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Abstract

The pursuit for the most elusive particle ever searched for, dark matter, requires an
experiment with a very low background. Therefore, besides these studies, it is possible
to look for other rare processes. An excellent example of this kind of search is the one
carried out during this thesis for the double electron capture of the 124Xe isotope. We
studied the normal decay mode, during which two neutrinos are emitted. This represents
the first step for the search of neutrinoless processes, where no neutrinos are emitted,
which, if true, would prove that neutrinos are Majorana particles. The Majorana nature
of neutrinos could help solve two main concerns in Particle Physics: the mass hierarchy
problem and the fact that neutrinos are massive, which can not be explained by the
Standard Model (SM).

In this work, we use data from the LUX-ZEPLIN (LZ) experiment to search for
this decay. We will start by understanding how this type of detector works, followed
by the analysis of detailed Monte Carlo simulations to construct a background model
and to predict the required time to reach the discovery potential (5σ) for the KK mode
(simultaneous electron capture from the K shell), as well as the observation (3σ) and
discovery potential for the KL mode (electron capture from the K and L shells). Using
the best estimates for the backgrounds during the Science Run 1 (SR1), we obtain that
the LZ experiment will be able to claim a discovery in the KK mode after 44 days of
exposure, whereas it could claim an observation and a discovery in the KL mode after
117 and 329 days, respectively. However, the LZ experiment will not be able to observe
the LL mode during its 1000 days of exposure. Finally, after doing a removal time study
following the production of 125I isotope, a very important background for our search, it
was established that the last 50 days of the SR1 were safe to use for our work. Using that
data set with 46.7 days of live time, we were able to obtain the half-life for this decay,
T 2ν2EC
1/2 = (1.4± 0.1(stat.)± 0.2(sys.))× 1022 yr, with a statistical significance of 6.1σ.

Keywords: The Standard Model of particles physics, the LUX-ZEPLIN experiment,
double electron capture, rare decays, neutrinoless processes, double beta decay, neutrino
nature.

i





Resumo

A procura pela part́ıcula mais elusiva de sempre, matéria escura, requer uma ex-
periência com um fundo muito reduzido. Portanto, para além destes estudos, outros
processos raros são também posśıveis de procurar. Um exemplo excelente deste tipo de
procura é este realizado durante esta tese para a captura electrónica dupla para o isótopo
124Xe, onde dois neutrinos são emitidos neste processo. Isto representa o primeiro passo
para uma procura por processos sem emissao de neutrinos, que, se observados, irão provar
que os neutrinos são part́ıculas de Majorana. A natureza de Majorana dos neutrinos pode
ajudar a resolver dois problemas fundamentais da F́ısica de Part́ıculas: o problema da
hierarquia de massas e o facto de os neutrinos terem massa, que o Modelo Padrão não
consegue explicar.

Neste trabalho, usamos os dados provenientes da experiência LZ na procura por este
decaimento. Iremos começar por perceber como é que este tipo de detector funciona,
seguido pela análise de simulações de Monte Carlo do detector que foram usadas para
gerar um modelo de background e para prever o tempo necessário para alcançar um
ńıvel estat́ıstico de descoberta (5σ) para o modo KK (captura simultânea de eletrões
da camada K), bem como os ńıveis estat́ısticos de observação (3σ) e descoberta para o
modo KL (captura de eletrões das camadas K e L). Usando a melhor estimativa para os
backgrounds durante a primeira campanha de aquisição de dados da experiência (SR1),
estimamos que a experiência LZ será capaz de alegar uma descoberta no modo KK depois
de 44 dias de exposição, enquanto que para alegar uma observação e uma descoberta no
modo KL serão necessários 117 e 329 dias, respectivamente. Contudo, a experiência de LZ
não será capaz de observar o modo LL durante os seus 1000 dias. Finalmente, depois de
fazermos um estudo do tempo de remoção do isótopo 125I gerado durante a calibração do
detector com neutrões, um fundo bastante importante para a nossa procura, estabeleceu-
se que os últimos 50 dias da SR1 eram seguros para usar no nosso trabalho. Usando
esse conjunto de dados com 46.7 dias de tempo efectivo, conseguimos obter o tempo de
meia-vida para este decaimento, T 2ν2EC

1/2 = (1.4 ± 0.1(stat.) ± 0.2(sys.)) × 1022 yr, com
uma significância estat́ıstica de 6.1σ.

Palavras-chave: O Modelo Padrão de f́ısica de part́ıculas, a experiência de LUX-
ZEPLIN, captura electrónica dupla, decaimentos raros, processos sem emissão de neutri-
nos, decaimento beta duplo, natureza dos neutrinos.
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Chapter 1

Introduction

Neutrinos are one of the most mysterious particles in the Universe, and we do not have
as much information about this kind of particle as we would like after nearly 70 years of its
discovery. The SM is the most successful model to describe the fundamental particles and
their behaviour. It assumed the form we do know now in the mid-1970s, nevertheless, a
lot of theories had tested this model and try to change it and failed. However, neutrinos
caused the first big blow to this model. Since only left-handed neutrinos are seen in
nature, due to the Higgs mechanism, neutrinos in the SM are supposed to be massless.
Yet, it was experimentally proven that there is neutrino flavors oscillation, therefore
neutrinos must have a mass different from zero.

The nature of neutrinos would, indeed, open possibilities to solve this problem. If
neutrinos are Majorana particles, they are their own antiparticle, and a Majorana mass
term could resolve this issue. However, if they are Majorana particles, this would also
mean that we could observe decay processes where neutrinos are not emitted, thus vi-
olating the conservation of the lepton number, namely, the Neutrinoless Double Beta
Decay.

The observation of Neutrinoless Double Beta Decay could help solve some of the
biggest questions in cosmology and physical particles, like the matter-antimatter asym-
metry problem, and the neutrino mass hierarchy problem. However, these processes have
a long half-life decay time, therefore, they are very difficult to observe. A first step in
this search is to study the processes with the emission of neutrinos, which would allow
us to improve the theoretical models for the neutrinoless case.

In this thesis, a search for the KK mode of the double electron capture of the 124Xe
isotope was performed using data from the first SR1 of the LZ experiment. This is the
longest decay ever observed directly. To achieve this, it is required that we study the
necessary time for the xenon circulation system to remove the 125I isotope created during
neutron calibrations of the detector, which, if not removed, would represent a significant
background to our search. Therefore, after that study, we will be able to select a period
with a much lower background. Several sensitivity studies were made in this work, which
allowed us to know the required time necessary to reach the half-life measured by the
XENON1T experiment.

The underlying physics of the search conducted during this work, namely the SM,
neutrino physics, and Double Beta Decays1 with and without emission of neutrinos, is

1It will be used capital letters in this class of processes, in order to distinguish it from the individual
decay processes with the same name.
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presented in Chapter 2. The LZ detector, its constituents, and the working principle of
this kind of detector are covered in Chapter 3. Since backgrounds are essential in these
searches, in Chapter 4, we explore the more important backgrounds to our search, and in
the final part of this chapter several sensitivity studies were performed using the Rolke
method. Since the 125I isotope created during neutron calibrations would represent such
a dangerous background if not well removed, Chapter 5 is entirely dedicated to studying
the removal time of this isotope from the TPC. We start by seeing the observed signal
due to the decay of the 125I isotope, followed by the necessary steps to make this study,
namely, the event and population selections. After that, the removal time was studied,
allowing us to choose a search period for the double electron capture of the 124Xe isotope.
In Chapter 6, the search for the KK mode of the double electron capture of the 124Xe
isotope is done. Chapter 7 is reserved for some final conclusion drawn from the work
done.
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Chapter 2

Standard Model, Neutrino Physics
and Double Beta Decays

In this chapter we will be giving an overview of the physics of relevance to this work,
mainly we will be discussing the SM of particle physics, followed by neutrino physics,
and finally, the different double beta decay processes both with the emission of neutrinos
or without it. This last process is called Neutrinoless Double Beta Decay, and it is very
important as we shall see. During this chapter, we will also understand the reasons
behind the study of Double Beta Decay processes, as we will do in this thesis.

2.1 The Standard Model

The Standard Model of particle physics is the accepted model nowadays to describe
the fundamental particles and their behaviour1 [1]. It summarizes this long journey of
physicists, from the discovery of the electron, in 1897, by J.J. Thomson [2] to the final
piece of this model (maybe not), the long-awaited observation of the Higgs boson at the
Large Hadron Collider in 2012 [3]. The fundamental particles of the standard model are
represented in Figure 2.1. As we can see, they are divided into two subgroups depending
on their spin. Particles with a half-integer spin are fermions obeying the Fermi-Dirac
statistics, while particles with an integer spin are bosons following the Bose-Einstein
statistics [4]. The latter particles can still be subdivided into vector bosons if they have
a spin equal to one, and scalar bosons if they have zero spins.

In order to understand what is everything made of and how does it hold together we
need to dive deeper in the SM. If we start by the “What is everything made of” part
of this problem, then the fermions are what we need to study in more detail. There
are 12 fermions: 6 quarks and 6 leptons. All the matter that we know is made of these
particles. For instance, the protons and neutrons are formed by a combination of up
and down quarks [6], and if we join an electron to them, the oldest known lepton, then
we have an atom, as illustrated in Figure 2.2. Within the lepton subgroup, we have
some of the most mysterious particles, the neutrinos, which raised one of the biggest late
discoveries in the SM: The Neutrino Oscillations2 [7]. Furthermore, there are two other
particles similar to the electron but with a far greater mass, the muon and the tau.

1This model has also its shortcomings, that will be discussed later
2We will discuss a little bit more about what was the problem caused by this oscillation in the SM

when we address the neutrino physics
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Figure 2.1: Pictorial representation of the Standard Model of Elementary Particles. On
the left, are presented the three generations of matter, the fermions, while the force
carriers, bosons, are represented on the right. The constituents of matter are further
subdivided in two groups: quarks, in purple, and leptons, in green. The force carriers
are subdivided considering their spin value. Particles with spin equal to one are vector
bosons, represented in red, whereas the ones with spin equal to zero are scalar bosons.
In this last category we have the particle that provides mass to the remaining particles,
the Higgs boson. Figure from [5].

Regarding the second part of the question above, the 5 bosons present in the SM are
responsible for all the interactions of matter that the SM can explain, that is, they are
the carriers of 3 of the 4 fundamental forces, namely the strong force, the weak force and
electromagnetism3 [9]. Again, returning to the example of the nuclear atom: the strong
force, mediated by the gluons [10], is responsible for holding quarks together to form
larger particles as protons and neutrons. The Z and W bosons are known for mediating
the weak force [10], due to which the beta decay occurs. One of the best known cases of
this is the beta minus decay, where one neutron decays to one proton with the emission
of an electron and an antineutrino [11]. Probably the most recognized boson by the
majority of people is the photon, responsible for the electromagnetic force [10], which is
present in our everyday life in the form of electric and magnetic fields. Looking at the
SM, one boson remains to be discussed, the most famous and last to be discovered, the

3One of the SM shortcomings is that it does not include gravity [8]
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Higgs boson. Before this particle was known, the scientific community struggled with
a fundamental question, why do some fundamental particles have mass but others do
not? The answer to this question was the Higgs boson. A Higgs field, which is a set of
virtual Higgs bosons, has to fill all the space [12]. The particles that interact with this
boson have mass different from zero; the stronger the interaction, the more massive the
particles are [13]. So the photons and the gluons, which are the known massless particles,
ignore this Higgs field. Since only left-handed neutrinos have ever been observed, then
their mass term in the Lagrangian would not be a gauge invariant [14], thus neutrinos
must also be massless particles in the SM. The neutrinos’ mass will be further discussed
in Section 2.2. The process in which the W and Z bosons acquire mass is known as the
Higgs mechanism.

Figure 2.2: Quark model representation of an atom. Protons and neutrons, constituents
of the nucleus, are made of up quarks (smallest yellow circles) and down quarks (green
circles). Protons have two up quarks and one down quark, while neutrons have two down
quarks and one up quark. These quarks are held together by the strong force, which is
mediated by the gluon. Around these particles we have another elementary particle, the
electron (big orange circles). Figure from [15].

Up to this point in this discussion it seems that this model is almost perfect in
describing the fundamental particles and their behaviour, which is far from the truth.
Nevertheless, it stood almost every test and it is nearly the same for a long time, de-
spite the many attempts to break it. However, the SM also has some shortcomings, as
we mentioned earlier. One of these problems can be clearly seen from what was said
previously: gravity is missing in this model [8]. Although gravity is the ruling force in
our macro-scale life, its power is almost nonexistent on the subatomic scale. However,
we can not disregard this force because if we are talking about massive bodies such as
black holes, then gravity becomes very important. This problem arises from the incom-
patibility between general relativity, the theory which describes gravity, and quantum
mechanics, the theory that describes the subatomic world [16]. In general relativity,
gravity is characterized as a property of spacetime [17], which is inconsistent with the
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other forces.
The SM is a very good model to describe the tangible Universe, and by this we

mean the normal matter that consists approximately 5% of the matter-energy of the
Universe [18], but what about the remaining 95%? This problem is also one of the
biggest problems with the SM, because there are no viable candidates within this model
to explain dark matter and dark energy [19]. There are several other problems, but we
want to mention a final big problem with this theory4. According to the SM, after the
Big Bang, equal amounts of matter and antimatter should have been created [21], and
then annihilated leaving only leftover energy and no matter. The Universe that we know
of is solely constituted by matter, therefore something else must have happened during
the Big Bang in order to some of that matter created during that moment still exists
now.

2.2 Neutrino Physics

Neutrinos are leptons with 1
2
spin that only interact through weak interactions or

gravity [22]. The first has a very short range [23], and the latter is extremely weak [24],
so these particles interact very weakly with matter. As such, after so many years of their
discovery, we do not have as much information about these particles as we would like.
Due to their extraordinary properties, like their mass and parity, they are one of the
most exciting particles in the Universe. Lets rewind a bit in history and see the search
on one of the most mysterious particles.

In the beginning of the twentieth century, the beta minus decay, β−, was thought to
be expressed through the following expression [25],

A
ZX → A

Z+1Y+ e−, (2.1)

and if we think in energy conservation rules, then the electron should be emitted with
an energy equal to the difference between the energies of the mother and daughter nuclei
[26]. When the electron energy spectrum was measured, it was found to be continuous
rather than a monoenergetic peak, as shown in Figure 2.3. Wolfgang Pauli, in 1930,
addressed this problem by postulating a new particle, which he named neutron5 [27].
This particle would have a very specific set of properties in order to resolve this issue
[27]:

• Zero electric charge;

• Zero mass (or at least a mass close to zero);

• Being able to pass through matter without interacting, and thus being impossible
to detect6.

4Actually this is not a big problem, it is a giant one, because if this was true life was not supposed
to exist, nor the Universe as we know it [20]

5In 1932, when James Chadwick discovered the chargeless counterpart of the proton, the neutron of
today, the Italian physicist Enrico Fermi renamed this particle for the name we know it by today, the
neutrino

6Very naively Pauli thought that this particle would penetrate a lead material with 10 centimeters
of thickness very easily. Nowadays, it is estimated that it is necessary a lead material with a thickness
of many light-years in order to stop this particle
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Figure 2.3: Comparison between the observed beta decay spectrum, in black, and the
expected spectrum if that decay occurred without the emission of an neutrino (or an-
tineutrino in the case of the beta minus decay), in red. Figure from [26].

The idea for the neutrinos was not solely due to this energy conservation problem but
also because of the Spin-Statistic problem [27]. The Spin-Statistic theorem [28] states
that a semi-integer spin particle obeys the Fermi-Dirac statistics, whereas an integer spin
particle obeys the Bose-Einstein statistics. However, at the time, some nuclei did not
behave as predicted. The more known one was the 14N, which was thought to have 14
protons and 7 electrons [27], and each had a 1

2
spin. Thus, this particle should have

followed the Fermi-Dirac statistics, but despite this prediction, the 14N obeys the Bose-
Einstein. So then, Pauli postulated that the electrons and protons could not be the
only constituents of the nucleus, and another fermion particle should also reside within
the nucleus so that the full particle has a integer spin. Pauli thought nobody would
ever detect this particle due to the characteristics that it must have. However, in 1956,
Frederick Reines and Clyde Cowan proved him wrong and finally observed neutrinos
experimentally using nuclear reactor neutrinos [29].

After this discussion, we need to take a step back and ask ourselves: Where do
neutrinos come from? Are they created on Earth? Or are they coming from other places
of the Universe? For the last two questions the answer is yes, the neutrinos can be
subdivided into two groups:

• Terrestrial neutrinos: if they are produced on Earth either in an artificial way,
such as reactors neutrinos, accelerator neutrinos, or neutrinos produced by nuclear
weapons7, or in a natural way alongside the natural radiation due to the decay of
radioactive isotopes present in nature. The latter are called geoneutrinos;

• Extraterrestrial neutrinos: they are produced out of the Earth as we can understand
by the name. There are many sources generating neutrinos outside of the Earth
that eventually arrive to us. Examples of these are atmospheric neutrinos, solar
neutrinos, neutrinos created in the Big Bang and in a Supernovae.

After reading this chapter, a reader with no previous knowledge of neutrino physics
would have almost the same insight into this subject as a physicist in the 1960s. Then, it

7Before deciding for the nuclear reactors, Fred Reines and Clyde Cowan first considered studying
neutrinos originated in a nuclear bomb [30].
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is important to do a path coming from that time until now. At that time, they already
knew what neutrinos were, and from where they came, so the next step was measuring the
solar neutrino flux, which was achieved for the first time in the Homestake experiment8

headed by Raymond Davis and John Bahcall [32]. Their experiment consisted of a tank
filled with 380 m3 of perchloroethylene, a compost rich in chlorine, installed 1478 meters
deep underground in the Homestake gold mine, in South Dakota [33]. Through Equation
2.2 9 [33] , we can understand the physics behind this experiment. Essentially, there was
an electron neutrino originated in the sun that would react with an atom of chlorine,
thus creating an electron and an argon atom. The latter would be later collected and
counted, hence obtaining the neutrino flux,

νe +
37Cl → 37Ar+ + e−. (2.2)

I said before that two scientists led this experiment; John Bahcall was responsible
for the theoretical calculation of the solar neutrino flux [33]. Using the Solar Model,
he obtained the value of 7.6 SNU for the flux [33], where SNU is a unit used for Solar
Neutrino Flux equal to the neutrino flux producing 10−36 captures per target atom per
second. Raymond Davis designed the experiment and obtained 2.56 SNU [33] through
the process described above. Therefore, the experiment obtained only about 1

3
of the

theoretical prediction, originating what became known as the Solar neutrino problem
[34]. The physicists at the time did not understand the apparent disappearance of the
neutrinos that were supposed to arrive to Earth. This problem took a long time to
be solved and was only resolved in 2002 [35], more than 30 years after the Homestake
experiment.

After this experiment, two others were crucial for our understanding of neutrinos and,
more specifically, for the thematic of neutrino oscillations10: the SNO [36] and Super-
Kamiokande [37] experiments. The former was the first to resolve this Solar neutrino
problem [35], and the latter was the first one to prove neutrino oscillations [38].

In the Super-Kamiokande, this detection was carried out using electron elastic scat-
tering events in a water medium [39],

νx + e− → νx + e−. (2.3)

If we look carefully at this process’ equation, it shows that this experiment is sensitive to
all three neutrino flavors. Unfortunately, this problem is not completely solved because
due to the charged current process [40] contribution to the electron elastic scattering,
there is an interaction probability of 6.5 to 1 in favor of electron neutrinos regarding
the other ones [36]. Then, it would be difficult to obtain conclusive results from this.
That proved to be the case when they obtained their results and got only 45% of the
theoretically predicted flux [39], which assumed that they all were still electron neutrinos.
So, if they had oscillated to other flavors, the flux would be much higher due to the
interaction probability problem. However, the Solar neutrino problem remained since
there was no way to determine how much higher this flux was. Although, that was not

8The LZ experiment is conducted in the Davis Cavern [31], which as can be inferred by the name is
where the Homestake experiment was also performed.

