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Abstract of the Thesis

CATALIN BALAN

Physics Department
Faculty of Science and Technology - University of Coimbra, Portugal

Contribution to the scintillation detection
optimization in double phase detectors for
direct detection of dark matter

In the past decade, tremendous advances have been made in the development of detectors to be
used for direct interaction of dark matter particles. With the gradual increase of target fiducial mass and
simultaneous reduction of background levels strategies, XENON experiment achieved very good results and
promising perspectives for direct dark matter detection.

Tasks regarding analysis of experimental data acquired with the actual double-phase detector, as
well as electric field simulations, development, assembly and tests of the next XENONIT detector and the
regular participation in general maintenance and monitoring of the actual XENONI0O prototype at LNGS,
constituted the work plan of this PhD research activity and my contribution for optimizing the scintillation
detection in XENON detectors.

The need to achieve extremely low sensitivities demands for innovation in all aspects of detector
physics, such as reducing all sources of radioactivity background. The favored mode of operation for the
liquid/gas Xe-based detector involves measuring both primary and secondary scintillation from particle
interaction in the liquid. The ratio of these signals allows to clearly differentiate the majority of the
background and WIMP events. The scintillation readout is, then, of utmost importance.

The scintillation signal amplitude before to be read by the photo-sensors is maximized also by the
optimization of several parameters such as the detector target geometry, electrode meshes transparency,
secondary scintillation gain uniformity and reflective material used to cover the non-photosensitive surfaces.

KEYWORDS: Dark matter, Direct detection, Double phase detector, Electric field, Liquid Xenon, LNGS, Noble
gases, Simulations, TPC, WIMP
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Resumo da Tese

CATALIN BALAN

Departamento de Fisica
Faculdade de Ciéncias e Tecnologia da Universidade de Coimbra, Portugal

Contribui¢ao para a otimizagao da detecao de
cntilagao em detetores de dupla fase para
detecao direta de matéria negra

Na dltima década, foram feitos grandes progressos no desenvolvimento dos detetores de detecao
direta das particulas que constituem a matéria negra. Com estratégias do aumento gradual do volume do
alvo e, simultaneamente, de redugdo dos niveis de fundo, a experiéncia XENON obteve resultados muito bons
e perspetivas promissoras para a dete¢do de matéria negra.

Tarefas relativas a andlise de dados experimentais adquiridos com o detetor de dupla fase em uso,
assim como as simulagoes do campo elétrico, desenvolvimento, montagem e testes para o proximo detetor
XENONIT, assim como a participagdo regular na manutencao geral e monitorizagdo do prototipo atual
XENON100 no LNGS, constituiram o plano de trabalhos para as atividades de investigagdo do presente
doutoramento e a minha contribuicdo para a otimizagao da detecdo de cintilagdo nos detetores da
experiéncia XENON.

A necessidade de alcangar niveis elevados de sensibilidade, requer inovagao em todos os aspetos
fisicos do detetor, assim como a redugao de todas as fontes de radioatividade que contribuem para o fundo.
0 modo mais indicado de operagdo para os detetores com enchimento a Xe no estado liquido e gasoso
envolve a medi¢do da cintilagao primaria e da secundaria provenientes da interagao das particulas no Xe
liquido. A razao entre estes dois sinais permite diferenciar claramente a maior parte dos eventos
correspondentes as fundo dos eventos correspondentes a WIMPs. Deste modo, a leitura dos sinais
correspondentes a cintilagao € de extrema importancia.

A amplitude do sinal de cintilagdo antes dos fotossensores é maximizada através da otimizagao de
varios parametros, tais como a geometria do alvo do detetor, a transparéncia das grelhas dos elétrodos, a
uniformidade do ganho em cintilagdo secundaria e a utilizagdo de material reflectivo para cobrir as
superficies que nao sao fotossensiveis.
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CHAPTER |

Introduction

This thesis is related to the research conductettiencontext of the XENON
dark matter experiment. During my activity for XENQCollaboration, | have been
involved in almost all the aspects related to theration of actual XENON100 detector
(monitoring cryogenic parameters, solving emergesdyations, background data
acquisition and processing, calibrations of thedetr with external radioactive sources
as well as procedures of xenon distillation ftfr contamination) locally at LNGS,
requiring continued attention 24h/day, 7days/weethiw a total of 140 days as a
collaboration shifter. Data analysis for XENON1@8, well as simulations for the next
XENONLT detector required also special timing f@®&T programming learning and
understanding of all the analysis techniques arartbs involved in this direct dark
matter detection experiment.

The technology of scaling up the target massafidi noble gas detectors and
the simultaneous reduction in backgrounds leati¢aletection of WIMP dark matter in
the near future. Further, there are great advandée field, and the next generations of
detectors will have dramatically increased sensjtito probe orders of magnitude
deeper into the WIMP cross section. In particdiguid noble gas detectors, which are
easily scalable, already approached the ton sagieplans to go beyond as well.

The next phase of XENON dark matter experimera iston fiducial detector.
Simulations have been conducted for 1 ton scalexpore different options for the
detector design, incorporating a 1m height and lamdter TPC, which after 10cm
fiducial cut has a 1 ton liquid xenon target. Fislthulations have been conducted to
obtain the electric potential and trajectories ifteld electrons inside the TPC. The goal
of the simulations was to find a detector desigmabée to create a uniform drift field.

The optimization of the scintillation detectiomueres research activities in both
experimental and theoretical physics connected byeat dedication and pleasure for
discovering and understanding better our Univehshbrief description of each chapter,
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in order to understand better the correspondeniveeka them and their relevance with
the theme of the thesis, is presented below.

Chapter 2 is introducing the main subject of the theflsrk Matter, presenting

the theoretical hypothesis and experimental waydetéction placing also the XENON
experiment in the context of the international aesb.

Since XENON is a direct detection experiment, Wweutd understand all the
properties of the target and the response of thectien medium to the low-energy

nuclear recoilsChapter 3 will describe some of these important aspects.

The design of the XENON10O detector, the actualtglype of XENON
Experiment still taking data, and its subsystenswell as a subset of calibration
procedures, make the content(bipter 4. The purification of the detection medium,
both of impurities that attenuate the charge signal radioactive impurities, using high
temperature getters or through cryogenic distdlatirespectively, as well as and the
electronic and nuclear recoil calibrations, seemetyuire special attention for the dark
matter search.

Chapter 5 is presenting the blinded analysis details ofda& acquired and the
published results after the un-blinding proceddree exponential dependence of the
sensitivity to WIMPs with energy threshold make®acl the idea of continuing
understanding the low-energy nuclear recoil respoasd scaling up the actual
XENON100 noble gas detector to the next phase: XHNI»n.

Chapter 6 is describing briefly the details of this new dete that is under the
construction phase in the Hall B of Gran Sasso rgrdand laboratory in Italy but
focuses in the TPC’s optimization studies throughMSOL simulations of the electric
field.

The studies described in this thesis and all mwtrdmution to XENON
Experiment resulted, thus far, in the following pQblications, as a co-author of
XENON collaboration since 2011, for both XENON1G@axXENONI1T experiments:

XENON papers in International Journals:

' The XENON Collaboration: E. Aprile et al. (C.BaJa€onceptual design and
simulation of a water Cherenkov muon veto for XEENON1T experiment
arXiv:1406.2374v1 (2014), submitted to JINST

“  The XENON100 Collaboration: E. Aprile et al. (Cl&a), First Axion Results
XENON100 ExperimenarXiv:1404.1455v1, Phys. Rev. D 90, 062009
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The XENON100 Collaboration: E. Aprile et al. (C.Ba), Observation and
applications of single-electron charge signalstire XENON100 Experiment
arXiv:1311.1088v2, J. Phys. G: Nucl. Part. Phys(20114) 035201

The XENON2100 Collaboration: E. Aprile et al. (C.Ba), Analysis of the
XENON100 Dark Matter Search Data Xiv:1207.3458v2, Astropart.Phys. 54
(2014) 11-24

The XENON100 Collaboration: E. Aprile et al. (C.Ba), The neutron
background of the XENON100 dark matter experignantiv:1306.2303v2,
J. Phys. G: Nucl. Part. Phys. 40, 115201 (2013)

The XENON2100 Collaboration: E. Aprile et al. (C.Ba), Response of the
XENON100 Dark Matter Detector to Nuclear RecoitsXiv:1304.1427v2,
Phys. Rev. D 88, 012006 (2013)

The XENON100 Collaboration: E. Aprile et al. (C.Ba), Limits on spin-
dependent WIMP-nucleon cross sections from 225days of XENON100 data
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T12001
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CHAPTER 2

Welcome to the dark side of the Universe!

When we look up at the night sky, we see a tapestry of light — visible light emitted
by all the stars in the Milky Way and the galaxies that surround it. We do also see light
reflecting off the planets, which makes them shine brighter than many stars.

From this picture we may believe that we are actually seeing what the Universe it
looks like. But, imagine observing a building from afar, a tall glass sky scrapper of the
kind found in so many modern cities. In the middle of the night, there may be some
lights on inside. And what we see is a disorganized patchwork, with some windows
making up bigger islands of light, where whole floors are illuminated, and other
windows emitting no more than pinpricks isolated in darkness.

What should look like a tall rectangular structure looks like a chaotic mess
levitating in the darkness. In this case what we see is definitely not the whole picture.
Something similar is happening when we look at a galaxy or even a cluster of galaxy.

A conservative and much more travelled route is that there is some strange form
of matter in the Universe which we have yet to see directly. In this thesis we explore
one of possible candidates for this unknown matter.

2.1 Dark Matter

Recent studies show that most of the universe is as yet undetected. Galaxies are
not what they seem. They are bigger and heavier than they look. And we cannot see
directly what makes them so heavy. One of those components is a new form of matter.
This invisible mass is called Dark Matter and it is one of the most interesting subjects
for the physicists today.
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FIG. 2.1 — The Universe structure [*]

But this dark component cannot be the kind of matter of which stars, gas clouds
and planets are made. Studies of the microwave radiation left over from the Big Bang
suggest that such ordinary matter which we are familiar with and consist of standard
model particles such as quarks and leptons, makes up only 4.6% of the Universe (see
FIG. 2.1). The remaining is thought to be divided between dark matter (outweighing
normal matter by five to one) and strange repulsive named dark energy |1]. Michael
Turner, a cosmologist at the University of Chicago, Illinois, states that in the universe
history, a “battle” of these 2 components (dark matter and dark energy) can be seen:
dark matter reigned for the first ten billion years and shaped all the structure of Universe
while about five billion years ago, the dark energy shut off the formation of structures
and got the Universe accelerating.

This being the case, it now becomes very evident that if we are to gain a greater
understanding of our universe, then we must find a way to detect and to determine the
nature of this substance which so far eluded all detection efforts. In 1970, the idea that
dark matter looks fundamentally different from other form of normal matter gained
ground so, in 1980 began the first planning for underground detectors but, the field was
only recently appreciated when the sensitivity has improved and competing experiments
have emerged to attack into dark matter particle hunting from many angles.

2.1.1 Proofs of Dark Matter existence

2.1.1.1 Galaxy Clusters

The first observations and studies of Dark Matter came in the 1930s by Fritz
Zwicky’s search about the behavior of galaxies in the Coma Cluster |2]. His conclusion
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that “dark matter is present with a much greater density than luminous matter” is
confirmed by measurements of the galaxies velocities that underline an excess of mass
on the cluster, more than he could see.

Coma cluster, for example, is so large and it is representative for the universe. It
1s composed of roughly 1000 galaxies. This is one of the objects that have been studied
quite extensively by analyses of X-Ray gas temperature as well as studies of the
constituent mass content of the cluster by X-Ray emission analysis and radial velocities
of the member galaxies. The measurements of the amount of mass in stars, hot gas and
total mass were reported by White et al. within a radius of 1.5h™*Mpc [3]:

Mgar = 1.0+ 0.2 x 10301 Mg
Myqs = 5.4+ 1 x 103h75/2 ]
Mioear = (5.7 — 11) x 10*h~ 1M,

where h = i - 1s the parameterized value of the Hubble Constant,

100km s~ 1Mpc—t
Hy. The conclusion of this study is that the contribution of M4, and My, is between
13-26% which means that the dominant mass component of the cluster has no visible
signature.

Coma Cluster

0.5-2.0 keV

0.5 Degree

FIG. 2.2 — X-Ray image of Coma Cluster [**]
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2.1.1.2 Galactic rotation curves of spiral Galaxies

The explanation from the rotation curve of a galaxy remains one of the leading
proofs of dark matter existence today. This can be represented by a graph that plots the
orbital velocity of the stars or gas in the galaxy as a function of distance from the center
of the galaxy. Analyzing the curves, the galaxy rotation problem is the discrepancy
between the observed rotation speeds of matter in the disk portions of spiral galaxies
(FIG. 2.3 — solid line) and the predictions of Newtonian dynamics considering the
known mass (FIG. 2.3 — dashed line). The discrepancy is due to the dark matter that
permeates and extends into the galaxy’s halo (FIG. 2.3 — dashed & dotted line).
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FIG. 2.3 — Rotation curve of a spiral galaxy NGC 6503. The points represent the rotation velocities
measured as a function of distance from the center of the galaxy. The contributions to the rotational
velocities due to the luminous and gas are represented by the dashed and dotted lines respectively [4]

The orbital velocity distribution should agree with Kepler law:

mv? MG
m—s—.

2.1)

r

The equation 2.1 can be solved, so the velocity expression is:
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MG
v= — (2.2)

If M(r) would be equal to My, for r > 7, then an absence of dark matter is justified.

. . 1 .
This means that the velocity would decrease as \/; once the radius r becomes greater

than 1y, ; 1y 1s the visible edge of the galaxy, M is the mass, r is the radius and v is
the orbital velocity. This can be true only if the dominant matter component in the
galaxy is characterized by the luminous matter observed in the galaxy. In the expression
2.2, v(r)~constant for what can be measured, and this implies the dark matter
existence with a density & 72 and the mass inside proportional with 7.

2.1.1.3 Gravitational lensing of galaxies clusters

Nowadays, scientists believe that dark matter provides the scaffolding of all
shapes of galaxy clusters and super-clusters. Big telescopes are built to map its
distribution in the Universe |5]. So, going to the scale of galactic clusters even greater
evidence of dark matter can be seen.

Clowe et al. used weak lensing observations made with Hubble Telescope to
map the gravitational potential of 1E0657-588 cluster merger object [4]. An example of
the measurement can be seen in the images below (FIG. 2.4). The phenomenon of
focusing photons in all bands caused by dense localization of matter is known as
gravitational lensing. In figure below (FIG. 2.4), the green contour is mapping the
locations of lensing. Lensing in the visible band causes objects in the lensing path to
appear brighter than they are. In the analysis of weak lensing small systematic
distortions of the elliptical background shape of galaxies are used in terms of mass
distribution reconstruction in the lensing foreground cluster. On the other hand, the
strong lensing is a case of gravitational lensing where a single item in the source plane
consists of many images and arcs.

