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Sumario

O trabalho apresentado nesta tese focou-se no estudo de Matéria escura inelastica
magnética, MiDM. Este é um dos modelos propostos para explicar a discrepancia
entre os resultados obtidos pela experiéncia DAMA/LIBRA e os resultados obti-
dos por outras experiéncias de deteccao directa de Matéria Escura.Primeiramento,
introduziu-se a probleméatica da Matéria Escura, através do foco nas evidéncias da
existéncia de Matéria Escura, possiveis candidatos a Matéria Escura e métodos de
deteccao de Matéria Escura. Além disso, foram também descritas as propriedades
fisicas de Xenon, a importancia do Xenon para os detectores de Cintilacao e o
principio de funcionamento de um detector TPC de duas fases. Descreveu-se também
o equipamento usado no detector de LUX, as calibracao efectuadas em LUX e o pa-
cote de software NEST no contexto dos modelos de campo eléctrico de LUX.Depois
disso, abordou-se a problematica da Matéria Escura Magnética Inelastica, MiDM, de
um ponto de vista tedrico e de analise de dados.Do ponto de vista tedrico, recorreu-se
as linguagens de programacao python e Mathematica para construir um modelo de
sinal para MiDM através de uma analise sobre os factores de forma, a seccao eficaz
diferencial, e a taxa de eventos diferencial do WIMP.Finalmente, foi feita a andlise
da Matéria Escura Ineldstica Magnética (MiDM), considerando os dados recolhidos
por LUX entre 11 de setembro de2014 e 2 de maio de 2016, que correspondem a
Run IV. Estes dados foram usados para estudar varias propriedades associadas a
MiDM, como a tipologia de eventos, a profundidade do evento obtida pela assime-
tria entre o topo e o fundo do detector para o pulso S1, a forma do pulso S2, a
probabilidade de emparelhamento das sequéncias cronoldgicas associadas a um sinal
produzido por MiDM e as fontes de fundo associadas a MiDM. Para que a anélise
descrita neste trabalho seja concluida no futuro, sera necessario estudar os factores

que afectam a eficiéncia, adicionar a contribuicao da largura do pulso S2 aos calculos



da probabilidade de emparelhamento e considerar um recuo nuclear para o primeiro

pulso.



Abstract

The work described in this thesis focused on the study of Magnetic inelastic Dark
Matter, MiDM. This was one of the models proposed to explain the discrepancies
between DAMA /LIBRA and other direct detection dark matter results.Firstly, it
was introduced the Dark Matter subject, focusing on Dark Matter evidences, can-
didates for particle Dark Matter and methods for Dark Matter detection.It was also
described the physics of Xenon, its importance to scintillation detectors and the
working principle dual-phase TPC detector. Also, it is briefly described the hard-
ware of the LUX detector, its calibrations and the NEST software package in the
context of LUX electric field models.After that, this work focused on Magnetic In-
elastic Dark Matter, MiDM, by a theoretical and data analysis perspective. From a
theoretical point of view, it was discussed a signal model for MiDM, with a python
and Mathematica analysis on the form factors, differential cross-section and WIMP
differential event rate.Finally, it was made an analysis on Magnetic inelastic Dark
Matter(MiDM) using the data collected by the LUX detector between September 11,
2014 and May 2, 2016, corresponding to the Run IV dark matter search. This data
was used to study several properties associated to MiDM, such as its event typology,
the depth of the event from S1 top-bottom asymmetry and S2 pulse shape, the par-
ing probability of the chronological sequences associated with a signal produced by
MiDM and the background sources associated with MiDM. The analysis described
in this work would be concluded by studying the factors that affect the efficiency,
adding the S2 pulse width contribution to the pairing probability calculations and

considering a nuclear recoil for the first pulse.
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Physical constants and Acronyms

bckg
CMB
col
DM
EFT
ER
iDM
keV.,
keV,,,
LUX
LXe

LZ

Speed of light in a vacuum inertial system 299,792,458 m/s
Gravitational Constant 6.67384 x 107" N - m? /kg?
Solar Mass 1.9891 x 10%° K¢
Background

Cosmic Microwave Background

Coincidence

Dark Matter

Effective Field Theory

Electronic Recoil

inelastic Dark Matter

kilo electronvolts, assuming an electronic recoil for the energy reconstruction
kilo electronvolt, assuming a nuclear recoil for the energy reconstruction
Large Underground Xenon

Liquid Xenon

LUX-ZEPLIN

MiDM Magnetic inelastic Dark Matter

NEST Noble Element Simulation Technique

NR

Nuclear Recoil



PHD photo-electron detected

PHE photo-electron

PMT Photomultiplier tube

RQ Reduced Quantities

SM  Standard Model

SS Single Scatter

SURF Sanford Underground Research Facility
TPC Time Projection Chamber

WIMP Weakly Interacting Massive Particle
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Introduction

The work described in this thesis will focus on the study of Magnetic inelastic
Dark Matter, MiDM [, 2]. This was one of the models proposed to explain the
discrepancies between DAMA /LIBRA and other direct detection dark matter results
[2, 3].

This thesis is structured by four chapters that study Magnetic Inelastic Dark
Matter, MiDM, by a theoretical and data analysis perspective. In the first chapter,
it is introduced the Dark Matter subject, focusing on Dark Matter evidences and
candidates for particle Dark Matter. In the second chapter, there is a description of
Xenon physics, its importance to scintillation detectors and the working principle
of a dual-time projection chamber (dual-phase TPC) detector. Also, it is briefly
described the hardware of the LUX detector, its calibrations and the NEST software
package in the context of LUX electric field models. In the third chapter, the
signal model for MiDM is discussed with a python and Mathematica analysis on
the form factors, differential cross-section and WIMP differential event rate. In the
last chapter, the LUX detector data is analysed from the MiDM model perspective,

including an analysis on the background sources of MiDM.
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Chapter 1

Astrophysical evidences for Dark

Matter

During the past decades, it has been suggested that the energy density of our
universe is dominated by two main components with an almost unknown nature,
namely Dark Energy and Dark Matter [1, 5]. Dark Energy is an almost uniform com-
ponent of the universe, being responsible for the expansion of the universe [5]. Dark
Matter is a type of matter whose interactions with ordinary matter are observed
only through gravitational and probably weak forces, excluding the electromagnetic
and strong forces [1, 5, 0].

In this chapter, the subject of dark matter will be discussed. There will be intro-
duced some evidences for dark matter existence, some of its more reliable candidates,

and the methods to detect this type of matter.

1.1 Evidence for Dark Matter

The first evidences for dark matter were described in the 1930s by Jan Oort
and Fritz Zwicky [7]. They both studied the dynamics of galaxies and clusters of
galaxies [3]. In 1932, Jan Oort measured the velocities of stars in several galaxies,
such as the Milky Way and NGC 4594 galaxy, also known as Sombrero Galaxy or
M104 [5, 9]. From these measurements, he discovered that the stars were moving
faster than the expected for the observed velocities on luminous matter [9]. In

spite of Jan Oort suggesting the existence of additional unseen mass to explain
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this observations, these phenomena can also be explained by unseen dwarf stars or
absorption from interstellar gas or dust [10, [1]. In 1933, Fritz Zwicky estimated the
mass of the Coma cluster (Abell 1656), following two different methods: obtaining
this mass experimentally, measuring the Coma Clusters’s luminosity, and theoretical
calculations on the Coma Cluster’s mass, using the virial theorem.

Fritz Zwicky applied the virial theorem to the Coma Cluster, which expected

mass is given by [10)]

VR, (1.1)

where M, is the mass of the Coma Cluster, ,v, is the radial projection of the velocity
and R, is the radius of the Coma Cluster and G= 6.672 x107'! N m?kg~? is the
gravitational constant [10, 12]. For the mass of the Coma Cluster, M., Fritz Zwicky
obtained 4.5 x10¥M,, at the order of 500 times bigger than the mass inferred
from luminosity [10, 13, 14]. For the mass that was not accounted, Zwicky called it
"dunkle Materie”, german for dark matter.

At a smaller scale, another evidence for dark matter was observed in the 1970s
[15, 16]. This evidence came from the rotational curves of spiral galaxies, consisting
on the graphs that relate the circular velocity of galactic constituents, v(r), to the
distance from the center of the galaxy, known as galactic radius, r [10, 16]. To obtain
these velocity curves, they measured the Doppler redshift of the 21-cm emission line
of hydrogen as a function of the radial distance to the galactic center [10, 17].

From Newtonian mechanics and Kepler laws, the expected circular velocity for

spiral galaxies, v(r), is described by [10, 16, 18]

v(r) = : (1.2)

where M (r) is the mass of the galaxy contained inside the radial distance r [10, 19].
At a large radii, the equation 1.2 shows a dependence of the velocity on the radius
square root, such as v(r) oc r~%/2 [10]. From this dependence, it is expected that
stars and gas further away from the center of the galaxy to move slower than those
closer to the mass concentrated in the center region of the galaxy, known as bulge
mass.

The velocity curves of spiral galaxies were first studied by Vera Rubin and Kent

Ford [18, 19]. From their observations, Vera Rubin and Kent Ford stated that
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the data shows a flat distribution of velocities, which is not consistent with the

theoretical predictions given by the equation 1.2 at large radii [10, 18]. An example
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Figure 1.1: Velocity distribution curve of the NGC 6503 galaxy [15].

of this behaviour is shown in figure 1.1 for the NGC 6503 dwarf spiral galaxy [20].
From these figure, the observed behaviour correspond to a flat rotation curve [21].
This curve implies that the mass in the galaxy has a proportional behaviour with
the distance to the center of the system [10]. This is shown in equation 1.2 for a
constant v(r), which implies M(r) o r. The figure 1.1 also shows the expected
velocity curve, which is described by the ”disk” plus "gas” curves [15, 21]. For the
velocity curve of galaxies, the discrepancies between the observations and theoretical
predictions are explained by the existence of huge dark halos of dark matter on the
galaxies composition, in addition to the luminous matter [15].

For the previous dark matter evidence, it was assumed a Newtonian dynamics
approach for the galactic scales [21]. For scales similar to the solar system, the
measurements confirm this behavior for gravity. As an alternative to dark matter,
several scientists suggested that the galactic evidence of Fritz Zwicky and Vera
Rubin can be explained by modified Newtonian dynamics for larger scales, namely
the MOdified Newtonian Dynamics (MOND) [21, 22]. This idea was tested with
measurements in a bullet cluster, which are composed clusters who have recently
collided and passed through each other [23].

Consequently, the collision between the two clusters lead the baryonic matter to

heat and emit X-rays, which are observed and used to map the luminous mass distri-
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Figure 1.2: Image of the galaxy cluster 1E 0657-56, known as Bullet Cluster [21].
Chandra X-ray Observatory image (pink) and dark matter mass distribution (blue)
obtained from weak lensing measurements and overlaid by visible light from the

Hubble Space Telescope [21, 25]

bution. Alternatively to the analysis of particle velocities, the mass distribution of
massive objects at a galactic scale can be obtained indirectly, using the gravitational
lensing technique [21, 20].

Based on General Relativity, gravitational lensing is a consequence of space-time
distortion [25, 27]. This effect occurs when a distribution of matter between a distant
light source and an observer bends light from the source, as it follows a geodesic
path from its source to detection on earth [26, 28]. As opposed to luminous matter,
the emitted light will appear to bend around nothing for a dark matter distribution
[28].  Gravitational lensing distorts space-time in a more visible way when this
effect results in arcs and multiple images of the background object, namely strong
gravitational lensing [17]. Because of the high non-linearity of the strong lensing,
these distortions are few and difficult to measure. Alternatively, the more common
form of lensing is weak gravitational lensing, consisting in a much smaller space-
time distortion [17, 29]. This effect results in images that are only slightly distorted,
being only detected by measuring a large number of sources [10, 17].

Both strong and weak gravitational lensing are used to measure the size and
distribution of dark matter halos, obtaining the mass density required to cause the
observed lensing [I1]. An example of weak gravitational lensing observations is a
set of images of the Bullet Cluster 1E 0657-56, obtained by the Hubble telescope

[24]. In the figure 1.2, it is shown a composite of these images accompanied by
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X-ray observations of the Bullet Cluster by the Chandra X-ray observatory. It
shows the contributions of the X-rays emitted by baryonic matter in pink, while
the contributions of the mass from gravitational lensing are represented in blue [23].
Until recently, most of the scientists claimed that gravitational lensing could not
be explained by a modified newtonian dynamics, because the amount of mass ob-
tained from gravitational lensing is larger than the luminous mass [21]. According to
them, this would demonstrate that the matter obtained from gravitational lensing
decouples from baryonic matter induced by the formation of the bullet cluster [21,

|. This decoupling would imply the existence of a non-luminous and non-baryonic
matter, which favours the existence of dark matter [10, 21]. Most recently, this as-
sumption has been contradicted by other scientists that proposed newest relativistic
formulations of MOND [30]. Such formulations solve the problem of gravitational
lensing in relativistic theories of MOND, but are unable to explain temperature
fluctuations in the cosmic microwave background and particle abundances in the
early universe [30, 31, 32]. These cosmological phenomena will be discussed further
below.

At a cosmological scale, another evidence for dark matter came from anisotropies
on Cosmic Microwave Background, CMB. CMB is a thermal radiation that isotrop-
ically fills the Universe and it closely follows and ideal black body spectrum with a
temperature of T = 2.726 K [10, 20]. Before the formation of CMB, the universe was
filled with a hot, dense plasma consisting of electrons and baryons in thermal equi-
librium [29, 33]. In this period, the photons scattered off of the electrons, restricting
their movement across the universe and causing it to be opaque to radiation [21,

|. The average temperature of the universe decreased due to its expansion and the
photons became less energetic [21]. When the universe cooled to about 3000 K, its
energy reached a value below the binding energy of hydrogen of 13.6 keV [20, 33].
This caused the protons and electrons to combine, forming neutral hydrogen atoms,
[33]. As photons had enough energy to ionize the hydrogen, the universe became
transparent to radiation and the photons were no longer in thermal equilibrium with
the electrons [20, 21]. These photons decoupled from the electrons and formed the
cosmic microwave background, CMB [21].

In spite of filling the universe isotropically, CMB has small anisotropies that come
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Figure 1.3: Power Spectrum of the Cosmic Microwave Background, obtained from

the Planck 2015 data [34].

from temperature fluctuations of the order of 2- ~ 107* [10, 18, 20]. As shown in the
figure 1.3, these fluctuations are well studied by the temperature power spectrum
obtained in the analysis of the CMB anisotropy data from Planck 2015 results [10,

|. By applying a fit to the power spectrum, it was determined the size and position

Table 1.1: Sample from Planck 2015 fit results [10, 16, 29].

Parameter Symbol  Measured Value
Baryonic matter density 973 0.02230 £ 0.00014
Cold Dark Matter density Qcpum 0.1188 £ 0.0010
Total matter density Qm 0.3089 +£ 0.0062
Dark Energy density Q) 0.6911 £+ 0.0062
Curvature Q 0.0008 150036
of peaks shown in the figure 1.3 [29]. From this fit, it is possible to collect valuable

information on the curvature and energy-matter composition of the universe in the
form of the density parameter, €;, that is given by [16, 20]
0 =2 (1.3)
Pe
where p; is the density of the species ¢ and p, is the density required for flatness,
also known as critical density [20, 29]. In the table 1.1, there are shown the best fit

parameters from the Planck 2015 results for the energy content of the universe [10,
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, 29]. This results are consistent with a flat, dark energy dominated universe, as

described by the model known as ACDM or standard model of cosmology [29].

1.2 Dark Matter Candidates

Some of the evidence for dark matter was shown in the previous section of this
chapter. In addition to show evidence for dark matter existence, it is also necessary
to investigate its nature [30].

As a starting point, it was proposed that dark matter could be explained with-
out the addition of any new particles [28, 36]. As an example, the dark matter halo
was considered to be composed by baryonic, massive non-luminous bodies of regular
matter, namely Massive Compact Halo Objects, MACHOSs [10, 36]. Among others,
these massive objects would consist of neutron stars, white dwarfs, brown dwarfs,
Jupiter-like planets and black holes [10]. Such baryonic objects should be detectable
through the measurement of changes in the brightness of more distant stars due to
gravitational lensing by more nearby MACHOs, namely microlensing experiments
[19]. From these searches, it was determined that less than 25% of the dark halos
could be due to baryonic dark matter, with masses between 2 x10~7 and one solar
mass at a 95% confidence limit [33]. Another constraint on MACHOs as baryonic
dark matter comes from measurements of the contribution of baryons to the energy
density of the universe [37]. Theoretically, it was expected the abundances of light
elements and cosmic microwave background to be consistent with the predictions
made from the big bang nucleosynthesis, which is the theory that explains the pro-
duction of light elements during the early universe. However, the measurements
obtained a baryon contribution of less than 20 % of the total matter of the uni-
verse. In spite of these constraints, it remains possible that MACHOs could exist in
the form of primordial black holes, if they were formed before nucleosynthesis [19].
However, this assumption has not been yet confirmed experimentally.