9One thing that is obvious to us today, but at the time was not yet known is the fact that this
experiment was only sensitive to one type of neutrinos.

10After this experimental discussion, the more theoretical aspect of neutrino oscillation will also be
approached.
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the case regarding the big picture of neutrino oscillation. Atmospheric neutrinos, which
are originated from the collision of cosmic rays with particles in the upper atmosphere,
proved to be crucial in this experiment. The interaction of the neutrinos in the water form
Cherenkov rings, which enable us to calculate the direction of the incoming neutrino [39],
and this number of detected neutrinos were supposed to be independent of this azimuthal
angle11 [39] since the flux of cosmic rays is almost isotropic [41]. Through this analysis,
they proved that the number of neutrinos that traveled directly from the atmosphere
to the detector (about 10 km) coincide with the expected number without oscillation
[39]. Whereas the neutrinos that traveled a longer distance, from the other side of the
Earth (about 10000 km), arrived in a much smaller number compared to the expected
[39]. This means that the neutrinos traveling a longer distance were oscillating to other
flavors, and the others would not because they did not travel enough distance to do so.
Therefore, the neutrino oscillation was finally proven.

Despite this, the Solar neutrino problem was not yet solved. This was achieved by the
SNO experiment. Instead of using water as Super-Kamiokande [39], they use heavy water,
D2O [36]. This compost is created by substituting the hydrogen atoms for deuterium.
Due to this, two more processes become available beyond the one in Equation 2.3, and
they are represented in Equations 2.4 (Neutral Current) [36] and 2.5 (Charged Current)
[36],

νx + d→ p+ n+ νx, (2.4)

νe + d→ p+ p+ e−. (2.5)

In order to study the Solar neutrino problem it is necessary to measure the flux of each
of the three processes mentioned. It is exactly that what we have in Figure 2.4, where
this flux was measured for the 8B chain [42]. It represents the flux of the neutrinos with
µ or τ flavor as a function of the electron neutrino flux. Through that, values for the flux
of each individual process were obtained in the moment where ϕµτ = 0. Then, we have
the following values ΦCC = 1.76+0.06

−0.05(stat.)
+0.09
−0.09(syst.), ΦES = 2.39+0.24

−0.23(stat.)
+0.12
−0.12(syst.),

ΦNC = 5.09+0.44
−0.43(stat.)

+0.46
−0.43(syst.) [36]. These flux values were all presented in units of

106 cm−2 s−1. Through the previous equations, we understand instantly that the Charged
Current process measures the flux for the electron neutrinos. Then, if the total flux is
obtained using the Neutral Current process, we can subtract the electron neutrino flux,
thus obtaining the flux for the neutrinos with µ or τ flavor. Making use of that one can
obtain the following values,

• Φνe = 1.76+0.06
−0.05(stat.)

+0.09
−0.09(syst.)

• Φνµτ = 3.33+0.45
−0.45(stat.)

+0.48
−0.45(syst.)

From this we can withdraw a big conclusion, the total flux of 8B solar neutrinos12 has
a huge contribution from neutrinos without electronic flavor. Therefore, we need to see if
this was predicted theoretically. In order to achieve this, it is essential that we consider
Equation 2.6 [42] that expresses this process,

11Where this is the angle between the incoming neutrino and the vertical.
12The neutrinos from 8B are the more energetic, therefore they are the ones detected due to the

energetic threshold of the detectors.
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Figure 2.4: Solar neutrinos flux from 8B. Through the three neutrino reactions in SNO,
was obtained this flux for the neutrinos with muon and tau flavors, identified by ϕµτ , as
a function of the neutrino flux with electron flavor, denoted by ϕe. The diagonal dashed
lines show the total 8B flux as predicted by the Standard solar model. Figure from [43].

8B → 8Be∗ + e+ + νe. (2.6)

Through this, it is possible to see that the 8B chain only emits electron neutrinos, thus
we expect Φνµτ = 0. However, this does not correspond to the measured value. For that
reason, the neutrinos originating in the Sun must oscillate in flavor in their journey to
Earth. This was the missing proof in order to resolve the Solar neutrino problem.

After discussing the experimental part of this oscillation, it is now time to address the
theoretical component, which will lead us to some conclusions I have somewhat spoiler
before regarding the supposed massless neutrinos.

This idea of neutrino oscillations first came around in 1957, when Bruno Pontecorvo
[44, 45], considering the oscillations in mesons [46], for instance, in the neutral Kaon
mixing, proposed that neutrino-antineutrino transitions can be possible. Later, in 1962,
from this idea, Maki, Nakagawa and Sakata developed the first quantitative theory of
neutrino flavor oscillation [47]. Finally in 1967, Bruno Pontecorvo refined this theory and
ended it [48].

In this theory, the flavor eigenstates, νa, propagate in space-time as linear combina-
tions of mass eigenstates, νi [49]

|να⟩ =
N=3∑
i=1

U∗
αi |νi⟩ , (2.7)

where in this relationship we have Uαi, which is the Pontecorvo–Maki–Nakagawa–Sakata
(PMNS) matrix [49], and its form is shown below13:

13Here I will only present the matrix form assuming that the neutrinos are Dirac particles. If they are
Majorana particles, then two extra complex phases are required.
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Uαi =

 c12c13 c13s12 s13e
−iδ

−c23s12 − c12s13s23e
iδ c12c23 − s12s13s23e

iδ c13s23
s23s12 − c12c23s13e

iδ −c12s23 − c23s12s13e
iδ c13c23

 , (2.8)

where cij = cos θij, sij = sin θij and δ is a single phase related to charge-parity violations.
We will now restrict ourselves to the two-flavor case. We will do this because it is

a much simpler case, but it still allows us to obtain the same conclusions of the full
three-flavors for the active neutrinos14.

In this particular example, if we consider, for instance, the electron and muon flavor,
we have the following expressions [49],

|νe⟩ = cos θ |ν1⟩+ sin θ |ν2⟩ , (2.9)

|νµ⟩ = − sin θ |ν1⟩+ cos θ |ν2⟩ . (2.10)

Due to these mass eigenstates also being eigenstates of the Hamiltonian that describes
the propagation of neutrinos, then these initial states will evolve with an exponential
time dependence [50]. Therefore, if we consider the first one15, the time evolution of this
will be given by,

|ψ(t)⟩ = cos θ |ν1⟩ e−iE1t + sin θ |ν2⟩ e−iE2t = (cos θ |ν1⟩+ sin θ |ν2⟩ e−i(E2−E1)t)e−iE1t.
(2.11)

Regarding the term outside of the parentheses in the second equality, it will be ignored
from now on. The reason behind this is that we are not really interested in the wave
function, but rather in probabilities that make use of this function. In that calculation,
this term would be multiplied by its conjugate and, therefore it will be cancelled. The
energy term of the i-th mass eigenstate, in natural units, is expressed as Ei =

√
p2 +m2

i .
This expression can be expanded in Taylor series, thus obtaining,

Ei
∼= p

(
1 +

m2
i

2p2

)
∼= p. (2.12)

The last approximation comes from the fact that neutrinos are ultra-relativistic particles,
so the term with their mass is negligible due to their velocity. Using the results obtained
in Equation 2.12, on the energy difference present in the exponential of Equation 2.11,
we can derive,

E2 − E1 =
m2

2 −m2
1

2E
=

∆m2

2E
. (2.13)

Defining ϕ ≡ ∆m2t
2E

and substituting the previous expressions, we can now obtain a final
expression for the temporal evolution of the wave function as a function of the mass
eigenstates,

|ψ(t)⟩ = cos θ |ν1⟩+ sin θ |ν2⟩ e−iϕ. (2.14)

If we now want to obtain the last expression with a dependence in the flavor eigen-
states, we need to invert the Equations 2.9 and 2.10. Doing this we obtain the expressions
for the mass eigenstates, therefore if we substitute that in Equation 2.14 we obtain,

|ψ(t)⟩ = (cos2 θ + sin2 θ e−iϕ) |νe⟩+ cos θ sin θ(e−iϕ − 1) |νµ⟩ . (2.15)

14I mentioned active neutrinos because sterile neutrinos are not yet a excluded hypothesis, so they
would elevate this number, but we are not going to talk about them here.

15Where the initial state will be equal to |ψ(0)⟩ = |νe(0)⟩
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In a two-flavor case, if, for example, a electron neutrino is created, there are two
possible outcomes after a certain time t. On one hand, the neutrino can change its flavor
and, in this specific example, become a muon neutrino. The probability of this happening
is given by Equation 2.16,

P (e→ µ) = | ⟨νµ|ψ(t)⟩ |2 = sin2(2θ) sin2(
∆m2 t

4E
). (2.16)

On the other hand, the previously created neutrino can remain an electron neutrino. The
sum of the probabilities of the possible cases, as we can understand, must equal to 1, so
we have,

P (e→ e) = | ⟨νe|ψ(t)⟩ |2 = 1− sin2(2θ) sin2(
∆m2 t

4E
). (2.17)

These oscillation probabilities depend on oscillatory functions. So, if there is some
mixing, θ ̸= 0, and if ∆m2 ̸= 0, where, at least, one pair of neutrinos have different
masses16, then neutrino oscillation can occur. We previously showed that neutrino os-
cillations were proven experimentally. So, in fact, it is also established that the mass of
all flavors of neutrinos can not be zero. Then neutrinos must have mass17 in contrast to
the prediction of the SM [51]. Due to neutrino oscillations, the lepton flavor number is
no longer conserved [52], as was thought prior to this discovery. Despite this, the total
lepton number is still conserved18.

Oscillation experiments do not measure the absolute mass of the neutrino mass states
being only sensitive to the three mass squared differences, ∆m2

ij [54]. Even though we do
not know the absolute value for m1, m2, m3, the mass eigenstates of ν1, ν2, ν3, respectively,
we know that m2 is greater than m1 [53]. This is possible through experiments that
study solar neutrinos, because they measured a positive value for this quantity, ∆m2

12 =
∆m2

Sol = +7.42+0.21
−0.20 × 10−5 eV2 [55]. The values measured by atmospheric neutrinos

experiments are a little bit more tricky, because they measure this mass split throughout
neutrino oscillations in vacuum [56]. This oscillation depends solely on its absolute
value, so we can not know if the value obtained in this type of experiment is positive or
negative. Then, despite knowing that m2 is greater than m1, we do not know if m3 is
larger or smaller than m2. This is known as the neutrino mass hierarchy problem [57].
If m3 is larger than m2, then we are considering the normal hierarchy [57]. But if m3 is
lighter than m2, we are in the inverted hierarchy scenario [57]. The two possible ordering
hierarchies are represented in Figure 2.5.

Looking at Table 2.1, we can reflect about the most recent values of the quantities
previously mentioned concerning neutrinos. We can see that the mass difference obtained
from solar neutrino experiments has the same signal and absolute value both in the
normal or inverted hierarchies, as we said before. In contrast, the mass difference in the
atmospheric neutrinos is positive in the normal hierarchy, and negative in the inverted
hierarchy, as was expected, because ν3 is heavier than ν2 in the first case and lighter in
the second one.

16Obviously that in this case there are only two types, but this also applies to other cases with higher
number of neutrino flavors.

17The only requirement is that the mass difference is not zero, so there is the possibility that one type
of neutrinos have mass equal to zero.

18Although this does not influence the total lepton number conservation, we will study a process,
Neutrinoless Double Beta Decay, that if proven to exist, will violate this conservation.
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Figure 2.5: Distinct possibilities in the neutrino mass hierarchy problem: on the left, we
have the normal ordering, where m3 is greater than m2, whereas on the right we have
the inverted ordering with m3 lighter than m2 (the mass is growing upward). Each mass
eigenstate is a mixing of different neutrino flavors, where the electron, muon and tau
flavors are represented by the red, orange and blue colors, respectively. Figure from [53].

2.3 Double Beta Decay

Nowadays, physicists do not know if neutrinos are Dirac or Majorana particles19.
Rewinding to a long time ago, neutrinos were thought to be Dirac particles, and by this
we mean that they are not their own antiparticle and obey the Dirac equation. However,
Ettore Majorana proved that the beta decay theory remained consistent if the neutrino
were its own antiparticle [58]. If that is the case, we call it a Majorana particle, and
it would allow the existence of neutrinoless processes, namely Neutrinoless Double Beta
Decay. Although this was theorized, this type of process was never observed because, if
they indeed exist, they are expected to have extremely long half-life decay time20 [59].
So then, in this section, we will address the Double Beta Decay with the emission of two
neutrinos, whereas the Neutrinoless Double Beta Decay will be our thematic for the next
one.

Before starting to approach these processes, it is important to discuss the first-order
process related to them, the Beta Decay. This is a broad term that actually encompasses
three different processes, they have several features that are transversal to them. All of
them occur in unstable nuclei in order to have a more stable ratio of protons to neutrons
if the reaction is energetically possible. This last statement means that the Q-value
of a reaction [60], this is basically the energy absorbed or released during the nuclear
reaction, must be positive. Starting now from the processes with the same name of the

19Since neutrinos are chargeless particles, it is possible that they are their own antiparticle.
20It is expected that they have a half-life decay time of several orders of magnitude higher than the

processes with emission of neutrinos.
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Table 2.1: Most recent values of neutrino mixing parameters. The emphasis goes to the
∆m2

Atm value, it is positive in the normal hierarchy and negative in the inverted hierarchy.
Data from [55].

.

Parameter Normal hierarchy Inverted hierarchy

best fit ± 1σ best fit ± 1σ

θ12(
◦) 33.45+0.77

−0.75 33.45+0.78
−0.75

θ13(
◦) 8.62+0.12

−0.12 8.61+0.14
−0.12

θ23(
◦) 42.1+1.1

−0.9 49.0+0.9
−1.3

δCP (
◦) 230+36

−25 278+22
−30

∆m2
Sol(10

−5 eV2) 7.42+0.21
−0.20 7.42+0.21

−0.20

∆m2
Atm(10

−3 eV2) +2.510+0.027
−0.027 −2.490+0.026

−0.028

general process, we have the beta minus decay21, β−, in which the atomic number of the
nucleus is increased by one with the consequent emission of an electron and an electron
antineutrino [61]. In other words, a neutron originates a proton, an electron and an
electron antineutrino,

n→ p+ e− + νe. (2.18)

The last process with the same name is the beta plus decay, β+, in which a neutron is
originated from a proton with the emission of a positron and an electron neutrino [61],

p→ n+ e+ + νe. (2.19)

Another process associated with positron emission is the electron capture. Electron

Figure 2.6: An electron shell diagram: through this, it is possible to understand the
reason for the higher likelihood of the electron absorbed during electron capture coming
from the shells closest to the nucleus. Figure from [62].

capture consists of the absorption of an electron, usually from the K shell, by the nucleus,

21This was the process previously described in the discussion of neutrino postulation.
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thus changing a nuclear proton to a neutron with consequent emission of an electron
neutrino [63],

p+ e− → n+ νe. (2.20)

In Figure 2.6 it is possible to see the different electron shells, where the K shell is the
closest one to the nucleus. After the electron capture, a hole is created in an atomic
shell due to the absorbed electron. Because it is in a more favorable energetic position,
this vacancy will be filled by an outer electron, with emission of X-rays and/or Auger
electrons [63].

It was said before that a reaction’s Q-value must be positive for a beta decay to occur.
This value is given by [64],

Q = (mr −mp)× 0.9315GeV, (2.21)

where mr are the sum of the mass of the reactants, including the mother nucleus, and
mp are the sum of the product masses, including the daughter nucleus. In this equation,
the masses are expressed in unified atomic mass units22. Therefore, the requirement of
Q positive can be translated to a condition of the masses. Thus, beta decay is possible
if the mass of the daughter nucleus is lower than that of its mother nucleus.

Sometimes, the nucleus that would be a candidate for the beta decay of some atom
has a lower mass than the daughter nucleus. Due to this, the mother atom would be
thought as being stable. However, if the atom with atomic number different by two units
from the mother nucleus has a smaller mass than that nucleus, a new process is possible:
Double Beta Decay.

Double Beta Decay is a second-order process that results in a decay to an isobar
atom, but with an atomic number higher or lower (depending on the process) by two
units. It is possible in atoms where the first-order beta decay is forbidden so that atoms
were previously considered stable, as was the case for 124Xe [65].

In Figure 2.7, we have the two mass parabolas for isobaric nuclei, with an even mass
number, A, for odd-odd (O-O) and even-even (E-E) nuclei. Where odd or even identifies
the nature of the number of protons and neutrons. An odd-odd nucleus is constituted
by an odd number of neutrons and an odd number of protons. In the even-even case, we
have an even number of neutrons and an even number of protons.

In these two specific cases, an additional term will be added to their binding energies
not present in the cases with odd-even mixtures [67]. This term is called nuclear pairing
energy. Although it has the same magnitude for these two cases, it is positive for the
even-even case and negative for the odd-odd case. Due to this, we have a splitting of the
mass parabola, as is demonstrated in Figure 2.7, where the odd-odd will have a mass
parabola higher than the even-even because the binding energy in the semi-empirical
mass formula has a minus signal, as we can see in Equation 2.22 [67],

m = Zmp +Nmn −
EB

c2
. (2.22)

In Figure 2.7, it is presented possible decays. From left to right, the atomic number is
increasing, so we have beta minus decay, β−, whereas coming from right to left we have
the atomic number decreasing, then we have beta plus decay, β+. Another possibility for

221u (symbol that represents the unified atomic mass units) is equivalent to 931.5 MeV/c2, so it is
necessary that we multiply the masses by 0.9315 GeV in order to have units of energy for the Q-value.
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Figure 2.7: Representation of the mass obtained using the semi-empirical mass formula
as a function of the proton number, Z. The two lines identify the two mass parabolas for
isobaric nuclei, with an even mass number, A, for odd-odd (O-O) and even-even (E-E)
nuclei. An odd-odd nucleus is constituted by an odd number of neutrons and an odd
number of protons. In the even-even case, we have an even number of neutrons and an
even number of protons. Due to the neighbour nuclei masses, Double Beta Decay can
occur from (a) to (c) and from (d) to (c). However the atom in (a) can not decay to the
atom in (b), by beta minus decay, since it is not energetically accessible. Figure from
[66].

this last case would be electron capture because, as we saw in Equation 2.20, it has the
same impact in the atomic number as the beta plus decay.

Due to their masses, the atom in (a) can not decay to (b) because its mass is lower,
so it decays to the second neighbour, in (c), via double beta decay. The same is hap-
pening in (d), because it is impossible to him to decay via, β+, so it will decay to (c)
by double beta decay. All of these atoms are decaying to (c) because it is the stable
nucleus, due to being the atom with the lowest mass in this parabola. Then, in sum-
mary, if m(Z, A) < m(Z+1, A) beta minus decay is forbidden, and it is required that
m(Z, A) < m(Z+2, A), in order to double beta decay minus occur.

The Q-value of a reaction dictates which modes are possible. If that value is higher
than 1.022 MeV, the equivalent of two electron masses, then double beta decay minus (or
plus) is possible. If that value is higher than 511 keV, electron capture with coincident
positron emission is a possibility, whereas the double electron capture is accessible if the
Q-value is positive [68]. It is time to address all the possibilities of Double Beta Decay
in more detail.
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2.3.1 2νβ−β− decay

Double beta decay minus is a nuclear transition23 where, as we can see by Equa-
tion 2.23 [66], a nucleus with mass number A and atomic number Z decays to a nucleus
with the same mass number A and atomic number Z+2. In this process, where in fact,
two neutrons transform into two protons, two electrons and two electron antineutrinos
are also emitted,

(A, Z) → (A, Z + 2) + 2 e− + 2 νe. (2.23)

As can be seen, in Figure 2.7, a natural candidate for this process is an even-even
nucleus (A, Z) more bounded than its (A, Z+1) neighbour, but with a second neighbour
(A, Z+2) even more bounded than itself [66].

