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Abstract

Dark Matter (DM) still stands as one of the great mysteries of current
day Physics, fueling massive experimental and theoretical endeavors
to understand its behavior and properties. The XENON detectors aim
to directly detect these elusive particles, mostly focusing on Weakly
Interactive Massive Particles, or WIMPs, in a large volume of liquid
Xenon, using double phase time projection chamber (TPC) detectors.
Since its latest results were published, the XENON1T detector stands
as the most sensitive Dark Matter experiment up to date.

In this work, a journey through the evidences on the existence of
Dark Matter in the Universe and some of its most notorious models
leads to a presentation of the current generation XENON1T detector
and, later on, the next generation XENONnT detector. The core of
this dissertation focuses, at first, on the simulation and analysis of
neutron generator (NG) nuclear recoil (NR) calibration data from
the XENON1T detector. Here, a full simulation of a NG calibration
run is computed and its results compared with data taken with the
XENON1T detector. A separate analysis of other NR calibration data
to look into the NR band model and its empirical fit is achieved.
Later, in the last chapter, the focus changes to the construction of the
geometry model and electric field finite-element simulation of the
XENONnT TPC. The main objective is to optimize the resistive chain
that ensures the uniformity of the field inside the TPC, changing the
geometry and voltage of the field shaping rings, preliminary based
on the design used for XENON1T.
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Sumário

A Matéria Escura continua a ser dos maiores mistérios do atual mundo
da Física, potenciando imensos esforços no estudo do seu compor-
tamento e das suas propriedades, tanto a nível experimental como
teórico. Os detetores XENON tentam detetar de forma direta estas
esquivas partículas, focando-se principalmente nas Partículas Pesadas
que Interagem por Força Fraca, ou WIMPs, em grandes volumes de
Xenon líquido com detetores de Câmaras de Projeção Temporal (TPC)
de dupla fase. Desde a publicação dos seus últimos resultados, o
detetor XENON1T é reconhecido como a mais sensível experiência de
Matéria Escura.

Neste trabalho, enumeram-se as principais evidências da existên-
cia de Matéria Escura no Universo e alguns dos seus mais reconheci-
dos modelos teóricos, passando depois à apresentação do detetor
XENON1T e, de seguida, do futuro detetor XENONnT. O princi-
pal foco desta dissertação é, numa primeira instância, a simulação e
análise de calibrações de recuos nucleares (NR) com um gerador de
neutrões (NG), feitas no detetor XENON1T. Uma simulação de todo o
detetor é feita para estudar o comportamento esperado e os resulta-
dos de análise comparados com os resultados em dados do detetor
real. Mais ainda, é de seguida feita uma análise a outras campanhas
de calibração com o NG de forma a estudar e modelar a banda de
recuos nucleares. Mais tarde, no último capítulo, o foco muda para a
construção do modelo geométrico e simulações de elementos finitos
de campo elétrico da TPC do detetor XENONnT. Aqui, o principal
objetivo é otimizar a geometria e diferenças de potencial aplicadas
aos anéis de deformação do campo elétrico(FSR), responsáveis por o
manter o mais uniforme possível dentro da TPC.
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Chapter 1.

Sightings of darkness

“The sky is like a monochromatic contemporary painting, drawing me in its
illusion of depth, pulling me up.”

— John Green, in Paper Towns, 2008

Since the dawn of Humanity, the vast Universe, with it’s countable yet too large
to count number of stars in the night sky, has been a mystery everyone is eager to
comprehend. Documented studies of the skies go back milenia before modern age,
where the first efforts to analyze and describe the movement of astronomical entities
were made. Centuries passed, civilizations collapsed and rose, knowledge was lost,
recovered and deepened, the Newton’s movement of the planets was mathematically
described, the laws of nature began to unveil, Einstein’s relativity was presented, Man
went into space, gravitational waves were observed. The accomplishments on the
field of astronomy and cosmology are enormous in both quantity and relevance but
even now, whenever someone looks up into the sky, only a small percentage of all the
matter is known. This unobserved part of the Universe is called dark matter and dark
energy.

1.1. Introduction

In this chapter, the groundworks of dark matter theory are discussed: why it is thought
it exists, what it is and how can it be detected are the main subjects. Following this
premise, some evidences that led to the concept of this non-observed type of matter are

1
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presented in Section 1.2. Section 1.3 focuses in possible dark matter particle candidates
and Section 1.4 discusses in more detail one of the most popular models, the WIMP, its
interactions with baryonic matter and the approaches taken to detect it.

1.2. Evidences of dark matter

The dark matter problem has been around since the early twentieth century. Its first
mention in a scientific journal was due to Fritz Zwicky and his measurement of the
velocity and mass of the Coma cluster, in 1933 [1, 2]. In his article, Zwicky used the
Virial Theorem, that relates kinetic and potential energies in Newtonian systems, to
deduce the mass of each galaxy using their velocity dispersion. He found a major
discrepancy between the mass values he got from his study and the ones at the time
published using the luminous emission of the galaxies, at the order of 400 times bigger
than the latter. Amid other explanations, Zwicky proposed the existence of non-
luminous matter only revealed by gravitational interaction responsible for the missing
mass, that he called dunkle Materie [1], or dark matter. In more recent years, many
more luminous to velocity mass ratios of galaxy clusters were accurately measured,
setting the average difference to around 250 times greater values in favour of velocity
masses [3]. Further more, from the same galaxy cluster, pictured in Figure 1.1b, X-ray
images have indicated a presence of a large amount of hot gas, explained only by a
large dark matter component trapping it inside the cluster with a gravational potencial
well.

Some decades later, during the 1970s, another evidence that there is more than
luminous matter arose studying the rotation curves of galaxies. As predicted by
Newtonian mechanics and Kepler laws, the stars velocity around the galaxy center is
given by:

v(r) =

√
GM(r)

r
(1.1)

where G is the gravitational constant of some particular gravitational system and
M(r) the mass of the galaxy inside the radius r measured from its the center. Despite
this prediction, Ford and Rubin [4] stated that the data shows a flat distribution
of velocities, rather than decreasing with the radius of the galaxy. To explain this
phenomenon, galaxies must not only be composed of luminous matter but also of
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(a) (b)

Figure 1.1.: (a) Velocity distribution curve of the NGC 3198 galaxy from [5]. In the figure,
the dashed curve corresponds to the visible components fo the mass, the dotted
curves for the gas and the dash-dot curves to the dark halo. Undoubtedly, only
adding the dark halo component the fit agrees with the data points. (b) The Coma
Galaxy Cluster as seen by Hubble, credit: NASA, ESA, and the Hubble Heritage Team
(STScI/AURA).

huge dark halos of matter that do not interact with light, this latter getting as high as
95% of the total mass. In Figure 1.1a the velocity profile of galaxy NGC 6503, where
the flat distribution of velocities is shown, as is the fit to data points with the dark
matter halo included in the model. As in this example, similar effect has been found in
all galaxies studied so far, including the Milky Way.

Another studied evidence of the presence of dark matter in our Universe is given
by the effect of Gravitational Lensing. As deduced by Einstein’s theory of General
Relativity, light, even though massless, is affected by the presence of massive objects,
which can act as a lens. This effect can be used to analyze the presence and distribution
of mass in galaxies. Contrary to velocity distribution curves, gravitational lensing
can be applied to much greater distances, revealing the presence of dark matter up to
hundreds of kpc from the center of the galaxy, at least one order of magnitude higher
then the first one. All the measurements made with this method seem to lead again
into the presence of a non-luminous dark matter acting as a “smooth background
component” [6] in addition to the peaks corresponding to the luminous spots of
galaxies.

In recent years, yet another hint of the existence of dark matter was gathered from
an image of the Bullet cluster, taken by the Chandra X-ray observatory. In what is a



4 1.2. Evidences of dark matter

cluster formed by the collision of two galaxy clusters, it is clearly distinguishable the
colliding baryonic matter, shaped by friction from the collision (red in Figure 1.2a),
and the dark matter, passively not affected by the collision (blue in Figure 1.2a).

All the above stated reasons indicating the presence of dark matter in the Universe
fail to deliver a quantification of such existence and are neither of non-local scale.
Nonetheless, everything points to luminous matter being only a fraction of the two.
This turns out to be entirely true. By 1965, Pezias and Wilson are on their way to
discover the Cosmic Microwave Background (CMB) radiation, composed of photons at
microwave wavelengths originally form the light-matter decoupling right after the Big
Bang. Since then, the temperature of this radiation went down from 3000K to 2.725K
due to the Universe expansion. The CMB temperature shows anisotropies of the order
of δT/T 10−4, fluctuations that can be used to infer values for several cosmological
values. Figure 1.2b shows the latest results on CMB temperature power spectrum by
Planck, where the position in angular scale and amplitude of the acoustic peaks are used
to determine values as the curvature of the Universe, baryon density or dark matter
density. The different densities from the Planck experiment are [7]:

• Ωbh2 = 0.02226± 0.00023

• Ωch2 = 0.1186± 0.0020

• ΩΛh2 = 0.692± 0.012

where Ωbh2 is the baryonic, Ωch2 the dark matter and ΩΛh2 the dark energy densities.
From this values, abundances of 4% baryonic, 27% dark matter and 69% dark energy
were calculated.

By now, the major observational evidences of dark matter have been mentioned
and described. Before moving on it is of importance to note that, while it outreaches
the focus of this thesis, the deep theoretical subjects of Cosmological Standard Model
(ΛCDM), Einstein’s General Relativity and the Friedmann equations are of great
importance has they overall agree with the conclusion that there must be some kind
of dark matter. Further more, the agreement with the observed values of baryonic,
dark matter and dark energy densities is solid. From [8], “The six-parameter base
ΛCDM model continues to provide a very good match to the more extensive 2015 Planck data,
including polarization”. For further information on the subject the reader is pointed to
[9] and for a challenging model [10].



Sightings of darkness 5

(a) (b)

Figure 1.2.: (a) The Bullet Cluster, credit: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical:
NASA/STScI; Magellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/STScI;
ESO WFI; Magellan/U.Arizona/D.Clowe et al. (b) Planck 2015 temperature power
spectrum, from [8], with the best-fit to the ΛCDM model.

Although dark matter seems almost inevitable and such a strong case to its existence
has been made, little is known about its true nature or exactly how it behaves. Due to
the fact that it has never been detected, it can be expected to be neutral, have very low
interaction rate with luminous matter and, most likely, to not be baryonic. Then, what
can it be? Various answers to this mystery have been suggested across the last decades.
In the next Section, the most important ones will be presented and briefly discussed.

1.3. Dark matter nature and its major particle candidates

Different perspectives on how to handle the dark matter nature problem have been
discussed since the middle of the twentieth century, from standard baryonic matter
and massive neutrinos to an unknown new kind of particle. An alternative to the
hidden mass hypothesis is to consider modified models of gravitational laws and
Newtonian dynamics, like Modified Newton Dynamics (MOND) [11] and its relativistic
expansion TeVeS [12]. In despite of their theoretical innovation, both show problems
to be overcome. On one hand, the simple MOND paradigm cannot be confirmed on
larger scales and, on the other hand, TeVeS can’t simultaneously fit observations from
gravitational lensing and rotation curves.
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Due to its simplicity, the first candidates to solve the dark matter problem were
standard massive yet non-luminous objects of baryonic matter, named MACHOs
(Massive Compact Halo Objects), like giant planets, black holes, neutron stars, brown
stars, among others. In the late nineties, experiments like MACHO [13] and EROS
[14] handle this possibility, concluding only 20% of the total dark matter observed in
our galaxy could be MACHOs. Moreover, the CMB and the ΛCDM very precise model
of the Universe matter densities overall exclude dark matter as a baryonic particle.

Looking into the Standard Model (SM) of Particle Physics, only one particle can
be a dark matter candidate: the neutrino. It is neutral, has low interaction rate with
standard matter and is non-localized. However, observations of atmospheric and
Solar neutrinos have given an indication as to its abundance in the Universe, which
summed with their very light mass makes them not enough to explain the missing
mass. Thus, several candidate particles have been proposed beyond the SM.

The axion, proposed by Peccei and Quinn [15], is a light pseudo-scalar particle
postolated to solve the strong CP problem. The asymmetry between matter and anti-
matter in the Universe suggests a violations of charge-parity (CP) in some interactions.
As it stands, CP violation was never observed at the Quantum Chromodynamic (QCD)
level, giving origin to the strong CP problem. The above stated author explains this
observation within a QCD model where an axion, acting as a boson, is emitted in
order to conserve CP symmetry. As a neutral, very weakly interactive and possibly
produced in enough amount, the axion is a prime candidate to a dark matter particle.
Several experiments were designed to search for it, such as CAST [16], ADMX [17],
CASPER [18] or where an axion or axion-like particle search is possible in LUX [19] and
XENON [20].

Also beyond the SM, Supersymmetry (SUSY) has its own dark matter particle
candidates. SUSY postulates that every particle has a superpartner with the same
properties except mass and opposite spin. SUSY proposes particles like the neutralino
and the gravitino, moving away from the subject of this thesis. For those, the reader is
led to [21] and [22]

The final particle candidate presented in this work is the Weakly Interactive Massive
Particle (WIMP). The term WIMP may emerge as more general than a unique particle,
as, for example, the neutralino can be considered a WIMP particle. Nevertheless, the
search for a hypothetical WIMP particle whose mass can range from 1GeV to 10TeV
has been of great importance in the last decades and is the main concern of the XENON
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experiments, thereby being the main focus of this work. In Section 1.4 a more in depth
look into the nature, interactions and detection of this particle is given.

1.4. The WIMP

The presence of a seemingly low density of WIMPs in the current day Universe can be
explained by what is called the freeze out model, noting that a major requirement is the
WIMP being a stable particle or its half-life bigger than the age of the Universe [23].
In the earliest times after the Big Bang, WIMPs and standard matter were at a thermal
equilibrium, meaning that the production and annihilation rates were the same in the
interactions χ χ↔ SM SM. As the Universe temperature, T, cooled down bellow the
dark matter mass, mχ, annihilation of WIMPs is preferred over creation, leading to a
decrease in the number of dark matter particles, proportional to e−mχ/T. Consisering
only the process described, the number of particles should continue to decrease until
no dark matter was left, but, taking also into consideration the Universe’s expansion
this does not happen. As the Universe keeps getting larger, the remaining dark matter
particles can no longer interact with each other and annihilate, reaching a point of
constant relic density, as can be observed in Figure 1.3.

The relic density of DM particles after freeze out can be written as [24]:

Ωχ∼
x f T3

0

ρcMPI
< σAν >−1 (1.2)

where the subscripts f and 0 denote the time at the moment of freeze out and at present
day, respectively, ρc is the critical density, σA the WIMP annihilation cross-section, ν is
the relative velocity of the particles in the interaction and the brackets, <>, represent
the average over the Boltzman thermal distribution. Through a dimensional analysis,
the cross-section can be written as [24]:

σA = k
g4

weak

16π2m2
χ

(1.3)

where gweak ' 0.65 is the weak interaction gauge coupling and k a paramater to
quantify deviations from this estimate. When the expected value for the relic density
of dark matter (CMB part in Section 1.2) is considered in the above relations, the
calculated masses of the WIMP particles are of the order of GeV – TeV, which perfectly
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matches the weak-scale particles masses, and vice-versa. This “coincidence” is named
the WIMP miracle and merges the WIMP problem for many weak-interacting particle
models.

Three major detection techniques have been applied to WIMP search: direct detec-
tion, indirect detection and production by collision. As it stands, never a WIMP has
been experimentally observed and confirmed by any of these.

The latter, production of dark matter by two SM particles at a collider like the
Large Hadron Collider (LHC) at CERN focuses on supersymmetric models for DM,
tested by the ATLAS [25] and CMS [26] experiments. The mesurements performed by
these experiments do not look directly for the presence of a WIMP but for a missing
energy on the summed energies of the interaction products, result of the escape of a so
produced WIMP. Though a positive result from one of these experiments would open
up the possibility for a fermion-like and SUSY WIMP, the lifetime of such particle can
not be determined by it, which has to be of the order of the age of the Universe to be
consistent with DM.

Figure 1.3.: Normalized dark matter density (left axis), and resulting thermal relic density
(right axis) given a 100 GeV WIMP particle as function of temperature (bottom)
and time (top). The dashed line corresponds to a particle that remains in thermal
equilibrium and the solid line is for a freezed out particle with the observed relic
density of DM. Shaded region differ from this value by 10, 102 and 103

.
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Indirect dark matter detection looks for the products of DM particles annihilation,
expected to stay within the SM. DM-DM local interaction rates are surely dependent
on DM local density, giving regions with high dark matter density a more suitable
environment to annihilate, including galactic centers, white dwarfs or the Sun. There-
fore, experimental searches for an excess of SM particles in cosmic rays has been
adopted. The nature of the annihilation products, however, is yet to be confirmed as a
WIMP-WIMP interaction can theoretically lead to different kind of pairs: γγ, γZ, γH,
qq, W−W+, ZZ, among other possibilities [27]. Moreover, unstable particles decay
into charged particles or other pairs like e−e+ from photon interaction with standard
matter. All these detection channels must be taken into account as possible indirect
measurements of DM in experiments directly in space (FERMI-LAT [28], AMS-02 [29])
or on Earth (Ice-Cube [30], HESS-II [31]).