2.1.1.4 Cosmic Microwave Background (CMB)

CMB represent a very uniform background of photons in all directions on the
sky with a spectral distribution comparable to a black body spectrum at 2.73K. At the
beginning, the temperature of the Universe was high for matter to be ionized and
photons propagate freely. As the universe expanded and cooled matter de-ionized and
photons could propagate and decoupled from the matter. What is detected today is the
microwave length of free photons that have ‘red-shifted’ as the universe continues to
expand up to now.
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By measuring the precise temperature of CMB today, information of energy
density on decoupling times can be found. This is what the Wilkinson Microwave
Anisotropy Probe (WMAP) contains (see FIG. 2.5): precise measurements of CMB on
entire sky, yielding maps of mass distribution in the early Universe, both total matter
density and baryonic matter density. The analysis of all the data collected by WMAP in
7 years shows that matter component is Q,,h%* = 0.1265 + 0.008 and the baryonic
component is 100Qgh? = 2.23 + 0.074 so, baryonic matter that matches luminous
mass measurements, only contributes 18% from total matter density in the universe. The
remaining matter must be non-baryonic so, non-luminous.
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FIG. 2.4 - Map of the gravitational potential of the Bullet Cluster E0657-558 from
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Combining all the information collected by WMAP, observational evidence
from galactic rotation curves, gravitational lensing measurements and all the others
evidences of dark matter, the standard cosmological model show the universe
composition of 4% ordinary matter (17% from total matter), 24% dark matter and
remaining 72% dark energy (FIG. 2.1).

2.1.2 Dark Matter candidates

From many of the dark matter candidates: from brown dwarfs to black holes and
even magnetic monopoles, three of the most motivated examples will be discussed in
this section.

2.1.2.1 Baryonic particles

This type of dark matter candidate represents matter composed of quarks and
electrons but does not radiate strongly in the electromagnetic spectrum. Examples of
this category are the primordial black holes that have significantly reduced mass
compared to standard black holes [7]. Name of primordial came because they formed
the prior of Big Bang Nucleosynthesis (BBN) onset.

2.1.2.2 The axions and the failed neutrino candidate

Axions, particles with very small mass (~107%eV/), were originally proposed by
Wilczek [ 8] to solve the Charge-Parity problem of Quantum Chrome Dynamics (QCD).

Other particles that have mass are not considered to be viable Cold Dark Matter
particle. For example the neutrino is out of the candidates because it is a relativistic
particle. With a high speed of moving it is impossible to form aggregates. Dark matter
particles form structures in the universe as gravitational centers where luminous matter
can condense. Neutrinos interactions with other particles at very high energies, allow
them to redistribute their energy in such a way as to always be in thermal equilibrium. A
value of ), < 0.04 much smaller than Qp, < 0.25 assumed to dark matter abundance
was found by the observations from Sloan Digital Sky Survey (SDSS) [9], WMAP and
2 degree Field Galaxy Redshift Survey (2dFGRS) [10]. This is why neutrino is not
considered dark matter particle.

Axions, on the other hand, would be very weakly interacting and would never
have had the opportunity to reach thermal equilibrium. Scientists considered that axions
have been created non-thermally, in a very cold state, with low velocities and would
behave like very massive particles and thus they are non-relativistic. They would clump
and gravitate toward each other and provide a viable dark matter candidate.
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The axions interactions make it difficult to detect. An experimental strategy in
which a cavity is subjected to a static magnetic field can be used. Axions would be very
light so we would expect to have very large number of them, even in a small region of
space. They interact with the magnetic field and decay into microwave photons through
a process known as Primakov effect. Scanning then the cavity it would be possible to
catch any possible decay signature. Details on the detection of axions by X-Ray
conversion in the presence of strong magnetic field can be read in reference [ 11].

2.1.2.3 Supersymmetric particles

Following the success of particle physics in constructing a unified theory of the
electromagnetic and weak forces, beginning with 1970s, many ideas have emerged on
how to combine them with the strong force into one simple picture, postulating a new
symmetry named SUperSYmmetry (SUSY).

Supersymmetry is a fundamental symmetry between fermions and bosons.
These two behave very differently: while bosons like to occupy states very similar to
each other, fermions are not allowed to do this, because of the Pauli’s exclusion
principle. In the standard model, all the forces are bosons while almost all the
fundamental particles, except the Higgs particle are fermions. So, in the super-
symmetrical nature, for each of the fermions there is a partner or ‘superpartner’, which
is a boson.

Although the fundamental theory may indeed be super-symmetrical, the
symmetry is broken at the energies where we live and create experiments. This happens
in the standard model of the electromagnetic and weak forces. In this case, the super-
symmetrical partners are much heavier than the particle we ‘see’ so, we will need to
perform experiences at very high energies in order to create these particles. Then the
super-symmetrical theory become a viable candidate and host for new particle, one or
more, that could account for dark matter.

One example of dark matter candidate generated by supersymmetry is the
neutralino, a heavy, long-lived particle. Such particles would have to be heavy enough
so represent an appreciable contribution to the mass density in the universe. Long-lives
seem to have not decayed away by today. Neutralinos would be very weakly interacting
and constantly streaming through normal matter. The permeability for this form of dark
matter would make it extremely hard to detect, requiring for very sensitive experiments.
An experiment which can detect dark matter should be very sensitive to any other
particle on the Earth. The trick then is to discriminate, to select, the dark matter signal
from the irrelevant signals due to everything else.

One of the main unsolved problems of cosmology is what dark matter is or how
to see it? Many other theories have merits, but we take this one to test the validity and
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behavior of one such weakly interacting massive particles (WIMPs), using the most
sensitive experimental technique that will be presented in detail in the next sections.

2.2 The WIMP

Since no Standard Model particle has the right properties to be a dark matter
particle, the work purpose of this thesis is to contribute to a detailed analysis of one
such theory and test experimentally its validity. A motivated candidate is WIMP
(Weakly Interacting Massive Particle), a stable particle arising naturally in theories with
extra dimensions or supersymmetry.

These supersymmetric WIMPs have interaction cross sections of approximately
weak strength. Their interactions produce fermion — anti-fermion pairs, gauge bosons of
the weak interactions or the Higgs Bosons. At the beginning, WIMPs were part of the
primordial soup composition along with the standard model particles, kept in thermal
equilibrium by constant creation — annihilation process (FIG. 2.6).

While the ambient of the Universe dropped below the mass of the WIMP
(kT « myc? time = 107%°s) they began to drop out of thermal equilibrium. While the
universe expand and cools quickly, the weakness of their annihilation cross section led
to an essential halt of annihilation, effect known as Freezout (see FIG. 2.7) [12]. The
result of this effect is the Relic Density of WIMPS in the universe.
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FIG. 2.6 - Some of the most important Feynman diagrams for neutralino annihilation [l3]
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Two general branches, regarding WIMPs experimental searches, are used; one
of them is the indirect look for the signature of dark matter annihilation in the universe
(Fermi, Veritas and AMS-2 experiments) but, in this work we will focus on the last type
of experiments looking for direct search of dark matter interactions using a target
material in a detector. These experiments with recent significant progress are well
developed. The WIMPs are neutral and we are expecting them to interact with the target
material nuclei (nuclear recoil interaction, NR) while, the main background comes from
electromagnetic interactions of gammas and electrons with the atomic electrons
(electron recoil interaction, ER). So, the background needs to be reduced as much as
possible to increase the detector sensitivity to WIMPs.
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FIG. 2.7 — Comoving Number Density as a function of WIMP Mass — Temperature Ratio. The solid lime
represents the equilibrium abundance of the WIMPs in the early universe. The dashed lines show the effect
of the interaction cross section. Relic density decrease with increasing interaction cross section [ 2]
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2.2.1 WIMP interaction

To study the interaction in a target for WIMPs implies an analysis on the elastic
spin dependent and spin independent components with an experimental system designed
to measure one or the other, and in some cases both of these components.

In any target we are writing the differential interaction rate as:

dR _ 2p, fv do
dQ  my J, . dlql|?

Umi

vf(v)dv, (2.3)

where:

- m, is the WIMP mass;

- v is the WIMP speed in the galaxy;

- f(v) is the speed distribution of WIMP in the galaxy

- po = 0.3GeV/cm?3 is the local dark matter density;

- Vpge = 544 km/s is the WIMPs escape velocity in the Milky Way;

— Qmy .
= VUnin = om2’
T

2

- Q= lal” is the recoil energy;
2mpy

- my is the nucleus mass;
do

TP is the differential cross section.

In case of the spin independent interaction due to a coherent scatter off of the
nucleus, the differential cross section is given by

do 0
dlgl? — 4mZv?

F2(@, (24

where:

- 0, is the nuclear scattering cross section for the 0 momentum transfer;
- m, is the reduced mass of the WIMP nucleus system;
- F2(Q) is the nuclear form factor.

In general the speed distribution is chosen to be a Maxwellian function. Taking
into account the relative motion of earth and sun in the galaxy, v, and the escape
velocity of WIMPs, the integral will become

j”"“f(v)d _ 2 ko

v_ —

Uo\/Ekl
2

X \ﬁzo (er f (—vm”;:- ve> —erf (_vmh;o_ ve>> — exp (v;%c)] ,(2.5)

Umin
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where v, = 220 km/s is the sun speed relative to the center of the galaxy and

_ UESC 2v€SC UEZSC
ki =k [erf( v ) voﬁexp< 02 )l, (2.6)

The cross section for 0 momentum is given by

4m

Lz, +A-Df]), @7

Opsy = -

where

- Z is the number of protons in the nucleus;
- A is the number of nucleons;

- fp is the proton coupling;

- fn 1s the neutron coupling.

For the approximation f, = f,, = fy the relation (2.7) will be written in terms of proton
section gy, for coherent scattering

2
oy = A? (m—> Oy, (2.8)

p

So, the differential interaction rate (2.3) for spin independent scatters will be
written as

dR __popo” ok
dQ  Vmvym,m} ky
\/EUO VUmin + Ve Vmin — Ve UEZSC
X [ a0, erf (v—0> —erf (v—0> — exp (v_§> ,(2.9)

and the enhancement factor has the form of expression 2.10:
8 2/ +1
Cw = 5 (dSpd + fulSa)) —— (210)

If we write 1 = % ( fp(Sp) + f(Sy)) then we obtain the following expression:
8
Cy = ;12](] +1) (2.11)
In the table below (TABLE 2.1), the values of /1123,2 J(J + 1) for sample target

materials are included, where ] is the total nuclear spin and (S,) and(S,) are the

expectation values of spin for the protons and neutrons in the target nucleus.
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TABLE 2.1 — Expectation values for the proton and neutron spin in target materials, in accordance

with [14, 15, 16]

Nucleus Ji Odd Nucleon (Sp) (S,) /112,'2 Jg+1)
Li 3/2 p 0.497  0.004 0.406
PF 12 p 0.441  -0.109 0.855

»Na 3/2 P 0.248  0.020 0.089
PGe 9/2 n 0.009  0.372 0.105
Te 12 n 0.001  0.287 0.178

27T 52 n 0/309  0.075 0.084
PXe 12 n 0208  0.359 0.232
BlxXe 3/2 n -0.009  -0.227 0.057

2.2.2 Nuclear Recoil Spectrum and Annual Modulation

The differential scattering rate in any detector for different target nuclei for the
WIMP mass and a cross section can be calculated. For low energies, the heavy targets,
like Xenon, give the largest rate but, for high energies more sensitive is germanium
(targets with lower mass) (FIG. 2.8). The figure represents the computation for nuclear
recoil spectrum for a particular target medium. The plot is represented in units
of [events kg™t day~1].

10°g — Xe (A=131)
— Ge (A=73)
— Ar (A=40)

Total rate [evi/kg/day]

10

Bty i patipiala sl adialy ....I..I..i...
0o J0 20 30 40 650 60 70 80
E,, - Nuclear Recoil Energy [keV]

FIG. 2.8 — Spin independent scattering rate for several targets [|7]



Contribution to the scintillation detection optimization in double phase detectors for direct detection of dark matter

Another subject to be addressed is the prediction of the annual modulated WIMP
recoil signal since the velocity of the Earth relative to the velocity of the WIMP will
change in time. Assuming Maxwell distribution of WIMP velocities we can write:

_([@+7¢)?

fvv)=e v (2.12)
v, = 244 + 15sin(2nt) [km s™1] (2.13)

where
- v, 1s the velocity of the Earth
- T is the elapsed time [years]

Accurate quantifications are given by Lewin and Smith in [ 18].

2.2.3 WIMP direct detection and experiments

Assuming that a typical WIMP has a mass 100 times heavier than a proton,
models of dark matter in the Milky Way predict that ten billion WIMPs pass through
one meter of Earth every second. Since the WIMPs have such a small interaction cross
section with ordinary matter, their interaction would be quite rare. A very sensitive
detector would be capable to direct detect these particles by measuring the nuclear
recoils interactions. Depending on the detection medium, that should be dense, the
energy could be measured from photons, ionization or scintillation signals.

The direct detection implies also an undergrounded operation in terms of
reducing as much as possible the nuclear recoils produced by cosmic ray muons. For
example, the flux of muons at the surface of the Earth is 100 muons m~2?s! in the
National Laboratory at Gran Sasso Italy, while inside underground laboratory, where

XENON experiment is located the muon flux is reduced to 1 muon m=2s~1.

Presently there are a reasonable number of experiments running and/or being
designed to detect dark matter directly. The main experiments in the field are now
testing the regions where many SUSY dark matter theories predict the existence of
neutralino since this particle is yet definitively detected. In the figure below, FIG. 2.9,
the last plot of spin independent cross section is represented as a function of WIMP
mass for many of the experiments searching for dark matter.

The cross section sensitivity of each experiment is defined by the limit curve as
a function of the WIMP mass. As shown in the figure below, best results regarding the
spin independent search had been achieved by LUX, XENON and CDMS
collaborations. All these experiments look for signatures of nuclear recoils, which are
characteristic of WIMPs coherently scattering off the target material nucleus.

The ultimate sensitivity of XENON collaboration for spin independent WIMP-
nucleon scattering it was 2 X 10 cm? at 55GeV /c? WIMP mass after analysis of last
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225 Live Days of data [19]. XENON, LUX and ZEPLIN Illexperiments use a dual-
phase xenon time projection chamber (TPC) that monitors the light and charge signals
of interactions within the xenon. The charge to light ratio gives a discrimination of
electron recoils and position reconstruction based on the charge drift time and on the
2D-scintillation readout.

Some of the advantages of the liquid xenon detectors are that they are easily
scalable and have high density of the target. Cross sections exclusion limits as low as
10~* cm? are expected for the future XENONIT detector, LXe double-phase TPC with
a fiducial mass of 1000kg, which is already in construction phase in the same
underground laboratory from Italy, where the previous detectors XENONI10 and
XENONT100 (still ongoing) hunt for WIMPs since 2005 [ 19, 20].
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FIG.2.9 — Cross section limit as a function of WIMP mass. The most recently established limit is from LUX
Experiment (blue line) corresponding to a value of 7.6 X 10™*¢cm? at 33GeV /c? WIMP mass; the
blue band represents the +1c expectancy of the blue curve; the other various lines represent the
sensitivity achieved by the other experiments as following: red line for 225 live days of XENONI00
Experiment, orange line for 100 live days of XENONIOO Experiment, green line for CDMS Il Experiment,
magenta line for ZEPLIN [Il Experiment, and dark yellow line for Edelweiss Il Experiment [21]
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CHAPTER 3

Xenon as WIMP detection target

The detectors aimed to detect WIMPs are being oaetsd from a variety of
materials. Dual phase Xenon has several advantageoperties to allow competitive
dark matter searches. In this chapter | will underkll the qualities of this detection
target, from physical properties up to more speally characteristics related to its
capacity to transform the energy into a measursigieal and also its profound ability
of self-shielding the incident irradiation.