2.3.2 2νβ+β+ decay

In the double beta decay plus, two neutrons are originated from two protons, with
consequent emission of two positrons and two electron neutrinos. In this process, a
nucleus with a mass number A and an atomic number Z, (A, Z) decays to a nucleus with
an atomic number Z-2, (A, Z-2), emitting two positrons and two electron neutrinos [69]

(A,Z) → (A, Z − 2) + 2 e+ + 2 νe. (2.24)

Like the previous process, this decay also happens to an even-even nucleus (A, Z)
[66]. In order for this specific decay occur it is required that its first neighbour (A, Z-1)
is less bounded, and its second neighbour (A, Z-2) is more bounded, and therefore more
bounded than the first neighbour [66].

2.3.3 2νECEC decay

Double electron capture is the second-order process of the electron capture. A nucleus
(A, Z) absorbs two atomic electrons, thus originating two neutrons from its protons,
becoming the nucleus (A, Z-2) [68]. There is a possibility that this daughter nucleus is in
a excited state, and it will de-excite through photon emissions with energies of hundreds
of keV, more know as gammas [63],

(A, Z) + 2 e− → (A, Z − 2) + 2 νe. (2.25)

As was seen in the first-order process, due to the capture of the electrons, vacancies
appear in the shells where this happened. The shells from where those electrons orig-
inated give the different modes’ name. The most likely ones are the KK, KL and LL
modes. Equally to the first-order decay, this hole will be filled by an outer electron, with
consequent emission of X-rays and/or Auger electrons [63].

23All Double Beta decays occur between isobaric atoms, because the daughter and mother nuclei have
the same mass number, A.
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2.3.4 2νECβ+decay

In this process, a nucleus (A, Z) captures an electron and a positron will be emitted
alongside two electron neutrinos [68]. For that reason, the final nucleus (A, Z-2) will have
two more neutrons and two fewer protons than the mother nucleus. Due to the vacancy
created in the shell, as in the previous cases of electron capture, an outer electron will fill
this energetically favorable hole, thus originating a cascade of X-rays and Auger electrons,

e− + (A, Z) → (A, Z − 2) + e+ + 2 νe. (2.26)

This process is characterized by the two back-to-back gamma-rays each with 511 keV
from the annihilation of the positron with an atomic electron.

2.4 Neutrinoless Double Beta Decay

The nature of neutrinos is of the utmost importance. As was previously discussed,
if neutrinos are Dirac particles, then Double Beta Decay can only occur with neutrino
emission. This is the process allowed by the SM, because there is conservation of the
total leptonic number. If neutrinos are Majorana particles, another mode becomes pos-
sible, Neutrinoless Double Beta Decay [70]. In this new mode, neutrinos are their own
antiparticles and for that reason no neutrinos are emitted, as illustrated by Figure 2.8
for the case of the decay with emission of two electrons. This process is not allowed by

Figure 2.8: Feynman diagrams for the 2νβ−β−, on the left, and for the 0νβ−β−, on the
right. In the latter, because in that case neutrinos are Majorana particles and so they
are their own antiparticles, there are no emission of neutrinos. Figure from [71].

the SM since it violates the conservation of the total leptonic number by two units [70].
This prohibition does not come directly due to the violation of the conservation of the
total leptonic number, which is not required in the SM, but rather due to the violation
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of a fundamental symmetry of the SM, the B-L symmetry24 [70]. It would be a severe
setback to the current SM and a restructuring would be required.

We have discussed the matter-antimatter asymmetry problem before, but we can
rewind a little bit and understand it better. The Big Bang should have created equal
quantities of matter and antimatter. But, it is very strange that all that we see in the
Universe, including life on Earth, is made only of matter, which implies this symmetry is
broken for some processes, producing more matter than antimatter. Only a small portion
of matter did not interact with antimatter and got destroyed in the early Universe.
Leptogenesis is a class of scenarios where this asymmetry is generated from a lepton
asymmetry. Leptogenesis, if true, would help to explain this asymmetry [72]. So, decays
of heavy Majorana neutrinos would generate preferably matter over antimatter thus
creating a lepton asymmetry, which is one the cornerstones of the neutrinoless processes.
In turn, some of this asymmetry would be converted in baryon asymmetry through
sphaleron processes [73, 74]. Thus, if proven to be accurate, Majorana neutrinos can
explain one of the most pursued problems in Physics.

Figure 2.9: Effective Majorana mass as a function of the lightest neutrino mass at 99.7%
CL, comparing inverted ordering, in blue, and normal ordering, in red, of the three active
neutrinos. The green band represents the 90% CL bounds from KamLAND-Zen. Figure
from [75].

Besides that, these neutrinoless channels are also very sensitive to the absolute mass
scale, and consequently to the mass hierarchy of the neutrino [76]. In Figure 2.9, it is
shown the dependence of the effective Majorana mass with the lightest neutrino mass for
the two different orderings. The different energies intervals are depicted in that figure
for the normal and inverted orderings. If that values are sufficiently constrained due to
observations, namely neutrinoless processes, then we could arrive at a point of exclusion
for one of the possibilities. Therefore, this kind of study and through theoretical nuclear-

24In every decay, the difference between the baryonic number and the leptonic number (B-L) must be
constant before and after this process.
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matrix-element calculations it could finally resolve this longstanding problem in neutrino
physics.

In Figure 2.10, we can see the energy spectrum for the two different modes. In a
2νβ−β− decay, the neutrinos will carry some of the energy away, so the electron will have
a continuum energy spectrum which will terminate in the Q-value. In contrast, we have
the 0νβ−β− decay, where there are no neutrinos, so electrons will be emitted with energy
equal to the Q-value and a monoenergetic energy spectrum peak.

Figure 2.10: The energy spectrum for the 2νβ−β− and the 0νβ−β− decays: an event
excess in the end of the spectrum represents the signature of the 0νβ−β− decay with the
two emitted electrons carrying the entire Q-value energy. Figure from [77].

It is now time for us to discuss each process individually, as we did for the cases with
the emission of neutrinos.

2.4.1 0νβ−β− decay

In the neutrinoless double beta decay minus, 0νβ−β−, as in the equivalent process
with neutrinos emission, the atom’s atomic number will increase by two units, due to
the transformation of two neutrons in protons. In this process, two electrons will also be
emitted but the big difference is that in this case no neutrinos are emitted, as we can see
by Equation 2.27 [68],

(A, Z) → (A, Z + 2) + 2 e−. (2.27)

This lack of neutrino emission can also be understood in the Feynman diagrams
illustrated in Figure 2.8. As we have seen before, due to the electrons being the only
emitted particles, they must carry all the available energy (the Q-value of that reaction)
as their kinetic energy. This is seen at the end of the spectrum in Figure 2.10.
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2.4.2 0νβ+β+ decay

In the neutrinoless double beta decay plus, the weak interaction transforms a nucleus
(A, Z) into an nucleus (A, Z-2)25. This means that within the nucleus, two protons will
transform in two neutrons with consequent emission of two positrons, but without the
emission of any neutrino [68],

(A, Z) → (A, Z − 2) + 2 e+. (2.28)

This type of decay occurs in proton rich nuclei, so that the ratio of protons to neutrons
will be more stable. In this process, unlike the emitting neutrinos process, the positrons
will carry all available energy, thus two monoenergetic positrons with the sum of their
energies equal to the available energy are emitted. This emission is accompanied by four
gamma-rays from the annihilation process.

2.4.3 0νECEC decay

In this mode, there are no leptons in the final state, so the energy released in this
decay, in contrast to the other modes, has to be transferred to an excited nucleus [78].
This is illustrated in Figure 2.11 for the specific case of 124Xe, where it is possible to
see that the other modes decay most likely to the ground state of 124Te. Whereas in
the resonant neutrinoless double electron capture the 124Xe nucleus decays to the excited
state of 124Te with (2790.41± 0.09) keV.

Figure 2.11: Decay scheme of 124Xe. The other Double Beta Decay modes other than neu-
trinoless double electron capture decay most likely to the ground state of 124Te, whereas
in the resonant neutrinoless double electron capture the 124Xe nucleus decays to the ex-
cited state of 124Te with (2790.41± 0.09) keV. Figure from [79].

25Do not forget that all of these decays occur between isobar nuclei, so no exchange in the number of
nucleons will happen.
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Equation 2.29 [78] represents the resonant neutrinoless double electron capture, R0νECEC.
The nucleus in the excited state, (A, Z−2)∗, will decay emitting gamma-rays [78]. Again,
a cascade of X-rays and Auger electrons, X, will be originated due to the vacancy being
filled by outer electrons,

2 e− + (A, Z) → (A, Z − 2)∗ + 2X → (A, Z − 2) + γ + 2X. (2.29)

In order for this process not to violate either energy or momentum conservation, the
excited state has to fulfill the resonance condition in Equation 2.30 [78],

Eexc,res = Q− Ee1 − Ee2 , (2.30)

where Ee1 and Ee1 are the binding energies of the two electrons absorbed by the initial
nucleus (A,Z).

Usually, this mode would have an expected half-life decay time several orders higher
than the neutrinoless mode with the lowest expected half-life decay time, the 0νβ−β−

decay, but the fulfillment of the resonance condition, presented in Equation 2.30, can
diminish the decay half-life time up to a factor of a million [80]. Therefore, it becomes
an exciting alternative channel to search for neutrinoless decay.

This process could be search by a low energy deposition, accompanied by one or more
high energy gamma-rays, thus making the energy from the excited state of the tellurium.

2.4.4 0νECβ+decay

In this specific mode, the treatment is almost identical as the ones presented in the
previous sections. The big difference for the electron capture with coincident positron
emission with neutrino emission is really that no neutrinos are emitted. If it exists, as in
the other neutrinoless process, this is due to the Majorana nature of neutrinos, so they
are their own antiparticle and will annihilate each other. Therefore, a nucleus will absorb
an electron, again most likely from the K shell, and the two protons will transform into
neutrons with the consequent emission of a positron [68],

(A, Z) + e− → (A, Z − 2) + e+. (2.31)

Once more, due to a vacancy being created in the shell, an outer electron will fill this
energetically favorable hole, thus originating a cascade of X-rays and Auger electrons.
The distinction from the mode with emission of neutrinos is that the positron will carry
all available energy, thus being a monoenergetic positron.

The signature of this process is a low energy deposition, accompanied by a highly
energetic positron, and two gamma-rays with 511 keV.
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Chapter 3

The LUX-ZEPLIN Experiment

The primary purpose of the LZ1 experiment [83] is to study dark matter in the form
of Weakly Interacting Massive Particles (WIMPs), one of the favorite candidates for dark
matter. To achieve this, a very low background and a large target mass are required. So,
the search for rare decays, as is the primary goal of this thesis, is also possible in this
sort of experiment. The LZ experiment is located at a depth of 1478 meters, in order
to diminish some of the backgrounds, namely, the cosmic ray muon flux is reduced by
a factor of ∼ 106 [84], at the Sanford Underground Research Facility (SURF) in Lead,
South Dakota, USA [83].

3.1 Particle interaction in a liquid Xenon TPC

Before we describe the detector and the calibration processes, it is important to
address an essential subject in this experiment: how particles interact with the detector
medium. The dual-phase detector allows the detection of two signals, one in each phase,
from the interaction of one particle with the medium. It will be measured firstly the
primary scintillation signal (S1) in the liquid phase, and later the secondary scintillation
signal (S2) will be measured in the gas phase [85].

When an incoming particle interacts with the detector’s medium, xenon atoms in the
case of LZ, either a NR or an ER can occur [85]. Before we discuss what follows these
recoils we must understand these two processes, and after settling the foundations about
the energy deposition and the procedures revolving the S1 and S2 signals detection, we
shall discuss how can those two processes be distinguished in this experiment using those
signals. The name of both the processes is very well self-explanatory, but NR is an
interaction between a particle and the whole nucleus, where this interaction will cause a
recoil of the nucleus. A WIMP particle is regarded as a chargeless particle, so it would
not interact with an electron, therefore a NR is the expected interaction for WIMPs. An
ER occurs when a particle interacts only with an electron of the medium.

We know that an interaction can cause a NR or an ER. In both cases, this energy
deposition will excite or ionize the atoms that are close. However, when NR occurs
another process will also consume this energy, heat, and it is due to atomic motion2.

1This experiment is the result of the combination of two previous experiments, Large Underground
Xenon (LUX) [81] and ZonEd Proportional scintillation in LIquid Noble gases (ZEPLIN) [82]

2As a matter of fact, in an ER event energy is also dissipated as heat but it is a smaller fraction than
NR.
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We shall discuss these processes in an isolated view regarding this experiment, and after
that, it will be addressed in the context of the LZ experiment. In Figure 3.1, a scheme
to illustrate these processes is presented.

Figure 3.1: Schematic representation for the processes that occur after an interaction
in xenon. The inner transformation that can happen in each of the processes leading
to the scintillation light and to the ionization electrons is also represented. From the
three possible processes only excitation and ionization can be detected, so the energy
dissipated by heat is lost in these detectors. Figure from [86].

We will start with the process that requires less energy, which is excitation3. An
excited dimer, Xe∗2, results from the interaction of the excited atom with a neighbor
xenon atom. From the de-excitation of this dimer to the ground state, a ∼ 175 nm
photon (VUV) is emitted [87]. Regarding the ionization process, we can have two possible
outcomes. After the ionization process, we are left with a xenon ion and an electron.
Despite being separated, they still have a very strong electric attraction towards other
particles nearby that have their opposite charge. It is at this step that the two possible
outcomes come into play. On one hand, we have the case where the two particles do
indeed recombine, where this would be remitted to the previous case of excitation. On
the other hand, these particles do not recombine. The probability of the latter case is
enhanced by the use of an electric field [85]. Therefore, the electrons will drift away on
the contrary direction of this applied field.

With all this knowledge of xenon interaction in our mind we can now go forward,
and apply this to the specific case of all xenon TPC. Through this, we will be able to
understand very well the two signals detected, S1 and S2. The first signal measured is the
prompt scintillation signal, denominated as S1, which is caused by the 175 nm photon
emitted in the de-excitation process that makes up the excitation part of the previous
analysis. Nevertheless, we know this will not be the sole contributor to the S1 signal. We

3From now on, heat will be disregard because the energy that was dissipated through it can not be
detected with this detector technology.
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have seen that when recombination between xenon ions and electrons occurs, they will
be sent to the excitation path. Therefore, they will further contribute to the S1 signal.

After this, we are left only with the electrons deriving from the ionization process
that do not recombine. Due to the difference in the gate and cathode grid’s potential
that we shall discuss in Section 3.2, a downward electric field will be created in the drift
region. On a large scale, this field prevents the recombination of the electrons with the
atoms, drifting them to the gas-phase frontier. At that place, they will be extracted due
to a very strong extraction field between the gate and the anode. Furthermore, they will
accelerate upwards, due to a electroluminescence field, and the photons originated from
them will produce the electroluminescence signal [87], denominated as S2. The number
of photons produced, in the gas phase, per unit distance traveled in xenon is usually
parameterized as [88]:

dNp

dx
= αE − βP − γ, (3.1)

where E is the electric field, P is the pressure, and α, β, and γ are empirical constants
that for xenon assume the values 0.137 V−1, 177 bar−1 cm−1, and 45.7 cm−1, respectively
[89]. This interaction process can be seen in Figure 3.2, where it is also shown that the
S1 signal is very small relative to the S2 signal, while the delayed secondary S2 is larger
and also a wider signal.

These two signals are the cornerstones of this experiment. From them, a larger part
of further analysis is done, namely the position of the interaction and the energy. The
depth of the event will be given by the difference in time between S1 and S2 signals,
whereas the x and y positions will be achieved by analysing the pattern of the S2 signal
in the top PMT array [91].

In this section remains to be discussed two brief topics. Firstly, as promised, it is time
to understand how these two signals can help us distinguish an ER from a NR. Then,
lastly, we shall see the application of these signals into one of the most important aspects
of any physical search: energy reconstruction.

One key aspect of WIMP search experiments is the discrimination between ER and
NR. This distinction is made through the S1 and S2 signals. To achieve this is essential
to measure the difference in the ratio of ionization electrons to scintillation photons that
emerge from the interaction with either the nucleus or an atomic electron. From this,
the two signals can be obtained, and a graph like the one in Figure 3.3, that was created
in the LUX experiment, can be made. When the graphic of the logarithm of the ratio
of S2 over S1 as a function of S1 is done, we observe two distinct bands, therefore the
position of an event in that phase space can be used to discover the nature of the recoil.

Analysing Figure 3.3, we can clearly see big differences between the two bands. Com-
paring both the solid blue and red lines that represent the ER and NR band medians,
respectively, it is obvious that the ratio of S2/S1 for the ER is higher than the one for
NR. Therefore, ER and NR can be distinguished by the separation of the bands as well
as their widths. We do know how can they be discriminated one from the other, but we
have not discussed yet the physical reason behind this.

If we compare two recoils, one electron and other nuclear, with the same energy
it is very obvious that the ER will go further. Therefore, in an NR the local charge
density will be higher, thus facilitating ion-electron recombination. If the reader has
not yet forgotten, more recombination means that will exist fewer free electrons to drift
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Figure 3.2: Representation of the working principle of a dual-phase TPC. From the
interaction of an incoming particle with a xenon atom, a prompt scintillation signal, S1,
will be measured. Alongside that, ionization electrons will be also produced and will
drift in the upward direction due to the electric field. They will drift until they arrive
to the liquid/gas frontier, where a stronger electric field will extract them to the gas
phase. They will accelerate in the gas phase creating electroluminescence, and thus the
S2 signal. Figure from [90].

upwards to the gas phase, where they will contribute to the S2 signal. Adding to that,
the recombined atoms further contribute to the S1 signal, as we previously discussed.
Therefore, in an NR is seen an increase in the S1 signal and a decrease in the S2 signal if
compared to the ER. This means that a reduction in the S2/S1 ratio is observed in the
NR, thus explaining what we observe in Figure 3.3.

In a general manner, energy is a crucial aspect of any experiment, but in experiments
that allow for rare decay searches its importance increases considerably. Therefore, a
good understanding of the energy dynamics in the system is essential, thus the necessity
for optimized energy resolution. An excellent energy resolution is a key step in the right
direction in the search for rare decays. Logically, one of the biggest applications of S1
and S2 signals is energy reconstruction.

It is necessary to introduce two factors, g1 and g2, to achieve this energy reconstruc-
tion. The g1 factor [85] is the probability that the detector registers an emitted photon,
or if you will it is the average fraction of S1 scintillation photons that are, indeed, de-
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Figure 3.3: Representation of log10(S2/S1) as a function of the S1 signal obtained with
LUX calibration. In the a) graph the ER response was calibrated using a tritium source,
whereas in the b) graph it is shown the NR calibration using a deuterium-deuterium
neutron source. The median for both bands are represented with solid line, blue for the
ER and red for the NR. The dashed lines indicate the 80% population contours of the
bands, again with the same colors as the median. The vertical gray lines are the contours
of constant energy deposition, whereas the pink line represents the S2 threshold in that
analysis. Figure from [90].

tected. Whereas, the g2 factor [85] is the product of the quantity of detected light for
each extracted electron from the liquid surface by the probability of extraction to the
gas phase of an electron that arrives at the liquid surface. These two factors will be
correlated to the S1 and S2 signals through nγ and ne, which represent the initial number
of photons and electrons produced by the interaction in the medium, respectively. These
relations are expressed by [92]:

⟨S1⟩ = g1 nγ, (3.2)

⟨S2⟩ = g2 ne. (3.3)

Since energy can be also expressed using nγ and ne [92]:

E = W (nγ + ne), (3.4)
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where W is the average required energy to create a quanta in xenon, either a photon
or an ionized electron. It is now very easy to conclude a final expression to reconstruct
energy using the previous equations [85]:

E = W

(
S1

g1
+
S2

g2

)
. (3.5)

The g1 and g2 factors are calibrated during the experiment normally resorting to what is
called a Doke plot, where it can be seen that their values can slightly change during the
acquisition period. The value used for W is 13.7 ± 0.2 eV [93]. This is the final energy
expression that I will use in the next chapters to reconstruct energy, however, for a NR
event, this expression will slightly change its shape. It is expressed as [94]:

E =
W

L

(
S1

g1
+
S2

g2

)
, (3.6)

where L is the Lindhard factor [95] which is an intrinsic property of xenon, that basically
estimates, in a NR event, the amount of energy that will be available to produce ionization
and excitation. That means the energy deposited that is not dissipated through heat.
Therefore, from what was said before about ER, it is understandable the fact that this
factor can be overlooked in the energy reconstruction of this type of event.