The remaining detection technique to be discussed in this section is the direct
detection, which is the one this work focuses in the next chapters. Direct detection of
WIMPs looks for their elastic scattering inside a target material, producing nuclear
recoils from few keV up to about 100 keV, depending on the scatter medium. A WIMP
scatter can be of one out of two ways:

• Spin-Independent (scalar coupling) – The WIMP scatters with a nucleus as a
whole with a cross-section simplified as [32]:

dσSI

dq2 =
4
π

µ2
χ[Z fp + (A− Z) fn]

2F2(q) (1.4)

where µχ is the interaction reduced mass, fp and fn are the coupling constants
to protons and neutrons, respectively, Z is the atomic number of the nucleus, A
its mass number and F2(q), being q the recoil momentum, is the nuclear form
factor. The latested data published results on SI cross-section limits come from
the XENON1T experiment and are pictured in Figure 1.5a.

• Spin-Dependant (axial coupling) – The WIMP scatters either with an unpaired
proton or a neutron of the nucleus. The latested data published results on SD
neutron coupling and proton coupling cross-section limits come from the LUX
experiment and are pictured in Figure 1.5b and Figure 1.5c.

Many techniques can be implemented to a direct search of WIMP particle interac-
tions, as well as many kinds of different detectors. The full discussion of each detection
technique is out of the scope of this dissertation but some are mentioned as they are of
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Figure 1.4.: Main Feynman diagrams for Spin-Independ (upper case) and Spin-Dependent
(lower case) WIMP-nucleon scaterring.

.

importance to compare results. These are the cases of cryogenic bolometers acting
on heat and ionization signals on semiconductors (CDMS [33], EDELWEISS [34] or
scintillation signals (CRESST [35]), Argon Time Projection Chambers (TPCs) with one
or two phases (DarkSide [36]) and, as a main focus later in this work, Xenon TPCs
with one or two phases (LUX and XENON, respectively). All the above mentioned
experiments aim to recognize certain events in their detector as a WIMP-like event.

However, a different approach can be taken, considering the Annual Rate Modu-
lation: as the Earth orbits around the Sun, its velocity in relation to the dark matter
halo is expected to change over time, therefore changing the rate of WIMP-nucleon
interactions measured even if as background inside a target value. This technique
has been reason of scrutiny by many experts of the field due to a positive signal for
dark matter detection by the DAMA experiment, now upgraded to the DAMA-LIBRA
experiment going as far as 12.9σ CL in their latest results [37]. However, other experi-
ments have contradicted this result, observing no events in the Region of Interest. As
of the writing of this thesis, this decade long contradictory results still stand as a major
challenge in the field.



Sightings of darkness 11

(a)

(b) (c)

Figure 1.5.: Current limits on (a) SI and SD ((b) neutron and (c) proton) WIMP-nucleon cross
sections. Figures from [38] and [39]

In the next chapter, direct search of dark matter with a double-phase Xenon TPC,
the XENON1T detector, will be further discussed.
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Chapter 2.

The XENON project for direct dark
matter search

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

— Richard Feynman, 1918–1988

In the last chapter, different dark matter detection techniques were presented, from
indirect measurements to direct recoil analysis (Section 1.4). The XENON project
aims to directly identify WIMP signals with double-phase time projection chambers
(TPCs) using liquid Xenon (LXe) as the target medium. Due to the expected low recoil
energy of WIMP-nucleon interactions in LXe and their very small interaction rate, the
detectors must operate within a low-energy threshold and low-background state. In
order to accomplish the later, the detectors are located in the caverns of the Gran Sasso
Mountain in central Italy, within the facilities of Laboratorio Nazionale del Gran Sasso
(LNGS). The underground laboratory is under 1300 m of rock (3800 m water equiva-
lent), cutting out most of radio and electromagnetic background abundant at surface
level, as well as reducing the muon flux from around 100 to nearly 10−4 m−2 s−1 [40].

In this chapter, an overview of the interactions of radiation with matter is done
in Section 2.1, explaining many concepts referenced throughout this disserttion. In
Section 2.2 the subject of gaseous detectors and radiation interactions with noble gases
and their scintillation and ionization signal responses are presented and discussed,
followed by an in depth description of the XENON1T detector and its valencies in
Section 2.3.

13
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2.1. Interaction of Radiation with Matter

Radiation can interact with matter in many different ways given different types of
incoming radiation as well as the medium where the interaction takes place. Both
charged and non-charged particles must be taken into account, giving very different
results even for similar energies. Within the charged particles sub-sector the effects
vary mainly with their mass, from light β rays to heavy α radiation. In a similar way,
non-charged particles effects change from the zero mass photons and the light neutrino
to the heavy neutron.

As for the first one, the incident particle looses energy through excitation or ion-
ization of the atoms of the medium. As for the latter, the incident particle is mostly
scattered by the intense Coulomb field around the nucleus, usually originating a mul-
tiple scattering effect and, due to the accelerated scattered particle, Bremsstrahlung
photons. Heavy charge particles deposit their energy mostly in a small range interval,
at a determined mean distance from the interface of the medium. On the other hand,
light charged particles, like electrons and positrons, begin loosing their energy much
sooner becuse the average energy loss per collision is significantly larger. Light parti-
cles produce less straight tracks as they are often significantly deflected whenever they
collide with nuclei. Moreover, radiative losses (by Bremsstrahlung) are of much greater
importances in light particle than heavy particle radiation, supplanting collision losses
at the tens of MeVs range.

Many models were developed in the early twentieth century to predict the energy
deposition of incoming radiation on a known medium. In the 1930s, Hans Bethe pro-
posed the now called Bethe’s stopping power formula, which, after considering relativistic
corrections for light particles, predicts the energy deposition, ( dE

dx ), of a given radiation
in a given medium fairly accurately [41]:

−dE
dx

= Kρ
Z
A

z2

β2

[
ln

2meγ
2c2β2Wmax

I2 − 2β2 − δ− 2
C
Z

]
(2.1)

where K = 2πNar2
e mec

2, ρ is the density of the medium, Z is the atomic number of
the target material, A its atomic mass, z is the atomic number of the inciding particle,
β = v

c , Wmax is the maximum energy transfered in a single collision, δ is the relativistic
density correction and C is the relativistic shell correction factor.
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In Figure 2.1 a sketch plot of the Bragg curves of different radiations is shown for
easy visualization. A Bragg curve plots the energy deposition rate versus the distance
traveled1 by the incoming particle. As expected, light particles deposit their energy
in broad region along their path, as they interact with different atoms of the target.
On the other hand, heavy particles deposit their energy centered around some mean
range. Along their path they continuously lose energy and slow down, ionizing the
medium and emitting δ-rays (energetic secondary electrons).

Non-charged particles interact very differently as most of the energy of the incom-
ing radiation is deposited in a single event, either being absorbed or largely scattered.
Both ways lead to an abrupt change in the radiation path, unlike the ones of charged
particles whose energy deposition is much more linear-like throughout the medium.

Photons interact with the detection target via three different processes: the photo-
electric effect, Compton scattering and pair production. The probability of either of
the above mentioned mechanisms to happen depends on the photon energy and the
medium of interaction, as sketched in Figure 2.2a. For low energy gamma radiation
(eV-keV) the most probable process is the photoelectric effect: a photon interacts with
a bound electron of an atom, transferring all its energy, hν. The electron, absorbing the
energy of the incoming photon, is released with kinetic energy Epe:

Epe = hν− EB (2.2)

Figure 2.1.: Sketch of the Bragg curves of for different types of radiation.

1Many remarks must be done regarding how this distance is measured as it can deeply influence
the outcome of the Bragg curve. For more information on the subject the reader is directed to [41]
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(a) (b)

Figure 2.2.: (a) Sketch of the attenuation coefficient for the different photon-matter interac-
tion processes. (b) Attenuation coefficient, µ/ρ, and the mass energy-absorption
coefficient, µen/ρ, as a function of photon energy. Figure from [42]

where EB is the binding energy of the atomic electron. The emitted electron is usually
given the name of photolectron due to its nature. The hole in one of the bound shells
of the atom is quickly filled by rearranging the electrons from outer shells or by
absorption of a free or bound electron of the medium. In the case of an electron from
an atomic orbital, the excess of energy is then used in the production and emission of
an X-ray photon with energy hν given by2:

hν = EK
B − EL

B (2.3)

where EK
B is the binding energy of a K shell electon and EL

B is the energy of a L shell
electron.

Another possible secondary outcome of a photoelectric interaction is the emission
of Auger electrons whenever the emitted X-ray photon interacts with an outer shell
electron, depositing its energy and releasing said electron to the medium (Auger
electron). The energy of the Auger electrons of an atom are as characteristic as its X-ray
photons and their energy given by3:

EAuger =
(

EK
B − EL

B

)
− EL

B = EK
B − 2EL

B (2.4)

2For a hole in K shell filled by an electron from the L shell
3For a hole in K shell filled by an electron from the L shell and emission fo an Auger electron from

the L shell
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Figure 2.3.: Principle of the photoelectric mechanism, emission of characteristic X-rays (left)
and Auger electrons (right). Figure from [43]

In the Compton scattering mechanism, on the other hand, the photon is not absorbed.
Instead, it interacts with an outer electron of an atom transferring only part of its initial
energy. As long as the energy transferred is greater than the binding energy of the
electron, EB, the electron is extracted from the atom (see figure Figure 2.4. Applying
conservation of energy and momentum to the photon-electron system one can find
the energy of both the photon and the Compton electron given the angle of scatter [41]

E′γ =
Eγ

1 +
Eγ

mec2 (1− cos θ)
Te = Eγ

Eγ

mec2 (1− cos θ)

1 +
Eγ

mec2 (1− cos θ)
(2.5)

where Eγ and E′γ are the photon energies before and after the compton scattering
process mechanism.

Not all the energy of the original photon is transferred, leading to the occurrence of
successive Compton scatterings until all the energy is deposited in the medium (or a
scattered photon escapes the medium with a fraction of it). The maximum value of
energy transfer occurs for a scattering angle of θ = 180 degree (back scattering):

Temax = Eγ

Eγ

mec2 (1− cos θ)

1 + 2
Eγ

mec2

(2.6)
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(a) (b)

Figure 2.4.: (a)Tree level Feynman diagram of the Compton scatering process. (b) Sketch of
the Compton scattering process (see text for detailed description).

The last aforementioned photon-matter interaction is the pair production mech-
anism, where the reverse of the e+e− annihilation process happens: a high energy
photon may materialize into an e+e− pair, given it has a field to mediate the interaction,
in this particular case in the Coulomb atomic electric field. The energy threshold for
pair production, considering null the recoil energy of the nucleus, is given by:

hνmin = 2mec
2 = 1.22MeV (2.7)

Right after the pair production mechanism takes place, the electron and positron
termalize and give origin to a annihilation processes, mostly with the medium, where
the particles vanish and two 511 keV photons are emitted in opposite directions. As
important as this mechanism is in energies above the MeV scale, in the range of the
main γ backgrounds in XENON1T, its probability is negligible (further discussed in
Section 2.3.3).



The XENON project for direct dark matter search 19

2.2. Gaseous detectors and light signals in noble gases

The main focus of experimental particle physics is to look for the presence and inter-
action properties of different particles, may they be already know or, as the case of
WIMPs, unknown. This general goal can be tackled through many angles: collider
physics at the LHC, astronomical and cosmological observations or direct particle
detectors. In all of these methods, particle detectors, in many different types and
setups, play a major role in the identification and characterization of particles. In
the XENON experiments, the detector principle is the double-phase Time Projection
Chambers (TPCs), explained in detail in the next section, Section 2.3.1.

2.2.1. Operation principle of gaseous detectors

The basic processes happening in most gaseous and liquid particle detectors are the
same, as is their operation principle. A gaseous/liquid detector is composed (at least)
by a target volume, electrodes inducing an electric field in the volume and a way to
readout a signal, may it be charge-like or light-like. When an interaction happens
inside the target volume, processes of excitation and ionization of the medium lead
to a deposition of the incident particle energy within the detector, later collected as a
signal. A charge-like signal may be read directly from the field-inducing electrodes

Figure 2.5.: Standard operating regions of gaseous/liquid detectors: recombination, ionization,
proportionality, limited proportionality, Geiger-Müller and continuous discharge.
For in depth description see text. Figure from [44]
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or have a designated read-out electrode. On the other hand, a light signal must have
specific equipment like photomultiplier tubes (PMT) or avalanche photomultipliers
(APDs) to be collected and measured (converted into current in electronics).

The mode of operation of a gaseous detector is set by the E
p fraction, tuned by the

voltage of the electrodes. Six different regions can be individually described:

• Recombination region – given null or very low electric fields, resulting in low
electron drift velocities, the electron-ion pairs formed by the deposition of energy
tend to recombine before reaching the electrodes.

• Ionization region – in this region, the electric field is responsible for collecting the
majority of ion-electron pairs in the electrodes, without any charge multiplication.
The output signal can be used to determine the deposited energy but is usually
too low to be measured with high precision.

• Proportional region – in this mode of operation, the electric field is high enough
that the primary electrons gain energy between collisions to induce more ioniza-
tions in the medium, leading to an avalanche phenomenon with multiplication
of charge. The gain in charge or gas amplification factor, defined as the ratio
between primary ion-pairs formed and collected, is proportional to the voltage
applied in the electrodes, allowing for better signal resolution and efficient energy
deposition calculation.

• Limited proportionality region – No clean proportionality between charge gain
and electrodes voltage is achieved due to distortion in the electric field by positive
ions, making it less useful than the proportional region described above and
usually avoided.

• Geiger Müller region – in this region, multiple avalanches are produced from a
single event, originating a very high amplyude signal. Moreover, the multipli-
cation effect spreads through the whole detector, only ending when the heavy
positive ions cancel out the electric field of the electrodes. This mode only serves
as a counting device as all kinds of interaction in the target volume saturate the
detector.

• Continuous discharge region – in this region, the electric field inside the target
volume is higher than the ionization potential of the medium, leading to sponta-
neous ionizations and continuous discharges. No standard experimental studies
are done in this mode of operation.
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2.2.2. From interaction to signal

When an interaction occurs in a rare gas target, the deposited energy T0 is used in
forming electron-ion pairs Ni, excited atoms Nex and subexcitation electrons (free
electrons with lower energy than the first excited level) [45]:

T0 = NiEi + NexEex + Niε (2.8)

where, besides the aforementioned quantities, Ei is the average energy expended on
eletron-ion pairs production, Eex is the average energy expended on exciting atoms
and ε is the average kinetic energy of subexcitation electrons. From here, Platzman
deduced the W value4 of rare gases to given as:

W = T0/Ni = Ei + Eex (Nex/Ni) + ε (2.9)

Except for very low energies, the W value of a given rare gas can be considered
constant as it almost does not change with the type and energy of the interacting
radiation [46]. The W values for Argon, Kryton and Xenon gases and liquid phases
are shown in Table 2.1.

Table 2.1.: W values for liquid and gas Argon, Krypton and Xenon atoms. Values in eV, from
[46], Table II.

Phase Ar Kr Xe

Gas 26.4 24.2 22.0
Liquid 23.6 18.4 15.6

Excitation, scintillation and the S1 signal

The excited atoms resulting from a particle interaction within the target volume, Nex

in equation 2.8, usually release the absorbed energy through photon emission. This
process is called scintillation or luminescence. In LXe the excited atoms do not directly

4The W value is defined as the average energy used to produce one electron-ion pair
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Figure 2.6.: Event rates from different target materials for a SI WIMP-nucleon interaction.
Figure from [47]

return to their ground state but form excited dimers:

Xe∗ + 2Xe→ Xe∗2 + Xe (2.10)

Xe∗2 → 2Xe + hν (2.11)

In the absence of an electric field, or if the field is not strong enough to collect all
the ion-electron pairs, a fraction of them will undergo recombination, leading to more
scintilation processes from Xenon dimers

Xe+2Xe→ Xe+2 + Xe (2.12)

Xe+2 + e− → Xe∗∗ + Xe (2.13)

Xe∗∗ → Xe∗ + heat (2.14)

Xe∗ + 2Xe→ Xe∗2 + Xe (2.15)

Xe∗2 → 2Xe + hν (2.16)

These Xe∗2 dimers, when decaying to the ground state (2.11, 2.16), release a photon
with wavelength of 178 nm, in the vacuum ultraviolet (VUV) region) [46]. The time
signature of such decay has two components due to the single and triplet states of Xe∗2 .
Studies on the incident particle can be conducted from the relation between these two
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components through Pulse Shape Discrimination (PSD) analysis. Nonetheless, in the
case of LXe, even though physically possible, the time separation between the two
components – of a few nanoseconds - makes PSD a possible but very difficult task [48].
On the other hand, LAr singlet and triplet components have large time separations
(5 and 1950 ns, respectively) making this methods very effective and efficient. For
instance, this has been sucessfully accomplished for WIMP search by the Darkside50
experiment at LNGS [36].