The standard model also contains non-baryonic candidates for dark matter, such
as the neutrinos [3]. They are good dark matter candidates due to their properties, as
they are stable, interact with ordinary matter very weakly and are massive [20]. As

relativistic dark matter candidates, the neutrinos are collectively known as Hot Dark
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Matter [38]. However, large structure formation requires that the universe should
have a non-relativistic, Cold Dark Matter component [23]. During this period, this
dark matter component would become gravitationally bound to galaxies. This is

confirmed by the observations on galaxy clusters, Cosmic Microwave Background

and Lyman-a [33, 38]. Although, it is possible to consider a different hypothesis
related to the neutrino [19]. It consists in a extension of the standard model, adding
a right-handed neutrino, known as sterile neutrino [29]. However, they can only be

cold and account for structure formation for some particular scenarios. In addition,
there is no solid evidence for the sterile neutrinos existence, in spite of some claims
of their existence due to some experiments anomalous results [29, 39].

Another dark matter candidate is the Axion, which consists of a light boson
[19, 25]. The Axion was proposed by Peccei-Quinn to solve the strong CP problem
[25]. This problem consists of a symmetry breaking due to CP violation on strong
interactions, which was predicted by Quantum Chromodynamics, QCD, but not
observed experimentally [7, 21]. According to Peccei-Quinn, the axions are particles
with low mass, electrically neutral and stable, which have very weak interactions
with the strong and weak forces [33]. It was originally predicted that the axion
would have a mass around 100 keV [3]. However, this prediction has been ruled out
experimentally [2, 29]. Alternatively, the searches have been focused on ”invisible”
axion models [3]. These particles can interact via an axio-electric effect, which is
similar to the photoelectric effect [29]. They can also interact through a coupling
between the axion and two photons, mediated by a presence of a magnetic field.
Searches for axions were made on experiments such as CAST, ADMX CASPER,
LUX and XENON [18].

The most popular candidates for dark matter are the Weakly Interacting Massive
Particles, WIMPs [, 10]. They consist of stable particles that interact with ordinary
matter through weak and gravitational forces [29, 10]. In addition to their stability,
WIMPs have a mass in the order of 10-1000 GeV, which means that the WIMPs
are heavy enough to be non-relativistic in the early universe [29]. It is believed
that WIMPs were in thermal and chemical equilibrium in the early universe [/,

|. During this phase, the temperature was higher than the mass of the WIMPs,

and they frequently annihilated with one another, being continuously produced by
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interactions between lighter particles. As the universe cooled and expanded, the
WIMPs were no longer able to annihilate rapidly enough to maintain equilibrium
[1, 16, 38]. As a consequence, they become thermally decoupled from other particle
species in a process called ”freeze-out” [19]. The quantity of WIMPs that were left
behind by this process is known as relic abundance of WIMPs [38].

In spite of their popularity as dark matter candidates, the WIMPs have not yet
been discovered [28]. However, their detection is expected as the current and next
generation experiments will test the limits of the WIMP parameter space. This will
be tested for several models, such as the lightest Supersymmetric particle, LSP.

Examples of other WIMP candidates are dark photons, neutralinos from su-
persymmetry theories, lightest Kaluza-Klein particle from theories with Universal
Extra Dimensions (UED) and other theories beyond the Standard Model of particle
physics [11, 12]. In this work we will explore Magnetic inelastic Dark Matter, as-
suming that the WIMP follows an inelastic kinematics and has a non-zero magnetic

moment [3].

1.3 Dark Matter detection methods

There are three possible methods to detect dark matter particles, which cor-
respond to couplings between dark matter and the standard model particles [19].
These methods consist of: particle production in colliders, indirect detection through
annihilation and direct detection via low energy recoil dark matter experiments [13].

The production of WIMPs in colliders is a result of the annihilation of two Stan-
dard model particles [19]. As a result of this annihilation, the production of WIMPs
can be accompanied by jets, a photon, a Z or W boson, a lepton, or even nothing at
all [25]. Rather than being detected directly, the WIMPs produced in the colliders
appear as missing energy and momemtum, enabled by the reconstruction of event
energies [16, 11]. This event reconstruction would allow for direct determination of
the WIMP mass, considering the missing energy greater than twice of the WIMPs
mass [3]. So far the search of events with missing momentum and energy was not
able to detect dark matter [28]. This is due the signal of excess beyond the standard

model has yet to be observed at collider experiments [28, 11]. Some of the searches
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of WIMP production in colliders have been performed at the LHC at CERN and at
the Tevatron at Fermilab [10, 19].

Indirect detection consists of two WIMPs annihilating each other, resulting on
the creation of standard model particle-antiparticle pairs with high energy, such
as gamma ray photons, neutrinos, or electron-positron pairs. [1, 10, 28]. These
searches often focus on regions where dark matter is expected to be high, such as
the galactic center, the sun or dwarf galaxies [, 7]. This is due the annihilation
rate being proportional to the square number of density of WIMPs [1]. Dark matter
indirect searches have the potential to detect the decay products from the hypoth-
esised dark matter particles [17]. To observe these decay products, they must be
stable and distinguishable from the background. It is very difficult to known if an
observed decay corresponds to an indirect Dark Matter signal, because of poten-
tial backgrounds from astrophysical sources, which nature is unknown [31]. Some
examples of indirect dark matter experiments are Fermi-LAT and ANTARES and
IceCube [10, 33].

The direct detection consists on the detection of interactions between hypothe-
sised dark matter particles and target materials and is processed via energy recoils
between 1 and 100 keV [10, 13]. As examples of target materials, there are crystal
scintillators, semiconductor crystals, liquefied noble gases and superheated liquid
[40].

For this method of detection, the interactions with the target materials lead to
heat, scintillation light and ionization electrons. One or more of these signals are
detected by direct detection experiments, such as DAMA /LIBRA, PICO, CDMS,
LUX, LZ, PandaX and XENONI1T among other experiments. These experiments
are known for operating in an extremely low background regime, with less than 1
evt/kg/year as a current limit for WIMP recoils, as shown in the figure 1.4 [13,

|. In this figure, it is shown an overview over the current spin-independent limits
on the cross-section for various dark matter direct detection experiments [15, 40].
The most sensitive limits on the WIMP mass have been achieved by the XENON1T
experiment, comparing with other direct detection experiments [15].
The XENONIT experiment consists of a dual-phase Xenon detector, located at

the Laboratori Nazionali del Gran Sasso, with a total volume of 3.2 tonnes and 2
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Figure 1.4: Spin-independent limits on the cross-section for various dark matter

direct detection experiments [15].

tonnes of active volume [17, 418]. This experiment operations occurred between 2011
and 2018, reaching to a limit on the WIMP-nucleon spin-independent cross section
of 1x107*" cm? for a mass of 30 GeV/c? [15].

As a part of the XENON project, the work developed on the XENONIT exper-
iment will continue with the XENONnT and DARWIN experiments [13, 19]. As
XENONNT and DARWIN operations will occur during the next decade, they are
known as next generation experiments [15, 18, 19].

XENONNT consists in an update of the XENONIT experiment, having a total
mass of 8.4 tonnes and a active volume mass of 5.9 tonnes. Its projected limit for
the WIMP-nucleon spin-independent cross section is 1.6x107%® c¢cm? for a mass of
50 GeV/c? [18, 50]. XENONIT operations are projected to occur between 2019
and 2023 [18, 51]. After the end of the XENONnT operations, DARWIN will begin
its operations in 2025, with a total mass of 50 tonnes, and an active volume mass
of 40 tonnes [19]. Among other physics goals, this experiment aims to reach a
WIMP-nucleon cross sections in the order of 1074 ¢m? for masses of ~ 50 GeV /c?.

The LUX-ZEPLIN (LZ) is another example of a next generation experiment,
consisting in the merge of two previous dark matter direct detection experiments,
namely LUX and ZEPLIN [52]. In the figure 1.5, it is shown the LUX-ZEPLIN
(LZ) projected sensitivity to spin-independent scattering compared with other direct
detection experiments, such as PandaX, XENONI1T and LUX. In the next chapter,

we will describe the LUX experiment in more detail.
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Figure 1.5: Spin-independent limits on the cross-section for LZ comparing with other

direct detection experiments [52].

In the next decade, XENONnT, DARWIN, LZ, and other experiments will seek
to lower the spin-independent limits on the cross-section, in order to directly detect

WIMPs [18, 19, 52].
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Chapter 2

Dark Matter Direct Detection:
The Liquid Underground Xenon

experiment

The LUX detector was a dual phase liquid/gas Time Projection Chamber filled
with 380 kg of Liquid Xenon, of which 250 kg were present in the region enclosed
by the detector walls between the high voltage grids [, 29]. LUX operated at
the Sanford Underground Research Facility, SURF, in Lead, South Dakota (USA)
between 2012 and 2016 [19]. It is located in the Davis Cavern, 1478 m below the
surface. LUX was designed and built for direct detection of WIMPs, maintaining
a background expectation of less than one WIMP-like background event in 30 000
kg-days [10, 53]. With this overall goal, it was expected the experiment to reach a
WIMP-nucleon spin-independent cross-section down to 2 x 107%6 cm? for a WIMP
mass around 50 GeV/c? at a 90 % Confidence Level (C.L.) [10, 53, 54]. During
its operations, the LUX experiment achieved a limit on both the WIMP-nucleon
spin-independent and WIMP-neutron spin-dependent cross sections of 1.1 x 1074
cm? for a 50 GeV/c? at a 90 % C.L., and 1.6 x 107 c¢m? for a 35 GeV/c? at a 90
% C.L., respectively [54, 55].

In this chapter, we will discuss the advantages of xenon as a target nuclei, the
dual phase TPC mechanism, the LUX detector hardware and calibrations and its

response model.
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2.1 Advantages of Xenon as a target nuclei

One of the advantages of xenon as a target nuclei is its high atomic weight,
A, which mean value is around 131.29 [10, 56]. This property enhances spin-
independent interactions, which cross section scales with A? [56]. This causes also
the liquid xenon to be denser than the other liquid noble gases (prx. = 2.888 +
0.005 g-cm?), which increases the capacity of a detector to enclose a substantial
target mass, resulting in higher WIMP interaction rates [10].

Another advantage of using Xenon is its high atomic number, Z=54, which allows
good self-shielding for penetrating radiation, mainly in the form of v and 3 particles.
Self-shielding is a property of Xenon detectors that allows the outer regions of the
xenon volume to absorb much of the external v radiation, leaving the inner volume
with a highly reduced background. As an example, a v particle with an energy of
100 keV has a mean free path of about 2 mm in liquid xenon, requiring thirty mean
free paths to penetrate into the liquid xenon region [23].

Natural Xenon has 9 stable/almost stable isotopes, namely 1245, 126X, 128Xe,
129%e, %Xe, ¥1Xe, **Xe, " Xe and "*Xe [10, 17, 55]. From this set of isotopes,
it is known that '**Xe and "°Xe isotopes are unstable, but they have a very long
half-life [57, 58]. '**Xe decays with a very long half-life (double electron capture) of
1.8 x 102 years [77]. "**Xe decays with a very long half-life by double beta decay
(~ 2.165 x 10! years [78]). The isotopes "**Xe and '**Xe are only observationally
stable, but nuclear models predict them to be unstable with a even larger half-life
compared to "**Xe and "**Xe [59]. The long half-life of this isotopes does not have a
significant impact in the background rate of the detector. The remaining isotopes are
stable. From these stable isotopes, the only ones that have an odd spin are **Xe
and *'Xe isotopes, which allows for a competitive sensitivity to spin-dependent
WIMP-neutron elastic cross section [28].

Xenon has also very low electronegativity of 2.6, allowing the electrons to drift
over large distances, as long as detector’s impurities, such as Ny, Oy and H,O are
minimized [21, 60, 23]. These impurities degrade the free electron attenuation length
and they must be removed in order to properly reconstruct the events in the detector

[23].

Xenon is a very good scintillator, having the largest light yield comparatively
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to the other rare gaseous detectors, which varies between 50 and 70 phd/keV for
low energy recoils [50, 61]. It produces scintillation at a 175 nm wavelength, in
the vacuum ultra violet (VUV) region, which makes xenon transparent to its own
scintillation, allowing the photons to travel through the liquid without a significant
attenuation [17, H0].

Xenon has the highest boiling point, 169 K, compared with other noble gases,
such as Argon which has a boiling point of 87.26 K [50, 62]. Because it is easier to
cool the liquid, this high boiling point allows for the use of a more basic detector
system, based on a cryogenic system and a nitrogen cooling bath [22].

Liquid Xenon is also highly scalable as a detector medium, which implies that
the size of the detector can be increased continually, as long as the the integrity
of the detector remains intact and additional target material is available [25]. This
is an advantage, because the sensitivity scales with the volume of the detector,
while most of the backgrounds come from the detector materials and its event rate
scales with the area of the detector’s surface [1, 28, 63]. Most of the backgrounds
are located in the surface of the detector, and they don’t reach the detector’s core
due to the xenon self-shielding properties [1]. As a noble gas, Argon is also very
scalable, but this is not the case for Germanium as a detector medium [64]. The
detector’s that use Germanium as a target build its tonne-scale, producing an array
of many small Germanium crystals [65]. Above ~ 1 kg mass, these crystals have
diminishing returns due to heat capacity and cost. In addition to these constraints,
each crystal adds background to the detector, mainly in its support structures and
readout interfaces. The addition of more Germanium crystals above 1 kg mass
will also affect the energy resolution of the experiment, causing difficulties in the

measurement of the phonon signal.

2.2 Scintillation and Ionization yields

The energy depositions caused by the particle interactions in the detector’s target
can be characterised by two different types of recoils: nuclear recoil, NR, or electronic
recoil, ER [8, 18, 23]. Nuclear recoils, NR, are the result from interactions with the

target atom nuclei [3]. The atom nuclei can interact with hypothetical Dark Matter
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particles or neutrons [23]. For electronic recoils, ER, the interactions in the target
result from interactions with the electrons of the target atoms [3]. These electrons
interact with typical backgrounds of the detector, as s and (3 particles [23]. For
both ER and NR, the energy deposited in the detector is converted to ionization,
atomic excitation and heat [23]. This energy deposition is described by the Platzman

equation, given by [(1, (0]
Eg = Nz Ei+Nex Eem‘i‘NiE, (21)

where FE; is the mean energy that is spent to ionize an atom, E., is the mean energy
that is spent to excite an atom, N; is the mean number of ionized atoms, N, is
the mean number of excited atoms, and € is the mean energy of sub-excitation
electrons, [01]. In the equation 2.1, the term N;e corresponds to the heat, which
is more relevant in a NR than an ER energy deposition [67]. The mean number of

ionized and excited atoms are given in terms of its work functions, W; and W,,, as

[66]

Eq
N, = — 2 and 2.9
W +w, (2:2)
Nex = OJNZ' (23)

where « is the relation between the number of excited atoms and ionized ones [60].

This relation is approximately 0.06 for ER and 1 for NR [67].

Electron/Nuclear
recoil \
Excitation [onisation Sz
Xe Xe
+Xe tXe
Sl Xe; Xe2+
178nm lzlilif[ bl;lﬁim 178nm +e“
(recombination)
ZXE 2Xe Xe“_l_ XE

Figure 2.1: Response mechanism of dual phase Time Projection Chamber [65].

Both excitation and ionization can produce primary scintillation through the
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following process, known as scintillation mechanism [69]:

Xe" +Xe — Xe;

(2.4)
— Xe+ Xe + 7,
Xet +Xe — Xej
Xej + e — Xe* + Xe
Xe™& — Xe* + heat (2.5)

Xe" 4+ Xe — Xej
— Xe+Xe+7.

The figure 2.1 shows a simplified scheme of the interaction chain in xenon [68].
The incident ionizing radiation produces both excitation and ionization xenon atoms
[].

