⃗
(
β⃗ · x⃗

)
− γβ⃗

(
β⃗ · x⃗

)
= x⃗+ γ2

γ + 1 β⃗
(
β⃗ · x⃗

)
− γβ⃗

(
β⃗ · x⃗

)
= x⃗+ 1

γ + 1
[
γ2β⃗

(
β⃗ · x⃗

)
− γ2β⃗

(
β⃗ · x⃗

)
− γβ⃗

(
β⃗ · x⃗

)]

⇒ x⃗′ = x⃗− γ

γ + 1 β⃗
(
β⃗ · x⃗

)
. (B.12)

Time dilation at some fixed x′0 relates the 3-volume integration in two frames as[∫
d3x′ = 1

γ

∫
d3x

]
x′0=const

. (B.13)

Applying this to the equation for the magnetic dipole, Eq. B.4, in the lab frame
K ′, we get
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m⃗′ = 1
2c

∫
x⃗′ × J⃗ ′d3x′

= 1
2c

∫
x⃗′ × J⃗ ′ 1

γ
d3x

↑
Eq. B.13

= 1
2c

∫ [
x⃗− γ

γ + 1 β⃗
(
β⃗ · x⃗

)]
× γβ⃗cρ

1
γ
d3x.

↑
Eqs. B.12 & B.10

The c’s and γ’s cancel out. Regrouping terms:

m⃗′ = 1
2

[∫
x⃗× β⃗ρd3x−

∫ γ

γ + 1 β⃗
(
β⃗ · x⃗

)
× β⃗ρd3x

]
.

The second integral equals zero by the cross product (parallel vectors).

m⃗′ = 1
2

∫
ρx⃗× β⃗d3c

= 1
2

(∫
ρx⃗d3x

)
× β⃗.

Which, by Eq. B.3, gives

m⃗′ = 1
2 p⃗× β⃗. (B.14)

This shows that a moving electric dipole induces a magnetic dipole moment
proportional to its magnitude and perpendicular to it.

Finally, the electric dipole moment in the lab frame K ′ is
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p⃗′ =
∫
x⃗′ρ′d3x′

=
∫ [

x⃗−
γ + 1

(
β⃗ · x⃗

)]
γρ

1
γ
d3x

↑
Eqs. B.12 & B.13

=
∫
ρx⃗d3x−

∫ γ

γ + 1ρβ⃗
(
β⃗ · x⃗

)
d3x

= p⃗− γ

γ + 1
(
β⃗
)
β⃗ ·

∫
ρx⃗d3x,

which, by Eq. B.3, gives

p⃗′ = p⃗− γ

γ + 1 β⃗
(
β⃗ · p⃗

)
. (B.15)

B.2 Physics of a Moving Magnetic Dipole
Consider a magnetic dipole m⃗ in the rest frame K of the moving particle with
current density J⃗ and no charge density. The 4-current in K is, from Jackson, Eq.
(11.128),

Jµ =
(
0, J⃗

)
. (B.16)

Then we boost this quantity to the lab frame K ′. The Lorentz Transformation
gives

J ′µ =
(
γβ⃗ · J⃗ , J⃗ + γ − 1

β2 β⃗
(
β⃗ · J⃗

))
=
(
cρ, β⃗cρ

)
. (B.17)

The last equality comes from Eqs. B.6 & B.9. Then the EDM in the lab frame, by
Eq. B.3, is

p⃗′ =
∫
x⃗′ρ′d3x′ (B.18)

=
∫ [

x⃗− γ

γ + 1 β⃗
(
β⃗ · x⃗

)] γβ⃗ · J⃗
c

1
γ
d3x

↑
Eqs. B.12, B.17 & B.13
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⇒ p⃗′ = 1
c

∫ [
x⃗− γ

γ + 1 β⃗
(
β⃗ · x⃗

)]
β⃗ · J⃗ d3x. (B.19)

To solve this integral we notice the following:

∫
xiJjd

3x = 1
2

∫
(xiJj + xjJi) d3x+ 1

2

∫
(xiJj − xjJi) d3x

= 1
2

∫
(Jj∂jxixj + Ji∂ixixj) + 1

2

∫
ϵijk

(
x⃗× J⃗

)
k
d3x

↑
By Product Rule and Levi-Civita symbol permutation

= 1
2

∫
Jk∂k (xjxi) d3x+ 1

2ϵijk

∫ (
x⃗× J⃗

)
k
d3x

= −1
2

∫
xixj

(
∇⃗ · J⃗

)
d3x+ 1

2

∫
(xixj) J⃗ · n⃗dS + 1

2ϵijk

∫ (
x⃗× J⃗

)
k
d3x

↑
By the Divergence Theorem

= −1
2

∫
xixj

(
∇⃗ · J⃗

)
d3x+ 1

2ϵijk

∫ (
x⃗× J⃗

)
k
d3x.

But in the rest frame of the moving dipole, K, the current density is time indepen-
dent, i.e., static, so the divergence of the current density is zero: ∇⃗ · J⃗ = 0. We
have

∫
xiJid

3x = 1
2ϵijk

∫ (
x⃗× J⃗

)
k
d3x.