The number of photons, nγ, is in good agreement equal to the number of excited
atoms. From all these scintillation photons, only a fraction contributes to the collected
light signal, called S1. This fraction is mainly controlled by the detector’s geometry
and the presence of impurities such as oxygen or water molecules whose absorp-
tion spectrum overlaps the VUV region. To maximize light collection, detectors like
XENON100, LUX or XENON1T use Polytetrafluoroethylene (PTFE) sheets to cover
the inner surface of the TPC, reaching as much as a reflectivity of ≥ 97% [49]. Photons
that travel larges distances and get multiple times reflected in the walls, are the ones
affected by the latter problem, for which an ultrapure medium must be achieved.
The fraction of scintillation photons that is collected in the PMT array is called light
collection efficiency and proves to be highly position dependent. Moreover, when a
scintillation photon reaches a PMT it is not granted that a S1 signal is measured as not
all photons are converted into photoelectrons and not all photoelectrons get acceler-
ated inside the PMT. The quantum efficiency (QE) of these processes is different for
each PMT. For the XENON1T detector an average QE of 34.5% and 90% efficiency on
producing a signal in the PMT from the photoelectron is achieved [50].

Ionization, recombination and electron drift

A considerable amount of energy deposited by a particle on an event is consumed on
forming electron-ion pairs. In the absence of an applied electric field all the ion pairs
will recombine into excited atoms and proceed to scintillate (equation 2.16). When an
electric field is applied, some of the electrons get drifted through the medium away
from the positive ions (which also get drifted in the opposite direction, though much
slower) and, therefore, the recombination probability, r ∈ [0, 1], drops. The number
of electrons extracted from the interaction by the electric field is controlled by the
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recombination probability through:

Nq = (1− r)Ni (2.17)

The fraction of extracted electron is given by (1− r) and is highly dependent on the
ionization track and energy. As mentioned in Section 2.1, lighter particles like gammas
and beta rays, interact mainly through multiple site scatters, spread their tracks and
featuring small recombination rates. On the other hand, heavy particles such as alphas
and neutrons deposit most of their energy in a small region, greatly increasing the
recombination probability. Recalling that recombined electron-ion pairs increase the
number of scintillating excited atoms, a distinct difference between electronic and
nuclear recoils arises. Quantitatively, the ratio between the initially formed excited
atoms and the electron-ion pairs, Nex/Ni, yield 0.06 for electronic recoils (strong
anti-correlation between charge and light signals)and 1.09 for nuclear recoils (strong
correlation between charge and light signals) [51].

Studies conducted by Policarpo [52], later by Anderson and Suzuki, propose in-
creasing the ionization yield by adding dopant molecules with high photosensitivity.
As their ionization potential is lower than the energy of scintillation photons, addi-
tional electron-ion pairs will be created. Despite the major advantages in charge signal
detection, this process is not used in double-phase light based TPCs as for the most
part it prevents a measurable or linear S1 response.

In order for the primary electron cloud to drift throughout the detector volume
without loss of charge, the medium must be ultra pure to prevent electronegative
impurities such as oxygen. The purity can be quantitatively ranked by the electron
lifetime, and albeit an high field is needed to prevent recombination, the excitation po-
tential of the medium must not be reached to prevent electroluminescent (or secondary
ionization) in the drift region.

Secondary scintillation and the S2 signal

In double-phase detectors, further discussed in Section 2.3.1, a second light signal, the
S2, comes from the electrons that escaped recombination, drifted through the liquid
phase and got extracted into the gas phase. The gas phase serves as a proportional
scintillation region, inducing multiple scintillation photon emissions until they are
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Figure 2.7.: Example waveform from the XENON1T detector for a NR event during a 241AmBe
calibration run. The upper part shows the complete time frame of the event, with
both the S1 and S2 peaks, shown in detail at the bottom panels. The drift time of
529.7 µs corresponds to a depth of Z=−75.9 cm. Figure from [50]

collected. Given large enough extraction fields ( 10kV/cm, E
p ≈ 5kV/cm/atm [53]),

the extraction efficiency is close to 100%. Due to the diffusion of the electron cloud
within the liquid, the S2 signal is more wide than the corresponding S1 and spreads
over a longer time period. The number of photoelectrons product of proportional
scintillation created from the extracted electrons, ne, directly relates to the S2 signal
through the S2 gain factor, gS2:

S2 = gS2 · ne (2.18)

Energy scale

Finally, taking all the above processes and considerations, one can aim to estimate
the energy deposited by a particle in the target volume using the measured S1 and S2
signals.
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As mentioned in Section 2.2.2, for beta and gamma rays, the S1 and S2 signals are
mostly uncorrelated and the deposited energy is well fitted by:

EER = W
(

nγ + ne

)
(2.19)

= W
(

S1
g1

+
S2
g2

)
(2.20)

where W is the average energy needed to produce a quantum, determined to be
13.7 eV/quantum experimentally [54]. The photon detection efficiency, gS1, and the
charge amplification factor,gS2, are specific for each experimental setup and must
be determined accordingly. Note that equation 2.20 only holds for light charged
particles and does not model alpha particles electronic recoils. For nuclear recoils
more considerations must be taken. The scintillation yield5 is much smaller than for
electronic recoils due to nuclear quenching and the increased probability of electron
emission in dense tracks by the process of collision between two excitons [55]:

Xe∗ + Xe∗ → Xe + Xe+ + e− (2.21)

To take these effects into consideration, an effective scintillation function, Le f f is
introduced:

Le f f =
LNR

LER,57Co
(2.22)

Le f f is defined as the ratio between the scintillation yield of nuclear recoils and
the scintillation yield of electronic recoils from the full absorption peak of the 122 keV
gamma line from 57Co

The nuclear recoil energy, ENR, relates to the S1 signal by [56]:

ENR =
S1

Le f f · LER,57Co
· SER

SNR
(2.23)

where SER and SNR account for the field dependence of electronic and nuclear recoils
and Le f f , which is energy dependent, is experimentally determined [56, 57]. ON the
other hand, the S2 measured signal can be used to determine the nuclear recoil energy

5Scintillation yield is commonly defined as the number of free photons per unit energy
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without the need for any reference point. The relation is given by [58]:

ENR =
S2

Y ·Qy
(2.24)

where Y is the gain of the secondary scintillation from single electrons and Qy is the
charge yield of nuclear recoils. Note that Qy is greatly energy dependent and is usually
derived by matching simulated data to calibration data.

The latest results by XENON1T detector alongside older results for light and charge
yield on electronic and nuclear recoils are shown in Figure 2.8.

(a)

(b)

Figure 2.8.: (a)Electronic recoil photon and charge yields from 0-21 keVee. (b) Nuclear recoil
photon and charge yields from and 0-80 keVnr.6 [59]

6The unit keVnr relates to the energy deposited by a nuclear recoil. Direct energy calibration is not
often possible and therefore the unit keVee, or electron equivalent, is used: E[keVee] = E[keVnr]×Le f f
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2.3. The XENON1T detector

The XENON1T detector is a two-phase Xenon TPC particle detector located in Hall
B of LNGS, in Italy, and is one of the few TPC detectors worldwide with tonne-scale
target volume. XENON1T is the third detector in the XENON family of detectors,
following the work done in XENON10 [60] and XENON100 [61] with 15 (5.4) and
62 (34) kg target (fiducial) mass. In this section, an outlook of the subsystems of the
detector will be stated, followed by a study on its major backgrounds and calibration
techniques. Apart from where specifically stated, the sources of information for each
topics are The XENON1T dark matter experiment paper [50] and my own experience,
collected over more than a month monitoring the detector on site.

2.3.1. The Doube-Phase TPC Principle

All of the XENON detectors are, to this date, double-phase time projection chambers
filled with xenon in liquid and gas form. This kind of apparatus, the target medium
is the liquid phase, where, upon interaction by a particle, the energy transfer is split
between scintillation, ionization and quenching (heat).

Given either an electronic or nuclear recoil, there will be production of scintillation
photons and ionization electrons: an excited xenon atom merges with another xenon
atom forming a diatomic excited molecule, which then de-excites into two xenon
atoms and emits a 178 nm scintillation photon. As the photon is a product of the
excimer state, it is not absorbed by the xenon atoms and can, therefore, be detected
by the photomultiplier (PMT) arrays, giving origin to a primary scintillation signal
or S1. On the other hand, electron-ion pairs split due to an existing vertical electric
field, Edri f t, which is also responsible for the drifting of the electron cloud up to the
grounded gate and the positive ions to the cathode. There are two sets of PMT arrays,
located on the bottom of the TPC, bellow the cathode, submerged in liquid xenon and
on the top of the TPC, above the anode, in the gas phase. A few millimeters beneath
the gas-liquid interface there is a grounded gate, separating the drift region form the
extraction region.

Upon reaching the gate, the electrons are extracted from the liquid phase to the gas
phase due to a much greater applied filed, applied between the gate and the anode,
Eextraction. As a results of this second field, a process of proportional scintillation is
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Figure 2.9.: Dual-Phase TPC working principle. A particle hits the target liquid xenon creating
a scintillation signal (S1) detected in top and bottom PMT arrays. The interaction
also produces electron-ion pairs that drift into the gate and cathode, respectively,
given the presence of Edri f t. The electrons are extracted from the liquid phase
by a Eextraction and proportionally scintillate, giving origin to the S2 signal, again
detected by the top and bottom PMT arrays. See text for more details.

induced, giving origin to the second scintillation signal, charge signal or S2. For a
strong enough field ( 10kV/cm [53]), the charge to light conversion is almost 100%.

In the end, two distinct signals are detected in both top and bottom array of PMT. As
scintillation light is almost simultaneously produced and detected, the time difference
between the S1 and S2 signals is mainly due to the drift time of the electron cloud
through the TPC. Given the electron drift velocity, ve, which directly depends on the
drift field, the Z coordinate of the event can be calculated. This drift velocity is the
focus of detailed studies, given its major importance to correctly reconstruct events
inside the TPC.

Z = ve∆t (2.25)

Moreover, the hit pattern made in the PMT arrays can be used to infer the X and Y
coordinates of the event, providing a full 3D reconstruction of the event.

A main advantage of this type of detectors is tagging events for their type of
interaction. Since the light and charge yields of ER and NR are different, the light
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(a)
(b)

Figure 2.10.: (a) Principle of S2 over S1 discrimination. (b) ER and NR bands in cS2 over cS1
versus cS1 parameter space. Figure from [62].

signals, especially the S2 signals, are different, as well: an ER event is expected to
produce a much larger and wider S2 from a similar S1 than an NR event. A plot of the
S2 over S1 ratio versus S1 is usually very representative in this regard (see Figure 2.10b).
The light signals collected in the PMT arrays are processed and corrected for the charge
loss that might have happened during the drift of the electron cloud with information
form the electron lifetime, giving origin to the corrected variable cS2, and for the
area of the main interaction with the reconstructed event position and field electric
effects, giving origin to the corrected variable cS1. PMTs in the top array have large
differences in illumination, gaining sensitivity for position reconstruction. However,
the hit pattern of the bottom PMT array is spread across the overall area, reducing
inaccuracy when calculating the S2 size. This feature is taken into account for ER/NR
interaction discrimination and energy spectrum studies where cS2bottom, the corrected
S2 signal measured by the bottom PMT array, is preferred over the cS2 parameter.

2.3.2. Detector subsystems and TPC

The XENON1T detector is a complex set of systems working and communicating with
each other. The dual-phase TPC is placed in the center of a 10.2 metre high, 9.6 metre
diameter water tank and all its subsystems in a three-floor building next to it.
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The XENON1T detector can be divided into subsystems:

• TPC

• Cryogenics

• Purification

• Water shield and muon veto

TPC

The cylindrical two-phase TPC is the heart of the experiment (Figure 2.9, Figure 2.11).
It has a length of 97cm and a diameter of 96 cm holding up to 2 t of Lxe. Events
happening inside the LXe, as described in the last section, originate a measurable S1
and S2 signal. These light signals are recorded by a total of 248 Hamamatsu R11410-
21 [63] PMTs of 76.2 mm diameter, radially distributed to increase radial position
reconstruction performance on the top array and packed on an hexagonal pattern to
maximize light collection on the bottom array. Before reaching the PMT window, some
scintillation photons will be reflected in the side walls of the TPC, within an efficiency
of 97%, in 24 tightly interlocking PTFE panels.

(a) (b)

Figure 2.11.: (a)Sketch of the XENON1T TPC, at scale. Figure from [50]. (b) Picture of the
XENON1T TPC in the cleanroom, before assembly in the water tank.
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Another key aspect of ensuring a measurable and stable S2 signal response is the
electric field inside the TPC. The circular stainless steel anode, biased at +4 kV, sits
above the top PMT array, etched in a hexagonal pattern to optimize optical trans-
parency. Dividing the drift and extraction regions, still submerged in LXe, there is a
gate mesh connected to the ground voltage, setting the end of around 1 metre of drift
field. Bellow the bottom PMT array stands the negatively biased cathode responsible
for setting the drift electric field. The cathode, unlike the anode and gate, is made
of parallel wires. Outside of the PTFE panels, surrounding the TPC, there are 74
field shaping rings to ensure field uniformity throughout the entire drift field. The
detector electrodes, in particular the latter, will be further discussed in Chapter 4,
mostly through electric field electrostactic simulations of the whole TPC.

Cryogenics and purification

The TPC is enclosed in a 1.96 m high and 1.1 m inner diameter stainless-steel cryostat
in the center of the water tank. Two pipes connect the inner part of the cyostat with the
exterior, one for xenon circulation, PMT cable and slow control sensors and another for
the high-voltage feedthrough to the cathode. Three rods attached to the support frame
inside the water tank hold the cryostat suspended and are used to precisely lower
and tilt the TPC in respect to the liquid level. All the materials used were especially
selected for very low radioactivity in order to reduce background contamination in
the target volume.

To keep Xenon at liquid temperature, a complex cryogenic system cools down the
Xenon gas using Pulse Tube Refrigerators (PTR) [50] outside the cryostat to be again
fed to the liquid phase. This is done in line with the storage and purification facilities.
The first of these, ReStoX, enables the possibility for a fast recovery of Xenon in case of
emergency instead of just releasing the noble gas into the laboratory atmosphere, as
well as recovering the noble gas for use at XENONnT phase, where the cryostat needs
to be opened. As for the latter, in order to achieve high order of purity, a constant
flow of LXe is taken out of the bottom of the TPC to go through two independent
and redundant purification loops. As an independent system, a Krypton distillation
column sits next to ReStoX, used to reduce the amount of Kr in commercial Xenon
as its natural isotope 85Kr is a major contamination source from its beta decays (see
Section 2.3.3 for a more detailed outlook).
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Water tank and Muon-veto

Another major improvement from past experiments implemented in XENON1T is the
large passive water shield and the active Muon Veto within. The passive deionized
water shield significantly decreases the amount of γ rays that reach the TPC, as well
as radiogenic neutrons from the walls of the laboratory, enclosed in a a tank of 9.6 m
diameter and 10.2 m height. The tank has a total of 84 PMT of 20.3 cm in diameter
working as a Cherenkov muon veto. An effective muon interaction identification is
of great importance not just because of the muon as a background component but
specially due to muon-induced neutrons, as radiogenic neutrons and gammas are
stopped by the water. Has will be later described, neutrons are of major concern in
dark matter searches as they, like WIMPs, interact within the target volume through
nuclear recoils.

2.3.3. Backgrounds

In a rare event search experiment, a complete and thorough study of backgrounds is a
key ingredient for better sensitivity and discovery potential. As explained before in
Section 2.3.1, electronic recoils from ionizing particles and nuclear recoils from neutral
particles can be distinguished using the S2/S1 ratio. Nonetheless, an overlap region
occurs, where statistical leakage is prone to misidentify events. In the worst case
scenario an ER event might even mimic a WIMP signal. Therefore, not only efforts to
reduce NR contamination must be taken, but studies of the ER backgrounds and their
behavior are also vital. A summary of the main sources contributing to the background
of XENON1T is shown in Table2.2, from [50].

Electronic recoils background

Within the total ER background to take note of, two sets are easily distinguishable:
extrinsic and intrinsic. Extrinsic backgrounds cover all radioactivity events from the
detector materials and surroundings, for instance, the walls of the cavern and muon
induced events, while intrinsic backgrounds are due to radioactive sources present in
the active volume of the detector, such as 222Rn and 85Kr. The first mentioned type is
greatly improved by the fiducialization of the target volume, given the high stopping
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Table 2.2.: Summary fo the background sources and rates in XENON1T, considering a fiducial
volume of 1 t, taken from the Monte Carlo simulation study [64].