The initial excitation of xenon atoms results on the production of light emitted
through the decay of excited diatomic molecules of xenon, Xe; [4, 8]. As shown in
the equation 2.4, this light is emitted in the form a photons with wavelength of 175
nm, in the VUV region of the electromagnetic spectrum
[1, 69]. This scintillation light corresponds to prompt scintillation or S1 signal [3].
The ionization of xenon atoms corresponds to the formation of free electrons and
a positive ion pair, Xe™ [1]. Some of the ionization electrons escape the event site,
being drifted by an electric field known as drift field [¢]. For a very low drift field,
the remaining electrons recombine with ionized xenon atoms at the event site. This
process is known as recombination, as described by the equations 2.5 [3, 69]. These
equations show the formation of ionized molecules, Xe; from the ionized channel
[69, 70]. Later, the recombination of electrons results in the production of excited
xenon excimers, Xe}, and scintillation light [3]. This scintillation light is produced
as the excited xenon excimers, Xej, return to ground-state neutral pairs of Xenon
atoms, Xesy. In addition to the scintillation light produced by direct excitation, the
scintillation light produced from the recombination process also corresponds to the
prompt scintillation or S1 signal [3, 23].

However, the free electrons that escape recombination are drifted upwards under
the influence of a stronger electric field [23]. Eventually, these electrons are ex-

tracted into the gas phase of the detector when they reach the liquid-gas interface.
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Figure 2.2: Scheme of a dark matter interaction in a dual-phase Time Projection

Chamber [53].

During their extraction to the gas phase, the electrons are accelerated, producing a
scintillation light known as secondary scintillation light or S2 signal [, 23].

For short particle tracks, the recombination probability is given by the Thomas-
Imel box model as [60]
In(1+¢)
e

where o is is a constant dependent on ionization electron and hole mobilities and

o Nioz’

=1 =
" 4a?v

3 (2.6)

the dielectric constant, v is the mean ionization electron velocity and a is a length
scale defining ionization density volume. As such, the number of photons N, and

the number of ionization electrons N, are given by

Ny = Nep+1rN; and (2.7)
N. = Ni(1-7) (2.8)

”Short tracks” are defined to be those that are shorter than the mean ionization
electron-ion thermalization distance, 4.6 pm in liquid xenon.

The figure 2.2 shows a scheme of cryogenic dual-phase TPC with a noble gas
[29, 53]. As shown in the figure, an incoming particle interacts in the liquid volume,
depositing energy either through direct atomic excitation or ionization [21]. The

energy deposited through excitation leads to the creation of a dimer in the excited
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state, which produces primary scintillation or S1 signal [21, 55]. The ionization
of xenon atoms produces charge, namely free electrons. These electrons are drifted
towards the surface, by applying an electric field in the liquid surface [55]. For a very
low electric field, the released electrons recombine with a xenon ion and also produce
a prompt scintillation signal [29]. Alternatively, the electrons are extracted to the
gas phase, applying another electric field in the surface region. These extracted
electrons interact in the gas, producing electroluminescence light or S2 signal. To
produce the S2 signal, it is applied another electric field in the surface that separates
the gas and liquid phase of the detector, which extracts the electrons to the gas phase
[21, 55].

This configuration allows for the calculation of the depth of the interaction, z
[29]. This depth is obtained by the difference in the arrival time between the S2 and
S1 signal, which corresponds to the time that electrons take to drift upwards in the
detector, known as drift time [29, 55]. The depth of interaction is obtained from
measurements of the electron drift velocities as a function of the applied field [3].

This scintillation signal also gives the location of the collected charge in the (x,y)
plane of the detector, known as (x,y) position [55]. This position is obtained from a
pattern analysis of the S2 light distribution in the top PMT array of the detector.
Together, the length of the drift time and the collected charge in the (x,y) plane of
the detector give a three-dimensional position reconstruction.

The reconstructed energy for electronic recoils (ER) can be written as [55]

S1 52 S1 S2
EkeVe) =W - (Ne+N,) =W | —4+— | =W | — + =5 2.9
eV =W (80 = (S 2w (B ) )

where g; and gy are the conversion factors between the quanta released at the inter-
action site and S1, S2 measured signals. E'F stands for extraction efficiency, which
is the fraction of electrons that promptly cross the liquid-gas interface [51]. For the
final operations of the LUX detector, the obtained extraction efficiency was (73 +
4)%. SE is the average response on the number of detected photons (phd) from a
single extracted electron [55]. The size of a single electron depends on both drift and
electron extraction fields, and detector geometry and pressure of the gaseous xenon
[28]. For a given single electron size, it can be estimated the number of electrons
per deposited energy [21]. From LUX measurements, SE varies between 25.3 and

26.4 phd [16]. To perform the corrections on EE and SE, it was used the source
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Figure 2.3: Cross sectional view of the LUX cryostats [53].

°H, as described in the section 2.1 [71].
For a nuclear recoil, the reconstructed energy is obtained by dividing the ER

reconstructed energy by a quenching factor, L, as [72]

E(keVy) = % (2.10)

where the Lindard factor, L(keVy,), determines the fraction of energy of a recoiling
nucleus that goes into scintillation and ionization. The dependence of L with the
energy is measured using the Deuterim-Deuterim calibrations, as described in the

section 2.1.

2.3 The LUX detector

The figure 2.3 shows a scheme of the LUX Time Projection Chmaber, TPC, and
the internal and external cryostats [53].
The LUX detector had two cylindrical cryostat vessels that contained the xenon

target and detection components [10]. The outer vessel is immersed in a 7.6 m
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diameter by 6.1 m high water tank [10, 29, 73]. This water tank was used as a
shielding from external radiation as cosmic rays from muons, ys and neutrons [29].
The water tank is held by a cryostat with 101 cm tall and a 61.6 cm diameter [10].
The outer vessel also houses the inner vessel, which holds the detector’s TPC.

The LUX TPC had an internal maximum diameter of 49 cm, a dodecagonal
shape and the inner surfaces of the detector were covered by PTFE Teflon reflector
panels [53, 55, 74]. The PTFE panels increased the amount of reflected light events
near the TPC walls due to their very good reflectance properties for the Xenon
scintillation light. As measured by Neves et al. the PTFE reflectance for liquid
xenon is about 97 % or more [75].

To detect the S1 and S2 signals, there were used two photomultiplier (PMT)
arrays placed in the top and bottom of the volume and each one with 61 Hamamatsu
R8778 PMTs [29, 55]. The top PMT array was located in the gas phase of the
detector and collects a major fraction of the S2 light, being used for (x,y) position
reconstruction [10, 29].

The bottom PMT array was located in the liquid phase of the detector and
detects most of the S1 light [29].

In order to have several regions with different electric fields, the LUX TPC
included several wire grids at a constant potential and attached to the PTFE pannels
[29]. The first grid was located 2 cm above the bottom PMT array. It shielded the
PMT’s from the high voltage of the cathode [29, 53].

The cathode grid was located 4 cm above the bottom PMT array and operated
with a potential of —10 kV [29, 51]. Below the cathode is located the reverse
field region. In this region grid the potential decreases, which allows the PMTs to
operate near ground [29]. Any interaction that occurs in this region, implies that
the electrons drift downwards, not producing an S2 signal.

The gate grid is located 49 cm above the cathode, with a drift field of 180 V/cm
in the liquid [29, 72]. This field defined the active region of the TPC, corresponding
to the WIMP target [29]. In this region, the gate allows an higher extraction field
of ~ 5 kV/cm, that is the field between the gate and the liquid surface [29, 53,

]. The gate also allows a higher electroluminescence field of ~ 10 kV/cm in the

gas region. Between the cathode and the gate, it is applied an electric field that
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generates the S1 signal [54].

The anode grid is located 1 cm above the gate grid [29]. There is a field between
the anode and the top PMT array, which was set to be below the electroluminescence
threshold. This low electric field was set that interactions do not produce light in
that region of the detector.

The liquid surface is located 5 mm above the gate and 5 mm below anode [1].
Between the anode and the gate, it is created an extraction field that pulls electrons

from the liquid surface, generating the S2 signal.

2.4 Calibrations of the LUX detector

Table 2.1: Calibrations operated in the LUX detector for energy and position-

dependent corrections.

Band Energy  Type of parti- Used for

(keV) cle
*H ER 0-18 B Energy calibration
e ER 0-12.3 15} Energy calibration
e 06} ER 32.1 Electron Position-dependent
+9.4 Conversion corrections
DD NR 2450 neutrons Calibrate the NR band
270 ER 0-662 v Calibrate the ER band
220t NR 6216.87  neutrons Calibrate the NR band

For both ER and NR recoils, there were performed several calibrations to un-
derstand the response of the detector for different energies and different drift fields
[55]. In the table 2.1 are summarised some of these calibrations [23, 28, 33, 76, 77].

ER calibrations were performed during and after the LUX collection data [71].
To perform these calibrations, there were used the sources “H and **C. These isotopes
are "naked” (8 emitters, which means that they emit electrons via  decay without
any 7 emissions [0, 71]. They have endpoint energies of 18.1 keV and 156 keV,
and a half-life of 12.3 and 5730 years, respectively [78, 79]. During and after the
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LUX collection data, the *H isotope was used as an internal source that was injected
in LUX detector in the form of CH3T and was removed latter by the getter of the
detector [71]. Similarly, the *C isotope was also injected in the LUX detector in
the form of radio-labeled methane, chemically identical to CH3T. This calibration
was performed after the LUX collection data.

NR calibrations were conducted during the LUX operations and using Deuterium-
Deuterium as the source of the neutrons [21, 55]. This source is a neutron generator
that was located outside the LUX water shield [21]. It emitted neutrons isotropically
distributed with an energy of 2.45 MeV. These neutrons were conducted through an
air-filled tube in the water tank, between the DD generator and the LUX detector
[21, 55]. The emission of neutrons from a Deuterium-Deuterium source is based on

a fusion reaction given by [ ]
2D 12D 5 3e 4n . (2.11)

This reaction described by the equation 2.11 can produce multiple scatter neu-
trons. One advantage of double scatter events is that we can measure the scattering
angle, 6, of the first recoil using the position of the two scatters, as shown in detail
on Akerib et al. [31]. From that we can obtain the energy deposited in the first
scatter, E,,., given by [1, &1]

dm,mxe 1 — cosb

E,—E, . , (2.12)
(M, + Mmxe) 2

where F,. is the energy deposited at the first recoil, F, is the energy of the incident

neutron, m,, is the mass of the neutron and mx, is the mass of the Xenon atom [4].

An example of other source of neutrons used in LUX calibrations is ***Cf [76,

]. 22Cf is an emitter of neutrons by spontaneous fission, with a probability of
emission of 81.7 %, and a Q-value of 6216.87 keV [77].

To reconstruct the positions of the detector, it was used the *™Kr, a metastable
isotope, as a calibration source [55]. As shown in the figure 2.4, this source is
produced from the parent isotope ,*’Rb, 8 decay [82, 83]. %Rb decays with an
energy of and half-life of 86.2 days.

After the first decay, ®*™Kr can decay to ®Kr with a total energy release of 41.5

keV [21, 81]. This decay is an internal conversion two stage process, which have
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Figure 2.4: Simplified decay scheme of **Rb to *Kr. **Rb decays to **™Kr, which

further decays via two transitions to **Kr [32].

a first transition of 32.1 keV with an half-life of 1.83 hours, followed by a 9.4 keV
transition with an half-life of 154 ns [21, 81].

8K was used as calibration source because it can be considered a mono-
energetic source for most of practical uses, which allows the correction of both S1
and S2 signal differences in the light collection [55]. This source also allows position
reconstruction, which is a necessary step to generate light response functions.

Some external calibration sources have also been used in LUX, such as the mo-
noenergectic source *'Cs with 662 keV ~ rays [19, 76]. These 7 ray sources are
placed in the tubes of the detector to calibrate the electron recoil response, to
the illumination of the walls for position reconstruction and studies on background
modeling [33] . However some issues on getting many single scatters in the fiducial
volume are caused by the self shielding of the xenon in the detector, being deployed

a calibration source in the xenon itself [19].

2.5 NEST response model

To obtain the response model for the ER and NR recoils, it was used the soft-
ware package ”Noble Element Simulation Technique”, NEST [66]. NEST is a set of
libraries for use with Geant4 and it was developed to simulate the scintillation, re-
combination and electroluminescence properties of particle-Xenon interactions [21].

NEST used a detector model for the LUX operations that occurred between April

and August, 2013, namely the Run III [54, 66]. During this run, it was observed a
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mostly-uniform distribution on the electric field of the detector [19, 55].

Alternatively, NEST used 16 different detector models during the LUX opera-
tions that occurred between September 11th, 2014 and May 2nd, 2016, namely the
Run IV [54]. During these operations, it was observed a non-uniform electric field,
which had a dependence on the drift time and the strength was increasing during
the run [55, 85]. This dependence was caused by an effect of electrically charging
the active volume’s PTFE walls during the preparations for the Run IV operations
[19, 85]. This effect happened when VUV photons induced electron-hole pairs in
the PTFE [19]. Under an applied electric field, the electrons on the PTFE are less
mobile than holes, causing the production of a negative charge.

The drift field dependencies were included in the analysis by dividing the com-
plete Run IV exposure into 16 ”exposure segments”, each one with a constant and
uniform field magnitude [54]. From these segments, four of them corresponded to
different time acquisition periods, known as time bins [55]. The time bins bound-
aries occurred in September 11th, 2014, January 1st, 2015, April 1st, 2015, October
Ist, 2015 and May 2nd, 2016 [541, 55]. Also, each of these time bins were divided
into four equal bins in drift time with 40, 105, 170, 235 and 300 us as boundaries in
the drift time values.

In terms of the drift time, the fiducial volume is defined between 40 and 300
ps [54]. Also, its radial boundary is 3.0 cm from the PTFE surface position for
the four time bins, in terms of their S2 coordinates xgs,yss2, 252. Because of a
radial dependence on the electric field, these coordinates differ from the S1 signal
coordinates, originated by the positions of energy depositions in the detector.

To obtain the mass of the fiducial volume, the 250 kg of active volume of liquid
Xenon were scaled by the acceptance fraction of *™Kr events. For the four date
bins, the obtained time-averaged fiducial masses were 105.4, 107.2, 99.2 and 98.4
kg, respectively.

A fifth time bin was also used in NEST ER/NR calibrations, which corresponded
to "C calibrations that occurred in August 2016, after the Run IV operations were

finished [19].
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Chapter 3

Magnetic Inelastic Dark Matter

In this chapter, we will present a theoretical approach for inelastic Dark Matter
(iDM) and Magnetic inelastic Dark Matter (MiDM) [2, 3]. We will also build a signal
model for Magnetic inelastic Dark Matter, using LUX data [55, 86]. From this signal
model, we will compare our results with the ones obtained by other authors for the

same model [2, 80].

3.1 inelastic Dark Matter (iDM)

In most of the Dark Matter searches, the WIMP is assumed to scatter elastically
with the atomic nuclei [$7]. This approach is based on a conservation of momentum
and kinetic energy between the incident particle and the target nuclei [38]. Nonethe-
less, DAMA’s discrepancies with other dark matter experiments might be addressed
by a change from elastic to inelastic kinematics approach [3]. In this case, the inci-
dent particle loses kinetic energy when interacting with the target nuclei [89]. This
approach leads to the spectrum being dramatically changed, allowing a signal at

DAMA and suppressing or eliminating the signals at sufficiently low recoil energies

for other dark matter experiments [3, 90]. This change in the kinematics results in
a spectrum which can peak at 20 keV,,,. or above [90]. This approach also enhances
significantly the annual modulation of the signal [3, 90]. Comparing with the elastic

kinematics approach, the annual modulation can be much higher for inelastic Dark
Matter [90]. This difference is explained by sampling a higher velocity component
of the hypothesised Dark Matter particle velocity distribution for inelastic Dark
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Matter. Other of the changes caused by this kinematic modification consists on on
heavier targets being favoured over lighter targets [3, 90]. It will be shown further
below, that an inelastic scattering approach allows a greater range for heavier target
nuclei than for lighter target nuclei [90].

The inelastic scattering between the dark matter particle, y1, and a nucleus, N,
is represented in the figure 3.1, where Y5 is the dark matter particle in an excited
state, ¢ is the transfer momentum between x; and x, and § = m,, — m,, is the
mass splitting between the excited state dark matter particle (m,,) and the dark

matter ground state (m,,) [30, 91].