3.1 Xenon — physical properties

Xenon is one of the noble gases with a very snlicentration in the Earth
atmosphere (~0.1ppm) and also the heaviest nopaeiilie noble element. Xenon is an
expensive gas, its price is ~2500%/kg, and it isaioled in industry by the air
liquefaction and separation into oxygen and nitrogéhe resulting oxygen mixture
contains both Krypton and Xenon gases that areraguhby distillation.

There are a number of properties that make Xengooa choice of detection
medium. Liquid Xenon (LXe) has a high density andigh atomic number (see table
3.1). As a liquid it provides a homogeneous voluaed moderate cryogenic
requirements, and as a result, the volume of thectias is scalable to large mass. Since
the WIMP nucleon cross section scales with (see previous chapter) Xenon is
favorable for WIMP interactions providing a low o#ls energy threshold. As a benefit
of its high atomic number, Liquid Xenon is a vergod absorber of energy from
charged particles angiray photons. The table below shows some of theortapt
properties of liquid Xenon, related to particleedzion.
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TABLE 3.1 — Physical properties of Liquid Xenon

Material properties Value and Unit Conditions

Atomic Number 54

Atomic WeightA 131 g

mole

Boiling PointT,, 165.1K 1 atm

Melting PointT,, 1614 K 1 atm

Liquid Densityp 208 9_ More useful if above

cm? 161.4 K

Radiation LengttX, 2.77 cm In liquid

Refractive Index 1.6 = 1.72 In liquid at178nm

TABLE 3.2 — Abundance of Xe isotopes [22]

Isotope Abundance Isotope Abundance (%)
(%)

1#xe 0.096 ixe 21.18

1%Xe 0.090 3%xe 26.89

12%xe 1.92 13xe 10.44

%Xe 26.44 e 8.87

13%e 4.08

Xenon has no long lived radioactive isotopes amdlmmade extremely radio-
pure. This makes Xenon an attractive detection umedor rare searches. The isotopic
composition of natural Xenon contains nine stall@adpes. Two of these isotopes,
129 and *! Xe, have high abundance and non-zero nuclear spid, thus these
isotopes can be used to probe the WIMP spin depemateraction. Table 3.2 contains
the abundance values of all nine isotopes of nixerson composition.

3.2 Interaction processes in LXe

It is known that liquid Xenon is a good scintillgteemitting UV photons
at178nm. When a particle interacts with the Xenon targle¢, transferred energy is

1)
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split betweenonizationandexcitationprocesses. In the absence of an electric field, the
ionization componentecombinesand along with the excitation component, emits th
UV photons through the excimer state as it decai bathe ground state. The resulting
scintillation light is not absorbed by Xenon atorss, it can be collected by photo
multiplier tubes (PMTs). Some of the ionization gmnents does not recombine if the
electric field is applied so, an independentlyedilon from the light is allowe®3].

Another very important characteristic of LXe thatvg its importance as very
effective detection medium is the stopping powar dtectronic interactions, so the
detection medium itself acts as a shield from eweradiation, due to its high density.
This means that in the center of the target caddb@med an inner volume with a very
low interaction rate callediducial volume a volume that will exclude most of the
background interactions.

3.2.1 Types of interactions in LXe

3.2.1.1 X-ray and Y-ray interactions

X-rays andvy-rays interact with Xe atoms through photoelectlasorption,
Compton scattering and pair production. These ps®® occur with formation of
energetic electrons and positrons, and will losergyn by excitation and production of
excited atoms and electron-ion pairs. RegardingQbmpton case, the scattereday
will continue the energetic exchange by subsequeeatactions. In the section 3.2.2.2
the effects of this kind of interactions in xenaa axplained.

3.2.1.2 Neutron interactions

One of the remarkable consequences of quantum mieshig that matter can
have both particle and wave — like nature. The meuis no exception from this. In
neutron scattering experiments, neutrons behaymudicles when they are created, as
waves when they scatter and again as particles titegrare detected@4|.

Since the neutron interactions consist in an ingydartoackground for dark
matter detection, below are described severalsgbribperties useful also to understand
better the data analysis performed in XENON expeninpresented in chapter 5.

The neutron is a nuclear particle with a mass ratlose to that of the proton:
m, = 1.675 X 10™%7kg (3.4)

The neutron does not exist naturally in free fobmt decays into a proton, an
electron and an anti-neutrino.
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The neutron life-time = 886s is much longer than the time of the neutron
within a scattering experiment, where each neuspends merely a fraction of a
second. The neutron is electrically neutral bult gtissesses a magnetic moment:

K=Yy (3.5)

wherey = —1.913 is the neutron magneto-gyric ratio and the nucleagneton is
given by
R
uv=— (36)

Mp
whereh is Plank reduced constaht= % andm,, is the proton mass.

The neutron magnetic moment is coupled anti-pdrilés spin, which has the
value:

s = % (3.7)

The neutron interacts with nuclei via the stronglear force and with magnetic
moment via the electromagnetic force. Consequenicgse interactions are scattering
and absorption of neutrons.

Neutrons can be produced in a number of ways,as.groducts of cosmic rays
or radioactive decay of heavy nuclei.

For the understanding of neutron scattering we rieedtroduce a term which
describes the scattering of a neutron béam. The flux of a neutron beam is defined
as:

number of neutrons impinging on a surface per second
Y= (3.8)

surface area perpendicular to the neutron beam direction

Since a neutron has no charge, it can easily entera nucleus and cause a
reaction. Neutrons interact primarily with the raid of an atom, except in the special
case of magnetic scattering where the interactimolves the neutron spin and the
magnetic moment of the atom. Unlike the protorgnattions with the atomic electrons
are not significant so that only neutron-nuclewwti®ns need to be considered.

Neutron reactions can take place at any energyngohas to pay particular
attention in the energy variation of the interagticross section. For a given energy
region, not all the possible reactions are equallyortant. Which reaction is important
depends on the target nucleus and the neutronyenerg

The most important types of neutron interactiorms ar

(n,n) — elastic scatteringthere are two processes, potential scatteringtwisi neutron
reaction at the surface of the nucleus (no penetatas in a billiard ball — like
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3 Xenon as WIMP detection target

collision, and resonance scattering which involtke formation and decay of a
compound nucleus;

(n,y) — radiative capture the incident neutron enters the target nucleumifty a
compound nucleus. The compound nucleus then decég ground state by gamma
emission.

(n,n") — inelastic scatteringthis reaction involves the excitation of nucl&arels.
(n,p), (n, @), ... — charged particle emission

(n, f) —fissionn one of the most important interactions, in whitte nucleus that
absorbs the neutron actually splits into two sirylaized parts.

Elastic scatteringis the simplest process in neutron interactionsis Tis an
important process because it is the primary meshaty which neutrons lose energy;
from the instant they are emitted as fast neutnoresfission event to when they appear
as thermal neutrons. In this case there is noatanit of the nucleus. Whatever energy
is lost by the neutrons is gained by the recoitenget nucleus. The type and nature of
reaction varies with neutron energy. Elastic scaijeand radiative capture reactions
have no threshold for any target nucleus and aeetbre dominant in the low energy
region.

Inelastic scatterings the process by which the incoming neutron escihe
target nucleus, so it leaves the ground state aed ¢p an excited state and energy
above the ground state. In the case of scattetiegonly way energy can be supplied is
through the kinetic energy of incoming particle (tven). If we want to know what is
the minimum energy required for the reaction, theeghold energy, we look to the
situation where no energy is given to the outggiagticle, so, the minimum Kinetic
energy required for reaction is always greater tharexcitation energy of the nucleus.

Neutron interactions that produce low energy gamema are useful to calibrate
large volume LXe detectors (see more informatioth chapter 4). Neutron inelastic
interactions do not constitute a background for daek matter search because the
nuclear recoils are accompanied by gamma rays iesevgt of the region of interest.

On the other hand, the elastic interactions repiesme important background for
WIMP searches and its occurrence should be redasethuch as possible. These
interactions are produced by fast neutrons thatrarkiple scattering in large volume
targets and can be rejected by defining specifiis ¢see more information in data
analysis section from chapter 5).

3.2.2 The measurable signal

As mentioned earlier, one of the most importanpproes of Liquid Xenon as
target is its ability to transform the absorbedrgganto a detectable and measurable
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signal. This section presents the principles ohaligoroduction by the scintillation and
ionization processes.

3.2.2.1 The scintillation signal (primary scintillation)

The scintillation signal is produced after the tm@a of the excited
atomsXe* and the electron-ion pai&* + e~ . The excited atoms can create the
excimersXe, (excited molecular states), by colliding with Xeomas. The excimers
decay to the ground state and produce the sctidildight hv:

Xe; — 2Xe + hv (3.10)

Xe is one of the fastest scintillators; the speutiof LXe scintillation photons is
in the vacuum ultraviolet (VUV) range at 178nm thatresponds to an energy of 7eV
and 13nm FWHM26].

The production of the scintillation signal depeitsmany factors and different
types of ionizing radiation in LXe. The electrielfi is reducing the scintillation yield
because the recombination is reduced.

In case of a complete recombination process, ne.excited atom produces one
scintillation photon and the recombined electram-fmair produces one scintillation
photon, the average energy to produce a phdthp,can be written as:

w,

= 3.11
PR N, + N,, (31D

whereN; is the number of electron-ion pairg,, is the number of excited atoms aid
is the recoil energy that can be defined as
E = N;W; (3.12)
where W; is the necessary energy to produce one electropddr. For LXe has the
value is15.6eV.
In this case, the equation 3.11 can be written as:

i
Nex
N;

Wy, = (3.13)

Different experimental studig&7, 28] estimate variations 0%’5—" from 0.06 to

0.2 that lead t®Vy,, 14, = 13.8 £ 0.9¢V.
So, assuming full recombination and no bi-excitogjgenching[29], for

relativistic heavy ions, the maximuseintillation yield L,,, in LXe i.e. the number of

photons produced per unit energy or the averageggneequired to produce a
scintillation photon, is estimated to be, as wespn¢ above, 13.8eV.
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3 Xenon as WIMP detection target

The energy measurements of dark matter partictea £.Xe detectors are not
obtained using directly the scintillation signakchase the precise absolute scintillation
yield is difficult to be reached. Related to thiem we are introducing a factor of
converting the scintillation signals to nuclearais; L., (the relative scintillation
efficiency of nuclear recoilgjefined as:

LY.NR

Lerr = Len

(3.14)

where L, vz is the scintillation yield of nuclear recoils (NRYnd L,z is the

scintillation yield of electronic recoil (ER) usingingy-rays at 122keV energy from a
*’Co source and without any electric field.

Figure 3.1 shows the fit along several experiméetiicated to measutg, ;.
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FIG. 3.1 — Global fit with all measured data for L, ¢ [30]

The scintillation collection efficiency should lrecreased by constructing the
LXe detectors with high VUV reflecting materials B§FE. Measurements of this
material reflectivity in LXe reached a maximum \alof 95%[31].

3.2.2.2 The ionization signal

LXe is the detection medium with the largest iotia yield, requiring an
average energy of 15.6eV for producing the eleetnonpairs. The electrons produced
by ionizing radiation can be drifted for long distas as it happens in XENON100
experiment (~30cm) or in the future XENON1T expesith(~1m). The drift velocity
depends on the applied electric filed for low valaad it saturate for high values.
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To be able to measure this signal, the electroomémation should be stopped
by applying the external electric field and elensdrifting through detection medium
should not attach to electronegative impuritiegaétting to impurities, the ions formed
are drifting much slower, implying the reductionabfarge signal. The time spent by an
electron before attaching to an electronegativeunityis namedelectron lifetimeand
depends on impurity concentration. LXe should baticoously purified; the main
electronegative impurity responsible for electratm@ment i9,. Other details about
target purification, so necessary in this casepegsented in chapter 4 and 5.

In the GXe phase if a strong electric field is agqbl drifting electrons can
acquire enough energy between collisions with Xamat to exite the atoms and to
produce scintillation light. This effect is nametkectroluminescencer proportional
scintillation, since the light produced is proportional to the bemof electrons drifting
(see FIG. 3.2).

X-ray photon

[}Jf/\ with energy E
] [

© ®  <4—nprimary electrons

©
Drift region i Xe, 1 atm
©
| Metallic grid +1kV
e s o I VUV scintillation N
cintillation S photons
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I,ff;w Metallic grid +6kV

|3 b Bl

3
v

VUV photosensor

FIG. 3.2 — Example of electroluminescence production principle

For detectors that are using dual phase Xe, ligontlgas, it is possible to ionize
in the liquid phase (drift region) and then to dtifie electrons into the gas phase
(amplification or electroluminescence region). Whadiation is absorbed in the drift
region (of weak electric field) then the ionizatioelectrons drift into the
electroluminescence region (of a moderately higlttac field) where each electron is
accelerated, exciting but not ionizing the gas aan molecules. The excited atoms
decay, emitting UV light osecondary scintillatiorwith an intensity two or three order
of magnitude stronger than thamary scintillation(presented in previous section).
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3 Xenon as WIMP detection target

In xenon, electroluminescence (EL) occurs for dyfavide range oft' /p where
E is the electric field corresponding to the proceslp is the pressure of the gas. For
the constant, unifornk /p and total voltag#, the total gaiwy , for EL, is the number of

photons generated per electron:

%4
n=— (3.15)

Von

whereV,,, is the average potential to generate one photothéogivenE /p [32]. In the
region of intense electric field between the twaatie grids, the electroluminescence
signal is expected to spread over abouws, yiven that the drift electron velocity is
2 —3mm/us [33].

The electroluminescence light is peaked at 178ihiraé the same nature of the
primary scintillation UV) and is emitted isotropilya Good reflectivity of the detector
walls will ensure that approximately a half of pbreé will reach the readout plane
behind the electroluminescence grid, and the dthérwill reach the opposite readout
plane, and the light (on the readout planes) isidiged in the same way.
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CHAPTER 4

The XENONI00 Experiment

The nature of dark matter and dark energy whichowaat for >96% of the
universe density34, 35],is one of the most fundamental question in phy#ssstated
before in section 2.2, the leading candidates &k anatter are relic particles from the
Big Bang known as WIMPs. Such particles are alsedipted by extensions of the
standard model of particle physics, such as SUSY 37].

If WIMPs exist, they must constitute the dominargssin the Milky Way, and,
though they only very rarely interact with conventl matter, should nonetheless be
detectable by sufficiently sensitive detectors amtfz To cover this, it will be required
an increase in sensitivity from the actual rateitliof ~0.1 evts/kg/day to less than 1
evts/ton/yr, demanding raising detector mass amb®xe, coupled to an improved
rejection of radioactive and cosmic backgrounds.

Cryogenic noble liquids, such as argon and xenffer the best prospects for
detectors with large mass and background rejedapabilities. In the XENON Dark
Matter experiment, the simultaneous detection nization and scintillation in a liquid
Xenon (LXe) 3-D position sensitive time projectionamber (TPC) is used to identify
nuclear recoils produced by WIMPs and neutrons et ag electron recoils produced
by gamma and beta background. The results fromXtBRON R&D pointed to a
rejection efficiency of 99%.

On the other hand, the event localization with imiiter resolution and the self-
shielding capability of a large, homogeneous andsedeliquid volume, provide
additional background discrimination, unique tooggnic liquid TPCs.