Background Source Type Rate
[(t× y)−1]

Mitigation Approach

222Rn ER 620 material selected for low Rn-
emanation; ER rejection

solar pp- and 7Be-
neutrinos

ER 36 ER rejection

85Kr ER 31 cryogenic distillation; ER rejection

material radioactivity ER 30 material selected for low Rn-
emanation; ER and multiple scat-
ter rejection; fiducialization

2ν2β of 136Xe ER 9 ER rejection

CNNS NR 0.6 -

Radiogenic neutrons NR 0.55 material selection; multiple scatter
rejection; fiducialization

Muon-induced neu-
trons

NR <0.01 active Cherenkov veto; multiple
scatter rejection; fiducialization

power of xenon atoms. A fiducial volume refers to a fraction of the overall target
volume in the middle of the latter, where the background (mainly ER) is suppressed.

222Rn is, up to this date, the main background of the XENON1T experiment, as seen
in Table2.2 and Figure 2.13b. 222Rn is produced in the detector materials as part of the
238U chain. Due to its half-life of 3.8 days, it ends spreading throughout all of the target
volume homogeneously, excluding fiducialization as a viable mitigation approach.
Within the 222Rn decay chain (Figure 2.12a), the most dangerous contribution comes
from the 214Pb →214 Bi beta channel with an end-point energy of 1019 keV. This is
particularly worrying to a dark matter experiment because it stands as an intrinsic
non-neglegible background. The other β emmitter in the chain, 214Bi, has its effect
removed by correlating the decay signal with the alpha emission from the its daughter
decay, 214Po →210 Pb, easily tagged in the detector.

On the other hand, 85Kr appears naturally in commercial Xenon at around1ppm to
10 ppb, undergoing a beta decay with a half-life of 10.76 years and an end point energy
of 687 keV. As a prime example of intrinsic backgrounds, the amount of Krypton
can only be treated by purifying the active Xenon, aiming to remove the Krypton
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concentration. In XENON1T, a distillation column working on-line before and during
science runs was adopted to reduce the amount up to (0.36± 0.06) ppt, registered
after the first science run. Other known contamination of natural Xenon is the isotope
136Xe, with and abundance of 8.9%, which decays through a two-neutrino double
beta process with a Q-value of 2458 keV. This background, due to its intrinsic nature
becomes much more relevant as the target volume increases. For XENON1T, however,
222Rn still is the dominant background (see Figure 2.13b).

Nuclear recoils background

Neutral particles such as neutrons and neutrinos can produce nuclear recoil events
via elastic scattering off xenon nuclei, producing interactions indistinguishable from
a WIMP-nucleon interaction. Therefore, this dangerous background must be greatly
minimized and thoroughly characterized. Radiogenic neutrons in the MeV range are
present in the detector through spontaneous fission of isotopes of the primordial decay
chains of 238U, 235U and 232Th and (α,n) reactions in the materials used. These are
mostly reduced when carefully selecting the detector materials and through multiple
scatter identification - due to the low interaction rate of WIMPs, it is expected a single
scatter signature from these particles, while for neutrons a major part of the energy
deposition inside the target volume is done over multiple scattering events. Additional

(a) (b)

Figure 2.12.: (a) Decay chain of 222Rn until the long lived daughter 210Pb. (b) Radon emanation
budget from the different components of the XENON1T experiment; Purple
correspond to the purification system, red to the TPC and cryostat and green to
cryogenics and pipes [65].
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(a) (b)

Figure 2.13.: (a) Spatial distribution of the ER background events from the detector materials
in the (1, 12) keV energy range. The colored lines represent different fiducial
volumes of 800, 1000, 1250 and 1530 kg, respectively. White regions indicate a
background rate smaller than 10−6 kg−1 ·d−1 · eV−1. (b) Low energy spectrum of
the total ER background rate in 1 tonne fiducial volume. Figures from [64]

neutrons are introduced by muon interactions with the rock along their path, these
being identified by the active Cherenkov veto with a very high efficiency [50](see
Section 2.3.2). Neutrinos produced in the Sun, diffuse supernova and in the atmosphere
also contribute to the NR backgrounds through coherent neutrino-nucleus scattering
(CNNS) [64].

(a) (b)

Figure 2.14.: (a)Spatial distribution of the NR background events from the detector materials
in the (4, 50) keV energy range. The colored lines represent different fiducial
volumes of 800, 1000, 1250 and 1530 kg, respectively. White regions indicate a
background rate smaller than 10−9 kg−1 ·d−1 · eV−1. (b) Low energy spectrum of
NR backgrounds rate in 1 tonne fiducial volume. Figures from [64]



Chapter 3.

Simulation and analysis of nuclear
recoil calibration with a neutron
generator in the XENON1T detector

“To achieve great things, two things are needed: a plan and not quite enough
time.”

— Leonard Bernstein, 1918–1990

Calibrations are an important step in any experiment focusing on discriminating
events. As a complex detector with great physics search potential, XENON1T needs
to be deeply studied in respect to energy and position response and discrimination.
Focusing on dark matter search, one needs to accurately distinguish between a gamma
background electronic recoil, neutron background nuclear recoil or potential wimp
interaction. With this task in mind, various campaigns to acquire calibration data
were conducted before, during and after science data runs. In this chapter, the topic
of nuclear recoil band calibration is adressed, focusing on calibration data from a
Neutron Generator (NG). First, in Section 3.1 an introduction on the XENON1T NR
calibrations and neutron generator runs is presented. Later on, in Section 3.2, the
efforts done in simulating a neutron generator calibration campaign are discussed,
from the XENON1T Geant4 model up to the simulation outputs and results. Section 3.3
is divided in three parts: details on the NG data acquired during SR1 and a loose
explanation of the analysis cuts used (Section 3.3.1), followed by a in-depth study
of the matching between MC and real data through the acceptance of the different
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cuts employed (Section 3.3.2) and, as the last topic covered, the post-SR1 NG data is
studied through event selection and used to fit the NR band, as well as compare it to
previous results.

3.1. Nuclear Recoil band calibrations in XENON1T

The XENON1T science-search campaign is, up to now, divided into two major runs:
Science-Run 0 (SR0), from November 22nd 2016, to January 18th 2017, when a 5.7
magnitude earthquake interrupted detector operations, and Science-Run 1 (SR1) from
February 2nd 2017 to February 8th 2018, resulting in 32.1 days and 246.7 days of
live blinded data, respectively. Numerous calibration campaigns with internal and
external radioactive sources were employed during and between science-runs: to
monitor major detector parameters 83mKr data was collected every 2.5 weeks; 17.1
days of data with an internal 220Rn source for low-energy ER calibration; 30.0 days of
data with an 241AmBe source and 1.9 days of data with a D-D neutron generator for
NR calibration [38].

These calibrations focus on calibrating the detector for WIMP-like interaction,
which are expected to induce low-energy NR events, much alike neutron NR events.

Figure 3.1.: Events of SR0 and SR1 used for NR calibration, from AmBe and NG data taken
during SR1. The NR band edges and median are shown in solid red and the ER
median in solid blue.
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Figure 3.2.: Best-fit total efficiencies (black) for SR0 (dashed) and SR1 (solid) as a function of
true NR energy (keVnr). The efficiency of S1 detection and of S1 detection and
selection are shown in green and blue, respectively. For reference, the expected
spectral shapes of 10 GeV/c2 (dashed), 50 GeV/c2 (dotted), and 200 GeV/c2
(dashed dotted) WIMPs are overlaid. Figure from [38]

The detector efficiency is computed with a Monte Carlo code that realistically re-
produces the shapes of S1s and S2s, taking into account interaction physics, light
propagation and detector electronics. During analysis, a open-source developed pro-
cessor, PAX, reconstructs the events in the detector and selection criteria on S1-S2
matching are used to reject possible multiple-scatters or spurious events. The com-
puted efficiency versus NR energy for SR0 and SR1 combined is shown in Figure 3.2.

3.1.1. Use of a neutron generator in XENON1T

Using a neutron generator is a convenient way to acquire a large amount of NR
calibration data. Neutron generators are commercially available, widely used in
science and engineering, with the benefit of low long term contamination of the
overall detector and almost no safety concerns when turned off, opposite to radiogenic
neutron sources. A flux of 106n/s to 1010n/s range can be achieved with most neutron
generator setups.

The NG used to calibrate XENON1T NR response was a model 35-DD-W-S deuterium-
deuterium plasma fusion neutron generator manufactured by NSD/Gradel-Fusion
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(a) (b)

Figure 3.3.: (a) CAD drawing of the neutron generator in operation condition, inside the water
tank. (b) Sketch of the three possible position for NG operation around the cryostat

[50], which operates based on the fusion of deuterium:

2D + 2D → 3He(0.82MeV) + n(2.45MeV) (3.1)

The 2.45 MeV neutron flux can be tuned by setting the generator voltage and
current through a dedicated computer and slow control software during operation.
Even though this model can achieve a flux of 107n/s, for this particular application,
it was modified to achieve a flux as low as 10 n/s, isotropically, in order to prevent
pile up of events [66]. The 94 cm length and 13.8 cm diameter cylindrical shape NG
can be placed inside the water tank on three different positions around the cryostat,
aiming for a uniform illumination of the whole TPC. The working principle of such
NG is based on inertial electrostatic confinement (IEC), using plasma fusion of ions
in the presence of a high voltage potential. The fusion chamber of the NG is filled
with deuterium gas that when in low pressure can be ignited into a plasma state
by glow discharge (Paschen’s law1). Then, the deuterium gas inside the chamber
is ionized and the resulting ions accelerate toward the cathode. Confined in a field
cage with set voltage, when the conditions are proper, fusion occurs through the
aforementioned reaction (equation 3.1) and mono-energetic 2.45 MeV neutrons are
emitted. A secondary reaction involving deuterium and tritium also takes place and is

1Paschen’s law calculates the voltage required to start a discharge between two electrodes in a gas
as function of pressure and distance between electrodes.
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responsible for the emission of some 14.1 MeV neutrons:

D + T → He + n(14.1MeV) (3.2)

3.2. Simulation of a neutron generator run

3.2.1. The XENON1T Geant4 model

An accurate Monte Carlo model of the XENON1T detector was developed by the
collaboration using the GEANT4 toolkit [67] for broad use. This model was used to
simulate many outputs needed for calibration, position-reconstruction of events, pho-
ton collection efficiency, spacial dependencies and background modeling, alongside
testing different geometries and materials of components in the design phase. The
final model geometry was built according to the CAD construction drawings, as seen
in Figure 3.4, and features every major component and known background source in
the detector.
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Figure 3.4.: Rendering of the external part of the TPC modelled in GEANT4.From top to
bottom, the diving bell (cyan), PTFE pillars and support parts (brown), field
shaping electrodes (yellow), PTFE reflector among the PMTs (red), PMTs in the
bottom array (orange), copper plate (green), PMT bases (blue). Picture from [64].
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As in the real detector, a vacuum-insulated double-wall cryostat made of 5 mm
low radiactivity stainless steel (SS), internally covered by 24 interlocking PTFE panels
with a radius of 48 cm, that shrink about 1.5% when cooled to the detector operation
temperature. At the bottom of the TPC, immersed in LXe, a compact hexagonal
structure holds 121 PMTs and at the top of the TPC, in the gas phase, 127 more PMTs,
placed in concentric rings to improve the radial position reconstruction, observe the
target volume. Every major component from the PMT structure is reproduced in the
G4 model: a colbalt-free body made of Kovar, a quartz window and a ceramic stem.
The model does not include the dynodes and the getter inside the PMT. The electrodes,
made out of SS, divide the different electric regions of the detector. The model also
features the 74 field shaping rings made of oxygen-free high thermal conductivity
(OFHC) copper surrounding the PTFE panels, responsible for keeping the electric field
uniformity inside the target volume.

The implementation of the neutron generator is done as a separate class alongside
the main Xenon1tDetectorConstruction file, following the technical drawings provided
by NSD/Gradel-Fusion [66, 68]. The Physics List for NG simulations is the same used
for every MC study, using version 9.5-patch01 of the G4 toolkit with G4RadioactiveDecay
processes for α, β + and β - decay and electron capture and HighPrecision for low energy
neutrons (< 20 MeV), which accurately describes cross-sections down to thermal
energies. Furthermore, the emission spectrum of the NG was characterized in [66],
reaching the below stated conclusions:

• The energy spectrum is not strictly monoenergetic, containing two major peaks,
at 2.22 MeV and 2.72 MeV, as well a measurable contamination of 14.1 MeV
neutrons from D-T fusion (Figure 3.5);

• The neutron flux can be controlled during operation, given the characterized
dependence from applied voltage and current;

• the angular distribution of neutron flux is approximately isotropic;

Following this extensive characterization and the developed MC model, the be-
havior of the NG can be predicted and became an important tool as a NR calibration
source.

A complete description of the Monte Carlo model, physics list and important
applications such as background modeling (see Figure 2.13b and Figure 2.14b), Light
Collection Efficiency (LCE) maps and conversion from energy deposition to simulated
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Figure 3.5.: Simulated energy spectrum of the Neutron Generator, used as input for primary
energy spectrum in the MC simulations [69].

S1 and S2 signals, can be found in reference [64] and the references within, as it
extends beyond the scope of this work.

3.2.2. Simulation results

Using the G4 model described in the last section, various simulations of a neutron
generator calibration campaign were computed, covering all three possible positions
of the NG in the water tank. These simulations were done as part of the Monte
Carlo productions and analysis leading up to NR band calibrations and classification
of background events for SR1 results paper, now published by PRL [38]. These
simulations were done using resources provided by the Open Science Grid [70] and
the University of Chicago Research Computing Center. The efforts put into analysis
of simulation outputs focus on those of Position 2 (pos2) shown in Figure 3.3b since
this was the only position used to take data with the detector for SR1, from May 24th

to May 30th 2017. The statistics of a 10 million primary events simulation are shown
below, in Table 3.1:

Table 3.1.: Statistics of a 10 million primary event NG simulation. See below text for comments.

Interactions within the TPC 1486537 14.9%
NR Scatters 174327 1.74%
NR Single Scatters 55987 0.56%
NR Double Scatters 36248 0.36%
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where NR Scatter are particles whose first scatter within the TPC is a NR, NR Single
Scatters are particles which deposit all their energy in a NR scatter and NR Double
Scatters are particles which deposit all their energy in precisely two NR scatters. As
shown, only around 15% of the primary particles (neutrons) reach the TPC and interact
within.

This fraction is to be expected due to a couple of reasons. The production of
neutrons (both in the real NG as in the G4 simulation) is isotropic, therefore a major
part of the produced particles are not sent in the direction of the TPC, getting lost
in the water tank. For instance, for pos2, considering a 2D approach2, the efficient
range for the angle of emission is 89◦, resulting in only 20% of the overall 2π emission
range. From those 20% who aim for the TPC, about a quarter lose their remaining
energy traveling through 27.4 cm of water, the outer and inner cryostat stainless-steel
walls and a 10 cm layer of LXe in between. Because of all these processes, the energy
spectrum of neutrons that interact within the detector is very different from the primary
spectrum of emission from the NG (Figure 3.6), featuring much lower energy particles
than the ones emitted, as well as photopeaks from scatters in the detector materials:

Figure 3.6.: Energy spectrum of simulatied particles that reach the cryostat. Of these, only a
small fraction gets transported into the target volume and interacts within.

2Since the NG is positioned at a depth coincident with the middle of the detector, the 2D approxi-
mation is reasonable, excluding only the neutrons that travel above and below the TPC and did not get
absorbed by the water.
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the huge 2224 keV peak comes from emitted gammas after an electron capture process
in 2H, or water in this instance; the 1778 keV peak appears from activated aluminum
of the cryostat [71]; the 847 keV peak originates in activated copper [72]; the 511 keV
comes from electron-positron pairs annihilation. Pair production is expected to happen
due to the high energy gammas from neutron capture in water making the last process
noticible.

The input spectrum, that is, the energy spectrum of the neutrons emitted by the NG,
is shown as an inset plot on the right side and features the D-D neutron distribution
from Figure 3.5. Due to the interactions happening between the emission site and
the target volume, different particles appear, namely electrons, positrons, gamma
rays, neutrinos, anti-neutrinos and ions (125I and 135Cs from detector materials). The
majority of these “contaminating” particles will give origin to electronic recoil (ER)
interactions, considering they are charged or gamma particles and can, therefore, be
distinguished from neutron NR interactions (as explained in Section 2.3.1).

The spacial distribution of the first scatters for each simulated particle that reaches
the target volume is shown in Figure 3.7, as well as the spectrum of the deposited
energy from both ER and NR scatters is studied. The low-energy NR single scatters
(0-70 keV), similar to the expected WIMP-like NR energies, are the main calibration
events responsible for the computation of light and charge yields for NR interaction in
the detector, ultimately one of the major goals for this calibration. As for the spacial
distribution of events in the TPC volume, it is worth noting that there are progressively
less events moving away from the NG and, due to the stopping power of LXe, there is
an excess of ER scatters near the walls, not noticed for NR scatters. These events will
later on get excluded by the fiducial volume cut, reducing the number of ER events
considerably.