Figure 3.1: Inelastic Dark Matter scattering off of a nucleon [30].

For both elastic and inelastic scattering, the general expression for the differential

dR

scattering rate, 75, of a WIMP-nucleus system is given by [91]

iR py 1 /°° L do
_ )27 g, 3.1
dER My, MN vmz‘nvf@(v,v)dER ‘ ( )

where Eg is the recoil energy of the nucleus, m,, is the mass of the hypothesised
DM particle, p,, is the local dark matter density, my is the mass of the target
nuclei, fg(¥,,) is the local dark matter velocity distribution in the detector rest
frame, |v| = |¥] is the WIMP’s velocity and ¢, = 232 km/s is the Earth’s average
velocity relative to the galactic frame, cgE_JR is the differential cross-section of the
WIMP-nucleus system and v,,;, is the minimum velocity required for a DM particle
to deposit energy in the detector [25, 91].

The miminum velocity, vy, is derived from the energy conservation condition,

as shown in Barello et al. [86]. This condition requires that
6—1—17-@’—1-@:0, (3.2)
2pN
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leading to

1 | ' (3.3)

'—@ .

From the condition defined on 3.3, it is possible to write the minimum velocity,
Umin, i terms of the energy recoil. If we consider that |¢'| = v/2myEg, we get vmin

in its standard form, given by

[ 1
Umin = 2mN ER

where uy,,n = m,, my/(m,, + my) is the reduced mass of the DM-nucleus sys-

myEr

+6 (3.4)

Uy N

tem [13]. The interaction between the nucleus and the target is elastic for § = 0.

Vmin

Figure 3.2: WIMP-nucleus scattering minimum velocity as a function of the nuclear

recoil energy [92].

Otherwise, it follows an inelastic scattering kinematics approach [43].

Figure 3.2 describes the minimum velocity required for a dark matter particle
(x1) to scatter with a target nucleus as a function of the recoil energy [92]. It shows
that each value of the nuclear recoil energy (Fgr) corresponds to a minimum velocity
(Umin) value. However, it also shows that the v,,;, values don’t always correspond
to the Er values. Some of the v,,;, values can correspond to two or none of the Er
values.

For the local Dark Matter velocity distribution, we considered the Standard Halo
Model (SHM) [91]. This model describes a dark matter halo with an isotropic and
isothermal spherical distribution. From this distribution, it was considered that the
rotation curve of the dark matter halo is approximately flat at large radii, as observed

in the Milky way [93]. This model is mainly characterized by two quantities: local
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dark matter density, p,,, and the velocity distribution in the galactic frame, f(v)
[25]. SHM has a local dark matter density of 0.3 GeV/cm? and follows a Maxwellian
distribution in the galactic frame, given by [76, 91].

% (e‘”z/”% - e‘”gsc/”é> UV < Vese

f(0) = (3.5)

0 UV > Vese

where N is the normalization factor, ve, = 220 km/s is the orbital velocity of the Sun
about the center of the galaxy and v.s,. = 550 km/s is the galactic escape velocity
that truncates the SHM velocity distribution [2, 25, 91].

SHM also assumes that the relation between the local dark matter velocity dis-
tribution in the detector rest frame fg (¥, ), is related to the Maxwell-Boltzmann

distribution in the galactic frame f(7 + .), by fo(0,7.) = f(U+ 7).

3.2 MiDM signal model

Magnetic inelastic Dark Matter (MiDM) is based on the same kinematics ap-
proach as iDM, but with an extra assumption of a non-zero magnetic moment of
the DM particle [3]. This approach was motivated by the large magnetic moment
of the Iodine which is the target nuclei of the DAMA experiment.

The magnetic properties of a detector target are characterised by the weighted

dipole moment (f) [3]

1/2
S
= (Z I S“) , (36)

isotope

where f; is the isotope abundance, p; is the nuclear magnetic moment of the isotope,
and S; is its spin. Figure 3.3 compares dipole moments with different elements
atomic mass [3]. As shown, Todine has a larger magnetic momentum compared to
other heavy nuclei, such as Xenon [20]. In this model, the WIMP-nuclei cross section
has a dependence on the magnetic momentum of the target. As a consequence, the
signal rate of Xe target experiments is suppressed comparing with the one expected

from the Iodine target.
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Figure 3.3: Dipole moments for different elements atomic mass in units of the nuclear

magneton, uy [3].

3.2.1 MiDM differential event rate

For the coupling between dark matter and the standard model through a mag-
netic moment, it is considered a dark sector that contains a massive gauge field, A;,
that mixes kinetically with the photon [94]. For this coupling, the kinetic missing
term, L,,;, is given by

Loniz D €Fl, F1, (3.7)

where € is the kinetic mixing parameter, and F},, and F7,, are the field strengths for
the Standard Model photon and dark sector photon or ”dark photon”, respectively
[95]. The equation 3.7 describes the interaction of the dark matter particle, x;, with
the gauge field, A, is through a magnetic moment interaction [9].

In the non-relativistic limit, the magnetic moment interaction is a coupling be-

tween the x spin §X and the dark magnetic field B =V x ff, as

—

S -
LD meuDM—X . B/. (38)
|54

MiDM is based on an inelastic coupling between dark matter and the standard
model through a magnetic moment [91, 96]. The MiDM lagrangian is defined by
a naturally off-diagonal operator, Majorana fermion, that mediates the transitions
between the WIMP ground state, xi, and its excited state, x2 [3, 97]. The MiDM

interaction lagrangian is given by

ﬁdipole = %X?O—MVF/WX1 + h'C'a (39)
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where p,, is the magnetic dipole strength, o, = i[7,,7,]/2 is a commutator of two
Dirac matrices and F*” is the electromagnetic field-strength tensor.

The MiDM interaction lagrangian is also described as a function of the electro-
magnetic current ji,,;. Integrating out the massive A:L, the interaction between y;
and Y2, and standard model matter [3, 91]

€ e
r NDI\;[
2m4

(X210"“GaX1) JEnrs (3.10)

The electromagnetic current, jhy;, is decomposed in terms of the Gordon’s iden-

tity, as [94, O8]

w o (k+ K" gpiotq, N '™ "
it =00 (B0 I ) g (5 Y, (31)

where the Gordon’s identity is given by [95]

N(K) (% n 92—”%) p(N) (3.12)

where N = n, p are the nucleon particles, protons and neutrons, respectively.

The electromagnetic current is split in two interactions [94, 99]. From the first
term of Gordon’s identity, it is given the coupling between the nuclear momentum
and the photon through a current-like interaction, known as dipole-nuclear inter-
action. [3, 98, 99]. The inelastic dipole-nuclear interactions, DZ, were considered
by E. Masso et al. to explain DAMA’s results [100]. However, these interactions
doesn’t change significantly the relative strength of the various experiments com-
pared with charge-charge interactions [3]. The second term of Gordon’s identity
gives the dipole-dipole interaction terms, which couples the nuclear momentum to
the photon in a dipole-like interaction. In Chang et al. it was assumed that DAMA

results can be explained both by dipole-charge and dipole-dipole interactions [3].

From a general perspective, the differential cross section, ;TUR’ is given by [98,
| d
o 1 1 1 1
> IMmP, (3.13)

dER - 327'("02 milmN 2SX1 + 1 25N + 1 spins

where |M)| is the WIMP-nucleus scattering amplitude and S,, = 1/2 and Sy are
the spins of the WIMP and the nucleus.
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For MiDM, the equation 3.13 can be decomposed as the sum of two interaction
components, as [97, 3]

do o dO'DD i dUDZ

dEr ~ dEp = dEgp’

where dgg}f is the differential cross-section for dipole-dipole interactions and djg}f

(3.14)

is the differential cross-section for dipole-nuclear interactions. For DAMA’s Iodine
target, the dipole-dipole cross section is dominant over dipole-nuclear scattering,
which is the opposite compared with other targets as Xenon, used in XENONnT,
LUX and LZ experiments [1, 53].

From the equations 3.13 and 3.14, we can derive the differential cross-sections

for dipole—dipole,dgglf, and dipole-current, dd“]glf , interactions [1]. From these deriva-

tions, the dipole-dipole (DD) differential cross-section is given by [3, 97]

dopp 16ma’my (&)2 (@)2 <M)

dFEgr v? e eS B 35\, (3.15)
N 2
Fi(FE
< (S FBiEn),
and the dipole-current (DZ) differential cross section given by
dopy _47T22a2<qu)21 Erf 1 N 1 )
dEr ~  Eg e v\ 2my My, v2
(3.16)

F%(EgR).

1 5 Sy 1
X +
/’LXIN 2mNER 35}(1

where v is the velocity of the incoming WIMP, Z is the atomic number of the target

nucleus, p,, is the WIMP magnetic moment and my and fi,,. are the nucleus mass
and magnetic moment. F?(Eg) is the nuclear form factor and F3(ER) is the nuclear
magnetic dipole form factor.
To calculate the differential cross-section, we noticed that the expressions 3.15
and 3.16 have different velocity dependencies, namely 1/v* and v independent [102,
|. As such, the MiDM differential cross-section can be described by a Maclaurin

series as [104]

do ~ éd{a_} +dfo, ), (3.17)

T

where v, = |t/.| = |0 — 7| is the relative velocity, o, corresponds to the factors from
equations 3.15 and 3.16 that are multiplied by 1/v? and o_ corresponds to the to

the factors without velocity dependencies.
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This series expansion can also be used to obtain the differential event rate [102,
|. The MiDM event rate was obtained by performing the velocity integrals for
1/v? (n9) and v independent cases (11). The MiDM event rate is given by [102, 104]

dR  py 1 {d{a—}i AGES . (3.18)

dEp _ mymy | dEr w ™ " dER

where the generalized definition of the velocity integral,n, (7 + ¥, ), is given by [102]

N (U4 Te) = / U2”M d®v . (3.19)

v

The ng is the only velocity integral used to calculate the event rate for elastic

scattering [103]. This velocity integral is given by [102]
iy = [ LTET) g, (3.20)
Umin v

The 7, velocity integral was simplified after some algebraic manipulation and

can be decomposed in terms of 7y [102]. It is given by
i@+ ) = 02 mo(T + ) + 2n / Py (F(T 4 7,)) dv (3.21)

The ny and 7, integrals are described numerically by [102, 104]
Mo Vo Uy (OF] 2 (N Va 2 2
—_— = f —_ P f —_ P — —_ vcsc/vo
N 2v. [er (%) N <U®) e (UQ U@) ‘ ] 7

T Vd 1 —v2 /p2 Uy 1 —v2 /v2
— = + R e 470 — — _ e “u/7o
N /T T 20/ T
1+ 202
dvg vg Vo Vg

((Umin + Vesc — Ud)g - (Umin + Vesc — Uu)g):| efvgsc/v% 5

and

Loy
VT 3003

where v, is given by v, =min(v,in + Ve, Vese) and vy is given by vg =min(vy,:, —
The differential cross-section components depend on two different form factors:
the Helm form factor, F?(ER), and the nuclear magnetic dipole form factor, F3(Eg)
for the equations 3.16 and 3.15, respectively [3]. Both form factors are calculated
using an Effective field theory (EFT) approach, that will be described in a later

section of this chapter [98].
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3.2.2 Helm form factor

The dipole-current (DZ) differential cross-section (equation 3.16) was calculated

using the Helm form factor, F'(q) [3]. This form factor is applied to standard spin-

independent interactions, that will be defined in the next section |

, 105].
The spin-independent cross section is linearly related to its squared form factor
for a momentum transfer different than zero [105].
distribution [

This nuclear form factor is
characterised by a Fourier transform of the mass distribution, equivalent to its charge
Y

|. It is parametized by

F(Q) — 36—(1252/2 Sin(qrn) — Ty COS(C]Tn) (3 22)

(gra)? ’
where ¢ is the transfer momentum, 7, = 1.13AY? is the spin nuclear radius and s
it’s the nuclear skin thickness |

.

To compute the Helm form factor, we created a python script that built a MiDM
signal model using a spin-independent /spin-dependent approach. The results ob-
tained with this script are shown in the figure 3.4. They compare well with the

expected values shown in figure 6 from Gresham and Zurek |

).
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Figure 3.4: Squared helm form-factors as a function of recoil energies.

3.2.3 Magnetic dipole form factor

The dipole-dipole (DD) differential cross-section (equation 3.15) was calculated

using the magnetic dipole form factor, F3(q) [3]. From this form factor, there were
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not found explicit or well documented calculations in the literature. This motivated
an approximation on the magnetic dipole form factor made by Chang et al. [3]. This
approximation consists in weighting the angular momentum and spin contributions
to the magnetic dipole moment. For Iodine, the approximation for the magnetic

form factor, F3(q) is given by

F2[Eg] = <0.5% +0.5 %) (3.23)

where S,,(ER) is proton-only structure factor, S,,(0) is structure factor for a null
transfer moment, Loy(ER) and Lgg(0) are the angular momentum contribution for

the dipole form factor.

3.2.4 Introduction to Effective Field Theory

EFT is based on a set of WIMP-nucleon operators that are subject of two basic
symmetries, conservation of momentum and Galilean invariance [101]. These sym-
metries are represented by a framework of 16 operators described on detail by Fitz-
patrick et al. [98]. They are associated with different types of nuclear responses and

have their dependencies on: -

= U+ §/2uny,, where o is the relative perpendicu-
lar velocity between the WIMP and the nucleon, ¢ is the momentum transferred in
the scattering event, Sy the nucleon spin and gxl the spin of the WIMP [109]. From
this set of operators, O; and O, are related to the standard spin-independent /spin
dependent (SI/SD) couplings [19]. The SI coupling is described as a scalar coupling
in the effective Lagrangian term coupling, while SD coupling is related to an axial

coupling between the dark matter particle and quarks in the effective Lagrangian

term coupling. The EFT operators O; and O, are given by

O =1,,1y, (3.24)
0, =3, - S (3.25)

For models as iDM and MiDM, the incoming and outgoing WIMPs have different

mass states [3, ]. In this case, the EFT operators are modified in terms of an
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inelastic perpendicular velocity between the nucleon and the WIMP, @5 ;. ... [109].

This velocity is given by

— — 5 —
,Uilnelastic = UL + Wq (326)

For a set of sixteen basis operators, the WIMP-nucleon interaction is described

by [958, 101] .
L=1>"a"0" +dP0P | (3.27)
1=1

(»)

where a; (n)

and a, ~ are the coupling constants for proton and neutrons, respectively,
associated with the operator O;.

For MiDM, the lagrangean given by the equations 3.9 and 3.10 takes the form

[94]

['int - EMXI
mA
+29pm><1(q25><1 ’ Sp - (‘j S)a)(q_” Sp)))proton

—

+(2gnmX1(q2§X1 : gn —(q- g)a)(‘j Sn)))neutron)

[(mng®1 4 dmym,,iS,, - (7% @

znelastzc>

where g, = 5.59 and g,, = —3.83 are the proton and neutron gyro-magnetic factors,
respectively [110, , |. From the equation 3.2.4, the terms that are independent
from the the g, and g, factors correspond to the dipole-nuclear interactions, while
the terms that are dependent from the gyro-magnetic factors correspond to the
dipole-dipole interactions [96]. In terms of the equation 3.27, the dipole-charge
interaction is due to non-zero coefficients of O; and Os, while the dipole-dipole
interaction is through the O, and Og operators. These EFT operators follow an

inelastic kinematics approach, and are given by [30]

O, = 1,1y,
O = _’Xl : _‘Na
g 7 3.28
05 =19 X1 (i X Uljr_lel> ) ( )
m

06:< X1 L><HNmLN)



3.2.5 EFT form factors

From the EFT approach, Fi(jN’N/) is defined as the EFT form factor [101]. The
EFT form factor consists in a linear combination of the nuclear response form factors,
F ,EN’N/)(QQ), and the interference form factors, F; éf,;ivl)(QQ), with k& ranging over the
nuclear operators, ki, M, X", ¥/, A, & and &', and the two interference responses,
ko, (M,®"), (X', A).

M is a spin-independent nuclear response proportional to Z or to (A-Z) for pro-
tons and neutrons, respectively. One example of the origin of this nuclear response
comes from the scalar interaction that is described by the standard spin-independent
operator, O, defined in the previous section.