XENON Experiment started with a 10kg order fiducialass prototype
(XENON10) at Gran Sasso underground Laborate®y, in Italy. Together with results
from other smaller detectors, the performance ao$ thrst generation of TPCs
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demonstrated the capability of the XENON approamhdark matter detection. With a

nuclear recoil threshold of 10 keV, lower than oraly proposed, XENON10 has

reached in 2007 a sensitivity limit 82 x 10~**cm?, comparable to the best published
limit by CDMS 11 [39] at that time.

Based on these results and progress, XENON Col#ibarproposed to pass to
the next phase of the XENON original project, wilie realization of a 100kg order
fiducial mass detector (XENON100), to probe a spidependent WIMP-nucleon
scattering cross section limit @fx 10™*5¢m? [19] The detector is essentially a scaled
up volume version of XENONZ10, by a factor of ~10.

In this chapter the specific properties and teamesqused in the XENON100
detector, to increase the sensitivity and to redugnificantly the background, as well
as the description of the experiment design, sibsys and calibration procedures, are
presented, as Coimbra group is also part of tHmtef The contribution for the data
analysis and the dark matter search results olotaane specially outlined in the next
chapter.

4.1 Detection principle used in the experiment

The XENON experiment works on the principle thapassing WIMP should
very occasionally bump into a xenon atom, a fggdawith 54 protons and 54 electrons.
Such collision would release energy due to the atecoil which can be detected by
sensitive instruments.

PMT Array ([ 1 C1 I C] I C1 0] = e
Gas xe Anode eortional S2 ' v
e oneemTe SuEsEnam
Gate Grid A AA Drift Time
/. Nuclear Recoil (WIMP)
V\
e S1 S2
Liquid Xe '
Drift
direct S1 Field :
Cathode Drift Time
PMT Array (] ] ] I O 1 11 C Electronic Recoil (y, B)

FIG. 4.1 — Detection principle: A prompt scintillation signal (5,) is produced from a primary interaction in
LXe, whereas a delayed, proportional signal (§;) is produced into the gas phase, after the drift and
extraction of electrons, originating from the ionisation of Xe. The $,/§, ratio is used for electron and nuclear
recoil discrimination [40]
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4 The XENONI00 Experiment

This experiment uses LXe as target that is a vesgdgscintillator. The
interaction processes in Xenon are of the exciadiod ionization types. The excitation

process consists in one exited atom inducing teation of an excited excime,,
which decays emitting VUV photoin .

Xe* + 2Xe = Xe, + Xe (4.1)
Xe; = 2Xe + hv (4.2)

This is the prompt scintillationS() which can be seen by PMTs immersed in the
LXe since quartz windows are transparent to thenav®eaked light. The technique
that this experiment involves is the use of a dofshse TPC to collect the small
ionization signals that cannot be read directlysmall gas gap (few mm) is present at
the top of detector. The electrons from the iomiret are drifted via an electric field
(0.53 kV /cm) towards the gas phase where the field is stronggn(~12 kV /cm) to
create a secondary scintillation sign&)(pulse. The time delay betwe&h and S,
allows the collection of both signals independe(gle FIG. 4.1).

4.2 The XENONI0O detector
4.2.1 XENONI00 backgrounds

The detector of XENON100O experiment is located he tinderground Gran
Sasso Laboratory at an approximate 1400m deptlovioethe Abruzzo mountains.
Walking through cavernous halls midway on a 10 kmgl road tunnel (see fig. 4.2
below) one can see the XENON100 detector tuckedyatdhe end of a small side
tunnel. It is the current detector with 162kg tofal mass that followed the XENON10
phase of the XENON collaboration. XENON10 usedtaltof 15kg of liquid xenon as
detection medium, obtaining competitive resultwiguid xenon target.

XENON100 detector is installed at LNG%aporatori Nazionali del Gran
Sasso)n Italy, since the spring of 2008.

In common with other experiments that aim to diseatetect dark matter,
XENON experiment is housed underground for the soakove it to shield from
particles and radiation such as cosmic rays frornterogpace that might otherwise
confuse the data. The challenge of XENON collabonais to block as much as
possible this “background” and see what'’s left.

XENON100 was designed to achieve an ultimate WiNBleon cross section of
~2 X 10~*>cm?corresponding to an event rate0od5 mdru in the nuclear recoil (NR)
energy regionl0 — 40 keVr (Imdru = 1 x 1073 events/kg/day/keV). To achieve
this goal, we rely on material selection, effectelectron recoil rejection and volume
fiducialization.
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FIG. 4.2 — LNGS underground laboratory structure and XENON100 location

For neutron induced backgrounds, we asstita muon flux at the Gran Sasso
Laboratory. XENON10O0 is installed in the passivéelshand complemented by an
active LXe muon veto. The design of the detectosush that the contribution from
external(a,n) neutrons and gammas, as well as from neutronsgaminas emitted
from the shield itself, are subdominant (see tabkdsw). We divide the background
sources in external and internal ones. Externalkkdracinds originate from the
radioactivity of the underground cavern and fronsm ray (muon) interactions.
Internal background originates from the detectat ahield construction materials, as
well as from impurities®Kr), double beta decay$*fXe) and cosmic activation of the
LXe itself.

Table 4.1 summaries the neutron backgtannXENONZ100: the total is well
below the expected WIMP rate 605 mdru at 10 keVr energy threshold and a cross
section of~2 x 10~*>c¢cm?. The neutron background is dominated by the madoded
neutrons in the Pb shield. We have to specify thiatresult is not taking into account
the 99% muon veto power.

On the other side, the electron recoil backgrommdENONZ100 is dominated by
the PMTs radioactivity. Table 4.2 shows the valokthe gamma background sources
in the detector. After applying the 99% electronoikdiscrimination, we achieved a
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4 The XENONI00 Experiment

conservative rate dd.018 mdru, which is a factor of ~3 below the expected WIMP
rate.

TABLE 4.1 — Count rates for neutron backgrounds in the energy region 10-50keVr without 99% muon veto
power

Neutron background source Count rate
[mdru]
Neutrons from PMTs byu(n) 0.003
Neutrons from other detector components 0.001
External neutrons (rocks/concrete) 0.002
K induced neutrons in the shield 0.008
HE p induced neutrons in the rock <0.003

TABLE 4.2 — Count rates for gamma backgrounds in the energy region [0-50keVr without 99% electron
recoil discrimination

Background source Count rate
[mdru]
y's from PMTs 1.0
v's from other detector components 0.4
Externaly's andy's from shield 0.2
B's from®Kr decays 0.2
Cosmic andg's from 2pp decays <0.05

4.2.2 The XENONIOO detector TPC

In the figure below one can see the detector imadgpical position — sensitive
Xe TPC composed of an almost-cylindrical reflectiveflon (PTFE) surface with 30cm
height and 15cm radius and two PMTs arrays forsitiatillation light detection. 98
PMTs are arranged in concentric circles at the TdfCfor good position reconstruction
and 80 PMTs at the TPC bottom arranged as clogmssble for optimal collection
efficiency.

For this detector PMTs (Hamamatsu R8520-06-Al, I xwith high quantum
efficiency (~24% to ~35% for 178nm) and low radioactivity have been selected.
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Surrounding the main target, 63kg of LXe with amotlé4 PMTs act like an
active veto. One of the main advantages of thevectieto is the reduction of
background rate in the entire target volume by 50%e PTFE[43] cylinder reflects
scintillation light with high efficiency and optiltg separates the LXe target from the
veto. The Teflon is used also as electrical insulat

FIG. 4.3 — Teflon cylindrical structure of the detector [41, 42]

The Teflon cylinder carries the resistive networld ahe high voltage (HV)
racetrack of 40 shaping rings, regularly spacedhaglthe TPC wall ensuring the
homogeneity of the electric field in the liquid. @hnode that is placed 5mm above the
gate provides the strong electric fielg), needed for the electron extraction (see figure

4.5).

The gas gapd, is the distance between the anode and the liqufdee, where

the secondary scintillation photons are emittece Wire meshes and top PMT array are
mounted in a cylinder closed on top but open atddbttom, which works like a “diving
bell” keeping the liquid level at a precise heigilt (see figure 4.5 below). A positive
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4 The XENONI00 Experiment

pressure in the bell is provided by the gas retgrritom the continuous recirculation
system, to prevent level rising.
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FIG. 4.4 — Left: Top PMTs array; right: Bottom PMTs array [41, 42]

I I I J [ ) { SN TR jesssssssssssssannnsnannnnanns

el

N N 7 7 - : 5mm

E, = 0.53 kvV/cm

* hat Gate
= I +— = COpper rings 1 l

Fig. 4.5 — The scheme of the top part of the TPC; green areas indicates the PTFE used as insulator and
reflector of VUV scintillation light [42]

The E; = 0.53 kV /cm field for drifting the ionization electrons acrogse 30
cm drift gap, that is produced between the cathatdenegative potential and the
grounded gate grid, and the HV applied to anodeftimized electron extraction and
gas amplification fields are provided by a custoesigned feed-through which
emulates a Teflon HV coaxial cable. Commercial wacaHV feed-through are highly
radioactive and their design is not appropriateofar detector.

The “diving bell” and the vessel enclosing the TB@ucture with PMTs, are
made of ultra pure, oxygen free copper (OFHC). diatector is placed into a double
walled cryostat made of stainless steel (SS 3163e)ected for its low activity
especially in°Co (see FIG. 4.6).

To reduce the amount of radioactivity significanttye instrumentation, in
particular all electrical feed-through and the orgeoler, have been moved away from
the detector vessels and mounted outside the gasisield (FIG. 4.7). All feed-through
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for HV, signals, control lines, as well as gas aaduum lines are mounted above the
top flange, via long extension tubes. The shield¢amposed by 5 cm of ultra-pure

OFHC copper, then 20 cm of polyethylene, 5 cm of fadioactivity lead and another

15 cm of standard lead and finally ~20 cm of watex shielding against neutrons on
four sides.

FIG. 4.6 — Photo of Xel00 cryostat [41, 42] FIG. 4.7 — Image of water/ lead/
polyethylene/ copper shield [41, 42]

A Pulse Tube Refrigerator (PTR) is used to cooldétctor, liquefying the gas
and keeping the liquid at the desired temperature.

4.2.3 Recirculation and purification system

The XENON100 detector requires a total of 162 kgef to fill the target and
the active veto. The gas can be stored in 4 alumioyinders, each bottle containing
8000 standard liters of GXe (~43kg) at 50atm presssaterconnected by high pressure
valves (140atm). The bottles can be cooled witlidignitrogen (LN) during the
recuperation from the detector (see FIG. 4.8). Mdwrculation system was built in
collaboration between Coimbra and Columbia Unitesi(see FIG. 4.8).

Xenon is readily purified for most electronegatared radioactive impurities. To
do this, the liquid xenon from the bottom of theed¢or is evaporated in the gas line
and goes to the buffer volume of the recirculasyatem. The KNF diaphragm pump
circulates then the gas through the SAES heateterggurifier to reduce the
concentrations of O, O,, CO, CQ, N,, H, and CH below 1 ppb. The recirculation
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flow is kept stable to ~5slpm (standard liter pemute) with a Teledyne flow
controller.
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FIG. 4.8 — Xe recirculation system [42]

FIG. 49 — Kr purification system [41, 42] FIG. 410 — Xe recuperation system [4], 42]
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The notable exception from the usual purificai®the®*Kr radioactive isotope,
present in commercial Xe gas at ppm level. A sarimackground for dark matter search
is the beta decay of this isotope. In order to cedihe Kr to acceptable levels (ppt) a
small- scale cryogenic distillation column madeTaryo-Nippon Sanso has been used
to purify the gas (see FIG. 4.9). It is 3 m taltlahe purification speed &6 kg/hour.
This kind of purification is done every beginninfjdata taking scientific run, when all
the xenon from the detector is recuperated in thmtdes and distillated through the
column. The recuperation system built in Coimbna lsa seen in FIG.4.10.

4.2.4 Safety systems

The XENON100 experiment is running continsly, day and night, 7 days per
week, so it needs special attention. A set of @@s/should be done every day both in
the underground laboratory where the detectordatéml and also above ground. A set
of duties are assigned to the person taking carth@fXENON100 detector for a
determined period of time.

Thanks to the Slow Control System, XEXWID detector can be kept under
remote observation 24h/day and running continuoirslgormal and safe conditions.
For emergency procedures associated with handliagga volume of cryogenic liquid
underground, an independent liquid nitrogen cootipstem, controlled by the chamber
pressure is automatically activated (powered bgdichted UPS) in case of emergency.
This emergency cooling keeps the detector in a s@fe also in the extreme case of
total power failure and no access to the undergtdaboratory for ~24h. We note that
the large mass and thermal capacity of the detestédnilizes the temperature and the
pressure in the system against abrupt changes.awéeverified that even in the case of
catastrophic cooling failure the thermal inertidl ywrovide sufficient time to take the
needed safety actions in a controlled and safedash

4.2.4.1 The Slow Control System

A Slow Control System (SC$)4] is responsible for real-time monitoring and
controlling of different parameters. This systemsviniilt and continuously improved
by the Coimbra group.

Once xenon is present inside the chamber in ligoil gas phase, constantly re-
circulating through the purification system lindsg pressure inside detector is the most
important parameter to be monitored since the trana over the set limits of this
pressure will find out easily if the instability ¥eated by one of the instruments in
charge of this operation. The pressure is monitbged GT1600 sensor.

There are six important temperatures to be masitoPulse Tube Refrigerator
temperature and heat-link temperature (cold-fingaitrolling xenon cooling and
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liquefying and 4 temperatures monitored insidedhatector in different heights of the
TPC: top, bottom, below bell and inside bell. Allettemperatures are read by a
controller (Lakeshore 340) which communicates wviltk SC server via an RS232
interface.

The cathode HV is controlled by a Heinzinger PNODAD0-3neg power supply.
This model can apply up to -100kV and 3 Amperesl ignapplying on our detector -
16kV.
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FIG. 4.1 — The main window of the SC Client program

The SC system is capable of handling a large numbiEstruments for reading
and controlling. The whole structure of the slowntrol system is composed by both
hardware and software designed in the Object Quiermgaradigm, coded on Java
language. The SC system consists of 3 main softe@rgonents:

- SC Serveris an application that runs in a computer unaengd (SC
machine) and locally records the physical paramateking them available
to the remote clients.