3.3. Calibration data analysis and data-mc matching

study

3.3.1. Neutron generator data taken during SR1 and analysis cuts

As mentioned above, before the end of SR1, the TPC was only irradiated from pos2,
acquiring 0.73 days of NG data, with enough events for statistical analysis. Because of
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the time loss in mounting and moving the generator, adding up to the time needed
for the activated radioactive isotopes from neutron interactions to fully decay (131mXe
163.9 keV, 11.93 days half-life decay [73] or 129mXe 236.2 keV, 8.88 days half-life de-
cay [74] and others), only after the end of SR1 more NG data was taken. From March
13th to 31st 2018, the TPC was irradiated from all three predetermined positions (pos1,
pos2 and pos3 in Figure 3.3b), in order to fully cover the TPC area and acquire more
NR calibration data for other science-related searches.

Table 3.2.: Coordinates of the NG positions in the water tank. The coordinate system is the
same for simulation and analysis: x points to the closest wall of Hall B from the
detector, with x=0 at the middle of the TPC, y to the water tank door, with y=0 at
the middle of the TPC and z pointing downwards with z=0 at the grounded mesh.

Position x (cm) y (cm) z (cm) r (cm)

pos1 83.5 -39.0 -50.0 92.16
pos2 31.6 86.8 -50.0 92.37
pos3 -92.4 0 -50.0 92.4

Even though the computation of light and charge yields (Figure 2.8) is not cov-
ered in this work, this section studies the event selection of real data and how it

Figure 3.7.: From left to right, top to bottom: spacial distribution of all the first scatter of each
particle track that reach the active volume, just the scatters corresponding to an
ER and NR, respectively. On the right side, a spectrum of the deposited energy
of each first scatter is shown for ER and NR events, as well as for pure single and
double scatter NR events. See above text for discussion.



Simulation and analysis of nuclear recoil calibration with a neutron generator in
the XENON1T detector 47

compares to simulated data. The simulated data is processed similarly to real data
with the extra step of converting the deposited energy in each interaction, given by
GEANT4, to S1 and S2 signals. This is accomplished with a python script, taking into
account the known detector parameters, and FAX (Fake XENON Experiment), which
simulates a real waveform from S1 and S2 simulated signals. The output of FAX is
then treated as any other raw data from the real detector, getting processed by PAX
(Processor for Analyzing Xenon, both the software and documentation are open-source
at github.com/XENON1T/pax). PAX identifies S1 and S2 pulses and relates pairs that
can correspond to an event (given compatible size and drift time), clusters and recon-
structs the event and computes actual analysis-friendly information of such events
like the S1 and S2 width, size, area and hit pattern on the PMT arrays or reconstructed
position of interaction.

From then on, the analysis diverges into different topics and end-goals, focusing
more on the study of low or high energy, ER ou NR both for the main Spin-Independent
Dark Matter search as well as other physics channels. Nonetheless, a rigorous selection
of events is always of great importance. In order to select events, given a set of
conditions, a cut is applied. Cuts are used on different stages of any analysis, from
checking if there was no coincident trigger in the muon-veto to selecting a particular
type of event, like a single scatter NR or a decay from a Radon daughter. In the next
paragraphs, the major cuts applied to NG real and full-chain simulated data and used
in the analysis of SR1 will be loosely described below.

Data quality cuts

A first set of cuts assures that data was taken in proper conditions on the Data Ac-
quisition System (DAQ) and triggers, as well as an almost 100% acceptance check if
the identified main S1 and S2 peaks are the biggest in each waveform, as one expects.
Moreover, all throughout the detector operation there were strange very intense light
signals, registered just by some of the PMTs arround a focus point. These flashes are not
yet completely understood but are expected to come from light emitting discharges
happening inside of some PMTs. These signals, and some time after them, are also
excluded from analysis with a proper cut. The last condition required for data quality
is that the active muon veto was on and no signals were detected. Given that these cuts
are equivalent to not take data during certain periods, they contribute to a reduction
of livetime instead of lowering the acceptance of science data for DM search.
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Event characterization and consistency cuts

From the huge amount of identified waveforms by PAX, some may not correspond to
a real event in the target volume and must be removed from analysis. A few examples
of these types of events are accidental coincidences (AC), where a light signal similar
to a S2 is mistakenly matched with one or more S1 signals, events from the gas phase
or below the cathode or even scintillation on the photocathode of a PMT. Both for
the S1 and S2 of a waveform, the width and area of the signals along with the hit
pattern on the PMT arrays are of great use to cut events. As the width of the S2
signal is energy dependent and increases with the depth of the interaction, cross
checking the calculated z position from drift time measurements with this quantity
identifies AC, gas phase or physically impossible events (updated version of the width
consistency cut from [75]). The area of the S2 signals (measured on the top PMT array)
is used alongside the S2 width to remove gas events. Both cuts target the same type of
anomalous events and complete each other in their task ( 98% acceptance for DM SR1
data)

As mentioned in Section 2.3.3, some ER events might have lower S2/S1 ratio and
leak into the NR band. This anomalous leakage events usually pass all mentioned
cuts and can be present in the fiducial volume (explained below), therefore standing
as a background in the region of interest (ROI). To remove these events, models of
both S1 and S2 single-scatter hit patterns are simulated and each event is then tested
with respect to the model. An energy dependent cut threshold is set to how far from
the model an event can be (calculated with Log Likelihood test statistic methods),
rejecting mostly poorly reconstructed and leakage events (>99% acceptance for S1 and
98% acceptance for S2 for DM SR1 data)

Fiducial Volume Cuts

Fiducialization is an important step into background reduction in LXe experiments. As
explained in Section 2.3.3 of the last chapter, LXe has a high stopping power and can,
therefore, be used as self-shielding. Choosing the right fiducial volume is no easy task
because it greatly reduces the detector exposure. It should be the biggest region where
the energy response and position reconstruction are well know and understood, while
minimizing the number of background ER events (and other backgrounds) within and
taking into account the energy region where the highest WIMP sensitivity is found.
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Figure 3.8.: Spatial distributions of DM search data during combined run SR0+SR1. The
piecharts represent events that pass all selection cuts and are within the fiducial
mass, each color representing the relative probabilities of the background and
signal components under the best-fit model applyed to a 200 GeV/c2. Figure from
[38].

In the end of SR1 analysis, the fiducial volume was set to be a carved rectangle (see
Figure 3.8) with a maximum radius of 42.8387 cm, corresponding to a fiducial mass of
1315.9 kg.

Single Scatter Cuts

WIMP-nucleon interaction has a very low cross-section making the probability of a
double scatter within the target volume negligible. For this reason, cuts to select single
scatter events are crucial to DM search, as they are the only ones capable of removing
neutron backgrounds, which are capable of multiple NR scatters inside the detection
volume. The S1 signals from a double scatter are similar to the ones from a single
scatter because even though the two interactions take place in the detector, given their
time differnce, the peaks get merged and are seen as only one signal. However, if each
scatter is done at a different depth (z coordinate), multiple S2 peaks will be present in
the waveform given their different drift times. They can then be identified and rejected.
As for S1 single scatter analysis, a cut checks for secondary S1 signals that could
produce valid interactions with the primary S2 using the aforementioned S2 width
information. If the event passes this condition and, therefore, a valid interaction is
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possible, the event is rejected. Both S1 and S2 single scatter cuts have >99% acceptance
in SR1 DM data.

Blinding cuts

To ensure an unbiased tuning of cuts to select certain events, all events of the signal
region of interest are removed from analysis until all cuts, fiducial mass boundaries
and calculation procedures are settled and all background data taken. This is called a
Blinding Cut and is applied to every background or low-rate calibration run. Since it
only covers the signal ROI, around 99% of ERs stay available, as well as calibration
data, in order to tune the analysis. This approach is the only way to prevent human
bias and is set as a standard for all analyses to protect the integrity of the results
obtained.

Furthermore, another adopted technique to remove human bias in analysis is
salting the data, meaning that some events that might (or not) simulate a signal are put
(or not) in the overall data for analysis. The salted events are only removed after the
unblinding of data, its discussion and preliminary limit setting has taken place. With
this approach, one is discouraged to active seek to remove a given potential signal
event because it can be just a salted one.

More cuts not mentioned in this section were developed until the freezing of
analysis for SR1 data unbinding, covering more variables and perfecting the selection
criteria. As they get away from this work, more information can be found at references
[75], [76], [38] and in a future dedicated paper on the analysis of XENON1T by Aprile,
et all (XENON Collaboration).

3.3.2. Data-MC matching and cut acceptance comparison

As mentioned in the last section, simulated data from G4 can be arranged to be
processed like real data, getting to use the same analysis tools and cuts. During the
tuning of event selection cuts, this has a great potential to check for errors and bugs
related with certain variables in cut definitions and compare the expected acceptance
from simulation with the one registered in real data. This type of MC-Data cross check
is done below for the neutron generator runs of SR1.
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During SR1, 1.51 days of recorded data were taken with the neutron generator at
position 2 (see Table 3.2 on the week of 24th to 31st of May 2017.

Table 3.3.: Number of events of both simulated (MC) and taken neutron generator data. The
percentages are calculated in respect to the total number of events (without cs1 <
100 pe pre-selection)

total events events with cs1<200 pe events after all cuts

MC 322511 24372 (7.56%) 2212 (0.68%)
Real data 4476708 144150 (3.22%) 7415 (0.16%)

Figure 3.9, Figure 3.10 and Figure 3.11 are an important first step to look into
similarities and major differences between simulated and real data. The same set of
cuts was applied to both datasets for a proper comparison. At first sight it stands
out that a fraction of the events appear to happen outside of the TPC, which is a
contradiction. The problem lies in the reconstruction of events by PAX, which given
certain hit patterns in the PMT arrays tends to reconstruct events in the wall of
the TPC or near it. As these events are reconstructed outside the fiducial volume,
they do not stand a major concern directly but only as feature to improve in the
processor. The fiducial volume cut considered for this analysis, NGFiducial, is defined
as the 1 tonne volume cylinder in the center of the TPC, standard for XENON1T,
imposing a maximum distance between the reconstructed position and the neutron
source. Considering the distance to the neutron source in the cut definition reduces
the amount of ER events that are not from inelastic scattering of neutrons:

Listing 3.1: Definition of the NGFiducial cut

1 sour ce_pos i t ion = ( 3 1 . 6 , 8 6 . 8 , −50)
2 df . l o c [ : , ’ d i s tan ce_ t o_s ourc e ’ ] = ( ( sour ce_pos i t ion [0]−df [ ’ x ’ ] ) ∗∗2+
3 ( source_ pos i t ion [1]−df [ ’ y ’ ] ) ∗∗2+
4 ( source_ pos i t ion [2]−df [ ’ z ’ ] ) ∗∗2) ∗∗0 . 5 )
5 cut = ( d i s t ance _ to _sou rce < 1 1 1 . 5 ) & (−92.9 < z ) & ( z < −9) & ( s q r t ( x∗x +

y∗y ) < 4 2 . 0 0 )

On the other hand, Figure 3.11 makes emphasis on the energy and characterization
cuts efficiency. On both simulated and real data, the complete set of events cover
mostly the NR band but not solely, showing contamination events from ER and
spurious origins (AC, wall leakage, gas). As expected, even with a very complete
model, the real data shows a considerable increase in the topology of events in cs2/cs1
space. For instance, the events below the NR band, not present in the simulation, are
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mostly likely to come from interactions where the measured S2 is smaller than the one
expected from its S1 counterpart. This is a known feature of the detector for events
near the TPC wall from which drifting electrons get stuck in the PTFE walls and do
not reach the gas phase, originating small size S2s. In the end, the set of cuts applied
identify and remove the majority of unwanted events and the resulting spectra are
alike.

Individual cut acceptance

In order to compare how each cut affects the final selection of events, as well as how
this selection compares from simulation to real data, a study of each cut acceptance
was developed. Different approaches could be taken to measure the acceptance of
each cut and how it behaves. Taking into account that this work does not focus on
tunning each individual cut but instead look into the similarities between real and
monte carlo data, the N-1 procedure was chosen. This approach applies every cut
except the cut whose acceptance is being calculated and takes the resulting dataset as
input for the intended cut to be applied on. This method is preferable to applying the
cut of interest directly to the whole dataset since it reflects which events are selected by
it and no other. For this same reason, cuts that might be correlated must be avoided or
not applied when studying each other, which is not the case for the set of cuts studied
here.
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Figure 3.9.: Spacial distribution on the x vs y and z vs r planes of full-chain simulated events
from a neutron generator run . The whole set of events is shown in the top plots
of each figure and the selected events after cuts in hte bottom plots of each figure.
The TPC boundary is shown in red for reference. The fiducial volume is set with
the cut defined in listing 3.1.
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Figure 3.10.: Spacial distribution on the x vs y and z vs r planes of real events from a neutron
generator run . The whole set of events is shown in the top plots of each figure
and the selected events after cuts in hte bottom plots of each figure. The TPC
boundary is shown in red for reference. The fiducial volume is set with the cut
defined in listing 3.1.
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(a)

(b)

Figure 3.11.: cS2/cS1 versus cS1 spectrum of simulated (a) and real (b) events from a neutron
generator run. Plots on the left side show data without cuts and on the right side
data with all the cuts applied (more details in text).
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Table 3.4.: Statistics and spectrum of CutInteractionPeaksBiggest

CutInteractionPeaksBiggest

Motivation

Ensures that the S1 and S2 of the main interaction are the largest ones on the waveform [77]

Monte Carlo Real data taken

Acceptance as 1st cut

97.53% 86.60%

Acceptance as Nth cut

98.79% 98.91%

cS2/cS1 spectrum

Acceptance

Comments

The CutInteractionPeaksBiggest is important due to its ability to loosely select single
scatter events, correlating with CutS2SingleScatter up to a certain extent. As of later
iterations of PAX (after this data was processed) the amount of wrong classifications
of main S1s and S2s is almost negligible and its scatter characterization capabilities get
surpassed by S1 and S2 Single Scatter cuts.
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Table 3.5.: Statistics and spectrum of CutNGFiducial

CutNGFiducial

Motivation

Removes events outside of a defined fiducial volume, mainly ER background

Monte Carlo Real data taken

Acceptance as 1st cut

50.54% 46.21%

Acceptance as Nth cut

33.95% 32.08%

cS2/cS1 spectrum

Acceptance

Comments

The fiducial cut applied, detailed in 3.1, has a large effect on the ER events, as expected.
Its acceptance is as low as less than 35% for both MC and real data. Not only does it
target the ER band but also removes a large amount of leakage events, as seen in the
above spectrum.
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Table 3.6.: Statistics and spectrum of CutS2Threshold

CutS2Threshold

Motivation

Removes events for which the trigger is not perfectly efficient [78]

Monte Carlo Real data taken

Acceptance as 1st cut

95.97% 84.79%

Acceptance as Nth cut

93.10% 95.52%

cS2/cS1 spectrum

Acceptance

Comments

This cut ensures all events registered are properly processed, selecting only events
with S2>200. The trigger and processing efficiency was increased in later versions
of PAX, decreasing the limit of this cut and raising acceptance for small S1 and S2
interactions.
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Table 3.7.: Statistics and spectrum of CutS2AreaFractionTop

CutS2AreaFractionTop

Motivation

Aims to remove gas events and other strange events [79]

Monte Carlo Real data taken

Acceptance as 1st cut

92.85% 89.36%

Acceptance as Nth cut

93.10% 99.32%

cS2/cS1 spectrum

Acceptance

Comments

The CutS2AreaFractionTop set limits on the area of an s2 on the top PMT array. Cuts a
major part of gas events, which display a particularly large S2 area on top array, as
well as other strange events with low s2 area. The next cut shown, CutS2Width, also
removes this type of events, however neither is perfectly efficient and therefore both
are complementary.
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Table 3.8.: Statistics and spectrum of CutS2Width

CutS2Width

Motivation

Remove gas events and events with un-physical drift time [80]

Monte Carlo Real data taken

Acceptance as 1st cut

89.14% 71.95%

Acceptance as Nth cut

91.78% 91.82%

cS2/cS1 spectrum

Acceptance

Comments

As explained in the text early in this chapter, one can correlate the depth of the
interaction with the width of the S2 signal, given a tuned drift and diffusion model and
the single electron width. Using this cut, a large amount of leakage events contained
in the NR band are removed, as one notices in the above plots. In conjunction with
CutS2AreaFractionTop, the majority of gas events and accidental coincidences are
removed
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Table 3.9.: Statistics and spectrum of CutS2PatternLikelihood

CutS2PatternLikelihood

Motivation

Remove badly reconstructed S2s and multiple scatters [81]

Monte Carlo Real data taken

Acceptance as 1st cut

98.65% 79.36%

Acceptance as Nth cut

99.73% 97.86%

cS2/cS1 spectrum

Acceptance

Comments

When selecting single scatters the expected S2 hit-pattern (the pattern of light hits
in the top PMT array) must contain only one maximum. Hit-patterns which show
more than one maximum are likely multiple scatters, merged interactions or badly
reconstructed events. A goodness of fit of the hit-pattern is quantified by its p-value
and constrained by this cut
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Table 3.10.: Statistics and spectrum of CutS2Tails

CutS2Tails

Motivation

Removes events in a tail of a previous S2 [82]

Monte Carlo Real data taken

Acceptance as 1st cut

100.00% 66.79%

Acceptance as Nth cut

100.00% 78.23%

cS2/cS1 spectrum

Acceptance

Comments

Big S2s signals usually leave a decreasing in time tail. To reduce the contribution of
accidental coincidence events, any event with a S2 within this period is dismissed.
Since this cut removes events based only on other events and not itself, it can be taken
as a lifetime reduction without bias.
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Table 3.11.: Statistics and spectrum of CutS2SingleScatter

CutS2SingleScatter

Motivation

Selecting single scatter events [83]

Monte Carlo Real data taken

Acceptance as 1st cut

34.07% 30.25%

Acceptance as Nth cut

23.00% 23.27%

cS2/cS1 spectrum

Acceptance

Comments

The single scatter cuts aim to remove multiple scatter events and is crucial for discrim-
inating neutron background (which can be multiple scatters) from WIMP-like signals
(exclusively single scatters). The CutS2SingleScatter removes events that feature at
least one secondary S2 signal above a certain energy dependent threshold. As seen in
the above plots, the cut has a very low acceptance for neutron events, as one would
expect from double scatter rich interactions
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3.3.3. Post-SR1 NG data analysis

Data taken

After SR1 data taking ended, more calibration data was acquired in order to pursue
the detailed study of the XENON1T detector and ensure enough calibration data for
other science-related searches. In line with these efforts, around two more weeks of
neutron generator operation were scheduled, from the 13th to the 31st of March 2018.
Contrary to SR1 NG data, all three predetermined positions of the Neutron Generator
were used (see Figure 3.3b), also performing as a tool to deeply study the detector’s
reconstruction spacial dependence. The study conducted in this work does not aim to
get a final NR calibration result on light or charge yileds but focus on applying SR1
cuts, the resulting spacial distribution and signal spectrum as well as an empirically
fitted NR band [84].