3.2 The LZ detector

LZ features a dual-phase (liquid-gas) xenon TPC filled with 7 tonnes of liquid Xenon
(LXe) in the active region. Surrounding this TPC, we have elements as veto detectors,
such as the skin and the outer detector, and if we go further out we have a water tank
in order to suppress the background to a greater extent, as we can see in Figure 3.4.

I have been mentioning the term dual-phase, but remains to be discussed the spec-
ification of this, and more important the reason behind its use. Through this kind of
detector, particle interactions produce two signals, one in the liquid phase and the other
in the gas phase [83] as we previously saw, and from this a full reconstruction of the
event is possible [88].

It is yet to be analysed why are we using a liquefied noble gas such as xenon as a
target. It is now time to understand the reason underneath almost every experiment
chasing WIMPs in higher masses today uses this type of method. Due to the high
density of LXe, ∼3 g/cm3 [90], it is possible to construct a relatively small detector with
a large target mass that otherwise would not be possible. This also allows scaling to large
detector masses with ease4. We can clearly see this from our case in specific because the
LUX experiment used 300 kg of xenon [81] and in the LZ experiment we use 10 tonnes of
the same element [83]. One important quality of xenon is that it has great self-shielding
properties [91]. By this I mean that there will be a region within this volume of xenon
where the background is considerably reduced, due to its high density and high atomic
(Z=54) and mass (A=131) numbers. So, it is normal to define a fiducial volume (volume
where the background is lower), with the intent of doing this kind of search with a much

4This is obviously if we do not consider the cost, then unfortunately it is no longer easy and quickly,
but remains easier than the rest.
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Figure 3.4: Diagram of the LZ detector. The main xenon detector (TPC) and the skin
are in the center observed by a total of 625 PMTs. They are surrounded by the outer
detector in green and further by the water tank. Figure from [87].

lower background. In the LZ experiment, this fiducial volume is about 5.6 tonnes for the
region of low energy depositions [85].

Despite of this self-shielding, it is very important to guarantee that these ultra-
sensitive experiments have a very low background. Then, it is critical that the medium
where the interaction takes place, xenon, can not be very radioactive, in order to mini-
mize the intrinsic background5. Natural xenon6 is constituted by 9 isotopes; from these,
7 are stable and there are 2 unstable7. One of them is the focus of this work, 124Xe,
which, for instance, decays by double electron capture and has a measured long half-life,
1.8× 1022 yr8 [93]. The other one, 136Xe, which was the first xenon isotope known to de-
cay, does it through double beta minus decay with a half-life of 2.11×1021 yr [96]. Despite
this, 124Xe and 136Xe only represent about 0.095% [92] and 8.857% [97] of natural xenon,
respectively. So, this medium still obeys the criteria established for the background.

5Has we shall see, previously to the construction, there were a thorough material selection to this
end.

6In this point, we will ignore synthetic isotopes.
7Actually, in reality, 126Xe and 134Xe are very likely to be unstable, however they decay with half-lives

much longer than these ones.
8In the final stages of this dissertation, a new value for the half-life of this decay was released,

1.5 × 1022 yr, however it will only be used in the comparison with our final value.
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These are not the only advantages of using xenon as a target mass for the TPC. Among
other qualities, it can be purified very efficiently [85], thus removing contaminants. In
addition, this kind of experiment is very sensitive, in part due to its very low energy
threshold, which is originated from xenon being a bright scintillator.

Regarding the veto detectors in this experiment, we have the xenon skin and we have
the outer detector. Through these veto systems, it is possible to reject a significant part
of backgrounds. This allows us to choose a much larger fiducial volume, 5.6 tonnes,
instead of the 3.2 tonnes region that would be the case if there was not this veto system
[87]. Therefore, we would lose more than half of the total mass in our experiment making
this search even more difficult.

After we lay down some of these aspects that were important before we start our
analyses, we can now dive deeper into the constituents of this detector.

3.2.1 Dual-phase TPC

The TPC contains 7 tonnes of xenon in the active region, but after fiducialization we
got a region of approximately 5.6 tonnes. The xenon contained in the TPC is the target
mass for the particles, and it has 145.6 cm in height and diameter [88]. The setup of the
LZ TPC that we will describe is illustrated in Figure 3.5.

Figure 3.5: Fully assembled TPC with the four different grids identified. The two arrays
of PMTs are represented, with the light purple representing the gaseous phase and the
dark representing the liquid phase. The three different regions with different fields are
also depicted. Figure from [88].

The scintillation signals, created in the active region by the interaction of parti-
cles with the xenon atoms, are viewed by two arrays of 3–inch diameter Hamamatsu
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R11410-22 PMTs. The top array has 253 PMTs disposed in a hexagonal-circular hybrid
configuration, whereas the bottom array has 241 PMTs layed out in a hexagonal pattern,
making a total of 494 PMTs [87]. Due to the scintillation signal being more challenging to
detect than the electroluminescence one [90], the optical design of the TPC has to max-
imize their detection. Therefore, the TPC and the non-sensitive detector components
are covered by Polytetrafluoroethylene (PTFE). The PTFE used in this experiment was
Technetics 8764, and its reflectivity was measured to be 97.3% when immersed in LXe
[83].

After the interaction occurs, a fraction of the electrons will be liberated, and they
will drift away from the location of the interaction toward the gas region. Later, in the
extraction region, they will be extracted from the liquid phase to the gas phase. In order
to this become true, a downward electric field must exist, so the electrons drift upwards.
Another strong electric field must also be localized in the extraction region, making the
extraction to the gas phase possible. The first one is called drift field and the latter is the
extraction field. In this experiment, three electrode grids are used to achieve this. These
grids are called the anode, gate and cathode grids, and they are identified in Figure 3.5.
Since the bottom PMTs could not operate close to the high potential of the cathode [88],
then another grid, the bottom grid, is required between these two components. This last
one operates at a much lower potential than the cathode. Between the cathode and this
bottom grid is what is called the reverse field region, with a strong field (3.5 kV/cm [88])
in the upward direction and 13.75 cm of height.

Above the reverse field region, we have the drift region, it is in this 145.6 cm long
region where the interaction occurs and from where the electrons drift away due to the
electric field. This region is bounded by the gate grid at the top and the cathode grid at
the bottom. The potential used for each grid can be changed, as we will see in Section 3.4,
thus the fields created due to these potential differences can also be varied. All the values
mentioned during this section will be the values initially thought to be used, however, in
Section 3.4, we will discuss the values used during the SR1. The former is 0.5 cm below
the separation of the gas-liquid phases and operates at -5.75 kV [88]; the latter is also
localized in the liquid phase9, and operates at -50 kV [88]. So, if we do the calculation by
making use of the potential difference between these two grids and the distance separating
both of them, we can obtain the strength of the electric field created in this region. It is
approximately a 304 V/cm10 [88] electric field, with a downward direction.

The next region is the extraction region, which is where the electrons will be extracted
to the gas phase. This is possible through the extraction field created due to the potential
difference between the anode and gate grids. Both usually operate with the same absolute
potential, but with different signs. The anode operates at 5.75 kV [88], whereas the gate
operates at -5.75 kV [88]. In this region, we have an extraction field with 5 kV/cm in
the liquid phase and 10 kV/cm in the gas phase (electroluminescence field) [88].

3.2.2 Xenon Skin

The TPC is not the only place where LXe is present in this experiment. Beyond
the quantity in the TPC, there are also 2 tonnes of xenon placed next to it, in the
denominated skin, as is illustrated in Figure 3.6. This skin surrounds the TPC, and

9As we can see by Figure 3.5, the only grid localized in the gas phase is the anode grid.
10In this calculation we divide the potential difference of the grids by the distance between them.
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to ensure that both of them are at a constant temperature11, they are enclosed in a
low radioactivity titanium inner cryostat vessel. This cryostat is placed inside of an
outer cryostat vessel, also made from low radioactivity titanium. These two cryostats
are separated by a vacuum region for thermal insulation.

The xenon skin region ensures dielectric insulation between the TPC and the inner
cryostat vessel, and is extremely useful to detect coincident gamma-rays, so it will be the
innermost veto detector [90].

This skin [90] is divided into two regions, a side skin with 4 cm of LXe at the top
of this region and 8 cm wide near the cathode, and a dome skin region below the TPC.
Different PMTs are used in the skin with respect to the TPC. In the side skin, two types
of PMTs are used. The top half is viewed by 93 1-inch Hamamatsu R8520-406 PMTs,
whereas in the bottom half is used a 20 2-inch R8778 assembly. In the dome region, 18
of the latter type of PMTs are also used, and we can see in Figure 3.6 how the lower side
and dome regions'PMTs were assembled.

Figure 3.6: Assembly of the PMTs in the lower side and dome skin regions. Figure from
[90].

3.2.3 Outer detector

Surrounding all the detector elements mentioned up to now, namely the outer cryostat
vessel, we have an outer detector. It is filled with 17.3 tonnes of gadolinium-loaded liquid
scintillator, where the liquid scintillator, in this case, consists of a linear alkyl benzene
solvent doped at 0.1% by mass with gadolinium. This liquid is distributed inside the 10
acrylic vessels that constitute the outer detector [90]. The structure of the outer detector
is illustrated in Figure 3.7, where we can see the 3 vessels on the bottom and the 2 on
top all in blue, the 4 larger vessels on the sides in green, and finally, water displacers in
red.

As in the other veto detector, in this case, the main goal of the outer detector is also
to diminish the background. Specifically, neutrons associated with nuclear recoils in the

11By this I mean that they will be thermally isolated, and cooled using liquid nitrogen thermosyphons
to make sure it is maintained at ∼175 K.
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TPC, which is the same process assigned to the signal by WIMPs. Thus, these particles
would raise the background levels of our search.

Figure 3.7: Illustration of the outer detector, with its constituents: 3 vessels on the
bottom and the 2 on top all in blue, the 4 larger vessels on the sides in green and finally
water displacers in red. Figure from [90].

In this experiment, neutrons for the most part are detected via capture of the iso-
tope 155

64Gd after thermalising in the scintillator, given by Equation 3.7 [83], and 157
64Gd,

presented in Equation 3.8 [83],

155
64Gd + 1

0n → 156
64Gd + γ, (3.7)

157
64Gd + 1

0n → 158
64Gd + γ. (3.8)

From these processes, a gamma-ray cascade is emitted with 7.9 MeV and 8.5 MeV in
total, respectively [83].

Further scintillation caused by these particles emitted is going to be viewed by a
set of 120 Hamamatsu 8–inch R5912 PMTs placed in the water tank. This water tank
has a diameter of 7.62 m and 5.92 m in height, filled with 228 tonnes of pure water
[90], this tank can also be seen in Figure 3.4. The water tank surrounds all of this
experiment’s detectors, and its primary purpose is to diminish further the background
caused by gamma-rays and neutrons and is used as a Cherenkov muon veto detector.
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3.3 Detector calibrations

We have now described the detector, and in this section, we will see how we can
interpret its results. In order to achieve this, a set of calibrations were used during the
time of this experiment. Previous to its application, these calibrations were simulated
for the sake of a better understanding of the sources used and results.

The main goal of this specific process is to get to know our detector very well, namely,
to understand the interaction of particles and the properties of these interactions. The
interaction of a dark matter particle is regarded as causing a nuclear recoil [87], so one of
the main focuses of these calibrations is to examine the electron recoil and nuclear recoil
responses.

In this section, we will see internal sources, and gamma-ray and neutron external
sources. Internal sources are dissolved in the LXe, external sources of gamma-rays are
encapsulated and placed inside the outer cryostat using one of three source tubes [90].
We can resort to neutron sources in two different modes, through external sources or
using beam sources where energetic particles situated outside of the detectors are fired
[90]. Some of the sources used in these calibrations are listed in Table 3.1.

Table 3.1: Different calibrations sources used in LZ, alongside its deployment strategy,
type of emitted particles and half-life decay time. Table adapted from [90].

.

Source Deployment Type Half-life time

CH3T Internal β 12.3 y

83mKr Internal β/γ 1.83 h

131mXe Internal γ 11.8 d

220Rn Internal α/β/γ 10.6 h

241AmLi External Neutron (α, n) 432 y

252Cf External Neutron (fission) 2.65 y

57Co External γ 0.74 y

228Th External γ 1.91 y

22Na External γ 2.61 y

88YBe External Neutron (γ, n) 107 d

124SbBe External Neutron (γ, n) 60.2 d

205BiBe External Neutron (γ, n) 15.3 d

206BiBe External Neutron (γ, n) 6.24 d

DD Beam Neutron —
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3.3.1 Internal sources

In every experiment, there is always a certain level of compromise when the con-
stituents of the detector are selected. All components have good qualities that are going
to help us in this search, but they will also have downsides. As we know, the LXe has
excellent self-shielding qualities [91], allowing the existence of a central region with very
low background. Without this, a dark matter search would be much more difficult, how-
ever, if we want to make electron recoil calibrations within this volume at low energies12,
an external source would be an impractical solution. This is the outcome of the self-
shielding qualities of our xenon, therefore gaseous sources are mixed with the LXe so
they mix uniformly and can reach the innermost region of volume [90].

Tritiated methane, CH3T, is an essential calibration source to understand the de-
tector’s response at low energies [90], in the WIMP search region. A set of energies are
accessible to this source, ranging from 0 keV up to its endpoint localized at 18.6 keV [90].
From its long half-life time, 12.3 y [98], arises two important properties of this compound.
First of all, because of this long decay time, it will be practically unchanged after the
calibration time. Therefore, it will have time to spread uniformly in the volume13, an
important condition to study the detector’s response [90]. However, if not completely
removed, it would represent a long-term background for this experiment. Fortunately,
the getter, which is responsible for the purification of the xenon and during the SR1
the full xenon was continuously purified at 3.3 tonnes/day, can efficiently remove this
compound after being used in calibrations [90].

The remaining three internal sources 83mKr, 131mXe, and 220Rn have a much shorter
half-life time. Their parent nuclides are stored in a compact form and emanate these
calibration sources [83]. We used 83Rb, 131I, and 228Th as parents of 83mKr, 131mXe, and
220Rn, respectively [83]. 83mKr is used to calibrate position response, however, due to
its two consecutive decays [90], recombination response and electric field calibrations are
also possible. These two decays occur with a decay half-life of 154 ns [90]. It has a very
short half-life decay time, 1.83 h [90], so this source may not be able to distribute itself
uniformly. So it is not the best calibration source for the position reconstruction, as we
discussed in the tritiated methane case. For this reason, another source, 131mXe, is also
used due to its longer half-life time, 12.0 d [99]. This is a more suitable candidate for
a fully evenly distribution through the active volume of LXe. However, this is a source
with a single energy line at 164 keV [90] instead of the 41 keV [90] of the previous source.
Lastly, a 220Rn source is also used, mainly to calibrate the S1 signal in the xenon skin
region.

3.3.2 Gamma-ray external sources

A vacuum region separates the inner cryostat vessel from the outer cryostat vessel. In
this region, there are three source tubes, which are used to transport the external sources.
These sources can be moved up and down within these tubes through a deployment
system and will have a precision in their final position of ±5 mm [90]. This precision will
be very important, as we shall see briefly.

12This kind of calibrations are usually made at low energy regions, in the WIMPs search regions.
13As we shall see in the later chapters of this thesis, during SR1 a mixing problem in xenon was

detected, so maybe it will not be a totally uniformly source.
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We have discussed the influence of the self-shielding properties of xenon in the ex-
ternal sources. Despite this, calibrations using external gamma-rays have a relevant
role. Especially in the outer detectors and near the TPC walls [90]. A 228Th source of
2.615 keV [83] is used in signal fidelity calibrations in the further out region of the TPC
and calibrations in the outer detector.

An important calibration is the calibration of the energy scale, where a study of the z
position as a function of the number of measured photons detected is made. In Figure 3.8,
we can see this study made for the outer detector, where a 228Th source was used, and
the number of measured photons detected as a function of z position for the skin, using a
57Co source. Therefore, it is evident the necessity for good precision in the final position
of the source.

Figure 3.8: Energy scale study as a function of the number of photons detected, for three
different z values, using a 228Th source for the outer detector on the left. Number of
photons detected versus z position, using a 57Co source in the skin. Figure from [90].

The remaining source, 22Na, produces back-to-back 511 keV gamma-rays [83], due to
positron annihilation, in its decay process. Since they can be seen in the outer detector,
in the skin and in the TPC, it allows for timing calibration between the three detectors.

3.3.3 Neutron sources

Calibrations using neutron sources are one of the most important types of calibrations
[90]. In the specific case of a rare decay study, as is intended in this thesis, they become
the most concerning one, since neutrons enter our detector. This importance arises from
the neutron activation, in xenon isotopes, namely in 124Xe which is the main topic of
this thesis. From this activation, an increment of the background will be observed in the
region we are interested in [93], as will be discuss in Chapter 5.

These sources break into three larger groups: (α, n) sources, photoneutron sources
and deuterium-deuterium neutron sources [90]. This experiment makes use of (α, n)
reactions, and more specifically the 241AmLi source, which is a really good neutron source
in calibrations regarding dark matter. The main reason for this is the endpoint for the
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neutron in Equation 3.9 [83], which is near 1.5 MeV [83], so it is considered a value
somewhat low. It will be such a good dark matter calibration source since the nuclear
recoils yielded in this reaction are predominantly in the dark matter search region [90]:

α + 7Li → 10B + n. (3.9)

Photoneutron sources on the other hand, utilize (γ, n) reactions in order to produce
neutrons. The reaction of these processes that use beryllium, as is the case of all these
sources, is given by Equation 3.10 [83],

γ + 9Be → 8Be + n. (3.10)

These sources generate almost monoenergetic14 neutrons with low energy equal to 152 keV,
22.5 keV, 88.5 keV, and 47 keV for the 88YBe, 124SbBe, 205BiBe, and 206BiBe sources,
respectively [83]. They are used to calibrate nuclear recoils at low energy ranging from
below 1 keV to near 4.6 keV [83]. It is a vital calibration because it is localized in the
expected energy depositions of coherent scattering from 8B solar neutrinos [83]. Through
this type of calibration, we can understand the response of the detector and avoid an-
other relevant background to this experiment because they can be mistaken with WIMPs.
However, usually the cross-section of this type of process, (γ, n) reactions, is very small
[90]. So, very strong sources are required to create a sufficiently large neutron flux.
However, due to the high activity, there is an absurd number of gamma-rays, near 104

gamma-rays for each neutron emitted [83]. This would result in a significant background
if it was not for the tungsten shielding that reduces the gamma-ray rate to the detector.

Figure 3.9: Setup of the deuterium-deuterium neutron source with its two neutron con-
duits. Using the leaning conduit, the neutrons with 2.45 MeV go directly from the
generator to the detector, on the left image. On the right, we have the alternative layout
where the initial 2.45 MeV beam will be reflected in deuterium oxide, D2O, thus resulting
in 272 keV quasi mono-energetic neutrons. Figure from [90].