- SC Client is a graphical application that can run on anghre connected
to the internet. It is used for real time visudiiaa, local recording and
customized local sound alarms. Figure 4.10 showsrhin window of SC
Client.
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- SC Alarms is an application that continuously monitors tpRysical
parameters available on the SC Server, within argrange, issues periodic
status reports, as well as e-mail and SMS alarnmseXernal application
monitors the connection of both Alarms machinesthe internet. It
periodically pings the Alarms machines and sendg-amail notification if
the machine cannot be reached. In this way it &@aueed the continuously
monitoring of all different layers of the structure
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FIG. 4.12 — Example: Absolute pressure (up) and heat-link temperature (down) registered by the SC system
in one of the last XENONI0O runs [42]

The efficiency of the SC system is clearly visilidhe XENON results. For the
Runl10, of 225 live days of data, the detector lenhbn continuous operation for a total
of ~20 months and this is the first LXe detectohistory to operate continuously for
such a long period of time. In the figure behindQF4.12) you can see the stability
plots of the absolute pressure and heat-link teatpes in the period of the last run.
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4 The XENONI00 Experiment

4.1.5 Readout electronics and Data Acquisition (DAQ) system

The XENON100 TPC events feature a fasw (fis) pulse from direct scintillation
in the liquid () and a slower (is) pulse from proportional light in the gasy|SThe
two pulses occur within the maximum drift time 200 us (2mm/us electron drift
velocity in LXe). The DAQ system acquires full wéwens from the top and bottom
PMT arrays (see FIG. 4.13 below). The minimum samgplate is given by the fast S
signal. For optimal signal/noise ratio, a digitinat rate of 100MHz is adequate. The
time scale for the event acceptance window is detexd by twice the maximum
electron drift time, i.e400 us in total.
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FIG. 4.13 — Example of waveform acquired by DAQ system, inside TPC (up) and veto region (down) [42]

For the dual phase operation of the TR€ need a large dynamic range, since
the system must be able to handle single photoelecsignals from direct scintillation
of a few keV gamma-rays, up to several thousanghotoelectrons for the amplified
charge in gas. The PMT signals are passed throagable-gain, low-noise amplifiers.
The signals are then digitized with 100MHz 14 l@solution (CAEN V1724A). The
digitizer has dual-port buffer memories for deamheifree operation and one Field
Programmable Gate Array (FPGA) per channel fomantlata processing.
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FIG. 4.14 — Example of plot describing data acquisition during one of the scientific runs (Runl0) [42]

The FPGA scans the data while theystoeed into the buffer memory. When a
programmable threshold is crossed, a pointer tartemory location is stored. During
acquisition only the channels with detected sigmalread, and for them only short time
windows (fewus) around the detected hits are transferred. Withgbheme a factor 50
in data reduction is easily attained with no lossriginal data: also multiple events are
fully saved for later classification as backgroumd.similar readout scheme was
successfully designed also for the LXeGRIT ballbonne experiment45]. We
implement a basic “majority” trigger, firing whengavzen number of channels go above
a predefined threshold: this allows trigger on @itly or $. This configuration has
been successfully tested. The generated trigdbersused to control the data readout.

In FIG. 4.14 can be seen the comparison betweerarnmount of blinded dark
matter data and calibration data acquired in orteftcientific runs.

4.2.6 Calibration of XENONI0O detector

A series of detailed calibrations are designed tovide the position
reconstruction, and the energy and recoil type givan interaction. These calibrations
are described in this section.
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4 The XENONI00 Experiment

4.2.6.1 Position reconstruction

The reconstruction of the X-Y-Z position of an ewes important for the
purposes of position dependent corrections. Theipogeconstruction is determined in
two steps.

The first one that implies the time difference betw $ and $ is used for the
determination of the Z coordinate, calculated tHesm the drift velocity of electrons
(~1.8mm/us) and the drift time. There is a diffusive proceffgiaed with the drift,
but this should only modify the width of the, &s the electron cloud centroid moves at
the drift velocity. The contribution from diffusiois therefore minimized by the drift
time as the time between the peaks of ther®l $ signals, which correspond to the
drift time of the electron cloud centroid. The resion of the Z position determined by
the S width is estimated to be 2mm.

The second step is for the reconstruction of X-Yordmates. This is more
complicated as it is based on the hit pattern,afrSthe top PMTs array. Three different
algorithms, one of them based on a neural netwathler in a vector regression and a
third on chi-squared minimization are developed andesolution of< 3mm is
achieved. In FIG. 4.15 below you can see the XYitposfrom both top and bottom
PMTs arrays information.
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FIG. 4.15 — The XY amplitude of the signals from the both PMTs arrays [42]

4.2.6.2 LED calibration

All 242 PMTs in XENON100O detector are monitored. DLEEalibrations are
performed every week, using a pulsed LED, to engsr@erformance and the gain
(ratio of charge output to charge input in the fplitation chain) is measured to
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convert all PMTs signals to photoelectrons (pe)e THD is situated outside of the
detector and the light is brought inside througtioap fibers.
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FIG. 4.16 — Typical PMT calibration spectrum; the left peak is the pedestral further right the PMT response
to the LED light is observed [42]
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A typical LED spectrum can be seen in FIG. 4.16 tean value of the gain is
2 X 10° pe/e. More information can be found jn6].

4.2.6.3 Electron lifetime determination

The electron recoil energy scale, or electron elait energy, is measured in
units of ke\be To perform this calibration, §'Cs source which emits62keV gammas
was used. The single gamma line allows for an albsaalibration of the energy scale
by fitting the full absorption peak of the spectrutm obtain the number of
photoelectrons per ke¥ The high energy gammas penetrate the entire EPOrming
the position dependence correction.

As explained in the previous chapter, the electitetime depends on the
impurities. A distribution of as a function of drift time can represent this apson.
In FIG. 4.17 an example of electron lifetime cadtidn is presented for’a'Cs data set.

Weekly calibrations are performed to monitor tlemon purity. The electron
lifetime is increasing due to the continuous paafion through the Xe
recirculation/purification system. In FIG. 4.18 #tpof the electron lifetime values
registered in one of the scientific runs (RunlO) b® seen. The substantially lower
regions are due to maintenance operations. Thedseron electron lifetime is sudden
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while the improvement has an exponential trend dejog on the total Xe mass and the

recirculation speed.
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FIG. 4.17 — Distribution of single scatter events as a function of drift time; the attenuation of the signal
represents the electron attachments to impurities [42]
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FIG. 4.18 — Exemple of the electron lifetime evolution during one of the scientific runs (Runl0) [42]
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Contribution to the scintillation detection optimization in double phase detectors for direct detection of dark matter

4.2.6.4 Electronic and nuclear recoil calibration

The detector responds differently to electron decand nuclear recoils, so a
different energy scale is needed for these twogsygesvents. Dark matter interactions
occur as nuclear recoils, so these events are tamidor our research.
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FIG. 4.19 — Detector response to electron recoils (average: blue line, top)
and nuclear recoil (average: red line, bottom) [49]

The nuclear recoil energy is related to the S1adighy, 48]:
g - S; 1 S,
" Ly Legp Spr

(4.3)

where

- Lyis the S light yield;

-  Se andS, are the field quenching factors measured to be @§gectively
0.95 for the operational voltage;

- Lk Is the relative nuclear recoil efficiency;
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4 The XENONI00 Experiment

Using dedicated calibration runs, the electron itelband is measured using
gammas fron°Co source while the nuclear recoil band is measusidg neutrons
from ?*’AmBe source (see FIG. 4.19).

| NR energy deposit and Inelastic ER energy deposit from single scattering

—_
2
S 100kl
~ i NR energy deposit from single scattering o2
3 X o
“ 1 ,,,,,
24 L
H\\ . Inelastic ER energy deposit from single scattering | ..
10? v
N
%
A,
- m A
Uh\\m
10 M Aoy |
LN | [y
- “‘"‘"lﬂF‘.."u-ug-u,"[M -

atlhes ) PN
- L — B e

0 20 40 60 80 100 120 140
Energy (keV)

FIG. 4.20 — NR energy deposit and inelastic ER energy deposit from single scattering [50]
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FIG. 4.21 — Left: single scattering NR rates vs. of fiducial volume; right: number of days needed to reach
1000ev/kg vs. fiducial volume [50]

Since we know the AmBe source activity, ~220newgfeec for 3.7MBq source
[50], we can easily obtain the time needed to have mbeu of interactions in the
sensitive volume of the TPC, data taking time, witbertain energy range. By simply
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dividing the number of entries by data taking tiarm&l categorizing by each event type
(NR, ER, elastic and inelastic), it is possiblestimate the rate of each category.

The histogram presented in FIG. 4.20 shows the Méhts and inelastic ER
events in the energy range from 0 to 150keV for mma@ximum fiducial volume,
60.6484kg. The blue line represents the nucleavilregents rate which includes both
elastic and inelastic scattering within 4.5keV &@iutkeV. The green line shows the
inelastic ER events and we can see clearly the\@kal 80keV gamma lines from
12% e and™®Xe respectively.

The two plots presented in FIG. 4.21 have basidaklysame information. The
first plot shows the single scattering NR rate $4d\V/kg) within 4.5keV and 27keV as
a function of fiducial volume (FV). In the seconldtpthe Y axis is the number of days
needed to reach ~1000 events/kg within fiducialwge. According to this plot we need
about 0.4day of AmBe exposure to have 1000 eventsik48kg fiducial volume
defined by the dedicated volume cut.
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FIG. 422 — Left: number of days needed to reach [000ev/kg vs. fiducial volume; right: inelastic ER rates
vs. of fiducial volume [50]

It is also possible to use the AmBe neutron soascd0keV and 80keV gamma
ray source. The neutrons from AmBe cause elasticilfebut in the case of inelastic
scattering, Xe nucleus is excited and when it dates the 40keV and 80keV gamma
ray are emitted froni?*Xe and***Xe respectively. It is expected to need ~15days of
exposure to have 1000evts/kg rate in 48kg fiduodime for both 40keV and 80keV
lines (see FIG. 4.22).

In figure 4.23 the AmBe neutron calibration of avfethe most recent science
runs can be seen. Besides the elastic nucleat beoad that is the WIMP signal region,
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4 The XENONI00 Experiment

the activated xenon lines at 40keV, 80keV, 164K&38keV can be used to characterize
light and charge signals as function of energy a&dl ws to perform spatial and
uniformity corrections to the data. The activatdel lines at 110keV and 197keV start
becoming also dominant since the gamma-rays aeagetl from the Teflon (PTFE)
wall of the TPC.
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FIG. 4.23 — Ratio between charge and light as a function of energy for AmBe calibration [42]

51



52



CHAPTER 5

Data analysis and results of XENONIOO experiment

The analysis of XENON100 dark matter experimemiresented in some details
in this chapter. While the data analysis is a taifative work, the huge analysis effort
is divided in several fields as: position reconstion and correction, NR energy scale,
selection of dark matter datasets based on segemdity parameters, cuts to select
proper event signatures from interactions that iigh WIMP candidates and cut
efficiencies, background expectation and profitelihood. Each of these fields implies
different analysis tasks required for the dark srasearch and for every scientific run.
Therefore, the first part of this chapter (secttoh) is focusing on the analysis of the
data. Section 5.1.1 is presenting a general desgripf the most important cuts defined
and the sections 5.1.2, 5.1.3 and 5.1.4 descrilmetails the tasks accomplished and
used also to generate the general results andusioies of the XENON100 experiment
that are presented in the second part of the chégatetion 5.2).

5.1 Analysis of data performed

The analysis is based on data acquired since 20difally, a blinded analysis is
performed, in which the analysis is based on atdichisample of data and the
experiment is run without looking at the data foe tWIMP search. The analysis is
finished before the data are un-blinded, then éselts are presented based on the pre-
defined analysis.

During the first 11.17 days of exposure (named Rynthe analysis was non-
blind since these data were acquired during thentigsioning phase of the detector.
Another three dedicated blinded runs, named Rur®3n10 and Runl2, have
subsequently been performed. Calibration data edehruns have been used also in the
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analysis presented below and the competitive stiemesults from the un-blinding
processes are presented in paragraph 5.2.

5.1.1 Data quality cuts

Parameters which are calculated based on the sdmvageform (area [pe],
height [mV], width [ADC bins], PMT coincidence leyelelay time between;&nd $,
etc.) have been used to define data quality cutsrims of removing spurious events,
without changing the nuclear recoil band thus, easmg the signal to noise ratio
without reducing the efficiency (probability of avent to pass the cut) for nuclear
recoils. Our naming convention for the ROOT Treesypamming is that the cut begin
with an X and end with the version number i.ecaih be improved during the analysis
period. Some of the most important cuts definedoaesented below.

5.1.1.1 Basic quality cuts

Some basic cuts were defined to ensure that ewaatisfy certain quality
criteria. Waveforms from muon interactions or midischarges are rejected. The
Xsignalnoisecut is defined on the signal to noise ratio for a wawvef. Events with
signal to noise ratio less than 1 are discardedome situations different PMTs can
register increased noise level or very largdik® pulses only in one PMT, which are
clearly uncorrelated to interactions in the targgtume, so special cuts are defined to
exclude these PMTs from the waveforms.

5.1.1.2 Energy cuts

These cuts are used to select events in the l@nggmregion, where a WIMP
signal is expected, and to ensure that they arecaated by PMT dark current and
noise.

To select the required events, a software thresisoilmplemented at 150pe for
S,. This cut name&XSpeakhas 100% efficiency. Therefore, all 8gnals smaller than
150pe are discarded.

The XScoincidencecut is used to remove events for which thep8ak really
comes from a PMT dark count or other sources whieh not expected to produce
scintillation photons in coincidence ;(8 the veto region in coincidence with ap S
inside the TPC).

5.1.1.3 Consistency cuts

These cuts are defined to remove those eventpésatthe waveform analysis.
In this situation the consistency of the expectedle scatter interaction in the target
volume is checked based on thenidth and $and $ light patterns.
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5 Data analysis and results of XENONI100 experiment

The width of $ signal is energy dependent and increases witliep¢h of the
interaction in the target volume, due to dispersibthe electron cloud during the drift
towards the gas phase. A cut nam¢8width has been defined to check if the Z
coordinate inferred from the time delay between3hand $ peaks is consistent with
the width of the Speak.

Another two cuts have been developed to ensureytiadity of the position
reconstruction and multiple scatter identification.

A fiducial volume cut, for examplX48kg,is defined to keep only the events
within a super-ellipsoid with a reduced radius,imieff a mass fiducial target. The
fiducial volume cut simply reduces the target mass.

5.1.1.4 Single scatter cuts

The cross-section of WIMP-nucleon scattering is/Jew, so the probability of
a double scatter in the detector is essentially.ZEnus, any double scatter must be due
to background. Double scatters occur on a shomee scale than the scintillation
process, so the;Singles from the distinct scatters are combinéal ame larger §

S, singles will be collected separately as long a&swértical distance between
the scatters is large enough that theiSgles do not overlap. The typical width of an S
in the energy range of interest is 0.5us, so thkipfau S, singles can be distinguished
when separated by more thgms = 1,7mm.

The cuts are defined to select proper events sigemtfrom interactions that
might be WIMP candidates, together with their céficencies. All the cuts are
developed with respect to the WIMP expectation, they are optimized for single
scatter nuclear recoil at low energi&$Ssingle (defined on page 593 the responsible
cut for this selection. More details of single etgeselection can be found in the next
section.

5.1.2 Single-electron signals in XENON100 experiment

In this section the observation of very low-ene®&gignals and their origin, as
well as the different characteristics used to deedhe detector related to the ionization
signal will be presented.

Single-electron signals are the smallessi§nals that can exist. First selection is
done by the threshold implementedl&0pe defined byXSpeakcutas we have seen in
the previous section. The Signals can be found in the 400us waveform.

Figure 5.1a shows an example efsgjnals belowl50pe resulting from single
electrons which also the ZEPLIN collaboration aligaeported from their studi€s?1,
52].
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FIG. 5.1a — Example of a waveform containing a single electron signal; two single electrons are observed,
one before and one after the main §, peak. The single electron signal shown in the zoom and in the top
array PMT pattern has 18.5pe that corresponds to the average secondary scintillation gain [53].