The data was taken through four different runs, one for each position with the
neutron generator on the middle of the TPC and one run in Pos1 with the NG below
the cathode. This later mentioned run was not considered for analysis in this work
because of the increased number of unwanted and poor spacially spread events over
the active volume.

Table 3.12.: General statistics of neutron generator runs after SR1. Run 2 is not considered for
the Total row, as its data is not used in this analysis. The Number of events column
refer to all the interactions that triggered the DAQ system and got registered.

Run number NG position
Data ac-
quired
(days)

Number of
events

Event
rate
(Hz)

Run 1 Pos1 2.75 6210186 26.1

Run 2 Pos1, 20 cm
below cathode 2.42 4337810 20.76

Run 3 Pos2 2.34 4587549 22.73
Run 4 Pos3 1.75 3355639 22.17

Total Pos1-3, z=-50 6.84 14153374 23.94
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Cuts applied to data

In total, 6.84 days of data (before dead time and data quality checks) were taken with
the NG in the middle height of the TPC (z=-50). Notice that from all the triggered
events registered, shown in Table 3.12, after processing, only a fraction of those will
converge into waveforms. Then, pre-selection of cs1<200 pe is applied to focus on
low energy events, lowering the number of useful events for analysis to 443586. The
distribution of such events is shown in Figure 3.12 in x vs y, r vs z and cs2/cs1 vs
cs1 parameters space, as well as the selected events after applying a wide range of
cuts. Overall, no major difference between positions was detected in cut acceptance,
fluctuating less than 3% for almost every cut.

Table 3.13.: Cuts applied to NG data taken post-SR1 and their acceptance. The fraction of
events passed is determined with a iterative method, each cut applied after the
one above and the number of removed events as the difference between these two
sets.

Cut Fraction of events passed (iteratively)

Pos1 Pos2 Pos3

InteractionExists 100% 100% 100%
InteractionPeaksBiggest [77] 90.70% 89.58% 88.68%
DAQVeto [85] 90.94% 92.89% 93.02%
S2Threshold [78] 95.14% 94.10% 92.64%
S2AreaFractionTop [79] 95.47% 95.02% 94.03%
S2Width [80] 84.11% 81.39% 76.66%
S1AreaFractionTop [86] 98.38% 98.14% 97.78%
S2PatternLikelihood [81] 93.53% 93.53% 91.96%
SingleElectronS2s [87] 97.91% 97.91% 97.66%
S2Tails [82] 76.85% 76.85% 91.00%
S1MaxPMT [88] 97.07% 97.07% 97.24%
S1SingleScatter [89] 98.55% 98.55% 98.24%
S2SingleScatter [83] 36.39% 36.39% 34.94%
FiducialCilinder1T 9.38% 8.91% 8.62%

All cuts 1.42% 1.46% 1.27%

After all the cuts mentioned of Table 3.13, considering the sum of all three positions,
the total number of events has come from 443586 to 6224, meaning an average of 1.4%
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(a)

(b)

Figure 3.12.: Spacial distribution (a) and cs2/cs1 spectrum (b) of post-SR1 NG runs before and
after the cuts mentioned in Table 3.13 applied.
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total acceptance. Position 3 stands out as the lowest acceptance fraction of all three
positions mainly due to the low acceptance on S2Widht cut.

There is no trivial answer to this behavior as the distance from the neutron source
to the TPC is the same in all positions. A possible cause of this effect is not related
to the calibration data itself but to the presence of an unknown origin hotspot around
x = −20, y = 15. The hotspot was present during the calibration runs presented
here, and can be noticed in Figure 3.12a, upper-left corner plot. It features major light
emission, captured mostly by PMT 87 on the top array. Although it is an operation
problem and pushes the DAQ and trigger systems to levels out of the norm, it does not
stand a problem for analysis as all the signals from it get removed. Since position 3 is
the closest to the hotspot, the number of mismatching S1s-S2s or merged peaks, causing
the S2Width cut to trigger, might be higher due to the continuous large amount of
light triggering the detector.

Despite this feature, the data quality and thorough selection after every cut applied
remains good and displays the expected NR band events, as seen in Figure 3.12b.
However, some low cS2 leakage events are noticeable below the main NR band that can
be identified considering:

1.1 <
cS2b
cS1

< 3 (3.3)

In an effort to reduce the amount of these leakage events in a non-biased approach,
a threshold was set on the distance between the reconstructed interaction site and the
source position. The tuning of this distance aims to maximize the volume considered
while minimizing the number of leakage events. The cut threshold was set to 83 cm
based on the plots in Figure 3.13.

Table 3.14.: Statistics of the distance to source cut applied to the data taken

Source position Events
removed

Fraction
passed Events left

Fraction
passed all

cuts

Pos1 593 78.68% 2188 1.12%
Pos2 465 79.10% 1760 1.16%
Pos3 348 71.43% 870 0.90%

Total 1406 77.41% 4818 1.09%
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Figure 3.13.: Plots of the ratio of leakage events over the total events (blue) and the absolute
number of surviving leakage events as a function of the distance between the
positions of interaction and neutron source. The cut parameter was set to 83 cm
considering an effort to maximize fiducial volume while minimizing the number
of leakage events.

(a) (b)

Figure 3.14.: cs2/cs1 vs cs1 spectra before (a) and after (b) the distance to source cut application.
In (a), the events that do not pass the cut are marker with a red cross. Although
a considerable number of leakage events get selected, the majority does not get
removed.

After applying the described distance to source cut, from a total of 160 events
identified as leakage, 38 (23.75%) were removed. Since considering only leakage
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region on cs2, cs1 would be largely biased, many other events were cut due to their
high distance to the source. The results of this procedure are shown in Table 3.14
and in Figure 3.14, where it is clear that, although reduced, the majority of leakage
events are still present (around 76%). Different approaches could be taken in order
to remove these spurious events, studying what is their nature and which parameter
space would be correct to tune a cut, while remaining unbiased in cs2/cs1 vs cs1 space.
Nonetheless, the number of such events has been reduced to a manageable level where
they do not greatly interfere with setting a reference band for the main distribution.

NR band fitting

In the previous pages, a careful selection of events was implemented to get as close
as possible to clean NR single-scatter events from a neutron generator calibration.
Finally, one can aim at one of the main objectives of such calibrations: getting fitting
parameters for the NR band. Describing the expected single scatter NR spectrum
band is of great importance as it defines the region of interest for WIMP-like events
and therefore the boundaries of the blind region and the potential candidates after
unblinding.

In this work, from selected NG data in cs2/cs1 vs cs1 parameter space, the median,
5th and 95th percentiles were calculated independently for 1 < cs1 < 150 with 60 bins
for each individual NG position as reference and 100 bins for the summed dataset.

The percentile points were fitted using the scipy.optimize.curve_fit module [90]
for Python 3 [91] to the empirical function:

f (cs1) = a× e−
cs1
b + c− d× cs1 (3.4)

where a, b, c and d are the fitting parameters. The initial guess set for the parameters
was the same for all of the three fits:

a0 = 28.12 c0 = 1.38

b0 = 0.687 d0 = 0.0021

All the fits converged, resulting in the parameters shown in Table 3.15 and resulting
plots in Figure 3.16a.



70 3.3. Calibration data analysis and data-mc matching study

(a) (b) (c)

(d)

Figure 3.15.: Subfigures (a), (b) and (c) show the respectives cs2/cs1 vs cs1 spectra overlaid
with the calculated 5th and 95th percentiles and median. 60 bins from cs1 = 1 to
cs1 = 150 are considered for these plots. Subfigure (d) shows the same quantities
calculated for the summed dateset of all three positions. 100 bins from cs1 = 1 to
cs1 = 150 are considered for this plot.

Table 3.15.: Parameters of the 5th, 50th and 95th percentiles fitted to the empirical function from
Equation 3.4. The weight of all fit points is the same (no y uncertainty).

Fit parameter 5th percentile median 95th percentile

a 0.58 ± 0.13 0.50 ± 0.02 0.77 ± 0.04
b 2.82 ± 1.22 8.21 ± 0.65 7.56 ± 0.79
c 1.35 ± 0.03 1.56 ± 0.01 1.72 ± 0.02
d -0.0024 ± 0.0003 -0.0030 ± 0.0001 -0.0034 ± 0.0002
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(a)

(b)

Figure 3.16.: Plots of the empirical function in equation 3.4 with the parameters in Table 3.15
for all three fits. In (a), the percentile points calculated in Figure 3.15d are shown
with the fit function. In (b), the fitted function is plotted overlaying the data
spectrum from Figure 3.14b.

The results shown in Table 3.15 and Figure 3.16 are the main objective of the present
section. After further testing and consideration, the contribution of the remaining
leakage events in the NR band fitting is negligible, even when their presence forces
some 5th percentile bins to fall out of the main band. Like mentioned above, a more in
depth study of these events, likely to be surface events from 222Rn in the PTFE walls,
is of interest as they become background in the WIMP region of interest. On the main
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analysis of XENON1T, leading up to a spin independent WIMP cross-section limit,
surface background was deeply studied and modeled in order to be considered in the
best-fit signal computation (Figure 4 in [38]).

Throughout XENON1T lifetime, during SR0 and SR1, many different NR calibra-
tions and band fitting were done, similar to the one developed in this work. For each
scince run, the fitted band gets updated and corrected, hence a comparison of the
different results obtained is worth studying. In Figure 3.17 a plot of the NR medians
obtained during SR0 (just AmBe data), SR1 (AmBe and NG data) and pos-SR1 (just NG
data, this work) is shown. Although different, as expected, the results are compatible
within a 5% difference up to a cs1 value of 140 pe for SR0 and over 150 pe for SR1
results. Moreover, this result stands below 3% relative difference with the SR1 results
up to a cs1 value of 130 pe.
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Figure 3.17.: On the upper part, a comparison between SR0, SR1 [92] and post-SR1 NR medians
in cs2/cs1 vs cs1 space, overlaying the computed NR band (Figure 3.16b) and
the distribution of events used to its calculation. The relative difference between
both SR0 and SR1 results, respectively, is shown in the lower axis (more in text)
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Chapter 4.

Electric field simulations for
XENONnT

“You will be upgraded!”
— Mondasian cyberman, aboard a Mondasian colonizing ship in

the verge of a black hole horizon, unknown date

For more than a decade, the direct search of dark matter has not yet succeeded
on claiming a discovery. The efforts are many and come from various reputable
international collaborations that keep improving the effectiveness of their search and
the constrains of WIMP’s cross-section in their results. Particularly, from XENON10 to
XENON1T not only the mass of the active target increased, but also the technology
and analysis techniques employed are more capable and efficient. XENONnT is the
next step for DM search and the most advanced detector within the XENON family.
Using most parts of the infrastructure of XENON1T, it is planned to be of rapid and
cost-effective commissioning. In this chapter, the XENONnT detector is introduced
in Section 4.1, alongside the main changes in each subsystem from XENON1T. In
Section 4.2 the underwent studies on electrostatic field finite element simulations are
presented with the goal to optimize the field shaping rings (FSR) of the field cage just
outside the TPC PTFE walls.
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4.1. Upgrading the search equipment

During XENON1T designing phase, a call was made to build its infrastructures capable
of withstanding a new inner detector, much larger than the first, using the same water
shield, buildings and major systems. In this paradigm, the upgrade of the system as
a whole becomes much more quick and cost-effective than would be expected for a
multi-tonne facility. The most noticible upgrade is in the volume of target mass, going
from 3.2 t (2 t) to 8 t (6 t) total mass (active mass), but it is not the only one.

Despite the lack of a discovery claim, liquid xenon time projection chambers seem
to be the best technology to probe the last remaining expected parameter space for
massive WIMPS, proven by the rapid success and always more stringent limits of the
different experiments who pursue it. The reasons behind the use of LXe and how a LXe
double-phase TPC functions were already covered in Chapter 2: 3D reconstruction
of events, self-shielding, scalability of an homogeneous target. For bigger, tonne-
scale detectors even neutrons are distinguishable from a WIMP-like signal from their
multiplicity.

4.1.1. Physics reach

XENONnT, expected to start its first operation run mid-2019, given its high sensitivity,
has a high chance to be the first DM experiment to detect coherent neutrino-nucleous
scattering, expected as a nuclear-recoil interaction. However, this potential background
only proves significant for very low WIMP masses and does not deter XENONnT to
explore the most relevant WIMP-mass range. More than itself a rewarding achieve-
ment, it foresees the new physics reach of LXe TPCs, with lower background rate than
ever.

The dominant background comes from 85Kr and 222Rn as internal sources. For the
required level of background of XENONnT, both contaminations must become ten
times smaller than in XENON1T, reach levels of 1 µBq/kg of 222Rn and 0.02 ppt of
natKr/Xe [93]. Techniques aimed at accomplishing these levels are already planned
and further detailed bellow in 4.1.3.

With such a sensitive detector, different physics channels besides SI WIMP-nucleon
cross-section become of interest. Other rare events searches, namely neutrino-less
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Figure 4.1.: (a) Expected sensitivity of XENONnT for spin-independent WIMP-nucleon in-
teraction cross-section as function of WIMP mass (a) and calendar year, for a 50
GeV/c2 WIMP (b). Figures from [94] with data from [62] and [95]

double beta decay, double electron capture and solar neutrino detection are expected
to have increased interest in the analysis of XENONnT data.

4.1.2. TPC and cryostat

The major change from XENON1T to XENONnT is the size of the TPC in height
and diameter, increasing both the drift length of electron clouds and, on a analysis
perspective, the fiducial volume and therefore sensitivity on any physics search. The
outer vessel is the same of XENON1T, designed to handle the upgrade without need
for any change, while the inner vessel is augmented in order to hold a total xenon
mass of 8 t. The TPC is set to measure 1.62 m height and 1.46 m diameter, a similar
size ratio to XENON1T.

Light signals will be collected by 467 R11410-21 Hamamatsu 3” photomultipliers,
the same model as in the last iteration, divided between top (223) and bottom (253)
arrays, from which 260 units come from the previous detector, where 90% of PMT
worked without problems. The design of the PMT arrays resembles the one used in
XENON1T as it proved successful for position and energy reconstruction of events:
bottom array in a hexagonal patten, maximizing the number of PMTs and top array
in a circular pattern, maximizing the area covered and the number of PMTs near the
outer edge.
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Figure 4.2.: Drawing of the XENONnT detector TPC. Model by Prof. Luca Grandi, LNGS-
INFN.

The drift region is limited between the cathode grid and the gate mesh, both from
built with stainless steel (SS) wires with 200 µm and 100 µm diameter, respectively.
The extraction region, where electrons are extracted from the liquid phase to the gas
phase is set between the gate mesh and the anode grid (also both 200 µm SS wires),
5 mm apart from each other with the liquid-gas interface at the middle point. Between
the anode and the grounded mesh a voltage of +5 kV is imposed in order to guarantee
full electron extraction. As for the drift electric field, a value of 200 V/cm is set by the
cathode electrode at −30 kV.

Laterally, the active volume is defined by the PTFE wall, made from interlocked
panels to form a 1330 mm diameter 24-gon polygon resembling a perfect cylinder.
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On the outside of the PTFE walls, a series of copper rings, connected through tuned
resistors, make a resistor chain in order to shape the electric field inside the detector,
aiming for an uniform vertical electric field in the drift region. A study on the geometry
options for the field cage is conducted in Section 4.2.2.