Continuing in the field of nuclear recoil calibrations, we have the last type of cali-
bration source that we will look at, the deuterium-deuterium neutron source. In LZ an

14These neutrons are almost monoenergetic, because they only have a slight angular dependence

in their energetic value. This is calculated through the expression [90] En(θ) =
M(Eγ− Q)
m + M +

Eγcos(θ)
√

(2mM)(Eγ− Q)
(m + M)3 , where m is the mass of the neutron and M the mass of the nucleus. The

energy of a neutron emitted at θ = 0 ◦ and θ = 180 ◦ differ with 4.6 %, thus we can consider these
neutrons as monoenergetics.
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Adelphi Technologies DD-109 deuterium-deuterium neutron generator was used, which
is capable of generating 109 neutrons per second [90]. They are monoenergetic neutrons
with an energy of 2.45 MeV [90] and will make their way into the xenon volume through
two conduits, as shown in Figure 3.9. These conduits will be filled with water during
WIMP search, whereas during calibrations they will be filled with nitrogen [90].

The deuterium-deuterium neutron source can be used directly as we can see on the
left side of Figure 3.9. Another method is that the neutrons emitted in this source with
2.45 MeV can be reflected into a deuterium oxide target, D2O, and then collect the
neutrons that are reflected at a near-180 degree angle, as is illustrated on the right side
of that figure. Through this, they will become a quasi-monoenergetic neutron beam with
an energy of 272 keV. Thus, a new lower nuclear recoil energy region will be available,
with smaller uncertainties.

3.4 Science Run 1

The commissioning stage, where we try to understand our detector, ended at the
end of November. After that, the WIMP search in the SR1 started on December 23rd
2021 and ended on April 18th 2021. During that stage, the detector was stable, and the
parameters were kept constant. This first Science Run was intended to be short, the
main goal was to observe the quality of its results and see if the detector was running
smoothly. After this short first one, others Science Runs will take data for a longer time,
and it is expected that the full exposure of the LZ experiment is 1000 days.

As I mentioned in Section 3.1.1, the potential that the grids are working can be
changed. Due to this, the electric field created between these grids will also change its
magnitude. Instead of the values mentioned in that section, during the SR1, the anode,
the gate and the cathode grids operated at +4 KV, -4 KV, and -32 KV, respectively.
Therefore, due to these potential differences, it was established a drift field of 193 V/cm
between the gate and the cathode grids. Between the anode and gate grids, the extraction
field in the gas phase had a magnitude of 7.3 KV/cm.

The temperature and pressure of the LXe were measured to be equal to 174.1 K and
1.791 bar.

Several calibrations occurred during the data-taking period of the SR1, however, only
the deuterium-deuterium calibration, where a deuterium-deuterium neutron source was
used between January 17th and January 25th, will concern us. Since neutrons enter our
detector, further analysis will be needed and this will be discuss in Chapter 5.
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Chapter 4

Background in the LZ experiment

This chapter will mainly discuss the background in the LZ experiment that affects
our search. Therefore, before that, it is very important to describe the signal we are
searching for. We will not only discuss the existing backgrounds but also how can they
influence our search. For this, we will do a sensitivity study, including an estimate of the
required exposure to obtain different statistical confidence levels. At first, this will be
obtained using background values initially measured in the commissioning stage. Finally,
two sensitivity studies varying the background levels of 222Rn and 85Kr individually,
maintaining the remaining backgrounds constant, are also going to be considered.

4.1 Signal of the 124Xe isotope

We previously discussed neutrino physics, where an important question was raised.
Are neutrinos their own antiparticle? If indeed they are, they would have a Majorana
nature [58]. This nature is, nowadays, a very important research topic, mainly through
neutrinoless processes. These kinds of processes were discussed in Chapter 2, where
we also saw their biggest problem. They are expected to have very long half-life decay
times, several orders of magnitude longer than the ones in which neutrinos are emitted
[59]. Due to this, their detection is challenging, so a good first step in the search for these
processes is to study the two neutrino double electron capture process. It is an already
seen process in some isotopes such as 78Kr [100], 130Ba [101], and 124Xe [93]. The latter
one can decay by electron capture with coincident positron emission, double beta plus
decay, and double electron capture. As we will shortly see, the double electron capture
with emission of two neutrinos of the 124Xe isotope will be the process studied in this
work.

An excellent question is, how can this process help us study the neutrino nature?
Because this search must involve a neutrinoless process, however, the half-life of the
neutrino emitting processes will be obtained in this study. In turn, these half-lives are
related to the underlying nuclear matrix element, M2ν , through the following expression
[92]

(T 1
2
,2ν)

−1 = G2EC
2ν g4A|mec

2M2ν |2, (4.1)

where gA is the axial coupling constant and G2EC
2ν is the phase space factor. Relying

on these nuclear matrix elements obtained through this expression, we can compare it
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with the predictions of nuclear models, which will be crucial information to refine their
calculations of the unknown nuclear matrix elements of neutrinoless double beta decay.

Figure 4.1: Graphical representation of the stability band as a function of the number
of protons and neutrons in blue, as well as the 1.5:1 and 1:1 ratios in green and red,
respectively. Figure from [102].

The double electron capture process is rather important to achieve precise calculations
of nuclear matrix elements on proton-rich elements [93]. But before we explore even
further that topic, it is important to understand what is a proton-rich element and
especially why those nuclei are unstable. In order to achieve this, we have to look at the
stability band. The stability of a nucleus depends on two main elements, the number of
protons and neutrons. On the one hand, an increase in the number of protons will cause
an increase in the positive charge inside of the nucleus, thus generating an increase in
the repulsive force inside of this nucleus. Therefore, this will decrease the stability of the
nucleus. On the other hand, an increase in the number of neutrons will increase the mass
of the nucleus, making it larger and heavier, thus more unstable. However, the most
important aspect is the ratio between neutrons and protons. The best value to this ratio
is represented as the stability band, and it will vary with the number of protons. For
nuclei with a number of protons lower than 20, the ratio is near 1, because the nucleus
does not have a very strong repulsive force that can not be compensated by an equal
number of neutrons [102]. However, when this number of protons is between 20 and 83,
the ratio increases up to 1.5 [102]. This is due to the very large repulsive force between
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the protons that can only be even by a larger number of neutrons that will be making
a larger stable nucleus. This ratio increases even further when the number of protons
is larger than 83 [102]. In Figure 4.1, the band of stability is depicted in blue as well
as the ratio 1.5:1 and 1:1 in green and red, respectively. So, a proton-rich element will
be a nucleus with a higher proton number than what was supposed in order for it to be
stable. If the nucleus is proton-rich, then it will decay to decrease its number of protons.
One of the possibilities is for it to decay by electron capture, where one proton combines
with an electron resulting in one neutron and an electron neutrino. However as we have
seen in Chapter 2, sometimes the transition (A,Z) → (A,Z-2) will happen, instead of the
more common (A,Z) → (A,Z-1), due to it being more energetically favorable. One of
the possibilities for this is the double electron capture process. Therefore, it is time to
see the isotope we will be studying in this thesis, the 124Xe isotope, which is in fact a
proton-rich element [78].

This study is possible because the LZ experiment uses natural xenon as the target. In
this natural xenon, one of the residual constituents is 124Xe, which makes up 0.095% [92]
of the total target. There are 7 tonnes of natural xenon in the active region; however,
in the LZ analysis is conventional to use a fiducial volume to have a region with much
lower background, of about 5.6 tonnes. Therefore, this analysis will be made with only
the corresponding 5.32 kg of 124Xe.

This isotope was previously considered stable, mostly due to its long half-life decay
time which made its decays very hard to observe. Nowadays, we know that its main
decay channel is the double electron capture [92]. This process will be also the one that
we are going to search for in this analysis. However, due to its high Q-value (2856.73 keV
[78]) all the other processes that reduce the number of protons discussed in Chapter 2
are also available, namely electron capture with coincident positron emission and double
beta plus decay [78]. Beyond this point, these processes will be disregarded, as they are
not the main focus of this work. These processes have a higher half-life decay time, so
they will be harder to search for [92]. Nevertheless, as the LZ enhances its exposure, it
is expected to be competitive in the search for those modes [78].

From what was discussed for this process in Chapter 2, an expression for the two
neutrino double electron capture of the 124Xe isotope is given by [92]:

124Xe + 2e− → 124Te + 2νe. (4.2)

In this process, two vacancies will be created in the shells from where the electrons
came from. Therefore, in the atomic de-excitation, a cascade of X-rays and possible
Auger electrons are emitted as these vacancies are refilled. From the available energy
(2856.73 keV), only a small part can be detected as the neutrinos, which avoid detection,
carry most of that energy away. The nuclear recoil energy is near 30 eV [92], so it is also
impossible to detect. The only energy that can be detected is due to the created atomic
cascade and depends on which mode we are in, as we will see now.

Within this process, there are three principal different modes that can occur depend-
ing on the origin of the captured electrons. We have seen previously, that this occurs
mainly from the K and L shells, so the more likely mode is when both electrons are
captured from the K shell (KK) which occurs near 75% of the times, followed by the KL
mode with a likelihood of 23%, and the least likely of these processes are the LL mode,
which happens only in 1.7% of the times [103].

The total deposited energy for each mode equals to 64.57 keV, 36.7 keV, and 9.8 keV
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for the KK, KL, and LL modes, respectively [92]. This difference is due to the binding
energy of each shell because it will be the energy of the emitted particles. Despite that,
not all energy can be detected because the energy deposition at the end of the cascade
is too small to produce ionization or scintillation in the xenon [92], therefore it can not
be detected. The only mode that was previously observed was the KK mode, from
where we know that its detected energy is 64.3 keV [93], so slightly smaller than the
deposited energy. For the remaining modes, it is expected that will be observed the same
phenomenon. In this chapter, we are going to discuss sensitivity studies with the three
different modes, however, in the following chapters, we will only analyse the KK mode
due to the exposure that we already have in the LZ experiment1.

4.2 Background overview

The LZ experiment aims to study dark matter in the form of WIMPs. This is very
hard to achieve, so an extremely low background is required. Due to this, other rare
processes can be studied, as is the double electron capture process we will be studying
in this work. In the previous section, we saw the predicted signal for the process we
are looking for, therefore it is now time to see what can prevent us from seeing it more
clearly: the background.

The background will be divided into two primary sources, internal and external. The
external background will be the first one discussed because it will give us insight into
some of the contributions of the internal background. We will then make our way to
the inside of the detector, analysing each background. Finally, simulations for these
backgrounds will also be analysed. These simulations were the starting point to develop
the work that we shall see in the upcoming sections.

4.2.1 External backgrounds

The first step to having a detector sensitive enough to search for such rare processes is
to eliminate most of the background. Installing that detector deep underground reduces
the muon flux, one of the biggest backgrounds that would make this search impossible
if this was not done, by a factor of one million, in the case of LZ [84]. This provides a
good reduction in the muon flux, however, the cavern rocks, that surround the detector,
will also make a significant contribution to the background. The biggest source of this
background comes from the emission of gamma-rays and neutrons, either by natural
radioactivity or by cascades generated by the surviving muons. Despite that gamma-rays
and neutrons being already inside the experiment location, their flux will be outstandingly
reduced [90, 104] by using the water tank already discussed in Chapter 3.

Utilizing all of this the background in our target will be very low. However as we
want to study increasingly rare processes, we have to lower its contribution even further.
Sometimes this is very difficult, or even impossible, because there will always be some
background. One good alternative is using multiple detectors, with reduced quantities of
the target mass to serve as veto detectors. These veto detectors, such as the xenon skin

1The LZ experiment will be able to observe the KL mode during its 1000 days of exposure, yet in
this early stage that kind of analysis is impossible.
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and the outer detector, allied with the increasingly superb spatial and energy resolutions,
will allow for the discrimination of the larger part of the external background.

Remains now to be discussed two significant sources of contribution to our back-
ground: the construction materials and the neutrinos, which is a contribution impossible
to be reduced, however at this low background it is important and can be identified.

Starting with the construction materials, even though they passed through a very
comprehensive screening program [90], there will always be contamination from radioac-
tive elements in the constitution of these materials. Due to their proximity to the xenon,
they will be a very significant contribution to the background, mainly the PMTs and the
TPC which are very close to it.

Figure 4.2: Representation of the decay chain for the 238U (above) and for the 232Th
(below). It is illustrated their principal decay modes and their half-lives decay time.
Figure from [105].

The majority of the radioactivity of these materials is due to traces of 238U, 232Th,
40K, and 60Co. Primarily, this radioactivity is originated in the 238U, and 232Th decay
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chains, through the emission of very energetic α, β and gamma particles, as illustrated
in Figure 4.2. There are two problematic transitions in these chains: the transition from
the 214Pb isotope into the ground state of the isotope 214Bi and the decay from 212Pb to
the ground state of 212Bi. Since it will also apply to the 222Rn and 220Rn2, which are
major contributors to the internal background, we shall discuss these transitions in the
next subsection.

Despite their contribution, the activity from the component of the detector and from
the cavern rocks is well known and understood, and was measured [106]. Therefore, it
can be accounted for and introduced in the background model.

The last contribution to the external background is from the neutrinos. As the remain-
ing particles, they can either cause NR or ER. The former is mainly caused by coherent
elastic scattering of 8B neutrinos [85] and the latter by neutrinos from the proton-proton
chain, 7Be, and CNO chain [107].

In this search, we are more interested in ER interactions, because we are searching
for the double electron capture decay of the 124Xe isotope through the X-rays and Auger
electrons that are emitted in its decay. Thus, this constitutes only ER interactions.

Figure 4.3: Representation of the event rate as a function of energy caused by the proton-
proton chain (blue) and from 7Be (red). In dashed lines the contribution of electron
neutrinos are shown, whereas the other flavors are in dotted lines. The total contribution
is shown in the solid lines. Figure from [108]

In Figure 4.3 it is illustrated the event rate caused by the proton-proton chain and
from the 7Be in the electron recoil spectra, which are the two major contributors to the
ER in xenon caused by neutrinos in the lower energy region. Together they account for
more than 98% of the total neutrino flux predicted by the Standard Solar Model [108].
It is also shown the contribution from electron neutrinos in the dashed lines, and from
other flavors in dotted lines, whereas the solid lines represent the sum of the contribution
of all flavors.

2As matter of fact, this will also apply because these two isotopes are part of the 238U and 232Th
chains, respectively.
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Currently, atmospheric neutrinos are the largest contributor to NR counts [87], there-
fore the LZ experiment is approaching the irreducible neutrino background [109]. This
proves that the LZ experiment has fewer and fewer background contributions.

4.2.2 Internal backgrounds

Unlike external backgrounds that can come from several sources, internal backgrounds
are very restricted and very well known. These backgrounds have three main sources,
they are obviously related to the target, in this case, xenon. The first one is related
to the chosen target. It was previously mentioned that the target must not be very
radioactive, however, there are radioactive isotopes in the constitution of natural xenon.
If this experiment did not require a very low background, this would not be relevant,
however, at this level, the double beta minus decay of the 136Xe isotope is a serious
background. The second source comes from impurities mixed in xenon. Despite the
purity of the selected xenon, it will always have some degree of impurities, and a further
contributor is the radon emanated by the detector materials that we will discuss in more
detail. Finally, the third source of internal background is generated by neutron activation
of xenon isotopes. These neutrons can either be originated from the cavern rocks, muon
showers or from calibrations, as we have seen in Chapter 3. It is now time to analyse
each source individually.

The 136Xe isotope, not too many years ago, was observed to decay through double
beta minus decay with a half-life of 2.11×1021 yr [96]. If it was not for its low abundance
in natural xenon, 8.857% [97], it was possible that it could preclude xenon as a target for
rare decay searches. Since it would make natural xenon too much radioactive to be used
as such. However, that is not the case due to its low abundance in natural xenon, and it
can be used as a target. Nevertheless, this decay represents a significant background to
the LZ experiment, as was measured in the SR1 with 15.3 events in the WIMP search
region [110].

Regarding contributions from impurities in xenon, we have two main categories: nat-
ural impurities which have trace levels in natural xenon, and radon. We will start by
discussing the first one. In natural xenon, there are trace levels of 85Kr and 39Ar. Both
are dispersed throughout the LXe and decay through beta minus decay. These decays
emit β particles, which create ER events. The 85Kr isotope decays to the ground state of
the 85Rb isotope with 99.56% probability [107], and thus no gamma will be emitted. This
type of decay is called a naked beta. This decay occurs with a half-life decay time equal to
10.76 yr [111]. The 39Ar isotope decays always to the ground state of 39K with a half-life
decay time of 269 yr [90] and it is constrained to be less than 10% of the one of 85Kr [90].
For that reason, they will constitute an important background in this experiment. A
significant xenon purification campaign was instituted, where chromatography was used
to remove some inert impurities such as krypton from the xenon [90]. The natKr/Xe
concentration, previously to the experiment, was thought to be equal to 300 ppq g/g
[107]. However, during the commissioning stage, a value of 123 ppq g/g was measured
for this concentration. The first value was used by Susana in her analyses, whereas the
latter one was used in this work. Even more, the abundance of 85Kr in natural krypton
is equal to 2× 10−11 [112]. The expected concentration of natAr/Xe is 0.45 ppb g/g [87].
Furthermore, the abundance of 39Ar in natural argon is equal to 8.1× 10−16 [112].

The second category of impurities in the xenon originates from the radon emanation.
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Extensive care with the detector materials was required to reduce the contribution from
the radon content from the beginning of construction. In this process, residual dust,
which contains radon and consequently its daughter nuclei, on surfaces in direct contact
with liquid or gaseous xenon will escape and mix in the xenon, however, this contribu-
tion is much smaller than the one coming from the detector materials [84]. Moreover,
the exposure of these materials to air, where radon is present, during manufacture and
assembly will result in plate-out of 210Pb, which leads to an additional NR background
due to (α, n) reactions [84].

Due to the construction materials and the cavern rocks, small traces of 238U and 232Th
will be present in the detector. From these two decay chains, there will be formed the
isotopes 222Rn and 220Rn, respectively, as illustrated in Figure 4.2. Because they are
gases, they can diffuse from the materials and mix with the xenon. Through that figure,
we can also see that its half-life time is equal to 3.8 days and 56 seconds, respectively.
As we have two isotopes that decay very quickly, and they are constantly being formed
in two decay chains by isotopes with a long half-life time3, therefore the level of radon is
going to be almost constant throughout the experiment.

As these radon isotopes are a part of the decay chains of 238U and 232Th, it is now
time to address the two problematic transitions mentioned in the previous subsection.
The first one is the beta decay of the 214Pb into the ground state of the isotope 214Bi,
therefore no gamma is emitted. This decay occurs 9.2% of the times and has a 1019 keV
endpoint [113]. Without the emission of the gamma, it is very hard to detect it using
the single hit approach, and it will pass the criteria cut. The second one happens in the
decay from 212Pb to the ground state of 212Bi, which happens 13.3% of the times and has
a 569.9 keV endpoint [114]. Due to this, no gamma is emitted as in the previous case.
There is also another possible dangerous decay, from the isotope 214Bi to the ground
state 214Po, with a branching ratio of 19.67% [115]. However, the daughter nucleus
will decay by alpha decay with a half-life decay time equal to 164 µs, as illustrated in
Figure 4.2. For that reason, this will be very easy to exclude, thus removing it from the
major contributors to the background. So, the 222Rn and 220Rn isotopes are one of the
threatening sources of background, because they are very hard to get rid of. Previously to
the experiment, the activity of these isotopes was expected to be equal to 1.8 µBq/kg and
0.09 µBq/kg [87]. So, that was the value used by Susana in her analysis. However, during
the commissioning part of the experiment, the activity was measured to be 5.3 µBq/kg
and 0.27 µBq/kg for the isotopes 222Rn and 220Rn, respectively. Therefore, that was the
value used in this work for the initial simulations. However, we were mistaken in one
aspect, the 222Rn decay chain was not in equilibrium. These values that I mentioned
were measured in the beginning of the chain, thus correspond to the activity for the
222Rn isotope. However, during this decay chain, isotopes between 222Rn and 214Pb can
be removed by the getter or plate-out to the grids or walls. Therefore the activity for the
214Pb isotope is significantly lower and was measured to be equal to 3.2 µBq/kg. As we
saw previously, this is the concerning isotope for the background, so this value is going
to be used in the final sensitivities studies.