One of the proofs that the smal} Signals lower thar2Ope are real charge
signals is their duration around 1us, comparabth thie time needed for an electron to
drift through the proportional scintillation gaspgd, (see figure 4.4a in paragraph

4.2.2).
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5 Data analysis and results of XENONI0O experiment

The low energy Sspectrum (figure 5.1b) can be fitted using a sdirGaussian
functions, Gaus(y;, o;) with the constrainyy; = iy, ando; = io;, multiplied by an
efficiency curve represented by a Fermi-Dirac fiorc{expression 5.1) witd andB as
free parameters:

1
e CE

This fit can also be interpreted as a sum from tnenore electrons, each of
them producing an independent Beak, Gaus(py,07). The position of the first
Gaussian defines treecondary scintillation gain,e. the number of photoelectrons per
electron extracted in the gas gap. For Runl10, éhgevis ~19pé53].

(5.1)

5.1.2.1 Single-electron events selection

To select single-electron, two-electron or threseebn signals, cuts on the S
size will be applied. Pure samples will be defibbgdhe cut ranges, this means selecting
regions from the spectrum where Gaussians do restap
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FIG. 5.2a — Distribution of the time difference between the large §, and the small §, signals for single
electron signals (red), two electron signals (green), three electron signals (blue) [53]

The majority of single electrons observed in XENORN1lare time correlated
with a § or $ signal. The time correlation is demonstrated by émd of the time
distribution (see figure 5.2a for single electroviich follow an $ signal) which ends
around180us, the maximum drift time, i.e. maximum drift lengtivided by the drift
velocity (30cm/0.173cm/us) . By taking data with a trigger located at the begig
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of the waveform it has been demonstrated that titk af the distribution is not an
artifact due to the end of the waveform.

The cut efficiencies (acceptances), or probabtligt a WIMP event will pass
the cut, have to be estimated as a functiom@in8 S, or equivalently as a function of
energy. Since a WIMP data sample to test this amgsexist, we need to define a
sample from our calibration data as close as plessibWIMPs. To do this, the data
from the AmBe calibration were used, to estimate affect that the single, $iave on
the nuclear recoil band, as a function of energy.

Since WIMPs are expected to generate only singhtescinteractions in the
TPC, we want to select events fulfilling this carmeh. Multiple scatter events produce
several $ peaks in the trace (besides few ones which happehe sameZ-plane)
which is considered iXSsingle cut. We require that a valid event only has alsil$y
peak in the trace. The problem associated with ithithat at very low amplitudes,
ionization signals from a few electrons (1-3) startappear which are not due to
multiple scatter interactions. Hence, a lower thods on the size of the"®largest $
signal in a trace is required in order to havezaatle acceptance.

S2sTot[1][pe]

S2sTot[0] [pe]

FIG. 5.2b — Energy dependence between the first two $, peaks, noted $2sTot[0] and $2sTot[I]

The dependence of the first twe [Beaks (noted S2sTot[0] and S2sTot[1]) was
studied [54]. The strong dependence indicates that a lower hbléscut is more
reasonable (see FIG. 5.2b) since previous studiteeanalysis group show that 300pe
is a too high threshold and we would expect thanefor single scatter, there is more
than one Speak. But, the Speak of single electrons is less than 100pe maestigt for

58



5 Data analysis and results of XENONI100 experiment

true multiple scatters, the second largesisSmuch bigger. The size of $or single
electrons is almost constant with drift time.

In the figures below, we can see the energy depgn8esingle for lower
threshold cut applied (<100pe). The study showsttiesecond Sis increasing when
the first S is increasing (S2sTot[1] is linearly increasing lwi2sTot[0] for single
scatters).

The cut definition proposed to be used for the cdele of S single scatter
events requires that the second largegiedk is smaller than ~70 pe (corresponding to
~3.5 electrons), with a slight size dependencéheriitst S peak.
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8 Bl IMeany - 95.12
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i < singlecut
100/ A i
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$25Tol{0) [pe]

FIG. 5.3.a— Energy dependence between the first two S, peaks using low threshold cut

Thus, an energy dependent cut is better than stammnone. In figure 5.3.a we
can see the events distributed in two main parte Upper part is multiple scatter
dominated while the lower part is single scattengiated. To prove this, in figure 5.3.b
we got almost the same distribution restrictittg > 180us (wheredt; is the drift time
between the first two ;Speaks). For this condition we expect the eventbddruly
single scatter.

Xs2singlecut was checked if it's still appropriate to bedifor each data analysis
run:

« the cut has the same effect of rejecting the nucteatiple scatter events and
gamma background as much as possible if comparthigprevious AmBe data
sets|54 — 56,
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60

decreasing the S2sTot[1] threshold (on the secgnpedk), or cut into other
spaces as,width, does not improves the cut acceptahce 57];

the Xs2singlecut has an improved acceptance for Runl0 thanpfevious
Run08 (tested on AmBe calibration data) (see FI®), 5

g 0 i 18
= - Entries 15790 16
t: 28013 Meanx 9883 ",
o o Meany 35.68
2001 RMS x 5913 12
i RMSy  31.14 |l
150 &
| single cut e
100 / P
50 ‘ s L £ AT AT 4
:." A"sr. B2E L DT e 2
% B0 1000 1500 2000 2500 3000 3500 4000 °©
S2sTolf0)[pe]

FIG. 5.3.b— Energy dependence between the first two §, peaks restricting dt; > 180us

the cut acceptance was calculated using all nevic bags signalnoise
Xwidth, Xslcoinor Xs2peaks and using the reprocessed data $&1; (by
reprocessing the dat®8], one have to understand some updates and new
algorithms integrated into the processor prograganding the $and $ map
corrections, noise rejection, procedures to haddferent PMT gains or event
selection for low energy);

the cut acceptance, i.e. the ratio of events thast pphe single cut from all the
events, was calculated selecting a region whidingle scatter dominated, for
dt, > 180us, wheredt, is the time difference between the largest and2ffie
largest S (see FIG. 5.5). Due to the maximum drift time~df80us, no $ peak
in this region can come from a double scatter event

the averaged acceptances obtained are (99.68 H%.26/|, using the
cS1sTot[0] (corrected § energy range and (99.66 + 0.18)%], using the &
energy range (see FIG. 5.6). In the study we airgusinomial errors and the
acceptance is defined via relation 5.2:
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number of events (Xs2single & dt; > 180us restriction)

= 2
acceptance number of events (dt,; > 180us restriction) .2)
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5.4 — Comparison of AsZsingle acceptances as a function of §, for Run08 and Runl0 AmBe data
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FIG. 5.5 — Scheme of single scatter events selection
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FIG. 5.6 — AsZsingle acceptances as a function of ¢§; and §, for Runl0 nuclear recoils data

SoXSsinglecut is developed to remove events with multipleaS would be the
case of multiple scatters. As we expect a largebaurrof multiple scatters in the AmBe
data that would bias the acceptance computatiomrealgecked the acceptance, in this
case computing the electron recoil data taken twer[59].

For the case of ER, it is very unlikely to obseavmultiple interaction in which
the summed Swould be in the interest region, and hence we &xfmehave a much
cleaner sample in terms of single scatters. Thepobea acceptance as a function gf S
for each 2 photo-electrons for Run08 and for edubtgelectron in Runl10 is shown
below in the figures 5.7a and 5.7b respectivelyhla case the acceptance is defined via
relation 5.3 and again the better acceptance otthhdor Runl0, if comparing with
Run08, is proved by using also ER data.

number of events (all cuts)

acceptance =

(5.3)

number of events (all cuts without Xs2single)

From studies motivated by data/MC comparis@@g|, there seems to be an
indication that a fraction of ~10% of double-scatieents survives the cut for NR data.
However, since it is basically impossible for loweegy electronic recoils to produce
low energetic double scatters, this only affects mleutron background, which would
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5 Data analysis and results of XENONI0O experiment

then be a bit higher than necessary (since ndbalble scatters are removed). However,
since the neutron background in the present datagaun is still the smallest fraction
of the total background, a change of ~10% is netemt.
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FIG. 5.7a — AsZsingle acceptance as a function of §; for Run08 electronic recoils calibration data
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5.1.2.2 Onigins of single-electron signals

From all the studies reported in the previous eectwe can draw several
conclusions regarding the several possible origfrike single-electron signals.

Most of the small S2 signals are induced by prin@rgecondary scintillation
photons. This is the only way to explain the timstrbutions shown in figure 5.2a.
Delayed extraction of electrons at the interfagaiti-gas (i.e. electrons which would be
trapped at the liquid surface and extracted |dt&n the main part of the electron cloud)
could explain the exponential decrease for sintgetmns following the S2 signal but
not the sudden end at a time corresponding to #eeémum drift time.

Scintillation photons can induce electrons by phl&ciric effect and one photon
can only generate one electron. It is compatibld wur observations since all small S2
signals are single electrons or accidental coimuds of single electrons, as we showed
in previous section.

We observe, as expected from the previous conelssi proportionality of the
relative rate of small S2 signals with the largé& size. From the proportionality
coefficient and taking into account the mean cdibec efficiency in XENON100
(~20% from MC simulation) and the averaged PMT dquianefficiency (~25%), we
conclude that about 50000 secondary scintillatibotpns are needed in average to
produce one single electron. The non-zero ordiaatie origin, corresponding to an
average of 0.3 additional single electrons, cowadp to single electrons which are
either induced by the S1 photons or not inducedryyphotor{53].

The dominating responsible for the photo-ionizatmocess are the impurity
molecules in liquid xenon. There are several ceaatd&l for the photo-ionization
process: xenon, impurity molecules,(®l,, ...) contained in the xenon at the ppb level
or the metal components (grid, cathode, field rings Among impurity molecules, the
negative ions @are the best candidates. Given the VUV photonggnet7eV, the
negative ions @created by drift electrons attachment are the tmsdidates, being the
needed energy0.45eV, while the first ionization energies of,@nd N are above
12eV [61 — 63] However, since the cross sections and the nuofbens are unknown,
it is not possible to make any quantitative statemé&Ve cannot exclude photo-
ionization of other chemical species. Another seuromes from photoelectric effects
on the copper of the 40 field shaping rings andhenstainless steel of the cathode.

The multiple scatter events that have only onetidlaition pulse (%) and
ionization pulse (8§ are categorized asomalous single scatter eveni$es,/S; ratio
for these events is lower than the ratio expectedHe single scatter events or for a
WIMP interaction. Therefore, for a sensitive darlattar search, it is essential to
specially analyze, identify and reject this catggof events. The estimation of the
number of anomalous single scatter events in XEN@Ndark matter datasets was
done by a Monte Carlo study validated with datanfigamma calibratiof64].
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5.1.2.3 Secondary scintillation gain and yield using single-electrons

The single-electron signals can be also used ttyshe TPC characteristics in
terms of secondary scintillation gainG,i.e. the total number of photoelectrons,
measured with all the PMTs per electron extractéd the gas gap. The gain is related
to thesecondary scintillation yieldY i.e. the number of emitted photons per electron
extracted into the gas gap, threean collection efficiencgf photons emitted from the
gas gapf and themean PMT quantum efficienayas written in expression 5.4 below:
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FIG. 5.8 — XENONI00 secondary scintillation gain as a function of the electric field in the gas gap; the
highest values which does not follow the linear trend are due to electron multiplication [53]

G(E; Py dy) =Y(Ey By dy)BT  (54)

whereE;, F, andd, are the gas gap electric field, pressure anddioc@non height
respectively, according to the following expression

Eg
v=(ap to)des  (55)

Figure 5.8 shows the secondary scintillation gamaaunction of the electric
field using calibration datd{Cs and°Co). The values for parametersindb obtained
from the fit presented in the figure above are @odyagreement with values from the
literature[33]:

a = (152 + 19)photons /e~ /kV and b = —(151 + 20)photons /e~ /cm/bar
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Calculating then the values for secondary scitidliagain, the values obtained
are18.70 £+ 0.45 pe and19.70 + 0.16 pe for Run08 and Runl0 respective3| and
the difference come from different gas gap heigitt @ahode voltage.

5.1.3 Hot Spots monitoring

After the acquisition of each dark matietaset we have to check the status of
the files. From the beginning of the experiment ceailld identify and study several
regions with an increased number gfpf@aks. These regions can be easily identified if
we plot an X-Y map of the TPC (as in figure 5.9dvel and we will call thenmot spots

Most of the hot spots appear in some turtsnot others. For these reason, we
tried to classify them.

The first class is defined by a regioparX = 20mm andY = —4mm) that
appearshot in all runs. This persistent hot spot is charaoter by waveforms which
arrive early, are relatively wide, but with veryd@amplitude and low Syield. In figure
5.9 we can see a representative plot of the numbebserved Speaks in the X-Y
plane, using data from Run10 of the XENON100 expent, while in figure 5.10 we
can see the projections along the X and Y axisriw@ttvate the choice for a reference
function that can be written &5|:

f,y) =poXx*+p1 XXXy +p; Xy? +p3 XX +py Xy + s (5.6)

so it is a parabolic function that will accuratelgscribe the shape of the distribution.
Performing a fit in a region without hot spot, widmove the central hot spot present in
all the runs.
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FIG. 5.9 — Example of central hot spot present in all the runs
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The detector stability in time is assessable witis imethod so, each run is
analyzed with the same functional form. Anothemuéssbserved also in previous
analyses shows that hot spots may be differentiyed low total $ yield than other
regions of the detector or by an anomalous rati§,@&ignal in the top PMT array te S
signal in the bottom PMT array.

l—|200llllllllllllllllllllIlllllllllll
= | I | ! [ | !

£
>_150 _.__- = =

.

100
50

P TTTITITI A
Ty

- Coovovv b v by v b v byovw e by by g by aa 07
20-800 -150 -100 -50 0 50 100 150 200

X [mm]

FIG. 5.11' — X-Y map after removing the central hot spot
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FIG. 5.12 — Example of a transient hot spot

If we require S2 > 800pe and if the additional requiremenf2Top/
S2Bottom > 0.2 is applied then it is observed that all hotsparts removed. The
result after this cut is relatively nice, unifornelg, as you can see in figure 5.11.

The other class of hot spots, are transient hatsihatt occur elsewhere in the
detector and generally are not present in all tims but in a few datasets. An example
can be visualized in figure 5.12. This kind of Bpbts monitored during the operation
of the detector, locally at LNGS, are due to unakpd increased data acquisition rates
or changes in few of the parameters values settiAffer investigating a set of
distributions for $ peaks in the hot spots regions and the rest etctiet we can better
understand them. If we have a look to the wavefaesponsible for the hot spots, we
can consider the,$eak position, Speak width at 50% height and feak height. The
peaks that create the hot spots are generallyeshavider and occur earlier in the
readout window. If we examine also which PMTs aesponsible for the signal
observed in the hotspot, by integrating yield ospes a function of PMT number for
the S peaks, it results that most of the pe’s are meashy a single PMT. Finally, if
we try to reconstruct the Z-coordinate of thesignal for the events in the hotspots and
the rest of the detector we can see thagteaks in the hot spots occurs preferentially at
Z = 0 (the LXe level) so probably no presence ofdb these events.

Hot Spotsit's a subject in continuous study, to better ustind what they are
telling us about our detector and data. It is cteat all the hot spots should be removed
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before the unblinding of dark matter data, as w&slkll the instable periods that could
confuse a better and precise resulivbat’s left.