As of the writing of this work, the TPC, cryostat, electrodes and most of the
components of XENONnT are constantly being updated from on-going studies carried
out by various groups within the XENON Collaboration and may, therefore, change
until the final detector design.

4.1.3. Purification and storage

Due to the large volume of LXe in XENONnT, the time it takes to remove impuri-
ties and reach the desired levels of purity would be too large if no upgrades to the
equipment were taken into account. Therefore, two major changes in the purification
systems will take place: higher gas flow with proper circulation pumps and pipes and
the installation of a liquid purification system, alongside the current gas one.

One of the main Radon background sources in XENON1T are the QDrive pumps,
responsible for the gas circulation through the system (see Figure 2.12b). For the
new detector, new magnetic pumps, based on the design used in the EXO-200 ex-
periment [96] are being installed and tested, leading to very promising results in
both pressure flow, purification speed and radon purity. Other methods for Radon
reduction are also scheduled to be employed based on the experience acquired with
the XENON1T detector, such as careful selection, cleaning and handling of every
component of the cryostat and TPC until the final sealing, online distillation through
a distillation column and liquid based cryogenic distillation system. The liquid pu-
rification system, more than the afore mentioned distillation phase, also features
two custom-made redundant filters to handle the electronegative impurities of the
medium.

Yet another upgrade will target the storage and circulation of Xenon in the detector
with the addition of ReStoX2, the big brother of ReStoX, proven to work very well during
XENON1T operation. With the remarkable capacity of 10 t, ReStoX2 will complement
the existing storage vessel, capable of keeping the whole xenon inventory safe even
in room temperature. Moreover, with the intended design of the overall cryogenic
system, which connects purification, ReStoX, ReStoX2 and cryostat, circulation of
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LXe through the distillation columns can overpass the cryostat and go back and forth
through ReStoX and ReStoX2. Due to this capacity, purification of the whole xenon
inventory may start much sooner then when commissioning of the cryostat and TPC
end.

4.1.4. Calibration

Most of the calibration system will be re-used from XENON1T. For nuclear recoil
calibration a deuterium-deuterium neutron generator and an AmBe source will be
used. Detector uniformity and energy calibration is provided by 83mKr and electronic
recoil calibration by a 220Rn source. Moreover, more types of calibrations and sources
are being studied as potential additions. On one hand, for low energy NR, the imple-
mentation of YBe and, on the hand, 37Ar for very low energy ER and energy scale. In
order to probe the fiducialization limit, external ER calibration are also being consid-
ered with low activity 137Cs and 228Th sources. As an upgraded to the current NG, a
LUX-like setup is being developed, making use of a pulsed DD-NG with an air sealed
collimator up to the cryostat wall. This setup allows for a significant reduction of
backgrounds and systematics during NR calibration as well as double scatters to be
used as energy calibration [57], without increased safety concerns.

4.1.5. DAQ and computing

The major difference in the DAQ system will be the extra channels needed for the
new PMTs. These will be integrated in the current system, making use of the already
in use voltage suppliers and amplifiers. The machine runing the trigger and event
builder machines will also get properly updated to handle the large amount of data
expected from XENONnT. This large amount of data, reaching 1300 TB/year in some
scenarios, requires new transferring, processing and storage tools and protocols. As an
extended effort, a integrated system from raw data to analysis-friendly data, through
proper transferring and processing, is being developed by the computing tem in
the Collaboration. The younger sibling of PAX will make analyzing the data from
XENONnT a much more easy task on the analyst, specially for thinking outside of the
box type of campaigns, where non-trivial quantities from events are looked at and that,
up to this point, would require massive reprocessing of data.
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4.2. Electric field simulations of the TPC and field

shaping rings optimization

Electrostatic field simulations are an important step for choosing the design of such
a large detector as XENONnT. At first sight, the concept of the double-phase TPC is
straightforward (see Chapter 2), with well defined electric fields controlled by the main
electrodes (cathode, gate and anode). However, every little detail counts and, in reality,
getting a perfectly uniform field between anode and cathode with zero charge loss
and easy to infer drift time is an utopian goal. Even in concept, only with infinite area
electrodes the field would be perfectly uniform everywhere in the detector drift and
extraction region. Through simulation, one can study the effect of every component of
the detector, as well as optimize the electrodes, both geometry and voltage wise, to
give the desired shape and magnitude to the electric fields therein. [97]

The simulations are computed using COMSOL Multiphysics R© [98], based on finite
element algorithms applied throughout a mesh optimized for the model geometry.
Both 2D and 3D simulations can be performed. In this work, a 2D axial-symmetric
model of the XENONnT TPC is developed in order to study the electric field inside it.
Focusing on optimizing the uniformity of the field, a study of different Field Shaping
Rings (FSR) geometries and voltages is conducted.

4.2.1. Geometry model of the XENONnT TPC

The COMSOL geometry and material model closely follows the designed detector,
in order to accurately describe it. Two types of models were developed: 2D axial-
symmetric, where a profile slice of the cylindrical detector is modeled and the behavior
of the system is supposed phi non-dependent, and a full 3D simulation. Due to the
available computational resources, for the study of the electric field here at end, only a
2D axial-symmetric simulation was performed.
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Figure 4.3.: Geometry of the XENONnT TPC. color map in kV. On the left side, the overall
geometry with the voltages presented on Table 4.1 is shown. The FSRs follow
the geometry and configuration of the XENON1T model. On the right side of
the figure, the top and bottom electrodes geometry are shown in detail with the
following color map: light and dark blue for gaseous and liquid Xenon, green for
PTFE, silver for the stainless steel electrodes and in brown the copper FSRs. In
white are shown the PMTs and support structures.
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In a first iteration of the XENONnT geometry, it stands as an extension of the
XENON1T geometry, both radially and height wise. Furthermore, the projected drift
field is of around 200 V/cm, which, given the 1.5 m drift length, sets the cathode
voltage to −30 kV. The extraction region and field stay the same, changing the ground
mesh from a solid perforated plane to parallel wires, following the design of the other
electrodes due to its size ( 1.5 m diameter).

Table 4.1.: Geometries and voltages of the electrodes of the XENONnT TPC model.

Electrode Voltage ( kV) Wire diameter ( µm) Spacing mm)

Top screening -1.5 200 5
Anode +5 200 5
Gate 0 100 5
Cathode -30 200 7.5
Bottom screening -2.5 200 7.5

Table 4.2.: Distances between electrodes of the XENONnT TPC model. The distances between
the top screening mesh and the anode, the gate and the cathode and the cathode
and the bottom screening mesh must yet be multiplied by the shrinkage fraction of
the PTFE (1.5%)

Electrodes Distance ( mm)

Top PMT to Top Screening mesh 48
Top screening mesh to anode 12.18
Anode to gate 5
Gate to cathode 1500
Cathode to bottom screening 49.7

4.2.2. Study of field shaping rings

To keep the field as uniform and vertical as possible, a field cage stands just outside
the PTFE walls. In XENON1T, this field cage was composed of 74 horizontal copper
rings with 10 mm height, 5 mm width and spaced by 10 mm from each other. The
voltage of each FSR is given by:

Vi = Vi−1 +
Vgate −Vcathode

NFSR
(4.1)
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where Vi is the voltage of the i shaping rings (number 1 near the cathode, number 74
near the gate), Vgate and Vcathode are the voltages of the gate and cathode electrodes,
respectively, and NFSR is the total number of shaping rings. The voltages of each FSR
are set by a resistive chain connecting all 74 copper rings. Fine tuning of the first and
last few rings voltage may be done to counteract effects near the corners of the TPC
that can impact the whole volume [99] (see Figure 4.4 and Figure 4.5).

For XENONnT, as afore mentioned, the first iteration consists of expanding the
TPC width and height wise. As for the FSRs, they remained as a ring shape (10 mm
height, 5 mm width) but adjacent (touching) to the PTFE wall.

Figure 4.4.: Simulated electric field of the XENONnT detector using FSRs similar to the ones
from the XENON1T detector, before fine tuning The figure is divided in three parts:
left – whole TPC; top right – top part of the TPC, near electrodes; bottom right –
bottom part of the TPC, near electrodes.
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Figure 4.5.: Simulated electric field of the XENONnT detector using FSRs similar to the ones
form the XENON1T detector, after fine tuning.

The main objectives when optimizing the FSRs geometry and voltages are:

• Shape the electric field inside the TPC as close to as uniform as possible, especially
inside the fiducial volume;

• Prevent charge loss in the PTFE walls, expected when field streamlines cross the
wall border.

The last appointed item is the main improvement to be handled for XENONnT as
during XENON1T operation charge loss was a major inconvenience. When an electron
cloud drifts near the wall, some electrons may get stuck in the PTFE, which is an
isolator material. Due to this charge lost, the S2 signal of the given interaction is much
smaller than expected - or even absent - leading to a miss-classified, lone S1 or leakage
event (bellow the respective band). This later is of extreme importance because, in an
extreme case, an ER event might be tagged as inside the NR band and, if reconstructed
inwards, within the fiducial volume, rising as a potential false-positive for a WIMP-like
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(a) (b)

(c) (d)

Figure 4.6.: Different FSR T-shape geometries simulations: (a) Geometry of a T-shape FSR. The
height and width of the bulk part stays at 10mm height, 5mm width. The red line,
placed 0.2 mm inside the PTFE, is the cut line through which every streamline
that crosses it, gets plotted, adding to the one inside the TPC; (b) Nose geometry:
5 mm height, 8 mm width; (c) Nose geometry: 3 mm height, 3 mm width; (d)
Nose geometry: 2 mm height, 8 mm width;

event. These events were deeply studied and modeled during XENON1T analysis,
leading to the automatic classification of some events in the ROI during unblinding as
wall events (see Figure 3.8 and reference [38]).

The first step to look into preventing charge loss was making the FSRs touch the
PTFE walls, ala XENON100. Although promising, the results were not yet satisfactory
because the field still remained very wavy near the wall. To reduce the contact of the



Electric field simulations for XENONnT 87

(a) (b)

Figure 4.7.: Different FSR T-shape geometries with bump simulations: (a) Geometry of a T-
shape FSR touching the PTFE bumps. The height and width of the bulk part stays
at 10mmx5mm; (b) Nose geometry: 2 mm height, 8 mm width. The 1 mm width
PTFE piece between the main wall and the FSR is not rendered for simplicity.

rings to the PTFE, while kepping contact, a T-shape geometry was designed, adding
two parameters to the table: the nose width (measured in r) and height (measured
in z). The results of several geometry attempts are shown in Figure 4.6. A case was
also made for rings touching bumps on the PTFE instead of the main wall but it was
shortly discontinued as it did not improve significantly the uniformity near the wall
while having its own charge build up problems on the outside of the wall (red circle in
Figure 4.7a).

From Figure 4.6 and Figure 4.7, one can reach some useful conclusions by a qualita-
tive approach:

• Streamlines behave better (waves dissipate faster) when the height of the nose
decreases (gets thinner);

• Streamlines behave better when the width of the nose increases (gets longer);

• Distancing the FSR from the main PTFE (with a piece in between) gets better
results but might cause charge accumulation between extended PTFE piece and
main wall.

With these points in mind, three different geometries were chosen for a qualitative
comparison: simple 1T-like ring, long T-shape (15mmx3mm) and small yet in more
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number T-shape (5mmx3mm). The added parameter of “number of FSRs”, although
not studied in this work before, is expected to improve the behavior of the field from
the results of other studies [100].

Table 4.3.: Details of the most representative FSRs models studied: 1T-like simple ring, T-
shaped with a long nose and T-shaped with smaller body and more rings.

Shape number
of FSRs

Height
(mm)

Width
(mm)

Spacing
(mm)

Nose
height

Nose
width

simple ring 74 10 5 20 - -
long T 74 10 5 20 3 15
small T 145 8 5 10 3 5

Figure 4.8.: Simulated electric field of the XENONnT detector using 74 T-shape FSRs with a
long nose.
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Figure 4.9.: Simulated electric field of the XENONnT detector using 145 small T-shape FSRs.

In order to quantify the improvements of each model, the angle of the electric field
in respect to the vertical position (z parallel) is plotted as function of the radius of the
TPC. Larger angles are expected near the wall. How large can give an indication of
how good a model behaves: no wave-like behavior leads to no big angles found.

From Figure 4.10, the improvements from simple 1T-like rings to T-shaped ones are
undeniable. In all three cases the result is similar for z dependence: near the gate (z
close to zero) the field is uniform until larger radii and gets progressively worse near
the cathode (z close to -1500 mm). Figure 4.10b indicates that a T-shape has smaller
wave-like pattern close to the walls of the TPC than the simple 1T FSR (Figure 4.10a).

Given the small angle values it reaches and the larger radius it needs to start having
large discrepancies, the small T-shape FSR seem the best of the three, proving that the
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(a) (b)

(c)

Figure 4.10.: Plots of the angle of the electric filed inside the TPC (up to 2 mm to the PTFE
wall) in relation with the vertical (z direction) versus the radius. Different colors
represent different z positions of the study, as labeled in the top left corner of
each plot. Discussion on text.

amount of shaping rings (and their spacing), is an important parameter contributing
to field uniformity.

As a concluding remark, one has to look at the study done in this work as only
a developing step into the optimization of the FSRs geometry. Neither it is or tries
to be a final design. Like every aspect of the XENONnT detector, the TPC and all its
electrodes design is a collaborative effort from the XENON collaboration and therefore,
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even a not polished and finished study like the one presented here is important, as
others can (and will) learn and improve from it.
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Chapter 5.

Final Remarks

5.1. Conclusion

The latest detector from the XENON Collaboration has once again proven the capabili-
ties of double-phase TPCs in the search for Spin-Independent WIMP-nucleon interac-
tion with the first multi-tonne target mass liquid Xenon DM detector, XENON1T. The
challenges associated with this endeavor have been systematically overcome reaching
the rank of most sensitive DM detector at the time of writing this dissertation.

In this dissertation, two major topics of the XENON detectors were studied: simu-
lation and analysis of the XENON1T detector response to nuclear recoils calibration
sources and electric field optimization of the XENONnT detector. Chapter 1 and
Chapter 2 cover the basics of direct Dark Matter detection, detection principle and
processes in a double-phase TPC, as well as an outlook of the XENON1T detector.

The third chapter describes the contributions made during the last year on simula-
tion and analysis of a neutron generator calibration run of the XENON1T detector. A
Geant4 simulation was produced and its results presented and discussed here range
from pure statistics, on Table 3.1, to a study of the energy spectrum of the emitted
neutrons when reaching the TPC, on Figure 3.6 and text. The broadening and low
energy neutrons observed are correlated with moderation between the source and the
detector, as well as the γ peaks to known reactions in the detector materials.

Alongside the previous simulation, a full-chain simulation was conducted, mim-
icking the output of the real detector in order to test PAX and easily compare real data
with simulated data. The discrepancies shown in Table 3.3 are due to an excess of
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high energy and spurious events present in real data when comapring to simulation,
expected to come from gas events, accidental coincidence events and/or flashes. A
study was conducted on several analysis cuts, their efficiency and how they behave on
real versus simulated data, presented in Tables 3.4 to 3.11 where, the overall behavior
agrees between real and simulated data. This method proves to be a quick and efficient
way to check if the analysis cuts behave properly in both simulated and real data and
was of great importance during the development phase of analysis.

Finally, in Section 3.3.3, the datasets from the 2018 NG calibration runs of the
XENON1T detector are used to model an empirical NR band. All the analysis cuts of
SR1 were employed to select the proper events for the fit, shown in Table 3.13. The
distance to the neutron source was also taken into account, aiming to decrease the
number of leakage events of the NR band (Figure 3.13 and Figure 3.14). The result
on the fitting of the NR band to the empirical model (equation 3.4) is presented and
compared to previous band models in Figure 3.17 and discussed. Overall, the different
results match up to a cS1 value of 80 photoelectrons and stay up to 5% of each other
up to 130 photoelectrons.

In Chapter 4, the subject changes to the next generation multi-tonne detector,
XENONnT. Planned to start operation during 2019, it will use most of the infrastructure
of the XENON1T detector, expanding the TPC and inner cryostat, as described in
Section 4.1. The goal was set on testing and optimizing the geometry and voltage
distribution of the resistive chain responsible for the uniformity of the field inside
the TPC. Different geometries were computed using finite-element simulations in
the COMSOL Multiphysics software package and the results obtained are shown in
Section 4.2. The oval-like geometry of the XENON1T FSR was surpassed by a T-shape
FSR with the tip touching the PTFE wall. Different sizes of the nose of the FSR were
simulated, leading to the conclusion that a thinner and longer nose gives much better
results in terms of uniformity of the field. Furthermore, smaller and tightly spaced
FSR given even better results (Figure 4.10). The conclusions reached in this work, are
of great relevance to the on-going studies leading to a final decision by the XENON
Collaboration on the field cage design and properties.



Final Remarks 95

5.2. Future work

Both major topics covered in this dissertation have room for improvement and deeper
studies. Note that any future work can be related to the re-analysis of XENON1T data
but should mostly look forward to any improvements to be added to the XENONnT
detector.