Y and Y are related to the spin momentum operator which is proportional
to < S, > or < S, > the expected proton or neutron spin, respectively. The
spin momentum operator was used in the magnetic dipole calculations, described in
more detail in the next section [3]. This contribution was obtained from the spin-
dependent structure factor calculations [113]. The Structure factor for a transfer

momentum different than zero, S(q), is given by [1 1]
S(q) = ag Soo(q) + apa1Se1(q) + af S (q), (3.29)

where ag is the isoscalar coupling, a; is the isovector coupling and Sy, So1, S11 are
the isocalar/isovector structure factors. If agp = a; = 1 the structure factor is defined
as "proton-only” coupling, S,,(¢). Similarly, if ap = —a; = 1 the structure factor
is defined as "neutron-only” coupling, S,,,(¢). The structure factors for proton-only

and neutron-only couplings are given by

Spp(q) = Soo(q) + So1(q) + S11(q),
Sun(q) = Soo(q) — So1(q) + S11(q)-

Figure 3.5 shows the inelastic spin structure factors as a function of the dimen-
sionless parameter, u = ¢*b*/2, where q is the transfer moment and b is the harmonic
oscillator length [113].

A is the angular-momentum response. It is related to the angular momentum
operator, which is proportional to < L, > or < L,, > the expected proton or neutron

angular momentum, respectively.

47



—— Sn(u) 1b+2b inelastic —— Sn(u) 1b+2b inelastic

-2 -2
@ @
1073 1073

10

10

-4 -4
000 025 050 075 1.00 125 150 175  2.00 000 025 050 075 1.00 125 150 175  2.00

Figure 3.5: '2)Xe Inelastic Structure Factor (left) and 131X e inelastic structure factor
(right). Spin-dependent inelastic structure factors as a function of u = ¢%b*, with

the transfer moment ¢ and the b the harmonic oscillator length.

®” is the "spin-orbit” coupling (LSD), which is proportional to < S; . L; >
and < S, - L, >. ® is the "spin-orbit” coupling tensor operator (tLSD) that is
proportional to ®” in the long-wavelength limit.

The form factors, F, ,SN’N/)(QQ) and Fk(f\,[,éw)(f), are given by

2j+1
N,N'), o\ 4m N (N
FNN @) = = ST GRS 1) GRS 1), (3.30)
2]+1J:0
and . -
N,N/ _ . N . . N’ .
@) = g S0 GRS GRS 1) (3.31)
J=0

where (N, N') = (n,n), (n,p), (p,n), (p,p) is the explicit sum over the nucleon pairs
that takes into account two-body currents in the nucleus. It is possible to numerically
calculate the EFT form factors, as shown in Anand et al. [101, 115]. With this

approach, the form factor for the operators O; and O; is given by [101]

FNND — g BV (3.32)

[

where a;;, are coefficients that are simple products of WIMP and nucleon masses
and spins, and k ranges over the nuclear operators, ki, M, X", ', A, ®” and ¥/,

and the two interference responses, ko, (M,®'), (X', A).

1
CHxq

For MiDM, the lagrangean given by 3.2.4 was normalized in terms of m,; =

by Barello et al. [36]. Written in a four-fermion notation, the MiDM lagrangean is
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given by

«

1. . @ _ my | Qv .
Lyvpm = — [ng“ — X1 p%p} +09——; {szu — X1 PWOpa—P
q my mng my mu

m v “
—0.96 M2 {)Zgz'a‘“’q—xl mawq—n} .
myq my muy

where the relative coefficients set by the proton and neutron magnetic moments
are 2.8 and —1.91 nuclear magnetons, uy, respectively. In the equation 3.33, the
modified inelastic EFT operators are Og and Oy in its four-fermion form [36]. They

are described by

ngigx' (gN X i) , OlozigN'i. (333)

my my

where Qg couples to nucleus through through transverse spin, ¢ x (i) and Oy
couples through longitudinal spin, ¢ - &(i) [I15]. For these operators, the form
factors are misrepresented, because the transverse and longitudinal couplings are

described by distinct form factors

3.3 Differential cross-sections

and Event Rates

3.3.1 SI/SD

We obtained the MiDM Event rate using primarily the spin-independent/
spin-dependent approach [113, |. After determining the MiDM Event rate, we
obtained the MiDM differential cross-section and event rate using the procedure
described in the previous sections.

The figure 3.6 shows the differential cross-section of the WIMP-Xenon system
as function of the recoil energy (top) and the differential event rate of the WIMP-
Xenon system as a function of the recoil energy (bottom). The left figures corre-
sponded to the parameters (m,, = 122.7 GeV/c?, 11,,=0.0056 fipue, § = 179.3 keV)
[2]. The right figures corresponded to the parameters (m,, = 58.0 GeV/c?, p,,=
0.0018 fipye, 6 = 111.7 keV) with the nuclear magneton p,,.. We compared the

figures 3.6 (top) with the ones presented on figure 3 from Barello et al. and we
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Figure 3.6: Differential cross-sections and WIMP rates as a function of the nuclear

recoil energy.

verified some discrepancies on the obtained normalization factor and on the lower
and higher energy limits [36]. These inconsistencies motivated a change from the
spin-independent /spin-dependent to the EFT approach [105, 113, 98]. We used the
EFT approach, applying a Mathematica package [115] signal model analysis. This

analysis will be discussed in more detail in the next section.

3.3.2 inelastic Effective Field Theory signal model

We obtained the signal model for Magnetic Inelastic Dark Matter using the
mathematica package ”DMFormFactor” created by Anand et al. [115]. This package
was modified by Barello et al. to satisfy the MiDM parameters [30].
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The "DMFormFactor” package consists in a set of functions that contribute for

the model independent analysis of a direct detection dark matter experiments [93,

|. This set of functions includes calculation on the differential event rate, %,
and differential cross-section, 92~ [115]. The differential event rate, -4 has a

) dEBg ) dER’

dependence on the differential cross-section as described by the equation 3.1

) ddTo;%’
[91]. From the "DMFormFactor” package, this equation takes the form [115]
dR p do
— =N XL gy —rn 3.34
dEx T<mX1 ”dER> (3:34)

do
» dER’

where the differential cross-section is unpolarized, as described by the equation
3.13 [101, 116]. This means that the information about the incoming spins is not
recorded in the experiment [116]. To allow for scattering in all possible configura-

tions, the equation 3.13 takes the form [115, ]

do 1 1

dER T 32m0? m2 my

Piot (3.35)

where P, is the transition probability density. This probability density represents
the total WIMP-nucleus scattering amplitude, being given by [101, ].

1 1

Hloe = i 3.36
ot 2SX1 +12Sy +1 wzm:b ‘M|nucleusfHO/EFT> ( )

where Sy and S,, are the incoming spins [I15]. The equation 3.36 consists on
averaging over the spins of the incoming particles, /N and y;, and summing over the
spins of these particles in the final state [115, 116].

The total WIMP-nucleus scattering amplitude, P, consists on the calculation
of matrix elements that depend on the the ground state of the atomic nucleus [94,

|. However, the result of these calculations can be parametized in terms of the
form factors of the effective theory operators, ES-N’N/)(UQ,QZ). In the presence of
multiple effective interactions, the possible interference terms have a corresponding

form factor, resulting in the equation 3.36 to take the form

1 my N’) (N,N')
Po — = N F 2 2
tot 25, + 12y +1Z| nucz Z (v, q%),
spins 1,j=1 N,N'=p,n
(3.37)
where 2~ is factored out of the definition of F )( 2_q?) for convenience, due to

nuc

the difference between the relativistic normalization of states for nuclei (ky|k}) =
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(2m)3(2my)0®) (ky — ki) and the relativistic normalization of nucleons (k|k') =
(27)3(2Mpue) 0@ (k — E') [04]. To match the relativistic WIMP-nucleon interaction
operators to the corresponding non-relativistic operators, the transition probability

density, P, is further multiplied in the equation 3.13 by a normalization factor

1
(4lemN)2 [ ]

dR

Finally, the differential event rate, ik, can be described in terms of the of the

form factors of the effective theory operators, P;(JN’N/)(UQ, q?), as [95]

dR p mN (N) (N/ N N/)
= Nroo 55— 2 3.38
dER 327rm3 m?2 < Z Z (v%,q7) ), ( )

nuc ij N,N'=pn
where Np is the number of target nuclei per detector mass.

For the MiDM signal model, we used a modified version of the ”DMFormFactor”
Mathematica package provided by Barello et al. [0, |. To build this signal
model, we used the MiDM inelastic EFT operators described above and followed the
parameters (u,, = 0.0018un,m,, = 58.0GeV,d = 111.7keV'). We selected these
parameters from the two best fit parameters of the DAMA /LIBRA experiment [2].

We calculated the event rate in terms of the MiDM transition probability ob-

dR;
» dER’

tained for each isotope using the equation 3.38 [9%, |. Then, we obtained

the MiDM total event rate, B ,dE ,
multiplied by its abundance, f;, as [3]

i 3.39

5, = 2 Fiy (3.39)

Detector response for the signal model

We used the curves for the differential rate obtained in the Mathematica script to
get the detector response for the parameters (g, = 0.0018 fi,ue, My, = 58.0 GeV/c?,
0 =111.7keV) [2, 1 15]. As one of the best fit values the DAMA /LIBRA experiment,
these parameters were used by Aprile et al. for MiDM event rate calculations [2].
We also used them for MiDM event rate calculations, comparing our results with
the calculations performed by Aprile et al.

To get the expected S1 and S2 signals, we used the NEST software package
described in the previous chapter [66]. NEST generated the interaction of the WIMP

with the nucleus — a nuclear recoil (NR), and the interaction of the v generated by
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de-excitation of ys. The s interact in the liquid mainly via photoelectric effect
or Compton scattering. We discarded the Compton scattering from our analysis,
because we will simulate only one energy peak. Together with the low energies of
the ~ys considered in this work (lower than 800 keV), this results on the photoelectric
effect being dominant. The electron generated by the photoelectric effect interacts
in the detector, causing an electronic recoil, ER.

The NEST software does not include the MiDM spectra as a signal. Therefore,
we generated the detector response for the NR energy deposition, using a uniform
distribution between 0 and 500 keV. We applied a Monte Carlo acception-rejection
method to this data, using an uniform distribution according to MiDM. The data
obtained from this method (histogram) and the results for the Mathematica script
(blue line) are shown in figure 3.7 for the differential event rate with the parameters

(fxy, My, , 0) specified above.

dR/dE [events day~! kg~! keV~1]

0 20 40 60 80 100
Eg [keV]

Figure 3.7: Event rate histogram for the parameters (f,,= 0.0018 fiyc, My, = 58.0
GeV/c?, 6 = 111.7 keV).

For both NR and ER, we used NEST to generate the detector response for each
data bin and drift time bin [72]. Both the data binning and drift time binning were
described in the previous chapter [54, 55].

The figure 3.8 shows the signal model results for the nuclear recoil. The blue and
cyan lines represent the ER band mean obtained for the top and the bottom of the

detector, respectively [54, 72]. The NR band mean was also taken from this data

23



bin, and is represented by the filled red curve and the 80 % contours represented by

the dashed red curves from the figure 3.8.

log(52) (phd)

0 20 40 60 80 100 120 140
51 (phd)

Figure 3.8: Distribution of the nuclear recoil signal generated by the MiDM as a
function of S1 signal for the top (blue) and for the bottom of the detector (cyan),
with drift bins of 40-105 us and 235-300 us, respectively.

The response of the detector for the v decay is shown in the figure 3.9. Both blue
and cyan lines represent the ER band mean obtained from 1 calibrations acquired
after the end of LUX operations [11, 19]. They represent two different depth bins

that correspond to the top and bottom regions of the detector, respectively [541, 72].

4.0 T T T T T
200 300 400 500 600 700 800

51 (phd)

Figure 3.9: ER bands as a function of S1 signal at the end of LUX. Blue: ER mean
band for the top of the detector (40-105 us); Cyan: ER mean band for the detector’s
bottom (235-300 us).
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Limit on the WIMP magnetic moment

The MiDM signal is composed both by nuclear and electronic energy recoils
and, as such, it would be very difficult to be mimetized by a background. In this
conditions, it is expected that the background condition would be negligible. As

described by Feldman and Cousins, the no background limit on the number of events

is 2.44 at a 90 % Confidence Level [117]. A more detailed analysis on the MiDM
background sources will be discussed in the next chapter of this thesis.
There is a direct correlation between the differential cross-section, ddTUR’ and the

squared magnetic moment of the WIMP, ,ui .» as shown in the equations 3.15 and
3.16, which is described by
—— O iy, (3.40)

We verified this relation using the modified "DMFormFactor” package with
MiDM parameters [30]. From a set of yu,, values, we evaluated a maximum event
rate value that corresponded to each of these p,, values. From this evaluation, we
verified and proved the relation present in the equation 3.40.

The correlation between the event rate and p,, means that setting a limit to
the differential event rate is equivalent to set a limit on ,ui .- The squared WIMP

. . . 2 . .
magnetic moment limit, Py, .o 18 glven by

2.44
2 =—u (3.41)

X1limit T X1

where 1, = 0.0018uy is the WIMP magnetic moment for a mass splitting, 6= 111.7
keV [2, 117]. T is the total number of observed events in the detector for the signal

of a specific p,, and ¢, being given by

T = Rmxe,,7r5 (3.42)
TB

where mx.,,, is the Xenon mass for each time bin, 775 is the duration of each time

bin and R is the energy-integrated event rate, given by [100, ].

B2 dR
R= / dEg€(S1,52)—. (3.43)
o dER

where € is the detector’s efficiency, and E; and Es are the initial and final energies,

respectively.
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We used the parameters (m,, = 58.0 GeV/c?, 1y, = 0.0018 fie, 6 = 111.7 keV)
in the equation 3.43, obtaining an integrated event rate, R, of 0.00415 evts/kg/d.
Using the same parameters, we obtained a total number of observed events, T', of
1413 events.

We obtained the WIMP magnetic moment, g, on the no background limit
of 2.44 events at a 90 % Confidence Level (C.L) [117]. We used the equation 3.41 for
those calculations, employing the total number of observed events in the detector,
T, obtained from the equation 3.42. From that, we obtained a limit on the WIMP

magnetic moment, fiy,, . of 2.098 x 107%u,,.. This limit was better by a factor

i
of 100 comparing with ~ 0.0015 fi,. obtained from XENONI100 [2]. In a future
analysis, we would need to obtain the limit on the WIMP magnetic moment, j,,, .,
for different WIMP masses, m,, and mass splittings, 6. These calculations would
allow us to obtain the exclusion limit (at a 90 %) for MiDM interactions for a wide
range of WIMP masses, m,,, and mass splittings, .

We performed the calculations from the equations 3.40 and 3.41 assuming and
efficiency of 100 % (e(S1,S1) = 1). This 100 % efficiency implies that the threshold
on the S1 and S2 signals doesn’t have an impact on the efficiency, because there is
an amount of energy that is transferred to the nucleon. For the MiDM signal model,
the threshold energy of the MiDM spectra is about 17 keV of nuclear recoil, well
above the 6.6 keV limit defined by XENON100 for the 100 % efficiency [2, 54, 72].

In spite of not expecting the S1 and S2 thresholds to have a significant impact in
the efficiency, there are other factors that will affect the efficiency and they must be
included in these results. In these factors are included a minimum time difference
between the 2 pulses of 2 us and the finite size of the LUX detector that limits the
chance to detect v rays from the WIMP de-excitation, meaning that some of these
v rays can escape from the fiducial volume of the detector [2, 51]. These factors
have not been studied in this analysis, by they will be studied in a further analysis.
Nonetheless, we assumed a zero background rate for this analysis results. In the

next chapter we will analyse in more detail the background sources of the detector.
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Chapter 4

MiDM Analysis

Magnetic inelastic Dark Matter, MiDM, was proposed to explain the inconsis-
tencies between the DAMA /LIBRA experiment and other dark matter experiments
[2, 3]. As explained in the chapter 3, MiDM is based in an inelastic kinematics
approach, assuming a non-zero magnetic moment for the Dark Matter particle [3].

In this chapter, we will focus on Magnetic Inelastic Dark Matter analysis, using
data from LUX WIMP search science run [2, 72]. Magnetic Inelastic Dark Matter
analysis follows a different event selection criteria compared with the traditional
WIMP search analysis. For the MiDM analysis, instead of selecting only one S1
pulse followed by an S2 pulse, the event typology requires to select events with two

S1s and two S2s [2]. In the figure 4.1, it is represented an example of a chronological

PMT signal

NR )J Hl I
‘ \ I
[k 18 J L m#wﬂ M‘%«’l‘w ,

At S1 At S2

Time

Figure 4.1: Example of the event topology for MiDM [2].

sequence of pulses observed in a typical MiDM event [2]. It shows the first S1 pulse,
S1gg, followed by a second S1 pulse, S1ygr. These pulses are chronologically followed
by two S2 pulses, S2gr and S2yg. Alternatively, there is another possibility for a
chronological sequence of S1, S2 pairing for the MiDM event typology, namely the
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sequence Slgr S2gr Slyr S2yr. The possible S1, S2 pairings that correspond to a
MiDM signal will be discussed later in this chapter.