5.1.4 The cut acceptance variation for background modulation analysis

The aim of this study is to independently derive #tceptance variation for all
the cuts defined for XENON100 analysis then, makéatistical test on the average cut
acceptance variation and see if it's needed toudelthis factor in the Profile
Likelihood analysis of background rate for the dmding of dark matter datasets.
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FIG. 5.13a — The average cut acceptance (3-14pe) for each data set
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FIG. 5.13b — The average cut acceptance (14-30pe) for each data set
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Assuming that each cut is independent, in thig ¢he acceptance for each cut
and for each dataset have been calculated acctrdmgelation 5.7, then the average
cut acceptance of all the cuts and for each ddthasebeen determined using a simple
error propagation (up and down separately). Inréglb.13a and 5.13b we can see the
average acceptance variation calculated usingretectrecoil calibration data and plot
as a function of each dataset acquisition date @aye run) and for two different
energy ranges, (3-14pe) and (14-30pe), respectively

number of events (all cuts)

acceptance = (5.7)

number of events (all cuts without cut under study)

The average acceptances derived here are congpadibwhat is used for the
Profile Likelihood analysis. Since the acceptareelarived in the binned approach, a
binned likelihoody? analysis is used to identify the temporal variationl set limits on
the parameters.

For cut stability analysis we are most interestethe relative variation. So the
modulation hypothesis to be tested can be expressed

f(@) = acc(t) x {C + A X cos [27r X (t;@ } (5.8)

whereacc(t) is the average cut acceptance from the measursrabove and for the
corresponding energy range,is the average event rate,js the modulation amplitude
with periodP and phas@. Then we fit the cut efficiency variation to thenttion and
calculate thee? after the fitting.

At each frequency, the statistic test
Ax* = minc[¥*(A =0,0)] - mingcolx* (A CP)]  (59)

equivalent to the~210g(i—°) is used to quantify the significance to rejectl hypothesis
1

H, (a constant rate adopted to test the temporallistatf low energy ER data). The
sinusoidal rate variation formulated in relatiob & an alternative hypothedis, tested
by DAMA/LIBRA, CoGeNT and CDMS-II experiments tod,(C,) andL,(C;, A, P)
are the likelihoods foH, andH; respectively.

Scanningy? around its minimum for a fixed modulation frequg ,
365.25 days

allows the determination of the confidence leveisnwodulation amplitude, with other
parameters to be optimized. Specifically,and5¢ upper limits can be derived.

Using the statistical technique described abdwecbrresponding? curves as a
function of modulation amplitude are shown in figu.14a and 5.14b, for both energy
ranges. The allowed sinusoidal variations of theaneceptance for a fixed period of 1
year have been extracted.

The 30 and50 upper limits on the modulation amplitude of aceepes in the
low energy region (3-14pe) ai0.025 and 0.042 respectively. In the higher energy
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region (14-30pe), the corresponding limits 0.0145 and0.0245 respectively. In both
of the two energy ranges, the modulation amplitumlesicceptances are much smaller
than that of total event rates. The best fit mailaamplitudes of these variations as a
function of dataset acquisition date (day of the)rare shown in figures 5.15a and
5.15b for both energy ranges. The identified matitubaamplitudes ar€3.3 + 0.8)%
and (1.4 +£ 0.4)% in the 3-14pe and 14-30pe energy ranges respdctivhus in the
profile likelihood analysis of background rate aion, we don't need to consider the
contribution of cut acceptance variation in time.
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FIG. 5.142 — x? curve as a function of modulation amplitude for 3-14pe energy range
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FIG. 5.14b — x2 curve as a function of modulation amplitude for 14-30pe energy range

The study presented in this section confirms gaitant annual modulation of
average cut acceptances for low energy range,esagper limit on the amplitude of a
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time varying XENON2100 signal for one year and fowlenergy single scatter data
corresponds t0.32 + 0.01 events/day [66]. The resultingdo and5¢ upper limits for
the low energy range ar@.61 and 0.80 events/day, respectively. Monte Carlo
simulations show that an annual modulation with amplitude greater than
0.43 events/day is expected to be identified at an average con@iddevel greater
than3o, and that the data can constrain any modulatiatisavperiod smaller than 500
days [66]. XENON100 detector is the first long-term stableble gas dual phase
detector and the low energy single scatter backgtorate is independent of any
detector operation parameter or known radioactaekground. In this sense the upper
limit on the annual modulation amplitude derived %ENON100 constrains the
interpretation of DAMA/LIBRA and CoGeNT signals diue WIMP interactions at
more tharbo confidence level&6].
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FIG. 5.15a — Best fit modulation as a function of data tacking date for 3-14pe [66]

5lII|IIII|IIII|IIII|IIII]IIII|IIII|IIIIIIIII|IIII|

14 - 30 PE

Best fit modulation [%]

()llllllllllllllllllllllllllllllllllllllllllllllll

50 100 150 200 250 300 350 400 450 500
[Days]
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5.2 Published results of dark matter data analysis

5..1 11 live days of dark matter data (Run07)

The first dark matter analysis with 11.17 live daysXENON100 background
data acquired between October "2@009 and November 122009 (Run07
commissioning run) was carried out to test the mitde of the detector and to confirm
the Monte Carlo prediction for the single scattiectonic recoil rate at low energies.
Only for this run the dark matter data acquired waisformally taken in a blind mode
i.e. events from a predefined signal region to reccessible. The data selection cuts
were derived froni%Co and AmBe calibration data.

For this run, the cumulative software cut accegafor single scatter nuclear
recoils varies between 60% for 8.7kg¥nd 85% for 32.6key [49]. For this energy
range 22 events are observed but none in the fireedesignal acceptance region (see
figure 5.16 below).
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FIG. 5.16 — All the events (dots) in the TPC (gray line) and events below the nuclear recoil median (red
circles) present in 8.7 — 32.6 keV,, energy range for [1.17 live days of data; In the 40kg fiducial volume
(dashed line) no events below the nuclear recoil median are observed [42]

The upper limit on the spin-independent WIMP-noolelastic scattering cross
section is derived based on the standard halo gdsuma and considering an; S
resolution dominated by Poisson fluctuations amistant L. below 5 keV; from the
global fit. In figure (FIG. 5.17) the result of tepin-independent elastic WIMP-nucleon
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Contribution to the scintillation detection optimization in double phase detectors for direct detection of dark matter

cross section exclusion limits with the minimumuabf3.4 x 10~** ¢cm? for a WIMP
mass of 55 GeV/C2 [49] is shown in comparison with the other dark matter

experiments running on that time.
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FIG. 5.17 — Spin-independent elastic WIMP-nucleon cross section (solid line) for 11.17 live days of
XENON100 dark matter data [42]

Anyway, since XENONZ100 is massive, the sensitivatly this limited data
sample is competitive with other dark matter seescand also demonstrates the low
background operation of the detector and its p@ktat discover WIMP dark matter.

5.2.2 100 live days of dark matter data (Run08)

In this paragraph the most important results WI&P search using 100.9 live
days of data, acquired between January and Jurte BOEported.

The energy window for the WIMP search (or the didid energy region of the
data sets) is chosen between 4 — 30pe, corresgptwli®.4 — 44.6ke\ based on the
L.s¢ parametrization.

The parameterlog((S;,/S1) wheresS,, is the sum of bottom PMT signals, is
used to discriminate the electronic recoils from tiuclear recoils. The fiducial volume
was optimized on electronic recoil background datd set to 48 kg and the electronic
recoil rejection level set to 99.75%. The accepgatwc nuclear recoils is determined
from AmBe data and the Profile Likelihood approéests the fulls, /S, space.
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FIG. 5.18 — Up: discrimination parameter as a function of nuclear recoil equivalent energy; black dots
indicate the ER band and gray dots indicate the NR distribution measured with AmBe neutron source; blue
dashed line indicate the WIMP energy region defined and the green dotted line indicate the 99.75%
rejection level; the 3 red circles are the events falling into the WIMP search region; down: distribution of
the events in the 48kg fiducial volume (blue dashed line) [42]
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Contribution to the scintillation detection optimization in double phase detectors for direct detection of dark matter

In the figure 5.18, is presented the events tistion using the discrimination
parameter as a function of nuclear recoil equivalenergy and subtracting the
electronic recoil band mean. The total backgrounedigtion in the WIMP search
region is1.8 + 0.6 events [30].

After unblinding the three events pass all quatititeria for single scatter
nuclear recoils and fall into the WIMP search regibut this observation does not
constitutes evidence of dark matter since the poitibaof resulting 3 events is only
28%.

The resulting 90% confidence level (CL) excluslionit is presented in figure
5.19 below and the minimum value of the spin indeleat elastic WIMP-nucleon cross

section is determined to Bex 10~4% cm? for a WIMP mass 050 G€V/ , [30].
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FIG. 5.19 — Spin-independent elastic WIMP-nucleon cross section (solid blue line) for 100.9 live days of
XENONI00 dark matter data; the green/yellow band indicates the | and 2 sigma expectancy of the curve
[42]

5.2.3 225 live days of dark matter data (Runl0)

Using the same technique as in the previous runlRutunted for dark matter
particles at LNGS for 13 months during 2011 and20he blind analysis of 224.6 live
days of dark matter data in the 34kg fiducial votudefined has yielded no evidence of
dark matter in the 6.6 — 30.5kg¥nergy range (3-20pe).
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Contribution to the scintillation detection optimization in double phase detectors for direct detection of dark matter

In FIG. 5.20, the events distribution is presenfeslo events fall in the WIMP
search region after unblinding but there are n&dga events below 3pe. The Profile
Likelihood analysis indicates that there is no escdue to dark matter signal and the
probability that the expected backgroutl.0 + 0.2 events)[19] in the region of
interest fluctuates to 2 events is 26.4% leadinght® conclusion of no dark matter
signal.

The world’s most stringent limit on the spin-in@egdent elastic WIMP-nucleon
scattering cross section has been set with a mmimalue of2 x 107 ¢m? for a

WIMP mass o655 GeV/C2 [19] (see figure 5.21).
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FIG. 5.21 — Spin-independent elastic WIMP-nucleon cross section (solid blue line) for 224.6 live days of
XENON100 dark matter data; the green/yellow band indicates the | and 2 sigma expectancy of the curve
[42]

5.3 Concluding remarks

The XENON100 Experiment, located in the Gran Saéstonal Laboratory in
Italy, looks for dark matter in the form of WIMPsy lbbserving scintillation and
ionization signals in xenon in a dual phase TP f&ture of dark matter still remains
an unanswered question in cosmology, but XENON1@3 Ibeen the leading
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5 Data analysis and results of XENONI100 experiment

experiment in direct dark matter detection singe fibst results and up to the last un-
blinding published results in 20129].

In this chapter, details of the studies perforrogdne for the standard analysis
of XENON100 experiment are presented. In sectidr?3he single scatter events study
is outlined. The definition for th&S2singlethe cut responsible for the selection of this
type of events, has been improved and tested dWimgientific runs (Run08 and
Runl10). The new energy dependent cut (cut on tleense S peak area with
dependence on the first Beak area), using also a lower threshold, showbeétir
efficiency when compared with the constant cut usedhe previous runs (cut only in
the area of the second Beak). Better values of the cut acceptances forlRihave
been obtained, comparing with Run08, using bothad® ER calibration data and the
new analysis cut. This cut is one of the most irtgpdrsince it is responsible for the
selection of the events that might be WIMP candislahe results obtained from the
determination of the secondary scintillation gatodges (~19pe/e™), using single
scatter events, are in agreement with the valwes the literature what further validates
XS2single.

In the following section, 5.1.3, a concept chaggzing the non-uniformity of
the S signals distribution Hot spoty has been defined and studied. The problem
associated to the presence, in some situatioras) ofcreased density of Bvents in the
acquired dark matter datasets was monitored, exgrdaand corrected by defining
proper cuts to reject the undesired events thaurospuriously during detector
operation. The hot spots detected are due to tdervand lower amplitude,Signals,
that appear earlier in the readout window, resglim anomalous ratio of,Ssignals
distributions of both top and bottom PMTs arrayhkisTproblem has been corrected
defining proper cuts in the top and bottomdistribution spaces (usin§2Topand
S2Bottom parameters) studying the waveforms of these events and the $£MT
responsible for the readout. These events couldsdfely discarded, since it was
demonstrated that the 8vents from the hot spots don’t have a correspan§i.

The influence of the acceptances variation for Haekground modulation
analysis has been also performed and the resuleslieen reported in section 5.1.4. In
this case all the cuts defined for the XENON10Oezxpent have been considered and
the acceptances have been calculated using theafRfebm the calibrations. The
acceptances have been plot as a function of eaattaERet date for 2 energy ranges (3-
14pe and 14-30pe). The correspondirigcurves as a function of modulation amplitude
have been plot and the sinusoidal variation foreaod of 1 year has been extracted.
The results from th&c and 50 upper limits derivation (~3% and ~1.4% as best fit
modulations for 3-14pe and 14-30pe energy rangssentively) has shown that no
strong influence of the acceptances variationnretexist and thus does not need to be
taken into account for Profile Likelihood analysis.
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Contribution to the scintillation detection optimization in double phase detectors for direct detection of dark matter

Other small analysis tasks that were not presefiiee have also been
performed during the regular shifts, locally at L8Gsince the data acquisition and
calibrations required, in some situations, (aftee Xecuperation and distillation
procedures or after several different maintenangeraiions) special studies to be
performed as the quality of the data can changjeeifiquid xenon level in the detector
has changed, if there are noisy PMTs or if theiapploltages settings are changed.

The conclusions of the studies presented aboveadsof the analysis group
effort, helped to generate the XENON100 dark matesarch results presented in the
second part of the chapter, in section 5.2. Theegent with the results of the CDMS
low energy analysis and with the new and betteult®sachieved by the LUX
experiment in February 2014 is evident (see FIG.ffbm section 2.2.3). However,
they are not consistent with the interpretationhef DAMA/Libra and CoGeNT signals
as WIMP interactions. The case of no ion channaln®AMA/Libra is ruled out by
both the $ only analysis and th@pe threshold in the standard analysis with all
considerations o€, and L . When ion channeling is allowed in DAMA/Libra,eth
regions consistent with a WIMP interaction arel €x{cluded by the Sonly analysis
and the standard analysis with 2@e threshold and the global fit with constant
extrapolation forLes. The results of this analysis also confirm thag #ignals in
DAMA/Libra and CoGeNT are not due to WIMP interacts.

Since XENON10O is still taking data (Runl14) plae 150+ days from Runl2,
this analysis has great potential for establislngncreased sensitivity in the low mass
WIMP region. For the XENON100 data set, which hgaificant exposure, the,®nly
analysis was used to probe the cross section ferniass WIMPs to much smaller
values (see FIG. 5.19 and 5.21), providing botlotmtial for the discovery of a low
mass WIMP and a consistency check for the standardlysis. The correct
implementation of the trigger threshold allows #rmore robust calculation of the
sensitivity in the standard analysis. The un-bhgdiof Runl2 and its realistically
expected competitive scientific results are forthow.
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CHAPTER 6

Electric field simulations for the XENONIT Experiment

Electrostatic simulations of the XENON1T dark mattetector were carried out
and results of all the studies accomplished by mgeesented in details in this chapter
in section 6.3. Electrostatic simulations contréowid the optimization of the charge
sensitive region by reducing areas of charge Iddsese simulations also help
determining problematic regions that would otheensnder detector calibration and
data analysis.

6.1 XENONIT Experiment

XenonlT Experiment is the next stage of the XENGMaboration, under
construction phase in Hall B of the Gran Sasso rgrdand laboratory in ltaly (see
figure 6.1 below).