There is only one source left to speak of, neutron activation. Almost all natural
isotopes of xenon are stable or have a very long half-life. They can, however, interact
with neutrons originating from the cavern rocks and calibrations, thus forming unstable

3In Figure 4.2, there is also the half-life for the 238U and 232Th isotopes, which is equal to 4.5 Gyr
and 14 Gyr, thus a very large decay time.
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isotopes. Their consequent decay will contribute to the background of the experiment.

We have to consider now two different regions. In the main region of detection, due
to the great depth and to the water tank, the neutron flux will be very reduced, therefore
almost no activation occurs inside of the TPC during normal data acquisition. The
second region is the Xenon Tower, localized outside of the water tank, which is a part of
the circulation system, and will be exposed to a greater neutron flux. However, this will
not be very relevant because of the insignificant Xenon mass present there. Although in
normal conditions there will be almost no activation from the stable isotopes, since xenon
comes from the surface its isotopes will be activated due to the cosmic rays. Therefore,
in the initial part of the experiment, we will have an excess of activated isotopes that
will decay throughout the experiment, mainly the 127Xe isotope.

The major contributor to neutron activation comes from calibrations, as we discussed
in Chapter 3. Calibrations that use neutrons will greatly enhance the neutron flux in
the TPC. Due to this, several unstable isotopes are produced. Among them, we have
the production of 125Xe, 131mXe, and 133Xe with a half-life decay time of 16.9 hours,
11.9 days, and 5.3 days, respectively [90].

In Figure 4.4 it is illustrated the S2b vs S1 signals, from which we can see the events of
each population of these isotopes mentioned before. The different populations are 127Xe,
125I, 133Xe, and 131mXe as we are increasing the event density in Figure 4.4. On the left
image, we have the events before a calibration took place, and on the right, it is the
events after this calibration where we can see a significant increase in it.

(a) Before calibration (b) After calibration

Figure 4.4: Graphical representation of the S2b vs S1 signals before (left) and after (right)
a calibration using a deuterium-deuterium neutron source: the color scale represents the
correspondent event density. Populations of activated isotopes are visible after the neu-
trons calibration, as indicated in the figure. 131mXe is injected regularly as a calibration
source, and is thus visible in both periods.

Despite this, they all have reasonably short half-life decay time, therefore will decay
very quickly. However, the isotope 125Xe will decay into 125I, which will be the most
relevant background to our search. This isotope and its removal will be the subject of
the next chapter.
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4.2.3 Background simulations

With that theoretical overview of the main sources of background in our mind, it
is now time to address a more practical component of this work. In the remaining of
this chapter, we will see the simulations that were made by the collaboration and then
analysed for the double electron capture case by a colleague, and that will be our starting
point to do the sensitive studies that will be discussed in Chapter 4.4. These analyses
were made within the scope of her dissertation [116], so the background model that I will
be using for the rest of this chapter is entirely from her.

In order to simulate the detector previous to its start, Monte Carlo simulations are
usually the best course of action, and it was used in LZ. In the first step of these simula-
tions, LZ resorts to BACCARAT. This package is able to track particles using GEANT4
[117] and will also identify their interactions inside of the detector, thus giving us a per-
fect understanding of what will happen inside of the detector. Moreover, it allows one
to insert each material used in the construction of the detector and see the result before
the detector is constructed.

We can take two different routes to use the information acquired in the first step
through BACCARAT, as illustrated in Figure 4.5. In these simulations the first chain
was the one used, therefore the second will be disregarded in this thesis. The energy
depositions inside of the detector, previously obtained, are going to allow us to obtain
the S1 and S2 signals using the NEST package [118].

Figure 4.5: Different processing chains for the simulation used to generate data for the
sensitivity analyses and Mock Data Challenges analysis. Figure from [84].

The formalism of the NEST package consists of a semi-empirical collection of models,
therefore it is based not only on data from experiments, namely calibrations and science
data sets but also on theoretical models. It is mainly used to study the response of
noble gases, namely liquid or gaseous xenon and argon. This is done by simulating the
excitation, ionization, and electron electroluminescence processes in these noble gases,
as a function of particle, and interaction type, energy and electric field, among other
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parameters. The S1 and S2 signals were modulated using expected light and charge
yields [119].

After we understand the simulation’s mechanism, it is time to address its results.
First, however, we need to apply cuts to optimise these results. These cuts are applied in
every search and are very helpful in removing some of the backgrounds, yet conserving
most of the data.

The first cut applied is the definition of a region of interest. This will be defined
as the region between 0 and 200 keV. This cut also includes the guarantee that the S1
signal has at least three PMTs that observed at least a single photoelectron (to minimize
coincidences from dark counts), therefore it is a valid event [85]. The uncorrected S2
signal must be larger than 415 phd, equivalent to 5 extracted from the liquid surface
[85]. This removes very small events for which the position reconstruction would not be
reliable.

The events that survived this first cut are represented as the rate of the simulated
background in Figure 4.6. The sum of all considered backgrounds is illustrated by the
black line. The background originating from each individual source is also represented,
including the detector components, 222Rn, 220Rn, 85Kr, the double beta decay minus of
136Xe, and the solar neutrinos in the pink, darker blue, green, lighter blue, orange, and
yellow lines, respectively.

Figure 4.6: Background rate for the individual components and total background with
only the region of interest cut applied. Figure from [116].

The next two cuts are applied to remove multiple scattering events, however, they
are fundamentally distinct. The first one requires that the energy deposits have a small
spatial extent. That means the energy-weighted standard deviation, in the radial and z
direction, of any separate NEST clusters must be less than the expected spatial resolution
of the detector at low energies. They are defined by Equations 4.3 and 4.4 [120] and are
required to be less than 3 cm and 0.2 cm [85], respectively.
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The second cut makes use of the veto detectors previously introduced. This coinci-
dent interaction in the TPC and either in one or in all detectors ( OD and Skin) are
excluded. For this cut, events in the LXe within an 800 µs coincidence window with
energy depositions greater than 100 keV in the Skin and within a 500 µs coincidence
window with energy depositions greater than 200 keV in the OD are excluded [84]. The
background coming from neutrino interactions and from the double beta minus decay of
136Xe produce single scatters, and thus they will not be affected by these two cuts.

In Figure 4.7, it is illustrated the background that survived the single scatter and veto
cuts as a function of radial and z positions inside the xenon. As we discussed previously,
it is shown that due to the excellent shielding properties of xenon there is an internal
region far from the internal surfaces of the TPC where the background is much lower. It
is also relevant to mention that there is more background at the top of the active region
than at the bottom due to the xenon present in the reverse field region, which shields
the bottom region from the external background (mainly from the PMTs).

Figure 4.7: Spatial distribution of all ER backgrounds that get through both the single
scatter and veto cuts, with energy less than 100 keV. The dashed black line identifies the
fiducial region. Figure from [85].

For that reason, the final cut will be the fiducial one, where we choose an inside
region with less target mass, although with much less background. This will allow a
better search for rare events, such as dark matter and rare decays. This fiducial volume
is defined as the events occurring within a cylinder with a radius less than 68.8 cm and
a vertical coordinate between 1.5 cm and 132.1 cm, thus making a total target mass of
5.6 tonnes of LXe [85].
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Finally, in Figure 4.8, the final background model is illustrated, after all cuts, from
the same background sources and represented by the same line colors. Again, there is a
clear decrease in the total background rate, where the background from the double beta
minus decay of 136Xe and from the 222Rn isotope are dominating. Comparing this rate
with the one obtained before the cuts, it is clear that the background coming from the
detector component was very reduced using these cuts, and it is now almost negligible.

Figure 4.8: Background rate for the individual components and total background after
all cuts applied. Figure from [116].

4.3 The Rolke Method

The frequentist statistical approach of Rolke [121] was used to obtain the different
potentials in the sensitivity study made for the three modes of the double electron cap-
ture of 124Xe within the LZ experiment. More specifically, we use TRolke, which is a
C++ implementation of this Rolke method [121]. It allows us to estimate the upper
limit of certain signal events, considering uncertainties in the background model and in
the signal efficiency [122]. The method allows several different approaches for both the
parameters, including no uncertainties, binomial, gaussian, and poissonian distributions
for the uncertainties [122].

The background events obtained were considerably large, therefore it was assumed a
gaussian approach in the analysis that follows. For that reason, the uncertainty is going
to be equal to the square root of the number of events. We have not yet seen how can this
upper number of events apply to our study. The half-life of the decay we are searching
for is given by [92]:

T 2ν2EC
1/2 =

ln(2)aNa

A

M∆T

µ
, (4.5)

where a is the natural abundance of the 124Xe isotope in natural xenon, which is equal to
0.095%, Na is the Avogadro number, A is the isotope molar mass, which is 123.9 g/mol
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[123], M is the fiducial mass, that is 5600 kg and ∆T is the exposure time that will
vary and can not be larger than the total exposure time predicted for the experiment
which is 1000 days. One parameter remains to be explained and it is the most important
one, the µ parameter, which is the only one coming from the use of the Rolke method.
To use this method, we will introduce the number of background events obtained for a
specific region, and it will estimate the upper limit on the number of signal events that
would still be compatible with that background for the confidence level of our choice.
We choose to use the 90% confidence level. Besides that, it can also be used to estimate
the numbers of events that we need in order to claim an observation or discovery, which
are normally claimed when we have a statistical significance of 3σ and 5σ, respectively.
The value obtained using the Rolke method, thus corresponds to this µ parameter and
can be introduced in Equation 4.5.

One key aspect of TRolke is the lack of uncertainty for the estimate of the number
of signal events. In the interest of obtaining said uncertainty, 1000 samples of the back-
ground model were used. The expected background obtained in the region that we were
searching was the mean value for this distribution, and its standard deviation was the
square root of this number of background events. This was done for each one of the
three decay modes and for several different exposure time values. The crucial difference
between the previous method and this one is that instead of the TRolke being applied
only to this mean value4, it was applied to the 1000 points created from this gaussian
distribution. Through this, it was possible to obtain not only the required number of
events to reach the 90% confidence level sensitivity (or to claim an observation or a dis-
covery), but also an uncertainty in this number of events. From that, after these numbers
were passed through TRolke we would obtain another Gaussian distribution, where its
mean value and standard deviation were the required number of signal events that we
pretended and its uncertainty, respectively.

After we have the half-life decay time, it can be compared to the experimental values
measured to obtain the required time that would take for the LZ experiment to claim the
90% confidence level sensitivity, and the observation and discovery potentials. If for the
KK mode we have the measured value, 1.8× 1022 yr [93], the other modes were not yet
observed, therefore we do not know its experimental values. However, the half-life of the
other modes, T 2νx

1/2 , can be obtained starting from the double electron capture, T 2ν2EC
1/2 ,

and divided by the likelihood of that decay mode, fx, and this is given by:

T 2νx
1/2 =

T 2ν2EC
1/2

fx
. (4.6)

Starting with the value for the KK mode and multiplying it by 0.75, corresponding
to its branching ratio [103], we obtain the half-life of the double electron capture, a value
of 1.4 × 1022 yr. Dividing this value by 0.23 and 0.017, respectively, the corresponding
branching ratios of the KL and LL modes [103], we obtain the half-life values for each of
these modes, which are equal to 6.1× 1022 yr and 8.2× 1023 yr, respectively.

4Where this mean value, as was said previously, is the number of background events obtained for
that specific region.
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4.4 Sensitivity studies

In this section, we will be using the half-life decay time for the three modes of the
double electron capture, obtained through the Rolke method, in order to obtain the
required time for the LZ experiment to reach the 90% confidence level sensitivity, and to
claim an observation or a discovery. Since the Xenon1T experiment is very similar to the
LZ experiment, therefore throughout this section it was chosen an energy resolution that
follows the energy resolution curve obtained for that experiment [124]. For that reason,
the energy resolution used is equal to 4.1%, 5.3%, and 10.2%, for the KK, KL, and LL
modes, respectively [116].

Figure 4.9: The expected rate for the observed signal plus the background sources for
the double electron capture of the 124Xe isotope is represented as the black line. In blue,
pink, and green it is depicted the expected individual signal for the LL, KL, and KK
modes, respectively. It was used the same values as in the previous graph, 1.8 µBq/kg
and 0.09 µBq/kg for the activities of 222Rn, and 220Rn, respectively, and 300 ppq g/g for
the natKr/Xe concentration.

We will consider a ±2σ window around the expected signal energy, which is equal
to 64.3 keV, 36.7 keV, and 9.8 keV, for the KK, KL, and LL modes, respectively, as
our region of interest. This window will correspond to an efficiency of 95.4%. Using
the energy resolutions and the expected signal energies for each of the three modes, we
obtain our region of interest for these modes, which are equal to [59.03, 69.57] keV,
[32.81, 40.59] keV, and [7.80, 11.80] keV for the KK, KL and LL modes, respectively.

To obtain the expected signals for each decay mode, we can do a gaussian distribution
where its mean value and standard deviation are equal to the expected energy of that
decay mode and its energy resolution, respectively. If we add these signals to the sum of
all the background components after all the cuts, represented by a black line in Figure
4.8, we obtain the expected signal observed in the experiment. This is represented by the
black line in Figure 4.9. The KK, KL, and LL modes signals are represented in green,
pink, and blue, respectively. I did not prolong myself on the topic of scaling in Figures
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4.6 and 4.8, however, if we sum the individual components of the background we have to
normalize them. This is required because it was simulated a certain number of decays, x,
during the simulation stage. However, that isotope will have a number of annual decays,
y, therefore our normalization constant will be equal to y

x
. Nevertheless, it is important to

know that to obtain Figure 4.9, each signal was scaled assuming the half-lives, previously
mentioned, that are equal to 1.8× 1022 yr, 6.1× 1022 yr, and 8.2× 1023 yr, for the KK,
KL and LL modes, respectively.
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Figure 4.10: Time evolution for the 90% confidence level sensitivity, the observation po-
tential, a statistical significance of 3σ, and discovery potential, a statistical significance
of 5σ, for the 1000 days of exposure in the LZ experiment in the KK decay mode repre-
sented by the blue, green, and red lines. The bands, which have the same color as their
lines, illustrate the uncertainty band at 68% of confidence level, that means a uncertainty
of ±σ. The dashed black line represents the half-life, measured by Xenon1T, for the KK
mode. Its uncertainty is also depicted by the gray area.

Using the method explained in Chapter 4.3, we have now every tool to obtain the
required time for the LZ experiment to reach the 90% confidence level sensitivity, and
to claim an observation or a discovery. For this study, we used constant values for the
background, where the activity for the 222Rn isotope was equal to 5.3 µBq/kg and for
the isotope 85Kr was equal to 123 ppq g/g. In the first study, we will maintain these
values constant throughout that, however, later we will vary them individually.

Starting with the KK mode, in this decay, there are 64.3 keV of detectable deposits
of energy. As we intend to study this signal with an efficiency of 95.4% (2σ), our region
of interest will be defined as [59.03, 69.57] keV. In this region we are going to obtain
the number of background events that will later, through the Rolke method, give us
the upper limit to the number of signal events that would still be compatible with that
background.

Figure 4.10 illustrates the expected evolution not only for the 90% confidence level
sensitivity, in blue, but also for the observation (3σ) and discovery (5σ) potentials, in
green and red respectively, for the KK mode during the 1000 days of exposure in the
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fiducial mass. Comparing this with the half-life measured by Xenon1T, represented
in the black dotted line, we can find out the required days to obtain such statistical
significance. Thus, the LZ experiment is expected to be able to claim an observation, a
statistical significance of 3σ, after 20+11

−9 days of exposure, and a discovery, a statistical
significance of 5σ, after 54+17

−14 days of exposure.
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Figure 4.11: Time evolution for the 90% confidence level sensitivity, the observation po-
tential, a statistical significance of 3σ, and discovery potential, a statistical significance of
5σ, for the 1000 days of exposure in the LZ experiment in the KL decay mode represented
by the blue, green, and red lines. The bands, which have the same color as their lines,
illustrate the uncertainty band at 68% of confidence level, that means a uncertainty of
±σ. The dashed black line represents the expected half-life for the KL mode, obtained
through the method described in the main text. Its uncertainty is also depicted by the
gray area.

As for the KL mode, the expected energy signal is equal to 36.7 keV, thus our region
of interest will be given by [32.81, 40.59] keV. In Figure 4.11, it is again illustrated the
expected evolution for the 90% confidence level sensitivity, in blue, and for the observation
and discovery potentials, in green and red respectively, but this time for the KL mode
during the 1000 days of exposure in the fiducial mass. The LZ experiment is expected
to be able to claim an observation after 147+79

−61 days of exposure and a discovery after
416+118

−110 days of exposure, for the KL decay mode. This will surpass the KK mode of the
double electron capture of the 124Xe isotope as the longest directly observed decay.

Finally, for the LL mode, the expected energy signal is equal to 9.8 keV, therefore our
region of interest will be defined as [7.80, 11.80] keV. As can be seen in Figure 4.12, during
the 1000 days of exposure, the LZ experiment will not be able to claim an observation,
much less a discovery.

Besides this study with constant activities from the background contributions, two
distinct others were made. In the first one, the background level of the 222Rn isotope
was varied, keeping the other contributions constant. The second one is a similar study,
where instead of the 222Rn isotope, we varied the background from 85Kr isotope.
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Figure 4.12: Time evolution for the 90% confidence level sensitivity, the observation po-
tential, a statistical significance of 3σ, and discovery potential, a statistical significance
of 5σ, for the 1000 days of exposure in the LZ experiment in the LL decay mode repre-
sented by the blue, green, and red lines. The bands, which have the same color as its
lines, illustrate the uncertainty band at 68% of confidence level, that means a uncertainty
of ±σ. The dashed black line represents the expected half-life for the LL mode, obtained
through the method described in the main text. Its uncertainty is also depicted by the
gray area.

In the first one, the different values presented in Table 4.1 were used for the back-
ground of the 222Rn isotope, whereas the remaining backgrounds were kept constant.
This analysis followed the same approach as the previous ones, where using the Rolke
method we estimate the upper limit on the number of signal events that would still be
compatible with the background present in a specific region of interest, for the confidence
level of our choice. After that, we would compute the half-life decay time and its vari-
ance with the different backgrounds for several exposure times. From these values, it was
possible to infer the required time to reach the different claims using the value for the
half-life time of the KK mode by Xenon1T. In this specific analysis, we were only inter-
ested in the discovery potential of the KK mode, and in the observation and discovery
potentials in the KL mode. The remaining potentials for the different modes were either
impossible in the LZ experiment, as is the case of the LL mode, or not interesting at this
stage, as is the case of the 90% confidence level and the observation potential for the KK
modes. In this study, the background of the 85Kr isotope was considered as 123 ppq.

In Figure 4.13 it is illustrated the exposure time required for the LZ experiment
to reach the discovery potentials for the KK mode, in blue, and the observation and
discovery potentials for the KL modes, in green and red, respectively, as a function of
the activity of the 222Rn isotope. The vertical dashed black line shows the best estimate,
3.2 µBq/kg, for the activity of the 222Rn isotope during the SR1 of the LZ experiment.