From Eq. B.4, we obtain ∫
xiJjd

3x = cϵijkmk. (B.20)

So the EDM is given by, from Eq. B.19,

p′
i = 1

c

∫
xiβiJid

3x− 1
c

γ

γ + 1

∫
βiβj iβkJkd

3x

= ϵijkβjmk − γ

γ + 1βiβjϵjlnβlmn.

Then, to first order in β, by the property (A × B)i = ϵijkAjBk, the EDM in the
lab frame is given by the expression

p⃗′ = β⃗ × m⃗, (B.21)
telling us that a moving magnetic dipole induces an electric dipole in the lab frame.
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B.3 Energy Loss of an Electric Dipole
Now consider the passage of the electric dipole moment p⃗ through matter. The
momentum transfer due to the inelastic collision with an atomic electron is given
by

F⃗ = dp⃗m

dt
, (B.22)

where the subscript m stands for “momentum”, which implies∫
dp⃗m =

∫
F⃗ dt = ∆p⃗m. (B.23)

Now, the Lorentz force, on the atomic electron, assuming that the electron is at
rest, is given by

F⃗ = q
(
E⃗ + v⃗ × B⃗

)
= qE⃗.

↑
v⃗ = 0

(B.24)

Therefore, Eq. B.23 gives

∆pm = q
∫
E⃗dt. (B.25)

The electric field of the electric dipole on the impact area can be found through
the definition of the electric potential applied to an electric dipole. With the dipole
moving along the z axis at a constant velocity, we have

Vdipole(r, θ) = r̂ · p⃗
4πϵ0r2

= p cos(θ)
4πϵ0r2 .

Then

Er = −∂V

∂r

= 2p cos(θ)
4πϵ0r3

and
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Eθ = −1
r

∂V

∂θ

= p sin(θ)
4πϵ0r3

imply that

E⃗ = p

4πϵ0r3

(
2 cos(θ)r̂ + sin(θ)θ̂

)
. (B.26)

We define the impact parameter b ≡ y. Remembering that we are considering a
dipole moving along the z axis at constant speed v⃗, we obtain

r = z2 + y2

= (v⃗t)2 + b2.

We can also rewrite the trigonometric identities as

cos(θ) = b

r
and sin(θ) = vt

r
.

Then Eq. B.26 can be written as

E⃗ = p

4πϵ0r3

(
2 b
r
r̂ + vt

r
θ̂

)

= p

4πϵ0

(
2 b
r4 r̂ + vt

r4 θ̂

)

= p

4πϵ0

2 b[
(vt)2 + b2

]2 r̂ + vt[
(vt)2 + b2

]2 θ̂
 .

(B.27)

Going back to Eq. B.25, we integrate with respect to time:

∆p⃗m = q
∫
E⃗dt

= q
∫ +∞

−∞

p

4πϵ0

2b[
b2 + (vt)2

]2 r̂ +
∫ +∞

−∞

p

4πϵ0

vt[
b2 + (vt)2

]2 θ̂.
Then the expression for the change in momentum is
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∆p⃗m = qp

4πϵ0

π

b2v
r̂. (B.28)

With this, the energy transfer at the impact parameter b is given by the expression

E(b) = (∆p⃗)2

2me

= 1
2me

(
qp

4πϵ0

)2 ( π

b2v

)2
. (B.29)

Now we consider a volume element dV = 2πbdbdx and an electron number density
ne. Then

−dE(b) = E(b)nedV

= 1
me

(
qp

4πϵ0

)2 ( π

b2v

)2
ne (2πbdbdx) ,

(B.30)

where the negative sign comes from the loss of energy. We have

dE(b)
dx

= d

dx
E(b)nedV

= 1
2me

(
qp

4πϵ0

)2 ( π

b2v

)2
ne (2πbdb) .

(B.31)

Finally, by integrating from bmin to bmax, to consider all the possible values of the
impact parameter b, we obtain the following expression for the energy loss:

−dE(b)
dx

=
(
π3ne

2v2me

)(
qp

4πϵ0

)2
(

1
b2

min

− 1
b2

max

)
. (B.32)

To determine bmin, look at the energy transfer in a head-on collision (no incidence
angle). According to Jackson [61], this energy transfer is

E = 2γ2mev
2. (B.33)

Then, using this equation and Eq. B.29, we obtain

b2
min = 1

4πϵ0

πqp

2meγv
. (B.34)

Also from Jackson [61], we have

b2
max = γ2v2

⟨ω⟩2 , (B.35)

where ⟨ω⟩ is the frequency of motion of the electronic binding.
Considering this information, we arrive at the conclusion that
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−dE

dx
=
(
ke2p2π3ne

2v2me

)(
4πϵ0

2meγv
2

πep
− ⟨ω⟩2

γ2v2

)
, (B.36)

where k ≡ 1
4πϵ0

and q was substituted by e, the unit charge.
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