4.1 Event selection

For MiDM analysis, we used the data collected by the LUX detector between
September 11, 2014 and May 2, 2016, corresponding to the Run IV dark matter
search. We started by selecting the events from the Run IV LUX data that had
more than one S1 and more than one S2 pulses [, 72]. From this event selection,
we obtained 10 pulses and 397990 events.

These events represent only 10 % of the events initially observed in the LUX
detector. We performed this event selection, because some of these pulses are iden-
tified as S1s and S2s, but don’t correspond to the energy depositions of "true” S1
or S2 pulses. These pulses occur after the first S1 or S2 pulses and have very small
areas relative to the main S1 or S2 pulse, being designated as ”spurious” pulses.

Among other possible causes, they are mainly caused by [118, ]:

e PMT After-pulsing: it consists of smaller pulses that appear after the ”true”
S1 pulse [118, |. For each PMT, the pulses due to afterpulsing are usually
larger than the original pulse [121]. In spite the afterpulses being larger than
a normal pulse from the PMT, the S1 signal is detected by many PMTs,
resulting in an S1 signal generated from an afterpulsing to be smaller than the
“true” S1 pulse [73]. Afterpulses that follow the "true” S1 pulse within several
nanoseconds are the result of elastic electron scattering in the first dynode of
the PMT [120, |. Beyond this interval of time, the afterpulses are caused
by the ionization of residual gas atoms between the dynodes [120]. Accelerated
by an electric field, the resulting ions drift towards the photocathode where

they release additional photoelectrons, which cause the secondary signal [120,
].

e Dark Counts on the PMTs: It consists of fake signals created by the spon-
taneous emission of photoelectrons from the PMT photocathode material,
leakage current from the electronics, field emission noise, and other sources

[120, 122]. The average rate of registered counts without any incident light is
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called dark count [120, |. According to the measurements made by LUX,
this quantity varies between 8.2 and 18.8 counts/s and between 8.0 and 17.2
counts/s for Tritium and for the WIMP search data, respectively [124].

e Fluorescence on the PTFE: it consists on delayed light emission caused by
contaminants on the PTFE walls of the detector [119, 125]. It is expected
the PTFE to reflect photons impinging on the detector walls until they hit a
PMT [119]. However, the PTFE walls are contamined with volatile impurities
from hydrocarbons, such as toluene and naphthalene [125]. Instead of being
reflected, these photons are absorbed by the PTFE contaminants that latter

re-emit them, through a type of photoluminescence called fluorescence [119].

e Electron trains following large S2 pulses: electron trains are mainly caused
by S2 delayed signals, such as photo-ionization on PMTs, grids and PTFE
contaminants, or delayed electron extraction [120, ]. The delayed electron
extraction consists on the electron release of electronegative impurities [127].
Those are well known to capture electrons from the primary ionization event

and then drifting slowly to the liquid-gas surface.

In the following sections, it will be explained how we removed these ”spurious”

pulses for the S1 and S2 signals.

4.1.1 Spurious Sls

To identify the spurious S1s, we used the following quantity
S1;

> 51

where S1; is the area of the pulses identified as S1s and ), S1; is the sum of all the

fo= (4.1)

areas of the pulses identified as S1s in an event.

The figure 4.2 shows the fraction f%, as a function of the S1 pulse area, S1;.
The first pulses are represented by the black or magenta dots, while the second and
following pulses are represented by the red and blue dots. From these pulses, all of
the first pulses and following S1s with a fraction on the S1 pulse area, f,, above 0.02
are considered to be "true” Sls. The second and following pulses with a fraction on

the S1 pulse area, f&;, below 0.02 are considered as ”spurious” Sls.
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Figure 4.2: f%, fraction as a function of the S1 area (phd). The black and magenta
dots represent the first pulses, while the red and blue dots represent the second and

following pulses.

In this figure, the black and red dots represent the events which sum of all
the areas of the pulses identified as S1’s, ), S1;, is lower than 20000 phd. The
events with the sum of all the areas of the pulses identified as S1’s, > . S1;, higher
than 20000 phd, are represented by the magenta and blue dots. In LUX, only «
depositions are able to produce such a large S1. The « particles are emitted in a
range of energy between 4 and 8 MeV, which corresponds to a S1 area between 20000
and 100000 phd. We attributed this combination of signals to the -« coincidences
from the **Bi-**Po decays from the ***U decay chain and, in minor scale, from the
?12Bi 212Pg decays from the **’Rn decay chain, shown in the figure 4.3 [1258]. As
a - decay source, ***Bi is one of the daughter isotopes from the ***U decay chain
that produces an ER background in LUX [29]. The 2Bi isotope has a 3 decay with
Q-value of 3270 keV, with a probability of 99.97 % and an half-life of 19.8 minutes
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Figure 4.3: Decay chains of ***Rn and ***Rn from [128]

[10, , |. A fraction of 19.67 % of the 2MBi isotope decays via 3 emission to the
ground state of the **Po isotope [10, |. For the remaining cases, the 21Bi isotope
decays via 8 emission to the excited state of the **Po isotope, being followed by ~
transition [10, 21, ]. This « emission is produced from many energy levels, having
its most intense emission at an end-point energy of 610 keV with a probability of
46 % [129, , ].

These s and s are represented by the magenta dots in the figure 4.2, corre-
sponding to the first pulse of the ***Bi->'*Po decays from the **’Rn decay chain.
21Pg has a half-life of 164 us before decaying into *'°Po via « decay, with a proba-
bility of 99.98 % and an energy of 7833.24 keV [10, 21, 132]. In the figure 4.2, the
as are represented by the blue dots with a S1 area between 10* and 10° phd.

From the two Sls that we obtained, one of them corresponds to the ?**Bi and
the other S1 pulse corresponds to the ?*Po. These S1 pulses are detected both by
the top and bottom PMT arrays of the detector, with more light being detected by
the bottom PMT array. Some of these large S1s are detected below the cathode, in
the reverse field region of the detector [7, 29]. In this region, the electrons will go
downwards with no S2 signal being generated. These S1s will be detected mostly
by the bottom PMT array, which will saturate due to the its high light yield.

The half-life of the **Po isotope is 164 us, which is very short compared with
the LUX 1 ms event window [10, 133]. Thus, the probability of the as and /s being
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recorded within the same event is of 98.5 % for the LUX event window [10, 132].

4.1.2 Spurious S2

To identify the spurious S2’s, we used the following identity

.5
fo=v5 (4:2)

where S2; are the pulses identified as S2’s and ), 52, is the sum of all the pulses

of an event identified as S2’s.
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Figure 4.4: fi, fraction as a function of the S2 area (phd). The S2 spurious pulse

are represented at red, while the black dots represent the ”true” S2 pulses.

The figure 4.4 shows the fraction fi, as a function of the S2 pulse area. The
black dots represent the first S2 pulses, while the second and following pulses are
represented by the red dots. The red dot events located in the region where the

fraction f&, is below 0.01 are known as S2 spurious, because these S2s have a very
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small area and follow a large S2. To confirm that these pulses are S2 spurious, we
used the Visual LUX event viewer and verified the time distribution of the spurious
pulses relatively to the larger S2 pulse. As stated in the section 4.1, the spurious S2s
are mainly caused by photo-ionization on PMTs, grids and PTFE contaminants, or
delayed electron extraction [120, |. These pulses appear following large S2 pulses,
as electron trains [118]. From these electron trains, the pulses with the smallest areas
are identified as spurious S2s, while the other electron train pulses will be removed

by a quality cut, as we will explain latter in this chapter.

4.1.3 2S1s and 2S2s Event Selection

After the identification of the pulses with a fraction f&; below 0.02 for the Sls
and a fraction f&, below 0.01 for the S2s, we reclassified these pulses as ”spurious”
pulses in the datasets obtained from the Run IV LUX data. Then, we selected the
events with an event typology of two Sls and two S2s. The reclassification of the
"spurious” pulses and the two Sls and two S2s event selection lead to a reduction

from 10 pulses and 397990 events to 4 pulses and 13415 events.

4.2 Electron train cut

After the identification and removal of the spurious pulses, we removed some
problematic events created artificially in the tail of a very large S2, also called S2
electron trains, among other anomalies. In the tail, single electrons can be grouped
together in an S2 and coupled with a random pulse identified as an S1. To remove
this events, we applied a quality cut named electron train cut or bad area cut. This
cut is based on the total area of the pulses of the S1, S2 pair, corresponding to the
"good area” of an event, relative to the total area of the pulses other than S1 or S2
corresponding to the "bad area” of an event [19].

The figure 4.5 shows the bad area cut as a function of the good area for the

WIMP search data. For MiDM analysis, the bad area cut, BA cut, is represented
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Figure 4.5: Bad area as a function of the good area. The events with too much bad
area are represented by the blue dots above the black dashed line threshold and are

intended to be removed.

by the black dashed line in the figure, being given by

(

80, if Agooq < 253 phd

BA cut = { 80 x (0.0398 x Agooa)?49%8if 253 phd < Ageoa < 5000 phd

100 x (0.000732 x Aggod),  if Agooa > 5000 phd
\

The blue dots represent the events with too much bad area for a given good area.
We identified them as "bad area”, because most of the events that we observed
in the LUX event viewer are present in the tail of a large S2 due to the presence
of multiple single electrons. The red dots represent the events that remain in the
MiDM analysis after applying the ”"bad area cut”.

In order to finish applying this cut for the analysis, we would need to apply it to

the calibration data, that would be used for the calculation of the efficiencies of this
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cut. This process is not trivial, because we don’t have calibration data with two Sls
and two S2s, but it would be possible to merge events from these calibration sources

in order to have four different pulses.

4.3 Pulse pairing

For MiDM analysis, we defined the first and second pulses observed in an event,
a and b, for the S1 and S2 signals as S1,, S1;, 52, and 52;,. However, for an event
typology of two S1 and two S2 pulses it is not clear which S1 is paired with which
S2. Specifically, both S1, and S1, pulses are not necessarily paired with 52, and
S2;, respectively. To solve this issue, we studied two possible S1, S2 pairings, in
which the pulses could appear in the detector. From these pairings, the possible
chronological sequence of the pulses observed in the timeline of an event in LUX

that would correspond to a candidate event are

[} A . Sla52a51652b

e B: SlaSh,SQaSQb

As for a traditional WIMP search analysis, it is rather trivial to pair the two
S1 pulses with the correct S2 pulses for the chronological sequence A. This is
not the case for the chronological sequence B, because the first S1 pulse, S1,, is
chronologically followed by the second S1 pulse, S1,.

Apart from the chronological sequences, A and B, the S1 and the S2 pulses can
also be paired without being related to a possible signal event, which occurs only
for background events. These events can be generated by 5 decays followed by a ~
transition, where the first S1, S1,, generates the 2 S2s. The background events can
also be generated by [ decays without emission of s, where the second S1, S1,,
generates the 2 S2s. For both cases, one of the Sls is located in the bulk of the
detector. The other S1 pulse is located in other regions of the detector, such as the
reverse field region. This region is located above the anode, and doesn’t have any
collection of S2s. We applied a cut that accepted events with the first S1 before the
first S2 and the second S1 before the second S2. Together with the electron train cut,

we implemented these cuts to remove events that do not follow these chronological
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sequences, considering only positive values for the time differences t4(51,, 52,) and

ta(S1y,.52,), respectively. The table 4.1 summarises the impact of each cut in the

Table 4.1: Summary of the cuts applied in the analysis, after the removal of the

spurious Sls and S2s.

Cuts Remaining events
After spurious 13415

Bad Area Cut 9851

1st S1 before 1st S2 12894

1st S1 before 1st S2 12325

All cuts excluding Bad Area Cut 11969

All cuts 8728

MiDM analysis, after removal of the events caused by S1s and S2s spurious. It shows
the remaining events after applying the Bad Area Cut, the first S1 before the first
S2 cut, the second S1 before the second S2 cut, all the cuts combined, excluding

Bad Area Cut and all of the cuts combined.

4.3.1 Calculation of the drift time

To characterise the chronological sequences of the 2S1s and 252s event selection,
we considered four different possible drift times corresponding the first and second
pulses, a and b, of the S1 and S2 signals, namely tg1,, ts1,, ts1, and tgs,. From these

drift times, the drift time difference for the S1, S2 pairing, ¢4(51;, Su), is given by
ta(S1j, Su) = ts, — tSuy, (4.3)

where j, [ indices stand the for first pulse, a, or for the second pulse, b.

From the equation 4.3, we obtained four different time differences for the S1, S2
pairing, t4(S1;, Su), but only two of them are possible for a MiDM signal, namely
ta(S1a, S2a) and t4(S1p, Sap) or tq(Sa, Sop) and t4(Sip, S2q). The time difference be-
tween the second S1 and the first S2, t4(S1,, 52,) was used in order to distinguish

the S1, S2 pairing chronological sequences described in the previous section. When
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the time difference t;(S1,,.52,) has a positive value, it corresponds to the chrono-
logical sequence A, corresponding to the chronological sequence B, when the time

difference t4(S1,, 52,) has a negative value.
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Figure 4.6: Time difference between the S1, and S2, pulses, t4(S1,,S1,), as a
function of the time difference between the S1, and S2, pulses, t4(S1y, S2,).

The figure 4.6 shows the time difference between S2, and S1,, t4(52,, S1p), as
a function of the time difference between S2, and S1,, t4(525,.51,). It shows more
events with a positive time difference ¢4(S1, 52,) than events with a negative time
difference t4(S1y, 52,). The events with a positive drift time difference ¢4(S51y,.52,)
correspond to the chronological sequence, A, while the events with a negative drift
time difference ¢4(S1,,.52,) correspond to the chronological sequence, B. This is
caused by the condition that states that the second S2 pulse, S2;, must appear after
than the second S1 pulse, S1,.

The figure 4.7 shows the time difference between S1, and S2,, t4(S1,,52,) as
a function of the time difference between S1, and S2,, t4(S1y,S2,). The time

67



400 T T T T T T

3501, . .. . . . e et
. . o o .. . ® . K ".‘o . o° ;o.‘ L Nd
T s T T
300 _. . « -: . ..o D o ':{ ‘:’; J ‘ ,Q’E?
o % * * 0 ° o. *et t ;‘ 3 -Vt:"'
~ L R R PR < 27 -
LY % ° e ° ® ° {4 o -,ﬂ .
S 250F . Mol e et e ¥
oot . . e . PRS- £ SR RR 7 g+ 2N
3 . . . . «® o ® '3 \o:.'.O L’:: 3 e .&
N ° LAY, o Sl XY N
@ 2007 . C L oM e HOO
g T RIS I 20 T S A Y W e
— ® S * .’ se &, %o, % ®e® \' ?"ﬁ.‘ ~
U) . . ..o . ... t..:-o..o'..:.o" LI .....O: ‘??%'.. f.& o
~— foe © ".. 9 o .. \.o.: & o0 ..‘.J ’: U4 .‘. Cr e .. %3
_'_"O 150 o o,. : .-. s ? ’ 1.?.,.? :.’.'” ;::.: ‘. -:s'..::gi ..{aﬁ.‘*ﬁ:’» .Y
:. .. ISR e o8 . .‘.} .“:..;‘*..,“ - % .;,; o3 o ';G'ﬁg'?‘.,a' 3
. & . .o .nﬂ. oo e o, . ° TR [ .. c.o
ool e R R
LT E T e LA A
: RTINS R Rl PO LR 20 4+ )
o2 s Ll et St ny T Ll e WL e R RN
b o:' .. .'.. b AR ‘.‘.‘ See o Beueee LR . PPN 5 .;t T W b o2
50_'.'!‘.\ - X 3.." \'OM'.’..... .‘ﬁ. -.og..ot.-.’: .}* Y
e ‘sl VYo 5’ k) .." 'q ° 0‘.Q e % oo [ L TR o)
[} Q i '..’.‘,r. "0." ° 14 I}". ""‘.oo #leoy "'0: %% "'.‘ * o
B RN wi_' G T e S al T peme s o e NSV
o BRI N AT S Fh T npE T e LT
0 50 100 150 200 250 300

ty (S1la,S2a) (us)

Figure 4.7: Time difference between the S1, and S2, pulses, t4(51;,52;), as a
function of the time difference between the S1, and S2, pulses, t4(S1,,52,).

difference t4(S1,,52,) is equal to the time difference t;(S1y,52,) for most of the
events, because these events have two decays occurring at the same depth, z. For
the events at the same depth, z, we would verify the pairing between the S1 and
S2 pulses by obtaining the time difference between Sls, t4(S1,,S1p), in a further
analysis. For a large time difference between the S1 pulses, we can affirm that the
first S1 pulse, S1,, is paired with the first S2 pulse, S2,, being the second pulse,
S1,, necessarily paired with the pulse, 52;,. For a small time difference between the
S1 pulses, the first and second S1 pulses, S1, and S1,, can be crossed with the S2
pulses, with S1, being paired with 52, and the S1, being paired with S2,. This
means that events at the same depth, z, and a large time difference between S1
pulses correspond to the first S1, S2 chronological sequence, A. The events at the
same depth, z, and a small time difference (in the order of us) between S1 pulses,

can correspond to one of the S1, S2 chronological sequences, A or B.
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We observed that a significant fraction of 16 % of the events with a time difference
ta(S1,,52,) is consistent with the detector’s bottom, while a fraction of 57 % of the
events with a time difference t4(S1;,.52;) is consistent with the bulk of the detector.
This event typology is consistent with ***Bi-***Po decays from the ***Rn decay chain,
when the ?"Bi isotope decays for the excited state of ***Po. After this decay, ***Po
will take few picoseconds to decay from the excited state to its ground state with the
emission of v particles. This ~ transition is then followed by an « decay from the
2Py isotope to the 2'°Pb isotope. Initially, ?*Bi is located in the detector’s grids.
For the a particles detected on the fiducial volume, they decay in the direction of
the reverse field region, while the 5 and ~ particles decay into the fiducial volume.