Comparing the required time to claim these different potentials as a function of the
activity of the 222Rn isotope and the best estimate during the SR1 of the LZ experiment,
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Table 4.1: Different background used for the 222Rn isotope in order to obtain the required
exposure time to claim different potentials as a function of its background.
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Figure 4.13: Exposure time required for the LZ experiment to reach the discovery poten-
tials for the KK mode, in blue, and the observation and discovery potentials for the KL
modes, in green and red, respectively, as a function of the activity of the 222Rn isotope.
In the vertical dashed black line it is shown the best estimate, 3.2µBq/kg, for the activity
of the 222Rn isotope during the SR1 of the LZ experiment.

we can make a good prediction for the required time to claim such potentials using those
values of background. Making that comparison, we obtain that if the background for
that isotope maintains the value of the best estimate throughout the experiment, LZ
will be able to claim a discovery in the KK mode after 44 days of exposure, whereas it
could claim an observation and a discovery in the KL mode after 115 and 321 days,
respectively. Furthermore, these values can be compared to the ones obtained in the last
study, where now, since the background from the 222Rn isotope is considered lower, the
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required time to reach the potentials will be smaller.
In the second study, the different backgrounds for the 85Kr isotope used are displayed

in Table 4.2. This was rather similar to the previous one, where it was used the same
procedure explained for the case of the 222Rn isotope. Instead of using the value obtained
during the commissioning stage, 5.3 µBq/kg, as the background for the 222Rn isotope, it
was used firstly the expected value before the beginning of the experiment, 1.8 µBq/kg,
and secondly the best estimate for the SR1 of the LZ experiment that we already had.
That value, as we have previously seen is equal to 3.2 µBq/kg.

Table 4.2: Different contamination levels used for the 85Kr isotope in order to obtain the
required exposure time to claim different potentials as a function of its background.
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Figure 4.14 compares the required exposure time for the LZ experiment to reach not
only the discovery potentials for the KK mode, in blue, but also the observation and
discovery potentials for the KL modes, in green and red, respectively, as a function of
the activity of the 85Kr isotope for the two activities used for the 222Rn isotope. In the
full lines we have the result from using 3.2 µBq/kg, while the dashed lines represent
the result obtained by using 1.8 µBq/kg for the activity of the 222Rn isotope. It is also
shown the best estimate for the activity of the 85Kr isotope during the SR1 of the LZ
experiment in the vertical dashed black line, which is equal to 144 ppq g/g.

Comparing now the required time to claim these different potentials as a function
of the activity of the 85Kr isotope and the best estimate during the SR1 of the LZ
experiment. Assuming these backgrounds as the ones during all the experiment, we
obtain that LZ will be able to claim a discovery after 36 days of exposure for the KK
mode, while are required 90 and 246 days to claim an observation and a discovery for
the KL mode, respectively, using 1.8 µBq/kg for the activity of the 222Rn isotope. In the
other case, where the activity of the 222Rn isotope is 3.2 µBq/kg, the LZ will be able to
claim a discovery after 44 days of exposure for the KK mode, while 117 and 329 days are
required to claim an observation and a discovery for the KL mode, respectively.

Unfortunately, the background was rather elevated in the experiment comparing it
with the initially expected background, as is shown in Figure 4.14. Looking at both of
these studies, we can understand that it will take us now more 8, 27, and 83 days to reach
the discovery potential in the KK mode, and the observation and discovery potentials
for the KL mode, respectively, in comparison with the initial projections.
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Figure 4.14: Exposure time required for the LZ experiment to reach the discovery poten-
tials for the KK mode, in blue, and the observation and discovery potentials for the KL
modes, in green and red, respectively, as a function of the activity of the 85Kr isotope.
The vertical dashed black line shows the best estimate, 0.144 ppt, for the activity of the
85Kr isotope during the SR1 of the LZ experiment. The result from using 3.2 µBq/kg for
the activity of the 222Rn isotope is represented by the full lines, whereas the one obtained
by using 1.8 µBq/kg for the activity of the same isotope is represented by the dashed
lines.
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Chapter 5

The 125I isotope as a background for
the 2ν2EC 124Xe decay search

In this chapter, we will discuss the 125I isotope and its importance in the search for
the KK mode of the double electron capture of the 124Xe isotope. We will be starting
with an overview of the decay of the 125I isotope, followed by an analysis of this isotope
in the LZ experiment and its removal. Finally, this chapter will be ended by analysing
the distribution of the 125I isotope in the TPC of the LZ experiment to detect a possible
circulation problem with the LXe during SR1.

5.1 Signal of the 125I isotope

Natural xenon is constituted by several isotopes, as we have previously mentioned,
which are either stable or with half-lives of several orders of magnitude larger than the
age of the Universe. However, these stable isotopes can be activated by neutrons, thus
becoming unstable isotopes. From the created isotopes, as we have seen in Section 4.2.2,
the most dangerous one for our search is the 125Xe isotope produced through the following
process [92]:

124Xe + n→ 125Xe + γ. (5.1)

The isotope produced, 125Xe, in turn, will decay through electron capture with a
half-life of 16.9 hours to an excited state of the 125I isotope. Due to the orbital vacancy
created in the shell being filled by the external electron, and from the decay of the atom
to its ground state, a cascade of X-rays and Auger electrons will be produced alongside
the emission of gammas [92]:

125Xe + e− → 125I + νe + γ +X, (5.2)

where X represents the cascade of X-rays and Auger electron.
Figure 5.1 represents the decay scheme of the 125I isotope. As can be seen, this isotope

will decay through electron capture to the 35.5 keV excited state of the 125Te isotope.
This decay will occur with a branching ratio of 100%, a half-life of 59.4 days, and with a
decay energy of 185.77 keV. The atom will later decay to its ground state, and refill its
orbital vacancies, as is normal in this type of decay, thus emitting gammas and a cascade
of X-rays and Auger electrons, as we can see by Equation 5.3 [92].
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Figure 5.1: Decay scheme of the 125I isotope: 125I decays to the 35.5 keV excited state of
the 125Te isotope with a half-life of 59.4 days, which in turn will decay, almost instantly,
to its ground state. Figure from [125].

125I + e− → 125Te + νe + γ +X. (5.3)

When the captured electron is from the K shell, which occurs 80.11% of the times
[126], the emitted particles in this decay will lead to a deposited energy of 67.3 keV
[92]. If we now consider the energy resolution for this energy regime obtained in the
LUX experiment, approximately 4% [92], we obtain that this energy deposition is only
1.1σ (3 keV)1 away from the energy deposit of the double electron capture of the KK
mode for the 124Xe isotope, 64.3 keV.

Unlike the other unstable isotopes formed through neutron activation, the 125I isotope
is the only one close enough to the deposited energy for the decay we are searching for,
and with a long half-life capable of affecting this search, and as such, it could be an
important background to our search. In the upcoming section, we will see how is this
avoided in the LZ experiment, and a study of its removal will also be analysed.

5.2 The 125I isotope in the TPC

Usually, the flux of neutrons in the TPC is negligible due to the set of conditions
applied in this kind of experiment, discussed in Chapter 4, to minimise it. For that
reason, almost no activation of the xenon isotopes occurs. However, there is a subsystem
where the flux of neutrons could be more dangerous: the Xenon Tower. It is a localized
constituent of the circulation system located outside the water tank; thus, the flux of
neutrons is larger. In that region, there is always xenon that can be activated and will
later enter the TPC, however, the xenon mass is very small making this contribution
negligible. Although typically, the flux of neutrons in the TPC is negligible, the same is

1Considering this energy resolution, we obtain that 1σ is equal to 2.692 keV.
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not true when calibrations using neutrons occur. During these calibrations, a large flux of
neutrons will be present in the TPC activating the xenon, and later the 125I isotope will be
formed, as we have seen in the previous section. During this section, we will be interested
in the rate of the 125I isotope formed during the DD calibration taken between January
17th and January 25th. This isotope should be removed by the getter, as was seen in the
LUX experiment; if not it would represent a very significant background to the KK mode
of the double electron capture of the 124Xe isotope, both due to the proximity and to the
long half-life of the 125I isotope. Therefore, in this section, we will be interested, more
specifically, in the removal of this isotope to define the time interval we must exclude in
order to search for that decay without having such a large background.

5.2.1 Event selection

One of the first steps in a search for a specific decay is to apply cuts in the data to
have the lowest possible background while conserving the most data possible. We have
seen in Chapter 4 the cuts applied to the simulated data, and in this analysis, some of
those cuts were also used, however, because we are dealing with real data other cuts must
also be applied.

The process we are searching for only produces single scatter, since the path travelled
by the X-rays and Auger electrons is very short and indistinguishable inside of the de-
tector. Hence, multiple scatter events are excluded and we only consider single scatter
events.

We have also seen that the Outer Detector and the Skin can be used as veto detectors.
For that reason, a cut for both of these detectors is applied, which include prompt and
delayed cuts. Starting with the Outer Detector, the prompt veto is used to catch proton
recoils or gamma rays: there must be a coincidence of less than 5 PMTs, and the prompt
signal must be outside of a ±0.3 µs region of the TPC S1 pulse in order to survive this cut.
The delayed cut is implemented to catch gammas from neutron captures and removes
events with coincidence larger than 5, areas larger than 17.6 phd (photons detected), and
with prompt signals within a region between 300 ns and 400 µs of the TPC S1 pulse.
This interval is larger due to the thermalisation time of the neutron, therefore a delayed
window is required.

The Skin cuts also contain prompt and delayed cuts, where the prompt veto searches
for a prompt coincidence from gamma interactions or neutron NR. This cut excludes
events with coincidence larger than 2, therefore 3 or more PMTs observe it, areas larger
than 2.5 phd within a ±0.5 µs region of the TPC S1 pulse. The delayed cut is used
to catch remains of gammas from the Outer Detector and capture gammas that did
not interact in the Outer Detector, where events with coincidence greater than 55 are
excluded, and a pulse with an area larger than 50 phd within a region comprised between
500 ns and 400 µs relative to the TPC S1.

One of the most impressive features of this experiment is the reconstruction of the
event properties from the two interactions that occur inside the TPC. However, sometimes
this reconstruction is not done well and this event must be excluded. Therefore, a cut
was applied to remove events with bad reconstructions.

Sometimes high single electron or multi-electron rates from hotspots can cause pile-up.
By implementing the hotspot exclusion periods cut we are removing time periods that
exhibit flare-ups of grid hotspots. Considering 120-second bins, intervals are removed if
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they exceed the mean rate for all SR1 data by at least two standard deviations.

When a muon passes the TPC region, high rate periods will, most likely, follow it,
therefore this cut selects high energy events in the Outer Detector that also have a timing
coincidence with the skin. Pulse area cuts are applied in the TPC and Skin regions to
select the muon. Finally, if an event triggers the cut, a hold-off of 20 seconds will be
applied.

For these initial set of applied cuts the bad buffer cut remains to be discussed. The
importance of this cut arises from the fact that the DAQ buffers can store a limited set
of data post-trigger, around several µs of data. So, if a channel’s buffer has no more
storage for the post-trigger data, then all the following data will be lost. The event will
survive this cut if all buffers are live at the start of the pre-trigger window, if the TPC
buffers are live through the end of the main S2, if the skin buffers are live both through
the end of the main S1 and through the end of the skin veto window, which in this case
was considered to be 400 µs, and, finally, if the skin buffers are live both through the end
of the main S1 and through the end of the Outer Detector veto window, which was also
considered to be 400 µs.

These cuts were applied in order to identify good events and exclude the rest. The
remaining cuts, unlike the other ones, are not applied to eliminate bad events but rather
to remove a larger quantity of background and events which we are not interested in, to
have a clear signal of the decay we intend to study.

Regarding these types of cuts, the first one is the fiducial volume cut. This cut
was extensively discussed in Chapter 4, and pretends to exclude a massive quantity
of background while conserving most of the xenon mass as an available target. For this
study were considered the same dimensions as in the simulations, where it was considered
events occurring within a cylinder with a radius less than 68.8 cm and with a vertical
coordinate between 1.5 cm and 132.1 cm. Inside this region are 5.6 tonnes of LXe.

Finally, to focus our search we only considered events with energy lower than 200 keV.
Because as we have seen previously our decay occurs with energies lower than 100 keV,
therefore with a region of interest up to 200 keV we can do a complete study for the
decay analysed in this work.

5.2.2 Population selection

After all cuts are applied, using the S1 and S2 values obtained in this experiment we
can depict S2 as a function of the S1 for the period after this calibration during the SR1,
as is illustrated in Figure 5.2. In this figure, several populations of the isotopes created
during this calibration are located by the different densities of events. Going left to right
on the x-axis, we have the 127Xe, 125I, 133Xe, and 131mXe isotopes.

Since the populations are very accessible and easy to analyze the following steps of
this analysis will be done using this parameter space, however, using Equation 3.5 we can
obtain the energy reconstruction using these S1 and S2 values. Regarding that equation,
a slight change was used because due to high values for S2 the top array of PMTs, where
its value is quite larger, can become saturated, therefore the S2 obtained only through
the bottom array was used (S2b) and consequently the g2 bottom.

Using that reconstructed energy, we can obtain the energy spectrum for the events
occurring after the DD calibration, which is shown in Figure 5.3. It is shown the same
populations as in Figure 5.2, where in this case we can identify them either by their
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Figure 5.2: Graphical representation of the S2b vs S1 signals after the calibration that
used a deuterium-deuterium neutron source. The correspondent event density is also
represented.

energies or by looking at the event density in the previous figure. So, going, once again,
from left to right on the x-axis we have the 127Xe, 125I, 133Xe, and 131mXe isotopes.

Figure 5.3: Graphical representation of the energy spectrum after the calibration that
used a deuterium-deuterium neutron source.

We have now these populations, however, to do this analysis, we have to find and
choose the population of the 125I isotope. In this step, we must be very careful and it is
required that we know the percentage of this population that is inside of the applied cut.
Therefore, the best course of action is to make a 2D Gaussian fit in the S2-S1 parameter
space, so that we could know the amount of the population that we were considering.
Then, a 2σ cut was applied, so we know that 95.45% of the population was within this
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cut, and we could later compensate effectively to estimate the complete population.

Figure 5.4: Graphical representation of the S2b vs S1 signal after the calibration alongside
of the 2σ cut to the iodine population in blue.

In Figure 5.4, we have the S2b as a function of S1, with the 2σ cut to the iodine
population in blue. It is this population that we are going to use, and we will also
compensate for the remaining 4.55% that was excluded from this cut.

Figure 5.5: Graphical representation of the energy spectrum after the calibration, with
the 2σ cut to the iodine population also represented in red.

In Figure 5.5, we have the same cut applied to the energy spectrum, where we have
the surviving population in red. As we can see by comparing it with the total spectrum
in blue, it identifies almost the totality of the population of the 125I isotope.
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5.2.3 Removal time

After correctly identifying the iodine population, we can now obtain the time of
removal of this isotope. To achieve this the runs up to 83 days after the calibration
were used, and 24-hour intervals were created. The rate for each of these intervals was
obtained, normalized to the time the detector was live on each of the intervals.

After that, it is possible to observe how this event rate varied after the calibration,
as it is illustrated in Figure 5.6.

Figure 5.6: Variation of the rate in the 125I isotope region with time after the DD cali-
bration. Exponential fit in orange using the parameters in Equation 5.4, which allowed
us to discover the half-life of this removal using the getter and the background present
in this region, as we can see in blue. The moments where the 125I isotope is equal to, is
50%, and 10% of the background are also identified, and this happens after 15.5, 19.1,
and 27.4 days, respectively.

Since we started taking data right after the end of the calibration, the 125Xe isotope
created in this calibration could be still present and not yet decayed entirely into 125I.
For that reason, we have to consider two separated terms, one where the 125I isotope is
still being created, and the second where it is being removed by the getter and decaying.
Therefore, the exponential fit in orange that we observe in Figure 5.6 is given by the
following equation:

N125I(t) = N125Xe(0)
λ125Xe

λgetter125I + λNatural
125I − λ125Xe

(
e−λ125Xet − e−(λ

getter
125I

+λNatural
125I

)t
)

+N125I(0)e
−(λgetter

125I
+λNatural

125I
)t + background, (5.4)

where N125I(0) and N125I(t) are, respectively, the initial and at a time t populations of the
125I isotope, N125Xe(0) is the initial population of the 125Xe isotope, λ125Xe and λNatural

125I

are the decay constants for the xenon and iodine isotopes and take the values 0.98 and
0.01 days, respectively, and, finally, λgetter125I is the decay constant associated to the removal
of the 125I isotope by the getter.
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From that exponential fit, we can obtain the previous unknown variables, and we
obtained:

• N125I(0) = (235.83 ± 11.01) events/day;

• N125Xe(0) = (0 + 1.64) events/day;

• λgetter125I = (0.18 ± 0.01) days−1;

• background = (11.92 ± 0.72) events/day.

From these values, we can conclude the half-life of the removal of the 125I isotope by
the getter, which is (3.8 ± 0.2) days. Also, the fit clearly prefers not to have the 125Xe
isotope as we initially thought, since the value obtained for the initial population of this
isotope is compatible with 0.

In addition, if we plug back the values in Equation 5.4, we can identify the points
where the iodine is equal, 50%, and 10% of the background. Using the previous equation
again, it is also possible to identify when the 125I isotope is equal to 10% as we saw above,
but also 5% and 1% of the background, which happens after 27.4 days, 31.5 days, and
39.4 days, respectively. If we exclude the events up to these points, we will have 6.18,
3.09 and 0.62 iodine events remaining during the rest of the run, respectively.

Figure 5.7: Comparison between the rate in the 125I isotope region before and after the
DD calibration: the red line is the mean background before that calibration, and it shows
that this value is higher than the value obtained for the end part of the events after the
calibration.

One important thing that we must do is to see if the background after the calibration
corresponds to the background before the calibration and if this was constant. Therefore,
we will be able to see if the getter removed all the 125I isotope created during this
calibration. To make this comparison, the runs from the 25 days before the start of the
calibrations were used, which is illustrated in Figure 5.7.
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Using the red line, which is representing the mean value of the background before the
calibrations, the background before the calibrations agrees up to a point with the events
that occur after the calibration, and after that, the events after the calibration have a
lower rate than the events before the calibration. From this, we can conclude that these
events before the calibration still had some extra isotopes of the 125I isotope that was
created in a previous long calibration campaign that occur during the commissioning in
November.

5.2.4 Search period selection

The study analysed during the previous subsection allows us to choose the necessary
period we must remove to search for the double electron capture for the KK mode of the
124Xe isotope. However, before we make that choice, we will evaluate the background
further, but this time starting at the end of the SR1.

Figure 5.8: Variation of the rate in the 125I isotope region with time for intervals with
10 days starting at the end of SR1. Horizontal bars indicate the bin width, whereas the
vertical ones indicate the error associated with the mean background value. The moment
where the 125I isotope is 10%, 5%, and 1% of the total background is represented in the
red, black, and green dotted lines, respectively, whereas the end of the calibrations is in
the blue dotted line.

This study will be done using two distinct approaches. In the first one, we look
each time at 10 individual days, where we measured its mean background and the error
associated. Doing this to all the data in SR1, we were able to obtain Figure 5.8, which
illustrates the variation of the rate in the 125I region as a function of time starting at the
end of SR1. The vertical lines represent the error, and the horizontal lines represent the
10 days bin width considered for each interval. It is also represented the beginning of
the calibration, as well as the moment where the 125I isotope is 10%, 5%, and 1% of the
background, in red, black, and green, respectively.
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In the second approach, it was used increasingly larger intervals, we start by consid-
ering 10 days, after that 20 days, and so forth until we arrive at 83 days. The results
from this study are illustrated in Figure 5.9. In this graphic, we have the same quantities
illustrated as in the previous one with the same colour identification.

Figure 5.9: Variation of the rate in the 125I isotope region with time for intervals starting
with 10 days and increasing 10 days steps until we reach the calibration point, starting at
the end of SR1.The vertical lines represent the error associated with the mean background
value. The moment where the 125I isotope is 10%, 5%, and 1% of the total background
is represented in the red, black, and green dotted lines, respectively, whereas the end of
the calibration is in the blue dotted line.