As for the first subject, following the results from LUX [57, 101] a very low energy
NR calibration using a NG should prove an important study of the detector response
and provide much stronger input for low energy searches. To make this possible
operation wise a new NG with the possibility of pulsed emission must be acquired
and a collimator, from the neutron source up to the cryostat, designed. Then, single
and multiple scatter selection of events will became much more efficient, leading to
stronger discrimination quality.

Regarding the FSR optimization, the conclusions reached here are just part of a
collaborative process leading to the final design. Improvements should be easily
achieved if a design where smaller T-shape rings touch the PTFE. Another important
subject is the uniformity of the field dependence on the field magnitude, in other
words, on cathode voltage. During XENON1T operation, the detector was operated at
lower cathode voltage than the one designed. This change did not stop data taking
but might have increased the problems with wall events. From simulations, when the
cathode voltage changes, the FSRs need a new fine tuning, which implies changing
the first and last couple resistors of the chain. A system of variable resistivity on those
resistors could be considered for tuning the resistive chain during operation.

Figure 5.1.: The XENON collaboration. Coimbra, 06/09/2018.
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Appendix A.

Simulation and Analysis environment

This appendix aims to give an overview on the simulation and analysis environment
and steps taken for the results shown in Chapter 3.

Within the XENON Collaboration, a vast set of analysis tools and procedures is
shared between everyone to work with and apply to their own research topic. This is
the case of the Geant4 model of the XENON1T detector and most of the analysis tools,
including standard event selection cuts.

A.1. Simulation framework

There are several stages in Monte Carlo production:

• Geant4 MC – a Geant4 geometry, material and physics model is loaded and the
simulation computed.

• nSort – a python script takes the Geant4 output, adds experimental uncertainty
(detector energy resolution) and converts deposited energy into S1 and S2 signals.
For details about the conversion the reader is pointed to reference [64].

• FAX – The FAke Xenon experiment is a waveform simulator for Xenon TPCs. FAX
simulates the real detector in the sense that it determines the production times
of photons from drift, S1 and S2 signals, decides which PMTs see the photons
(using a Light Collection Efficiency map) and the resulting PMT hitpattern and
simulates the PMTs response to the photons and the digitizers response to the
PMT signals. In the end, FAX outputs a PAX event raw data file.
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• PAX – The Processor for Analyzing Xenon is the main processor for the events
registered in the detector. From the output of FAX this same processor can be used
for simulation, mimicking not only the hardware but also the software response
of the real experiment.

• HAX – The Handy Analysis tools for XENON package equips the XENON analyst
with tools for common analysis tasks on PAX processed data, such as the creation
of Pandas DataFrames with reduced data (minitrees) from the PAX ROOT files, se-
lect and load datasets of a particular source or reference from the XENON1T runs
database, apply event selections from LAX (Lichens for Analyzing XENON1T) or
from custom built references and load metadata from the slow control and trigger
monitor databases. HAX is, therefore, on of the first and most important tools on
has to learn to be able to look into XENON1T data.

The MC code may run remotely with OSG resources or locally, selcting the type of
simulation script that best suits the needs of the user.

A Monte Carlo production can stop in any of the above steps accordingly to the
purpose of the study at hands. For instance, the main output for calibration are only
energy based and only need simualtions up to de nSort stage. On the other hand, if
one wants to study the analysis event selection in MC data, a full-chain simulation
must be performed. These are the cases of the MC data shown in Section 3.2 and
Section 3.3.2, respectively.

A.2. Analysis framework

A.2.1. Data from simulation

In order to extract information from Geant4 or nSort stages of simulation for the
mentioned sections, a ROOT reading script was used, transcribed bellow in pseudo-
code:

Listing A.1: Script to load data from Geant4 simulations

1 simpath = ’/<simpath > ’
2 datasets_s im = g e t _ f i l e _ l i s t ( simpath )
3 dfs = [ ]
4 for i in datasets_s im :
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5 n S o r t _ f i l e = i + ’ . root ’
6 f_nSor t = ROOT. T F i l e ( simpath+ n S o r t _ f i l e )
7 t r e e _ n S o r t = f_nSor t . Get ( ’ events/events ’ )
8 Nevents_nSort = t r e e _ n S o r t . GetEntr ies ( )
9

10 t r e e d a t a = t r e e 2 a r r a y ( t ree_nSor t , branches =[ ’ eventid ’ ,
11 ’ type ’ ,
12 ’ PreStepEnergy ’ ,
13 ’ xp ’ ,
14 ’yp ’ ,
15 ’ zp ’ ,
16 ’ ed ’ ,
17 ’ e_pr i ’ ,
18 ] )
19 print ( ’ done ’ )
20 _data = pd . DataFrame ( t r e e d a t a )
21 _data [ ’ pre_step_n ’ ] = _data . PreStepEnergy . s t r [ 0 ]
22 dfs . append ( _data )
23 data = pd . concat ( dfs )

The output of the above script is a Pandas DataFrame with 8 columns: eventid,
type, PreStepEnergy – energy of the particle before a given interaction, xp - x position
of a particle, yp - y position of a particle, zp - z position of a particle, ed - deposited
energy of a particle in a given interaction, e_pri - energy of the primary neutron and
NR - 1 if the interaction is a NR, 0 if it is ER). Except e_pri, which is just one float value
per event, all the other columns have N-value size lists, where each value is a recorded
interaction from the same chain of events. The analysis done in Section 3.2 is done
based on these parameters.

For reference, the script to generate Figure 3.7 is the following:

Listing A.2: Script to generate a plot of the spatial distribution of simulated NR and ER first

scatters from a NG simulation (Figure 3.7)

1 NR = data [ data .NR. s t r [ 0 ] == 1]
2 ER = data [ data .NR. s t r [ 0 ] == 0]
3 f i g = p l t . f i g u r e ( f i g s i z e = ( 2 4 , 1 6 ) )
4 ax1 = p l t . subplot2gr id ( ( 2 , 3 ) , ( 0 , 0 ) , colspan =2 , rowspan =2)
5

6 h i s t 1 = p l t . h i s t2d ( data . X . s t r [ 0 ] , data . Y . s t r [ 0 ] , b ins = 700 , cmin = 1 ,\
7 norm=LogNorm( vmin=1 , vmax=np . nanmax ( np . array ( [ np . r a v e l (

h i s t 1 [ 0 ] ) ] ) ) ) )
8 t l t 1 = p l t . t i t l e ( ’ Al l 1 s t s c a t t e r s ’ , f o n t s i z e = 30)
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9 t l t 1 . s e t _ p o s i t i o n ( [ . 5 , 1 . 0 2 ] )
10 p l t . x l a b e l ( ’ x (cm) ’ )
11 p l t . y l a b e l ( ’ y (cm) ’ )
12 p l t . c o l or ba r ( l a b e l = ’ events ’ )
13 p l t . gca ( ) . s e t _ a s p e c t ( ’ equal ’ , a d j u s t a b l e = ’ box ’ )
14

15 ax2 = p l t . subplot2gr id ( ( 2 , 3 ) , ( 0 , 2 ) , colspan =1 , rowspan =1)
16 h i s t 2 = p l t . h i s t2d (ER . X . s t r [ 0 ] , ER . Y . s t r [ 0 ] , b ins = 700 , cmin = 1 ,\
17 norm=LogNorm( vmin=1 , vmax=np . nanmax ( np . array ( [ np . r a v e l (

h i s t 1 [ 0 ] ) ] ) ) ) )
18 t l t 2 = p l t . t i t l e ( ’ER 1 s t s c a t t e r s ’ )
19 t l t 2 . s e t _ p o s i t i o n ( [ . 5 , 1 . 0 2 ] )
20 p l t . x l a b e l ( ’ x (cm) ’ )
21 p l t . y l a b e l ( ’ y (cm) ’ )
22 p l t . gca ( ) . s e t _ a s p e c t ( ’ equal ’ , a d j u s t a b l e = ’ box ’ )
23

24 ax3 = p l t . subplot2gr id ( ( 2 , 3 ) , ( 1 , 2 ) , colspan =1 , rowspan =1)
25 h i s t 3 = p l t . h i s t2d (NR. X . s t r [ 0 ] , NR. Y . s t r [ 0 ] , b ins = 700 , cmin = 1 ,\
26 norm=LogNorm( vmin=1 , vmax=np . nanmax ( np . array ( [ np . r a v e l (

h i s t 1 [ 0 ] ) ] ) ) ) )
27 t l t 3 = p l t . t i t l e ( ’NR 1 s t s c a t t e r s ’ )
28 t l t 3 . s e t _ p o s i t i o n ( [ . 5 , 1 . 0 2 ] )
29 p l t . x l a b e l ( ’ x (cm) ’ )
30 p l t . y l a b e l ( ’ y (cm) ’ )
31 p l t . gca ( ) . s e t _ a s p e c t ( ’ equal ’ , a d j u s t a b l e = ’ box ’ )
32

33 p l t . s a v e f i g ( ’ n S o r t s p a c i a l . png ’ , format= ’png ’ , dpi =100 , bbox_inches= ’ t i g h t ’
)

34 p l t . show ( )

For simulated data coming from full-chain simulations the process is much similar
to real taken data because it has been processed by PAX and can be managed through
HAX. The main difference comes in telling HAX where to look for the data: instead
of search the XENON1T runs databases, it must be directly pointes to the simulation
output directory where the PAX-processed files are located. From this point forward
the process is the same as the one described bellow, for real data.
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A.2.2. Data from the XENON1T detector

In the case of real data analysis, the core part is also done in a Python and Pandas
friendly environment, using DataFrames. In order to load the DataFrames, the HAX
custom package is used:

Listing A.3: Script to load XENON1T data

1 import hax
2 hax . i n i t ( experiment= ’XENON1T ’ ,
3 pax_vers ion_pol icy = ’ l a t e s t ’ ,
4 main_data_paths= [ ’/<path_to_main_data > ’ ] ,
5 mini tree_paths = [ ’/<path_to_mini trees > ’ ] ,
6 )
7 d a t a s e t s = hax . runs . d a t a s e t s
8

9 d a t a s e t _ s e l e c t = d a t a s e t s [ ( d a t a s e t s [ ’ source__type ’ ]== ’ neutron_generator ’ )
10 ]
11 run_numbers = d a t a s e t [ ’number ’ ] . values
12 for dset in run_numbers :
13 df_temp = hax . min i t rees . load ( dset ,
14 treemakers = tmakers , # l i s t wi th

t r e e m a k e r s names
15 p r e s e l e c t i o n = cs1 <200)
16 dfs . append ( df_temp )
17 data = pd . concat ( dfs )

The output of the above script is a DataFrame with a row for each event and a
collumn for each loaded parameter of said event. The parameters to load are defined
by which minitree is called. If the minitree is absent in ‘/ < path_to_minitrees >′, it
is created (as long as the user has writing permissions on the directory).

The next step in analysis is usually refine the loaded data with event selection cuts.
Another already mentioned package, called LAX, stores updated versions of each cut
and works with HAX to apply them:

Listing A.4: Script to process loaded data with LAX

1 import l ax
2 c u t l i s t = [ lax . cut1 , lax . cut2 , lax . cut3 , e t c . . . ]
3 for cut in ( c u t _ l i s t ) :
4 df = cut . process ( df )
5 df_cut = df . copy ( )
6 for cut in ( c u t _ l i s t ) :
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7 df_cut = hax . cuts . s e l e c t i o n ( df_cut , df_cut [ cut . name ] , cut . name)

The event selection is a two step process, as can be seen in the above script:

• For each cut, check if each event passes the cut and store the result (boolean) in a
new column in the DateFrame.

• For each cut, remove from the dataset any event that didn’t pass the cut (False in
the created column).

The result is a new (or the same if the user chooses the same variable name)
DataFrame with only the event that passed the selected LAX cuts.

From this point forward the analysis process diverges based on the end goal. To
the results presented in this work, apart from plotting the standard variables (position,
cS1, cS2), the main writing of code was put into studying leakage event and their
relation with distance to source (Figure 3.13) and on the band percentiles fit, from
data selection to computing the binned percentiles and fitting the results (Figure 3.15,
Figure 3.16 and Figure 3.17). The functions written for these calculations and analysis
are as follows: versions of each cut and works with HAX to apply them:

Listing A.5: Script to compute the ratio between leakage and non-leakage event in a binned

histogram (used in Figure 3.13)

1 def g e t _ l e a k a g e _ r a t i o ( _data_cut , r_scan ) :
2 l e a k a g e _ r a t i o = [ ]
3 l e a k a g e _ r a t i o _ e r r = [ ]
4

5 for r in r_scan :
6 N_is = len ( _data_cut [ ( _data_cut [ ’ dts ’ ] < r ) &
7 ( _data_cut [ ’ i s _ l e a k a g e ’ ] ) ] )
8 N_tot =len ( _data_cut [ ( _data_cut [ ’ dts ’ ] < r ) ] )
9 N_is_err = np . s q r t ( N_is )

10 N_tot_err = np . s q r t ( N_tot )
11

12 l e a k a g e _ r a t i o . append ( N_is/N_tot )
13 l e a k a g e _ r a t i o _ e r r . append ( np . s q r t ( np . power ( N_is_err/N_tot , 2 ) + np .

power ( N_is∗N_tot_err/np . power ( N_tot , 2 ) , 2 ) ) )
14

15 l e a k a g e _ r a t i o = np . array ( l e a k a g e _ r a t i o )
16 l e a k a g e _ r a t i o _ e r r = np . array ( l e a k a g e _ r a t i o _ e r r )
17 return l e ak age _r a t i o , l e a k a g e _ r a t i o _ e r r
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Listing A.6: Scripts to compute the binned percentiles of a given histogram, applied to the 5th,

50th and 95th percentiles and fitting the results to the empirical function shown in

equation 3.4.

1 def g e t _ p e r c e n t i l e _ b i n ( h i s t , xbinnumber , percentage ) :
2 ybins ize = h i s t [2 ] [1 ]− h i s t [ 2 ] [ 0 ]
3 ybins_middle = h i s t [ 2 ] [ : − 1 ] + ybins ize /2
4 s i z e = len ( h i s t [ 0 ] [ xbinnumber ] )
5 cumsum = np . cumsum( h i s t [ 0 ] [ xbinnumber ] )
6 totalsum = cumsum[−1]
7 for n in range ( s i z e ) :
8 nsum = cumsum[ n ]
9 perc = nsum/totalsum ∗100

10 i f perc >= percentage −0.00001:
11 return ybins_middle [ n ]
12 return None
13

14 def g e t _ p e r c e n t i l e _ a l l ( df_cut , percentsneeded = [ 5 , 9 5 , 5 0 ] , b ins =50) :
15 h i s t = np . histogram2d ( df_cut [ ’ cs1 ’ ] , np . log10 ( df_cut [ ’ cs2_bottom ’ ] /

df_cut [ ’ cs1 ’ ] ) ,
16 bins=bins ,
17 range = [ [ 1 , 1 5 0 ] , [ 0 , 3 ] ] )
18 ans = { ’ bins ’ : b ins }
19 for percent in percentsneeded :
20 _ p e r c _ l i s t = [ ]
21 for xbin in range ( len ( h i s t [ 0 ] ) ) :
22 _ p e r c _ l i s t . append ( g e t _ p e r c e n t i l e _ b i n ( h i s t , xbin , percent ) )
23 ans [ percent ] = np . array ( _ p e r c _ l i s t )
24 return ans
25

26 def f i t _ f u n c t i o n ( x , a , b , c , d ) :
27 ans = a∗np . exp(−x/b ) + c + d∗x
28 return ans
29

30 def g e t _ f i t _ v a l u e s ( p e r c e n t i l e s , funct ion = f i t _ f u n c t i o n _ S R 1 ) :
31 perc5 = p e r c e n t i l e s [ 5 ]
32 perc50 = p e r c e n t i l e s [ 5 0 ]
33 perc95 = p e r c e n t i l e s [ 9 5 ]
34

35 f i t 5 = c u r v e _ f i t ( f i t _ func t ion_SR1 , np . l i n s p a c e ( 0 . 1 , 1 5 0 , len ( perc5 ) ) ,
perc5 , p0 = [ 2 8 . 1 2 , 0 . 6 8 7 , 1 . 3 8 , 0 . 0 0 2 1 , 0 . 4 5 ] )

36 f i t 5 0 = c u r v e _ f i t ( f i t _ func t ion_SR1 , np . l i n s p a c e ( 0 . 1 , 1 5 0 , len ( perc50 ) ) ,
perc50 , p0 = [ 2 8 . 1 2 , 0 . 6 8 7 , 1 . 3 8 , 0 . 0 0 2 1 , 0 . 4 5 ] )
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37 f i t 9 5 = c u r v e _ f i t ( f i t _ func t ion_SR1 , np . l i n s p a c e ( 0 . 1 , 1 5 0 , len ( perc95 ) ) ,
perc95 , p0 = [ 2 8 . 1 2 , 0 . 6 8 7 , 1 . 3 8 , 0 . 0 0 2 1 , 0 . 4 5 ] )

38

39 return f i t 5 , f i t 5 0 , f i t 9 5
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