The 8 and v particle decays correspond to the first S1 pulse, S1,, because their
energy depositions are consistent with the size of S1,. These decays occur together,
because the v decay from the excited to the ground state of the ***Po isotope occurs
within a few picoseconds. The second S1 pulse, S1,, corresponds to the a, because
the very large size of this S1 pulse is consistent with the energy depositions of the
a particles. Although, the first S2 pulse, S2,, corresponds to the § particle energy
depositions that occur near the grids of the detector, while the second S2 pulse, 52y,
correspond to the 7 particle energy depositions that occur above the grids. This
happens because of the two S2s being very near from each other. This means that
the two S2s have a very small time difference, which is consistent with the v particle
energy depositions. These two S2s are generated by the first S1 pulse, S1,, because
the other S1, S1;, has a very large size, being consistent with energy depositions of
the a particles. This S1 is originated below the cathode, in the reverse field region
of the detector [7, 29]. In this region, the electrons will go downwards with no S2

signal being generated.

4.3.2 The depth of the event from S1 top

bottom asymmetry and S2 pulse shape

It is possible to estimate the depth of a pulse with high uncertainty, using the
top-bottom asymmetry of the S1 pulse, TBA, and the S2 pulse width, og,. We will
use this information to exclude some of the combinations of pulses described in the

previous section.
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The top-bottom asymmetry, TBA, is used to pair the chronological sequence
A, relating S1, and S1, with their respective S2s, S2, and 52,. The top-bottom
asymmetry, TBA, is given by

t—>
TBA=—— 4.4
t+0b (4.4)

where ¢t and b are the light read out of the top and bottom PMT arrays, respec-
tively. In order to use the S1 top-bottom asymmetry, TBA, to extract the drift
time, t4(T'BA), from the WIMP search data, we need to understand how the S1 top
bottom-asymmetry, TBA, varies with the drift time, t4(TBA). To study this de-
pendence, we used data from WIMP search events with **™Kr and *C as calibration

sources.

TBA (S1)

-0.9 ' '

0 50 100 150 200 250 300
ty (TBA) (us)

Figure 4.8: S1 Top bottom ratio as a function of the drift time of WIMP search

data from ™Kz calibrations.

The figure 4.8 shows the S1 top bottom asymmetry, TBA, as a function of the
drift time, t4(TBA), for the ¥ Kr calibration data. We used **™Kr to obtain the
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drift time, t4(T'BA), from the S1 top-bottom asymmetry, 7B A, because we need to
known the correspondent S1 top-bottom asymmetry, TBA | for a given drift time,
tqy(TBA). The black line represents the mean value of the top bottom asymmetry as
function of the drift time. This mean value was obtained by applying a fit function,
Yssmy,., t0 the top-bottom asymmetry associated with WIMP search data calibrated
with ™ Kr. This fitted function, yssmg,, is given by

330—-DT

ySSmKr — b + mDT + A epr T (45)

where m= -0.1, b= 55 us, A= 30 us and 7= 10 us are the coefficient parameters for
the fitted function yssmy,, and DT is the drift time for the WIMP search data cali-
brated with *™Kr. The blue dashed lines correspond to the 1 o band, representing
the fluctuations on the S1 top-bottom asymmetry. These fluctuations depend on
the size of the S1 signal and we obtained them using the data from WIMP search
M calibrations.

Figure 4.9 shows the uncertainty associated to S1 top bottom asymmetry in
WIMP search events from the "*C calibrations, oy A(tc)» as a function of the S1
area. These events correspond to *C calibrations that occurred in August 2016, after
the end of Run IV LUX operations [19]. The red line in the figure represents this
uncertainty normalized to the average S1 pulse, obtained from ¥™Kr calibrations.
This normalization factor was used to obtain the corrected response of the detector
to the center of the active region [73]. For this uncertainty, we also applied a fit
function, Y1, represented by the blue line in the figure 4.9 and given by

PA

yue=b+ A eXp*PTA +Bexp ~ (4.6)

where b= 1.0 us, A=2 us, B= 0.2 us, 7=5 us and 7,=50 us are the coefficient
parameters for the fitted function yu, and PA is the uncertainty on the drift time
for the WIMP search data calibrated with *C.

The depth, z, can be obtained using the S2 pulse width from the ¥*™Kr calibration
data. We obtained some information about the drift time from the S2 pulse width,
0g2, because of the diffusion of the electron cloud caused by the repulsive force
between the electrons. For uniform electric field conditions, the S2 pulse width, ogo,
is given by

0'%2 = k’() + /{ZlDT (47)
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Figure 4.9: Uncertainty associated with the top-bottom asymmetry, o5 A(t4c), @S a

function of S1 pulse area for the WIMP search data calibrated with *C as a source.

where kg and k; are independent and dependent parameters on the drift time for the
WIMP search data calibrated with ¥™Kr. To evaluate the relation between the S2
pulse width, ogo, and the drift time, we used the WIMP search events from **™Kr
calibrations data.

In the figure 4.10, it is shown the S2 pulse width, ogo, as a function of the drift
time of WIMP search data from **Kr. From this figure, the S2 pulse width, ogo,
is approximately linear for a drift time below 150 us, while the S2 pulse width, ogo,
becomes sensitively higher for a drift time higher than 150 us.

To have a better evaluation of the S2 pulse width, ogs, on the drift time, we
will need to apply an exponential fit function to the the S2 pulse width, ogs. We
didn’t apply this function to the S2 pulse width, but this should be done in a further

analysis.
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Figure 4.10: S2 pulse width, 049, as a function of the drift time of WIMP search

data from $™Kr.

4.3.3 Pairing probability

After the study of the dependence of the S1 top-bottom asymmetry and the S2
pulse width on the drift time, we used the S1 top- bottom asymmetry and the S2
pulse width to test the pairing between the S1 and S2 pulses. To study the pairing
between the S1 and S2 pulses, we used the number of standard deviations from
the average value, namely pulls. The amount of pulls, g(S1;,.52;), corresponds to
a quantity centered at zero, tq(S1;,52;) — tyrpa)(S1;), normalized to the width
of the S1 top-bottom asymmetry, orpa(S1), for a given drift time. For the pairing
between of the first S1 and S2 pulses, S1, and S2,, the amount of pulls, g(S1,,52,),

is given by
td(Slaa SQa) - td(TBA) (Sla>

g<51a752a) = UTBA(Sl) ;

(4.8)
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where t4(51,,52,) is the drift time between S1, and S2,, tyrpa(S1,) is the drift

time associated to the top-bottom asymmetry of the S1, pulse and o7p4(S1,) is

the width of the top-bottom asymmetry of the S1, pulse.
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Figure 4.11: First pulse pulls, g(S1,,S52,), as a function of the time difference

between the S1, and 52, pulses, t4(S51,, 52,).

The amount of pulls for the first and second pulses, g(S1,,.52,) and g(S1y, S2),

as a function of the drift time, is represented in the figures 4.11 and 4.12. To

remove the a particle events, we selected the events with an S1 pulse area lower

than 10000 photo-electrons detected (phd) for both first and second pulses. These

events are originated from ***Bi-**Po decays, and are represented by the magenta

dots in the figure 4.2 from the section 4.1.1, while the events originated by s and

~s are represented by the blue dots in the same figure. In the table 4.2, there are

represented the number of events before and after the removal of the a particles

for the first and second pulses. For the first pulse, a fraction of 97 % of the initial

events represent the remaining events after the removal of the as. This fraction is
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Figure 4.12: Second pulse pulls, g(S1;,52;), as a function of the time difference
between the S1, and S2, pulses, t4(S1,,.52;).

Table 4.2: Number of events before and after the removal of the « particles for the

first and second pulses.

Events with a’s Events without a’s
First pulse 8728 8434
Second pulse 8728 4068

much lower for the second pulse, representing 47 % of the initial events.

In the figure 4.11, the probability of the pulls located in the interval between
-2 and 2 o is 95 % for the (S1,, S2,) pairing. For a time difference, t4(S1;,.52;),
lower than 300 us, a fraction of 82 % of the (S1,, S2,) pair is located in the interval
between -2 and 2 . For a time difference, t4(S1y, S2;), higher than 300 us, a fraction
of 81 % of the (S1,, S2,) pair is located in the interval between -2 and 2 o.
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In the figure 4.12, the probability of the pulls located in the interval between
-2 and 2 o is 95 % for the (S1,, S2;) pairing. For a time difference, t4(S1,,.52;),
below 300 us, a fraction of 61 % of the pulses (51,,52;) is located in the interval
between -2 and 2 . A significant amount of these events is located in the region
where t4(51,,.52;) is lower than 50 us, representing a fraction of 68 % of the pulses
(514,52;) located in this region.
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Figure 4.13: First pulse pulls as a function of the second pulse pulls

The figure 4.13 shows the pulls from the (S1,, S2;) pairing, ¢g(S1y,52), as a
function of the pulls from the (S1,, S2,) pairing, ¢(S1,,52,). We draw a red
dotted square in the figure, to study the compatibility between the S1 top-bottom
asymmetry, TBA and the (51,,52,) and (515,52;) pairings. This red dotted square
is limited by the region between -2 ¢ and 2 ¢ for the pulls of both (51,,52,) and
(514,52p) pairings. For this region, we expected the Sls; S1, and S1,, to have a
probability of 95 % to be paired with S2s, S2, and S2;, according to the gaussian

distribution. However, we obtained a fraction of 12 % of the events for the region
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outside the red dotted square, which is higher than the expected fraction of 5 % for
a gaussian distribution, suggesting that a fraction of the S1, pulses is not paired
with the corresponding 52, pulse.

For the first chronological sequence, A, the total amount of pulls, gp, is given by

9 = V§%(S14,52,) + g2(S1, 52), (4.9)

where ¢*(S14,52,) are the squared pulls between the S1, and S2, pulses and
g*(S1y,52) are the squared pulls between the S1, and S2, pulses.
We can also perform this analysis for the chronological sequence B, characterizing

the total amount of pulls, gy, as

gx = \/92<Sla752b) +g2(51b752a>7 (410)

where ¢?(S1,,52;) are the squared pulls between the S1, and S2;, pulses and
g*(S1y, 52,) are the squared pulls between the S1;, and S2, pulses.

The figure 4.14 shows the total amount of pulls for the first chronological se-
quence, gp, as a function of the total amount pulls for the second chronological
sequence, gx. In this figure, the black dots represent the events with a positive drift
time difference t4(S1p, S24). The red rots represent events with a positive drift time
difference t4(S1p, S24) and a pulse area lower than 10000 photo-electrons detected

(phd) for both first and second S1 pulses, S1, and S1,. The table 4.3 shows the

Table 4.3: Number of events that describe the S1, S2 pairing for the chronological

sequences A and B.

All events S1 area < 10000 phd
gp > 2 & gx > 2 4200 1756
gp <2 & gx > 2 796 221
gp > 2 & gx < 2 405 114
gp <2 & gx <2 1825 868

number of events for event typologies associated with a MiDM signal, and the num-

ber of events for event typologies different than a signal produced by MiDM. For
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Figure 4.14: Total amount of pulls, gp, as a function of total crossed pulls, gx.

most of the events, gp and ¢gx is lower than two, meaning that each event has a
very high probability of belonging to one of the chronological sequences, A or B,
and it is not possible to distinguish between the chronological sequences, A and B,
using this method. An important fraction of the events have a gp lower than two
and gx higher than two, implying that those events have a very high probability
of belonging to the chronological sequence, A, excluding the second chronological
sequence, B. Another fraction of the events have a gp higher than two and gx lower
than two, meaning that those events have a very high probability of belonging to the
chronological sequence, B, excluding the first chronological sequence, A. Some of
the events have a gp higher than two and a gx higher than two, being incompatible
with both first and second chronological sequences. These events are most probably
coincidences from **Bi->'*Po decays, having a different event typology than a signal
produced by MiDM.

We could easily add the S2 pulse width contribution to this analysis, obtaining
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the amount of pulls for the S2 pulse width and add this contribution as a quadratic
term to the equations 4.9 and 4.10.

In order to finish this analysis, we would need to apply a cut on the energies of the
first and second pulses, E, and Ej, considering a nuclear recoil, NR, for the energy
of the first pulse. Although, this cut must be applied after the conclusion of the
remaining analysis. In the following sections, we will study the possible background

sources that can produce a signal in the region of interest.

4.4 Backgrounds in the MiDM Analysis

The classic WIMP search and MiDM analysis follow different event typologies
[2, 54, 72]. WIMP search focuses on NR single-scatter events with one S1 pulse and
one S2 pulse [54, 72], while MiDM focuses on a NR single scatter followed by an
ER single scatter, which should produce two S1 pulses and two S2 pulses [2]. Our
main goal was to show that the number of backgrounds from these sources was low
enough to assume a background free experiment, rather than estimating a specific
value for the contributions of the background sources associated with MiDM. To
perform that, we considered a maximum value of 0.1 events for the background
sources and we also applied some of the cuts used in the main analysis, as we will
explain further below.

There are not many background sources that produce such a characteristic signal.
We identified the following possible background sources that can produce a signal

in the detector similar to the MiDM interactions:
e (-7 coincidences from *¥Kr decays;
e Pile-up of two single scatter non correlated events from background sources;

e Pile-up between a double scatter with one S1 and two S2, produced mainly

from ~ rays, and a S1 pulse without any correlated S2;
e A~ — « coincidences from **Bi- ?*Po and ?"*Bi — *?Po decays.
The S~ -a coincidences from ?"Bi- 2"*Po and *?Bi- *?Po decays are Radon re-

lated backgrounds [2, ]. These background sources occur in the ***Th and **U
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decay chains, as we briefly described in the section 4.1.1 [128]. Although, an analysis

on this background sources will be considered in the future.

4.4.1 (-7 coincidences from **Kr decays

1.8 a

0,43 %
514 keV

1 us

99.57 %

55Rb

85Kr decay scheme

Figure 4.15: ¥Kr decay scheme from [29)]

The radioactive decay scheme for the *’Kr isotope is represented in the figure
4.15 [29]. This isotope decays via 8~ decay to the ground state of **Rb with a
probability of 99.57 % and an endpoint energy of 687 keV [134]. ®Kr also decays
via another 8 decay to ®™Rb with a probability of 0.434 % and 173 keV of endpoint
energy. This last 8 decay is followed by a ~ transition that releases 514 keV of
energy between the *™Rb and *Rb isotopes.