The results obtained in these two studies look to be consistent with the ones obtained
in the previous subsection, therefore it seems safe to use the data from the last 50 days
of the SR1. Despite this, in Figure 5.9 we observe a slight decline in the rate that could
be due to a slow component, however, it was necessary more days at the end of SR1 to
analyse this and if that decline in the first bin in Figure 5.8 is real or a fluctuation.

5.3 Position distribution of the 125I isotope in the

TPC

In the previous section, we saw how the rate of the 125I isotope changes during the
period of the SR1. However, we did not see how it is distributed in the TPC, and this will
be our theme for this section. With this study, we intend to analyse a possible circulation
problem with the LXe detected during SR1. To select the population of 125I, all the cuts
explained in the previous section were also used. Alongside these, all the cuts in order
to remove a significant part of the background in our data were also applied, as was also
explained in the previous section.

After we had our 125I population selected, we divided our data into 5 distinct intervals,
1 previous to the calibration and 4 others after that calibration. The previous one
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covered all selected data from the beginning of SR1 until the calibration, whereas after
the calibration were created intervals with data up to 3.5 days, between 3.5 and 14 days,
up to 14 days, and finally, after 20 days.

Figure 5.10: Position distribution of the 125I population inside of the detector as a function
of the radial and vertical components. The data obtained throughout the SR1 were
separated into 5 different intervals. The population obtained previously to the calibration
is represented by the magenta crosses, whereas the population for the intervals up to
3.5 days, between 3.5 and 14 days, up to 14 days, and after 20 days is represented by the
red down triangle, the blue square, the empty circle, and the grey diamond, respectively.
The boundaries of the fiducial volume and the TPC are represented by the dotted black
line, and by the blue line, respectively.

In Figure 5.10 these 5 different intervals are shown, where the 125I population previous
to the calibration is represented by the magenta crosses and appears to be uniformly
distributed. After the calibration, this population for the intervals up to 3.5 days, between
3.5 and 14 days, up to 14 days, and after 20 days is represented by the red down triangle,
the blue square, the empty circle, and the grey diamond, respectively. From that figure
it is possible to observe a clear concentration of this population in the centre region
of the TPC after the calibration, thus corroborating the already known problem of the
circulation of the LXe inside the detector. This problem was also observed using other
populations, therefore it is well established that it occurred during the SR1 of the LZ
experiment, and it is expected to be solved before the start of the following science run.

Furthermore, this figure shows us why it is essential that we use a fiducial volume
because, as it is shown, there is a dense concentration of events outside of this fiducial
volume near the TPC walls. By doing this, we can remove a significant part of the back-
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ground, however, there is still a leakage in the bottom right corner of our fiducial volume.
There it is shown a larger concentration of events, nevertheless, this concentration is not
due to the circulation problem but to the excess of events outside of this fiducial volume.
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Chapter 6

2νECEC decay search for the 124Xe
isotope

In this chapter, we arrive at the core of our work, where the search for the double
electron capture of the KK mode for the 124Xe isotope is accomplished. This will be a
preliminary search, where some approximations regarding the background model in our
region were made. However, at that point, I will always explain those approximations.

6.1 Background model

In this preliminary analysis, the background model is based on the background model
elaborated by the LZ collaboration for the WIMP search analysis [127]. The model
focused on the lower energy regime had to be extrapolated into our region of interest.
Comparing simulations of the major background sources, which we will discuss in detail
later, with this background model we could predict the rate of the background sources in
our region of interest. The first step required for this comparison to be reliable is that the
cuts applied by the LZ collaboration in obtaining their background model must be equal
to the cuts applied in our analysis. For that reason, beyond those cuts applied in the
last chapter, several others were also applied, and these cuts are going to be described
in more detail now.

The main focus of these additional cuts is to reduce accidental coincidence events
where an isolated S1 and an isolated S2 are accidentally paired, recreating a single-scatter
event that would make physical sense. A cut was applied to the width of the S2, since
S2 pulses very close to the liquid surface can swallow up the preceding S1 pulses, which
would result in isolated S2 pulses that can contribute to accidental backgrounds. Related
to these S2 pulses, a form cut was also applied to the S2, because near liquid surface S2
pulses often have characteristically flat tops due to the spontaneous and near-uniform
emission of electrons within set time intervals near the extraction region. Therefore,
this cut checks if the S2 shape is not too flat. An early peak cut was the next to be
applied: extraction region gas events cause merged S1-S2 pulses, however, these are
often classified as S2 pulses. This cut eliminates these events using their characteristic
shape that typically involves a sharp peak in the early part of the pulse due to the S1
signal. Another cut was also applied because some events have more than one prominent
S1 that is identifiable by eye but are not flagged by the interaction finder. This cut
checks for other accidental S1 pulses in a given single scatter event and cuts the event
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based on the time separation between the S1s. The next cuts events with an excessive
area, requiring that the area before the S1 signal and between the S1 and S2 pulses in
the event must be less than the area of the S2 signal. It also removes events in noisy
waveforms. A cut was also applied to eliminate stinger S1s, where stinger pulses are
small S1 pulses that immediately follow Single Electron or S2 pulses. They are caused
by electrons that eventually end up on an anode wire. This cut removes events if there
is a Single Electron pulse or an S2 pulse within 2000 ns before the S1 pulse. To confirm
if a single scatter S2 pulse has a physically reasonable width for its drift time and area,
an S2 width cut was applied. Finally, a cut to remove S1 pulses having an abnormally
high fraction of light in a single channel was also applied.

The first step is now accomplished; our data has the same cuts applied as the one
used for the WIMP search by the LZ collaboration and is expected to be free from
spurious events. We have to obtain now our energy resolution, so that we can define a
region of interest for our search. For this we need a calibration population in the same
energy region as our signal and with a well-defined peak that could be fitted. Therefore,
we choose the data within a 5-day period after the DD calibration, since there is a large
population of 125I. Applying a gaussian fit to this population, as illustrated in Figure 6.1,
we obtain a mean value of 66.3 keV and a sigma of 3.2. Therefore, our energy resolution
in this region is equal to 4.8%.

Figure 6.1: Graphical representation of the energy spectrum using the 5-day period after
the calibration that used a deuterium-deuterium neutron source, in blue. The gaussian
fit to the 125I population is represented in magenta.

Since the detectable energy for the KK mode of the double electron capture for the
124Xe isotope is 64.3 keV, our region of interest will be ±1σ around this value. Therefore,
our region of interest will be comprised between 61.21 and 67.39 keV. We now have all
the requirements in order to find out the background events in this region that we are
interested in.

In this preliminary search, starting from the background model of the LZ collaboration
for lower energies [127] was possible to obtain the background events in our region. The
background model is illustrated, in Figure 6.2, for the lower energy regime.

For this search, there are 3 main backgrounds that concern us in our region of interest:
the betas from the chains of 222Rn, and 220Rn, and from the 85Kr isotope, the background
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Figure 6.2: Reconstructed energy spectrum of the best fit background model. Data
points from the WIMP search are shown in black. The blue line shows the total summed
background. Background components are shown in colors as given in the legend. Figure
from [127].

from the double beta decay of the 136Xe isotope, and the background coming from the
solar neutrinos.

Using all the values measured for the backgrounds during the SR1 of the LZ exper-
iment, it was possible to normalise the simulations. So, for the backgrounds originating
from the betas we compared the rate within an interval where this was constant, namely
between 6 and 13 keV, with the rate in our simulation. Regarding the uncertainty in this
component, it was used the relative error for the beta counting in the region of interest
in the WIMP search after the fit. As it is shown in Table VI of the LZ background paper
[127], this value was 222 ± 16 events, resulting in a 7.2% relative uncertainty. Therefore,
we have a rate of 16.0 ± 1.2 events/keV for the component of the background coming
from betas. In our simulations, we obtain a rate equal to 19.5 using 3.26 µBq/kg for
the activity of the 222Rn isotope and 144 ppq g/g for the natKr/Xe concentration, for
that reason, our spectrum was normalized using a factor of 0.82. Note that in the low
energy region the Compton continuum from detector materials gamma rays is indistin-
guishable from the beta spectra, and thus this normalisation includes both components.
Both spectra are flat up to ∼100 keV (see Figure 4.8), therefore the normalisation of the
combined spectra is also valid for the energy reason of our search. For the remaining 2
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sources, the spectra did not require a re-normalization, since they do not depend on the
experiment data.

Having now the background component’s spectrum adjusted, we can estimate the
events in our region of interest. However, before that, we need to discuss the uncertainties
considered for each component. First of all, as was previously discussed, we are going to
use 7.2% as the relative uncertainty for the background coming from the betas. The main
sources of uncertainty for the solar neutrinos and the double beta decay of the 136Xe iso-
tope are the uncertainty in the neutrino flux and the uncertainty in the half-life of this de-
cay, respectively. There are other smaller contributions that we will disregard in this pre-
liminary estimate. Since, in the solar neutrinos, at these low energies, the flux of neutrinos
coming from the proton-proton chain dominates the uncertainty. Therefore, we used the
experimental error of 8% measured by the BOREXINO experiment [128]. Regarding the
double beta decay of the 136Xe isotope, we have used the half-life measured by the EXO-
200 collaboration. Its value is equal to (2.165 ± 0.016(stat.) ± 0.059(sys.)) × 1021 years
[129]. These uncertainties were quadratically combined, thus obtaining 6.11 × 1019 years.

In our region of interest, between 61.21 and 67.39 keV, we have a background contri-
bution from the beta component of 97.57 ± 7.03 events. As already mentioned, in this
component, we consider the contribution coming not only from the decay chains of 222Rn,
and 220Rn, and from the 85Kr isotope but also the contribution coming from the detector
components. The second highest contribution comes from the double beta decay of the
136Xe isotope, with 64.80+1.88

−1.78 events. The last contribution considered comes from the
solar neutrinos with 16.40 ± 1.31 events in our region of interest. Thus obtaining a value
of 178.78+7.40

−7.38 events for the total background. These events are for a 60-day period,
corresponding to the live time of the WIMP search. So, this will have to be adapted for
the period we use in the search for the double electron capture of 124Xe.

6.2 124Xe double electron capture (KK mode) search

In the previous chapter, we have seen that it seems safe to use the data from the
last 50 days of the SR1 since it is almost free of the 125I isotope. Therefore, we used
that data set to perform our search for the KK mode of the double electron capture
for the 124Xe isotope. Using the actual live time of the experiment, we obtain that this
50-day interval corresponds to an effective live time of 46.7 days. So, using that data,
we can reconstruct the energy spectrum, shown in Figure 6.3. It shows not only the
data from the experiment, including the peak for the KK mode of the double electron
capture of the 124Xe isotope but also the background coming from the double beta decay
of the 136Xe isotope, in blue, the solar neutrinos, in orange, the betas from the 222Rn,
the 220Rn, and the 85Kr isotopes, as well as the gammas from the detector materials, in
green, and finally, the total background, in red, as well as its statistic and systematic
uncertainties. The systematic uncertainty comes from the uncertainties in the fit of the
beta spectrum in the WIMP search region, the uncertainties in the half-life of the double
beta decay of the 136Xe isotope, and in the uncertainty in the flux of neutrinos coming
from the proton-proton chain measured by BOREXINO. For the statistic uncertainty,
we considered a Poisson uncertainty in the number of predicted background events in
each bin. In magenta, we have a gaussian fit to the excess of events registered above the
background model in the region we are searching for this decay, representing the 124Xe
signal.
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Figure 6.3: Graphical representation of the energy spectrum for the 50-day period. The
data are shown in the black line. The background coming from the double beta decay
of the 136Xe isotope, in blue, the solar neutrinos, in orange, the betas from the 222Rn,
the 220Rn, and the 85Kr isotopes, in green, and finally, the total background, in red, are
also shown. The systematic uncertainty in the background is shown by the red band
around the mean, and the statistic uncertainty by the green band. The magenta line is a
gaussian fit to the excess of events in the signal region, representing the observed 124Xe
signal.

However, if we look at the region just outside of our region of interest, we see that our
background is overestimated for the data obtained. This may be caused by an efficiency
penalty from one or more of the applied cuts, which must be studied in more detail.
To be able to perform this preliminary study we decided to scale our background to
the observed data. For this, we approximate the total background in the region we are
looking to a straight line with the same slope as the background model. This is then
combined with a gaussian in a simultaneous fit to the signal and background in this
region. This function will be delimited within the region [50,80] keV since outside of
that region, we have the signal for the 127Xe isotope on the left, and the signal for the
133Xe isotope on the right. Within this function, the only parameters that are free to
change are the amplitude of the gaussian fit and the point where the straight line would
intercept the y-axis. The last is kept free since we have to know the scaling factor for
our background. The gaussian mean is fixed at the energy of the signal, the standard
deviation is estimated using the energy resolution from the fit to the 125I peak, and the
slope of the straight line is that of the background model in this region. Integrating the
resulting gaussian within that interval, we obtain the number of events for the decay
of the KK mode of the double electron capture for the 124Xe isotope, which is equal to
158.5 events.

Integrating now the region underneath the straight line within the same energy in-
terval, we can obtain the value for the background. This value was measured to be
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619.1 events. Using now the ratio between the points where the straight line intercepts
the y-axis before and after the fit we can find out the scaling factor for our total back-
ground, which is equal to 0.8. Scaling the total background we obtain a very similar
graphic as the previous one, as we can see in Figure 6.4.

Figure 6.4: Graphical representation of the energy spectrum for the 50-day period. The
data are shown in the black line. The background coming from the double beta decay of
the 136Xe isotope, in blue, the solar neutrinos, in orange, the betas from the 222Rn, the
220Rn, and the 85Kr isotopes, in green, and finally, the total background scaled with a
factor of 0.8, in red, are also shown. The magenta line is a gaussian fit to the excess of
events in the signal region, representing the observed 124Xe signal.

In Section 3.3, we showed in Equation 4.5 how to obtain the half-life decay time.
Therefore if we plug in all the values and the number of signal events we just estimated,
158.5 events, the value for the half-life of the KK mode of the double electron capture
for the 124Xe isotope is:

T 2ν2EC
1/2 = (1.4± 0.1(stat.)± 0.2(sys.))× 1022 yr. (6.1)

In doing the calculation of the uncertainty to this value, we only consider uncertainty in
the number of events as we disregarded uncertainties in the abundance and in the molar
mass of the isotope, and in the fiducial mass. Regarding the systematic uncertainty, we
considered three sources of uncertainty. The mean value, the region limitation, and the
uncertainty inherent to the gaussian’s amplitude. To study the two initial parameters,
we change individually their values by one unit, and with we obtain that the uncertainty
of number of signal events is 22.0, and 21.7 events, for the upper and lower uncertainties,
respectively.

This value agrees very well with the very recently published result by the XENON1T
experiment for this decay mode, where they obtained a half-life of
(1.5 ± 0.3(stat.) ± 0.1(sys.)) × 1022 yr [130], and also with the one even more recent from
the XENONnT experiment [131]. Therefore, even though this is a preliminary search,
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and several approximations were done regarding the background, we should be satisfied
with our results.

To finish this search, we need to calculate the statistical significance of our result. For
this we are going to use the following expression for a counting experiment with known
background [132, 133]: √

2
(
(s+ b) ln

(
1 +

s

b

)
− s

)
, (6.2)

where s is the number of events for the decay of the KK mode of the double electron
capture for the 124Xe isotope and b is the number of background events. The values for
these variables are equal to 158.5 events and 619.1 events, respectively. Therefore, if we
insert them into that equation, we obtain that our result has a statistical significance of
6.1σ, so we reach the discovery potential.

This result is extraordinary because, in Chapter 4, we predicted that the LZ experi-
ment needed 44 days of exposure to reach the discovery potential for the KK mode of the
double electron capture for the 124Xe isotope. So, as a matter of fact, we did reach the
discovery potential within the days we had previously predicted, which is remarkable.
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Chapter 7

Conclusion

In this thesis, a preliminary search for the KK mode of the double electron capture
decay of the 124Xe isotope using data from the SR1 of the LZ experiment is conducted.
The work developed for this thesis is divided into two main parts: in the first one,
we performed several sensitivity studies to obtain the required time to reach selected
statistical significance levels in the different modes of the double electron capture decay
of the 124Xe isotope using data from simulations and expected background rates. In the
second part, we used the real data from the LZ experiment to search for this decay.

The first sensitivity study was done using the background values measured during the
commissioning phase, where the activity for the 222Rn isotope was equal to 5.3 µBq/kg,
and the contamination of 85Kr in the used xenon was 123 ppq g/g. From this, we could
infer that the LZ experiment would be able to claim an observation and a discovery for
the KK mode after 20+11

−9 and 54+17
−14 days of exposure, respectively. Whereas in the KL

mode, the observation and discovery potentials were expected to be reached after 147+79
−61

and 416+118
−110 days of exposure, respectively. Unfortunately, the LL mode is expected to

have a much longer half-life decay time, so it is not expected that the LZ experiment
reaches either one of these potentials during its 1000 days.

Different from the first study, where the background was considered constant, two
distinct others were made, varying only one of the components of the background, and
will be denominated from now on as second and third study. In the second study, the
background level of the 222Rn isotope was varied, whereas, in the third study, we varied
the background from the 85Kr isotope. The results of the second study are presented
in Figure 4.13, and considering that the background for the 214Pb isotope, which is
the concerning isotope in the 222Rn chain for the background and this chain is not in
equilibrium, maintains the value of the best estimate throughout the SR1, 3.2 µBq/kg,
LZ is expected to be able to claim a discovery in the KK mode after 44 days of exposure,
whereas it could claim an observation and a discovery in the KL mode after 115 and
321 days, respectively. The Third study, where we varied the background from the 85Kr
isotope, yet keeping the remaining backgrounds constant, was done using two distinct
values for the activity of the 222Rn isotope. It was used firstly the expected value before
the beginning of the experiment, 1.8 µBq/kg, and its results are depicted in Figure 4.14.
Secondly, it was used the best estimate for this background using the data from the SR1,
3.2 µBq/kg, and the results are illustrated in the same figure. Using the best estimate
for the background of the 85Kr isotope, 144 ppq g/g, we obtain that LZ would be able to
claim a discovery after 36 days of exposure for the KK mode, while 90 and 246 days are
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required to claim an observation and a discovery for the KL mode, respectively, if the
background of the 222Rn isotope was equal to the one initially expected. Doing the same
approach for the second value, 3.2 µBq/kg, it was obtained that the LZ experiment could
claim a discovery after 44 days of exposure for the KK mode, while 117 and 329 days are
required to claim an observation and a discovery for the KL mode, respectively.

In the second stage of this work, real data from the LZ experiment to search for the
KK mode of the double electron capture decay of the 124Xe isotope. The first step was
calculating the necessary time for the getter to remove the 125I isotope, one of the most
concerning isotopes for our search. The isotope removal was calculated to be done with
a half-life of 3.8 days by the getter. For that reason, we decided to use the last 50 days
of the SR1 for our search.

Using data from this period, we search for the KK mode of the double electron capture
decay of the 124Xe isotope. That data set has 46.7 days of live time, and we were able to
obtain the half-life for this decay, T 2ν2EC

1/2 = (1.4 ± 0.1(stat.) ± 0.2(sys.)) × 1022 yr,
with a statistical significance of 6.1σ. This value agrees very well with the very re-
cently published result by the XENON1T collaboration, where they obtained a half-life
of (1.5 ± 0.3(stat.) ± 0.1(sys.)) × 1022 yr [130].

This search was done using only a small portion of data that the LZ experiment will
be able to record during its running time. Therefore, this significance is expected to
increase even further in the future. Moreover, claiming the discovery of the KL mode is
also expected during the full 1000 day duration of the experiment. In conclusion, these
searches represent the first steps in an effort for the observation of neutrinoless processes.
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