The decay to the ground state of *Rb is the most problematic for the WIMP
search analysis, because it can create low energy single scatter events. In contrast,
the most problematic decay for MiDM Analysis is the decay for the excited state

$MRb followed by a 7 transition, because it can create double scatters.

85Kr in RunIV

In order to include the ¥Kr decay in our region of interest, the energy deposited

by the s and fs in detector must be low, and the «s can only interact once in the
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detector, being unable to deposit all of its energy in the detector. The number of

background events from 57-vy delayed coincidences, Nycxq in 8Kr is given by
Nickg = Nssy, Pg(Eg < 50keV )Py (SS) P, (E, < 200keV')x (4.11)

X Pay(At > 2pus)

where Nes, is the number of ¥Kr decays to the excited state *™Rb, Ps(Ez < 50
keV) corresponds to the fraction of 5 events with an energy less than 50 keV, P, (S5)
is the fraction of v events that scatter only once in the detector, P,(E, < 200 keV)
is the fraction of single-scatter (SS) 7 events with an energy less than 200 keV and
Pat(At > 2ps) is the fraction of events with a drift time higher than 2 us. We
considered this value for LUX, because it consists on the minimum time difference
between the 2 S1 pulses that is required to separate those 2S1s efficiently [2, 54, 72].
We should have a nuclear recoil, NR, for the reconstructed energy of the first
pulse, E,, as expected for MiDM. Instead, we used an electronic recoil, ER, for the
reconstructed energy of the first pulse, E,, which has a different energy reconstruc-
tion than the nuclear recoil. The nuclear and electronic recoil energies, F,, and E,.,
don’t have an exact correspondence, but they are described approximately as [15,

]
En = Q(Em‘) X Eee (412)

where Q(E,,) = 0.2 is the quenching factor that relates the two recoil energies,
E,. and E.., that correspond to the first and second pulse energies, E, and E,
respectively [135]. Considering the equation 4.12 and a maximum energy of 300
keV,,. (where the subscript nr means that the energy was reconstructed assuming a
nuclear recoil, NR), we concluded that would be best to apply a cut in the S1 for an
energy of 100 keV,, (where the subscript ee means that the energy was reconstructed
assuming an electronic recoil, ER) rather than 50 keV.., as we did in this analysis.
This should be corrected in further analysis.

We created a python script based on [11] to obtain the fractions of single-scatter,
«v and 3 events, and then Ny,.

From Rachel Mannino’s thesis [11], the number of events obtained from delayed
coincidence between - v from *Kr decays is Nss,,= 38.0. These events represent

the total number of *’Kr events during all Run IV operation. We used events with
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more than two multiple scatters to account for the s than interact multiple times
in the detector.
To get the fraction of events with an energy less than 50 keV, Ps(Esz < 50 keV),
we used the Fermi theory for 8 decay, developed by Enrico Fermi in 1934 [1306, 137].
Following this approach, the shape of the energy distribution is approximately given
by
T2 + 2T, mec2(Q — T,)* (T, + mec®)F(Z', p) (4.13)

where T, is the kinetic energy of the electron, m.c? is the rest energy of the electron
and F'(Z',p) is the Fermi function. The Fermi function is approximately given by

[138]
2
F(E,Z') = il (4.14)
1 — exp(—2mn)

with the Sommerfeld parameter given by n = aZ’/j.
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Figure 4.16: *Kr 3 spectrum with 173 keV of endpoint energy [11].

The figure 4.16 shows the 8 spectrum for *’Kr with an endpoint energy of 173
keV [11]. The 50 keV limit on the § corresponds approximately to an S1 of 500 keV,
which is a bit larger than our upper limit of 300 phd. Therefore this approach is
conservative. From this spectra, we obtained a fraction of 8 events with an energy

less than 50 keV, Ps(Ez < 50keV), of 0.76.
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The fraction of single scatter v events, P, (SS), is given by

N, (S5)
N.

o

P,(SS) = (4.15)

where NV, (55) is the number of v single scatter events and N, is the total number of
~ events. From the equation 4.15, we obtained a fraction of single scatter v events,
P,(SS5), of 0.61.

Similarly, we obtained a fraction of single-scatter (SS) « events with an energy
less than 200 keV, P, (E, < 200 keV), of 0.16.

The fraction of events with drift time higher than 2 us, Pa;(At > 2us), is given

by [11]

o0

Pai(At > 2us) = fQ—,g
[y exp™®@ dx

We obtained a fraction of these events, Pat(At > 2us), of 0.25.

=2
expn@ dx

From all of these measurements, we arrived to the number of background events,
Nicrg, of 5- v coincidences from ®Kr decays. We obtained a number of background
events, Npcg, of 0.087 events, a very low value below the 0.1 event limit for a no
background experiment [2, |. Based on this value, we could also include the

ER/NR discrimination in the MiDM background source analysis.

4.4.2 Pile-up of two single scatter events

The second background source considered corresponds to the pile-up of two single
scatter events [2]. This is defined as the coincidence between two single scatter (SS)
events, within the 0.250 ms total drift length used in LUX [2, 51, 110]. We used this
time difference, because only the events with a time difference lower than 250 us
can mimetize an event with a MiDM event typology. We selected the events from
the Run IV WIMP search data with one S1 and one S2, and calculated the event
rate for those events [2, 139].

We applied the same quality cuts used in the main analysis, namely the bad area
cut and the fiducial cut. The fiducial cut is a combination of a radial and a drift
time cut. It is a cut in the volume of the detector that includes only events with a
distance to the wall larger than 3 cm in S2 coordinates and a drift time between 50

and 300 us [51, 53].
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Additionally, we applied a cut on the S1 area, selecting the events with an S1
area lower than 300 phd and 1000 phd for the first and second pulses, respectively.
For the first pulse, a cut on the S1 area of 300 phd roughly corresponds to an energy
of 100 keV .., being consistent with a nuclear recoil, NR. For the second pulse, a cut
on the S1 area of 1000 phd roughly corresponds to an energy of 200 keV,., being
consistent with an electronic recoil, ER.

We also applied a spike count cut on the S1 area, accepting only the events with
a minimum of two detected photons for two different PMTs [7, 75].

Finally, we also removed the datasets with an elevated rate of **™Kr events. To
identify those datasets, we measured the rate of events with reconstructed energy
between 37.5 and 45.5 keV for each dataset, once the average energy for a *™Kr
is 41.5 keV [31]. Datasets with an event rate larger than 0.01 evts/s were not
considered within this region.

The single scatter event rate is given by

— O (4.16)

where Ty, ~ 293 days, is the total livetime and Ngg; is the number of single scatter
events for the first and second pulses, respectively. For the first pulse, we obtained
a number of single scatter events, Ngg,, of 18386 events. For second pulse, we
obtained a number of single scatter evts, Ngg,, of 69148 evts.

From the equation 4.16, we obtained a single scatter event rate obtained for
the first and second 1S1 152, % and %, of 7.2 x 107* evts/s and

2.7 x 1073 evts/s , respectively. For two single scatter events, the coincidence rate,

Rcoincidence 18 giVen by

ARys1,152 AR151,152
Rcoinci ence — 7 7 4.17
a At At (4.17)

where 7=250 pus and n=1, for the single scatter event case. The 7= 250 us is in the
interval of the drift time cut, between 50 and 300 us. We obtained a coincidence
rate, Reoincidences Of 4.8 x 10719 evts/s.

The total number of coincidence events during the Run IV, N jincidence, 1S given
by

N, coincidence — RcoincidenceTtotal (4 1 8)

84



From the equation 4.22, we obtained a number of coincidence events for two
single scatter events, Neoincidence , Of 1.2 x 1072 events for the Run IV data. Once
this is a very low value, we wouldn’t need to consider the contributions from this

background source in an eventual MiDM background model.

4.4.3 Pile-up between one S1 and two S2s and a S1 peak

without any correlated S2

The third background source considered corresponds to the pile-up between a
double scatter with one S1 and two S2 pulses and a S1 peak without any correlated
S2 [2]. A double scatter with one S1 and two S2 pulses is mainly created by ~ rays.
The event with one S1 and zero S2 pulses is mainly caused by energy depositions in
”dead” zones of the detector, which means regions in the detector with no applied
electric field. In these regions, the applied electric field is not enough to drift the
charge to the surface that separates the liquid and the gas phase, which means that
no S2 signal is observed. Those pulses can also be caused by PMT after-pulsing and
dark counting on the PMTs [120, 122].

The individual contributions from this background source were estimated in a
similar way that the one used in the previous section. Although, this time we
selected events with one S1 and without any correlated S2s and events with one S1
and two S2 pulses. To reconstruct the energy for each pair, we associated randomly
an 52 pulse from an event with two S2s, with the S1 pulse from an event without
S2 pulses.

We defined an upper value for the contributions from this background source,
by applying some quality cuts on he reconstructed energies, F, and Ej, in order to
obtain a number of background events below the limit of 0.1 evts to be able to still
assume a background free experiment [2, 139]. Most of these cuts were also used in
the section 4.4.2, such as the fiducial cut, the bad area cut, the spike count cut and
a cut on the datasets with an elevated rate of **™Kr events. Additionally, we also
applied a quality cut on the S2 pulse area for the first and second S2 pulses, S2,
and S2;, limiting their pulse areas to 200 phd.

We also applied a cut on the region of interest of the reconstructed energies of

the first and second pulses, E, and FEj, excluding events with a S1 signal higher
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than 100 keV for the first pulse (E, < 100 keV) and an energy value higher than
200 keV for the second pulse (E, < 200 keV). In spite of expecting a nuclear recoil,
NR, for MiDM’s first pulse, we reconstructed the energy of the first pulse, E,, as
an electronic recoil, ER, and the energy of the second pulse, Ej, as a nuclear recoil,
NR [2]. Using the equation 4.12 from the section 4.4.1, and considering a maximum
energy for the first pulse, E,, of 300 keV, we obtained a maximum of 60 keV for
the maximum value of the energy of the second pulse, E,. Although, we used a
maximum value of 100 keV for E} to have some interval of confidence, since we are

interested in a upper value of this background.
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Figure 4.17: Second pulse reconstructed energy, Ej, as a function of the first pulse

reconstructed energy, F,.

The figure 4.17 shows the second pulse reconstructed energy, Ej, as a function
of the first pulse reconstructed energy, F,. Most of the coincidence events is located
in the range of first pulse reconstructed energies, F,, between 100-200 keV. For the
nuclear recoil, we considered a region of interest between 0 and 100 keV, roughly
corresponding to 300 phd for the non-corrected S1 pulse. For the electronic recoil,
we considered a region of interest between 0 and 200 keV, roughly corresponding to

1000 phd for the non-corrected S1 pulse.
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The event rates for one S1 without any correlated S2, AR%?SQ"”’, and one S1 and

two S2, %, are given by the following equations

A1’:815'1052rm' o NSS’mi
At T0S2

(4.19)

and
ARis1252mi  Nssmi
At Ttotal

(4.20)

where o590 ~ 92 days, and T ~ 293 days. Nggnm; are the number of single scatter
events for = 300 and 1000 phd, corresponding to the nuclear and electronic recoils,
respectively. For both NR and ER, we applied a cut on the area of the S1 pulse of
300 and 1000 phd, respectively. The obtained number of single-scatter events for NR
and ER, Ngsgm300 and Ngsmioo0, 1S 27455 and 116622 evts respectively. The table

Table 4.4: Event rate for one S1 and zero S2, and one S1 and two S2.

Event Rate (evts/s) Event Rate (evts/s)

1S1 4 052 1S1 + 252
< 300 0.58 1.1 x 1073
< 1000 0.89 4.6 x 1073

4.4 shows the event rates in the region of interest of nuclear and electronic recoils,
respectively. For both recoils, the energy cuts in the region of interest were taken
from XENON100 [2]. We used the event rates shown in the table 4.4 to obtain the

coincidence rates between one S1 and zero 52, and one S1 and two S2, Reoi(m;m,)

as
ARis1252mi AR151,252mi
Rcoi m;m;) — : : 4.21
(mimg) = TN At (4.21)
where 4, j = 300 or 1000 and 7= 250 us. We obtained a coincidence rate, Reoi(msoom1000)

of 6.6 x10™" evts/s and a coincidence rate, Reoi(migoomsoo), Of 2.4 X1077 evts/s.

Ncoi(mimj) = Rcoi(mimj)Ttotal (422)

We obtained a number of coincidences, Neoi(maoomio00) @0 Neoi( of 16.9 and

M1000M300) )
6.1 evts, respectively. Finally, we obtained the total number of coincidence events,
Ntotab given by

Niotar = 0'5[Ncoi(mimj) + Ncoi(mimj)] (423)
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We obtained a total number of pile-up events, N;yq, of 11 evts. This high value
implies that the experiment is not background free, because it is well above the
limit of 0.1 evts to be able to still assume a background free experiment [139, 2].
Although, we could solve this by considering the first pulse as a nuclear recoil, NR.
In LUX, there is a 99.8 % probability of one electronic recoil pulse to have an S2
above the median of the nuclear recoil, meaning that 0.2 % of the first pulse can be
mistaken with an NR. If we had applied this condition, we would obtain a negligible

background, with a total number of coincidence events, Ny, less than 0.1.
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Chapter 5

Conclusion

The work presented in this thesis explored the direct detection of dark matter,
studying the inelastic scattering between dark matter and standard model particles
[1, 2, 3]. We used data from the LUX experiment to study Magnetic inelastic Dark
Matter (MiDM), one of the proposed models to explain the discrepancies between
DAMA/LIBRA and other direct detection dark matter results [2, 3].

In this context, we focused on the theoretical predictions for the MiDM event
rate. For that purpose, we used an Effective Field Theory approach, which is based
on a set of WIMP-nucleon operators that are subject of two basic symmetries,
conservation of momentum and Galilean invariance [101]. Then, obtained a limit of
2.098 x 1075 i for the WIMP magnetic moment of an experiment with a negligible
background, using the parameters (m,, = 58.0 GeV/c?, pi,,= 0.0018 pie, d = 111.7
keV) with the nuclear magneton fi,,., one of the two best fit parameters from the
DAMA /LIBRA experiment [2, 139].

We also used the LUX data to study the possible event typologies for MiDM,
using some quality cuts to remove events that represented a fake signal and studying
some of the properties of the S1 and S2 pulses. We studied these pulses properties
to distinguish between the different event typologies that could represent a signal
produced by MiDM, and also to exclude event typologies caused by background
sources. To study the background sources associated with MiDM, and for all the
backgrounds studied we obtained a number of events during all the run IV of less
than 0.1 and thus these contributions can be discarded.

We can complete the work presented in this thesis in several ways: we considered
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an efficiency of 100 % for this analysis, but we still need to study the factors that
affect the efficiency, namely the minimum time difference between the 2 S1 pulses
of 2 us, the finite size of the LUX detector that limits the chance to detect v rays
from the WIMP de-excitation, v rays can escape from the fiducial volume of the
detector and the efficiencies of the quality cuts applied in the MiDM Analysis [2,

]. We should also add the S2 pulse width contribution to the calculations on
the pulse pairing analysis, and apply a cut on the first pulse reconstructed energy,
E.,, considering a nuclear recoil (E, < 200 keV), as expected for MiDM. This is
in contrast with our analysis, as we applied a cut on the first pulse reconstructed
energy, I,, considering a electronic recoil (E, < 100 keV) instead. We can also use
the number of background events from *Kr to include the ER/NR discrimination
in the MiDM background source analysis.

Most of the operations of the next generation experiments will occur during the
next decade, and they will initiate their activity with masses that will be much
higher than the total detector mass of 370 kg, and and a fiducial volume mass of
100 kg used during LUX operations [17, 50, 52, 53]. Examples of these experiments
are LUX-ZEPLIN (LZ) and XENONnT, with total detector masses of 10 and 8.4
tonnes, and active volume masses on the detector of 7 and 5.9 tonnes, respectively
[18, 52]. These experiments have an expected limit on the WIMP-nucleon spin-
independent cross-section ~ 1.4 x 107 c¢m? for a 40 GeV/c? mass and 1.6 x 1074
cm? for a 50 GeV/c?, respectively, at a 90 % Confidence Level (C.L.) [48, 52]. This
expected limits are much lower than the expected for LUX, with an expected limit
on the WIMP-nucleon spin-independent cross-section of 2 x 107%¢ cm? for a WIMP
mass around 50 GeV/c? [53]. For future analysis, the data from these experiments

will be very useful to test models as Magnetic inelastic Dark Matter [2, 50, 52, 53].
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