For the construction of the future XENONI1T deteatmainy studies and tests
have been done. This huge effort has been divideseveral working groups (WG),
each of them including several institutions of tdodlaboration that are responsible for
the tasks as following: WG1 — Infrastructure; WGRIgon veto; WG3 — Water tank;
WG4 — Detector TPC; WG5 — PMTs; WG6 — Cryostat; W&Tryogenics; WG8 —
RESTOX; WG9 — Slow Control; WG10 — Distillation @ohn; WG11 — Screening;
WG12 — Purification; WG13 — Gas purity analysis; WIG— Calibration; WG15 —
Monte Carlo (MC); WG16 — Data acquisition (DAQ); WWG— Computing.

Taking into account this consideration, only thetads regarding the
construction of the TPC will be presented since timése details have been used for the
work presented in this chapter.
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Contribution to the scintillation detection optimization in double phase detectors for direct detection of dark matter

The LXe detector will be placed in a large watdekhinstrumented with PMTs
using Cherenkov light as muon veto. With about 4frpurified water in all directions
the LXe target will be effectively shielded from gma and neutron background
associated with the environment and from cosmidndyced neutrons. The cryogenics
design of XENONLIT is based on the experience gdnysaperating the XENON10 and
XENON100 detectors underground in the Gran Sasdmrasory. The larger xenon
mass requires several design changes, but thepradictable and have been or are
currently being tested.

FIG. 6.1 — General view of the Hall B and XENONIT prototype [67]

As the previous 2 detectors XENON10 and XENON1OBNXONI1T detector is
a dual phase (liquid-gas) TPC and the WIMP detedsdbased on the same principle.
Primary and secondary scintillation light is de¢ecby the photosensors arrays at the
top and the bottom. lonization electrons producgdhteractions in the liquid xenon are
efficiently extracted from the liquid to the gasjttwsubsequent amplification via
proportional scintillation. The simultaneous detattof primary scintillation (S1) and
charge (via proportional scintillation light S2)oprdes a powerful tool for the
discrimination of background events (electron risgoirom nuclear recoils (WIMPs
interaction). The S2 hit pattern (X-Y) and the tigiéerence between S1 and S2 (2)
provides a 3-D vertex reconstruction.

6.2 XENONIT detector construction requirements and tests

The XenonlT detector (see figure 6.2a and 6.2bwjeladll be filled with very
high purity xenon. All the materials used for thed production should be very pure
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6 Eectric field simulations for the XENONIT Experiment

and do not provide high outgassing rate at liquehon temperature. Especially
dangerous impurities are water, oxygen or any eleegative gases. TPC parts should
be cleaned ultrasonically with pure alcohol andseth in deionized water before the
TPC assembly inside the clean room. The grids shbel stable to the process of
ultrasonic cleaning and water rinse.

FIG. 6.2a — General outside view of the XENONIT TPC [68]
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The XENONIT detector will be a very low backgroummparatus (a fraction of
~100 lower than background in the actual XENONZ1Gfector). Extremely low
radioactivity materials should be used (high pucibpper, titanium or low radioactivity
stainless steel). The amount of material used shbal minimized, but to keep the
mechanical properties required. Before using inth@eXENONI1T detector, the metals
will be screened using the low background screefantjty at Gran Sasso Laboratory.

i 4

FIG. 6.2b — General inside view of the XENONIT TPC [68]
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6 Eectric field simulations for the XENONIT Experiment

Grids are used to provide uniform electrical fidlot the charge drift in liquid,
extraction of the charges from liquid to the gasgghand for the production of the
proportional scintillation light. In the case oetlkENON1T detector we are using three
grids on top and two grids on the bottom of TPC.

The grids will be placed in front of VUV sensitV®MTSs. In order to have low
threshold for the detected energy and good resolutihe number of scintillation
photons should not be attenuated before hittingptih@osensor. The grids should be
optically transparent to the VUV scintillation liglof xenon (178nm as a median
wavelength). Since we are going to use severakgthé optical transparency of the
meshes become critical for the volume averagedtilaion light yield. The mesh
optical transparency should be as high as pos@bl®9 %).

Electrical field simulations for the XenonlT TP&ve been performed to ensure
drift field uniformity and energy resolution fordtproportional scintillation signal £5
The optimization of the E-field uniformity shoulce ldone in compromise with the
optical transparency as maximizing optical transpay requires increasing the mesh
pitch, while E-field uniformity requires the opptesi

6.3 Electrostatic field simulations

Electrostatic Simulations of the field profiles tine detector were carried out
using COMSOL Multiphysics software, which uses tBnelement algorithms for 2D
and 3D partial differential equations. The simulat were used to determine what
potential settings and field values should be usadaximize the sensitive volume and
minimize regions of charge loss within the detector

6.3.1 Optimization of Charge Sensitive Region

The charge sensitive region of the detector isngeffias the volume of liquid Xe
inside of the Teflon shaping cylinder, a cylindtigalume with a diameter of 975mm
and a height of 987mm from the cathode mesh tdidhal-gas interface. The presence
of a uniform and properly shaped drift field inglegion allows for charge to be drifted
towards the interface. From here it is extractedh® anode mesh resulting in the
secondary scintillation signal. This drift field maintained by 74 regularly spaced
copper shaping rings mounted outside of the inredlom cylinder. The shaping rings
have their voltages applied through a chain ofstess. Computations of the filed
profiles were made for an idealizé&V /cm drift field.

The details of dimensions and voltages appliedefach part of the TPC are
listed in tables 6.1 and 6.2.

85



Contribution to the scintillation detection optimization in double phase detectors for direct detection of dark matter

TABLE 6.1 — Default geometry details of the TPC used for COMSOL simulations

Geometry element dimensions/distances
Cathode to liquid surface 987mm
Shaping ring diameter 975mm
Shaping ring width Smm
Shaping ring height 10mm
Distance between shaping rings 3mm
Cathode and bottom mesh wire 200pum
diameter
Cathode and bottom mesh pitch 5mm
Anode, gate and top guard mesh wire 127 pm
diameter
Anode and gate mesh pitch 3.75mm
Top guard mesh pitch 7.5mm
Cathode to bottom mesh distance 70mm
Gate to anode distance 5mm

TABLE 6.2 — Default voltages values applied

Geometry element Voltages applied
S2 threshold in gas phase 2.6kV/cm at 2atm
Anode 5kV

PMT, top and bottom guard meshe -1.7kV

Cathode -100kV
Gate and chamber wall ground
AV between cathode and last shaping 2750V

ring
AV between others shaping rings 1296.7V

Anode and two field closing grounded grids areduee the top mesh structure
(see FIG. 6.3). The distance between lower groumdesh and anode will be kept to
5mm, the same distance as it is in the actual XEMN@Ndetector (see FIG. 4.5). The
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6 Eectric field simulations for the XENONIT Experiment

anode voltage up to 5.0kV is expected to be appledgrovide proper field for
producing proportional scintillation for the extted charge. The anode mesh should be
parallel to the surface of the liquid-gas interf@2é&mm from the lower grid) with high
accuracy. Any sagging or warping of the mesh ceedéterioration in the proportional
scintillation signal resolution.

[

FIG. 6.4 — Details of the bottom XENONIT detector structure [68]
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The cathode grid is situated in the liquid xenonithe bottom part of the
detector (see FIG. 6.4). The highest voltage (udl@®kV) will be applied to cathode
electrode. The cathode mesh geometry is still ustiedy. Several mechanical tests
showed that this mesh can be easily made by lihgawires instead of hexagonal cells
preserving in this case a better transparency. Ayywtudies regarding the electric
field uniformity in the drift region could not beompared directly for these 2
alternatives (linear wires vs. hexagonal cellshc8ifor a 2D diametrical section of the
TPC, the intersection of the cut plane with thedg®nal mesh or single wires mesh
corresponds to a distribution of linear circless 8D correspondence in COMSOL of
the 2D circles distribution obtained is defined &yconcentric wires mesh and to
perform a 3D simulation for entire drift region limited by the COMSOL software.
The results related to this subject are presemntatbire details in the next section.

6.3.2 COMSOL simulations results

6.3.2.1 2D simulations for entire TPC geometry

The purpose of the simulations presented in this sedSoto determine how
much of the sensitive volume is affected by norfarmities of the electric field in the
drift region.

After performing the COMSOL simulation of the dk&c field, the charge flow
paths can be plotted in the geomefffis generation of liquid noble gas detectors
requires delicate work to obtain the uniform dfiéd inside the TPC needed to collect
charge signal from all the regions of the activgea In particular more difficult is to
generate uniform field in the bottom corner of tlegector, cathode region i.e., at large
radii, because of strong potential gradient duthéopresence of the high voltage of the
cathode and the other grounded components of ttextde It is necessary to avoid
dielectric breakdown and field emission in the deiematerials.

In this section we present the behavior of theastlines and their dependence
on the TPC height and radius, adding the plotsheffteld displacement, the electric
field normal along the radial direction and thectie field normal as a function of the
TPC heightFollowing the design of the detector presented abthe best result of the
2D simulation obtained is presented in FIG. 6.5esEhsimulations are very important
for the final design of the XENONI1T TPC since thbhage loss and charge
displacement (see figures below) can be minimizedgtimizing the field cage.

Teflon is an insulator. So charge that followseddfline that penetrates into the
Teflon will be deposited onto the Teflon resulting a reduction or loss of charge
signal. In addition to charge loss there is alsisisue of charge displacement. Fields at
larger radii and closer to the shaping rings wal/é a radial component in addition to
the Z component for upward drift. For this categtrg position at which the charge
reaches the liquid/gas interface will be displacith respect to the position where the
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6 Eectric field simulations for the XENONIT Experiment

event occurred in the liquid. This would resultinmproper reconstruction of the event
position.

The charge displacement region occurs inside #msitve region of the
detector. This effect is due to the resultant eledields at the fringes of the sensitive
volume having an outward direction (see figured@h@ 6.7).

In the ideal case the radial component of thetrdefteld is expected to be zero,
so each streamline should be perfectly verticalwéiger, due to the field distortions in
the cathode region, the more external streamlieesl boward the Teflon wall. Figure
6.8 shows that the effects of charge displacemeeredsed with the radius (i.e., moving
away from the center of the detector).

The 2D simulations have been used also to chewskrhoch the uniformity of
the electric field is changing by modifying theghitof the grids meshes (anode, gate,
cathode, top and bottom protection meshes).
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FIG. 6.5 — General view of the electric potential distribution in the TPC detector; X-Y units are expressed in
mm and the colored scale in the right represents the voltages applied expressed in Volts (V)
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6 Eectric field simulations for the XENONIT Experiment
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FIG. 6.8 — Electric field lines displacement as a function of radius; the various lines shown in the figure
correspond to different cuts in the height of the detector: I = -200 mm (blue), I = -400 mm (green), I
= -600 mm (red) and I = -800 mm (cyan); the electric field displacement is decreasing with the radius

For the anode and gate meshes the electric fialtbrmity for another 3
transparencies has been studied, i.e. by modityiagitch of the hexagonal mesh from
3.63mm for the default model to 5, 7 and 10mm fadels 1, 2 and 3 respectively. In
figure 6.9a we plot the electric field normal alsiaction of radius, for a specific height,
using a cut line at Z=1mm, indicating the regiobmim below the anode. From the
results presented in figure 6.9a we can conclu@e tire anode/gate mesh opening
cannot be increased more than 5mm in order to gawd electric field uniformity in
the anode region.

Additional studies show that the increase of theda/gate mesh pitch does not
affect the uniformity in the top protection meskgios, but the decreasing trend of the
averaged electric field with transparency increasestill observed. The averaged
electric field is decreasing witk40V /cm for each 1mm of mesh pitch increase (see
FIG. 6.9Db).

9l



Contribution to the scintillation detection

optimization in double phase detectors for direct detection of dark matter

Anode region, z=1mm
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result taking into account uniformity of electric field that requires pitch as small as possible and the
scintillation light yield that requires the opposite; models |, 2 and 3 (red, green and blue dots respectively)
show explicitly the increase of displacement and non-uniformity of the electric field with mesh transparency;

a decreasing trend of averaged

electric field with mesh transparency increases (~400V/cm for each Imm of

mesh pitch increase) is also visible
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6 Eectric field simulations for the XENONIT Experiment

TPC region, z=-975mm
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FIG. 6.10 — Comparison of the electric field uniformity as a function of radius for different five cathode
meshes transparencies; the default model (gray dots) and model 4 (yellow dots) indicate the best result; the
electric field for the models with cathode mesh pitch larger than 7.5mm looks like a disorder inside the TPC
with big variations of the electric field (models 5, 6 and 7 corresponding to magenta, cyan and green dots
respectively)
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FIG. 6.11a — Comparison of the electric field displacement as a function of TPC height (I) at large radii
(edge) for different five cathode meshes transparencies represented as following: gray dots — default model,
yellow dots — model 4, magenta dots — model 5, cyan dots — model 6 and green dots — model 7
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The study aiming to increase the transparen@atifode mesh is presented for
different 5 cases. The pitch was modified from dleéault model with pitch of 5.52mm
to 7.5mm (model 4), 11mm (model 5), 20mm (modebB) using higher density of
wires at large radii and lower density of wireghie center of the detector, i.e. the pitch
varying from 5 to 19mm (model 7). The plots of &lecfield as a function of radius for
all the cases, figure 6.10, are related to theorediOmm above the cathode mesh,
defined by a cut line at Z=-975mm.

Taking into consideration the results presentefigure 6.10, the cathode mesh
pitch cannot be increased more than 7.5mm in dalé&eep an uniform electric field
without big displacements of electric field radtamponent.

A variation of the electric field from.45kV /cm to 1kV /cm can be observed
close to the Teflon walls and near the cathode dramboth radius and TPC height
directions for ~10cm going to the center/top refipely, (see figures 6.10 and 6.11a
respectively) for all the 5 models.

Another variation fron0.5kV /cm to 1.0kV /cm is present in the center of the
TPC if going to TPC height direction but only ftwetmodels with very large mesh pitch
(models 5, 6 and 7). The models that are usindpfitim 5 to 7.5 mm are not affected
(see figure 6.11Db).
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FIG. 6.11b — Comparison of the electric field displacement as a function of TPC height () in the center of
the detector for different five cathode meshes transparencies represented as following: gray dots — default
model, yellow dots — model 4, magenta dots — model 5, cyan dots — model 6 and green dots — model 7
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6 Eectric field simulations for the XENONIT Experiment

The electric field radial displacements and itgsatelence on the TPC height and
radius have been studied analyzing the streamloidained as an output of the
COMSOL simulation software. The streamlines behasind the electric field normal
along the radial direction have been compared foroflels of the cathode mesh and 4
models of the anode/gate mesh in order to defproper design of the electrodes.

The cathode region is quite delicate. These ressiiow that a small field
distortion similar to that one existent at the oaléh region of actual XENON100
detector will be still present in XENON1T detectasing the default geometry
aforementioned. For example, the field distortidisarved close to the XENON100
cathode led to the necessity of a software cooedaf the measured signals.

6.3.2.2 3D simulations and 3D/2D field simulation comparison

3D simulations could not be performed for the engeometry of the detector
because of COMSOL software limits and CPUs mem8ggtematic attempts lead to
the conclusion that only small volumes can be sited in details.

In this study we have tried to see how much we edend the 3D simulated
diameter of the TPC using also small hexagonasé ¢ell the meshes made of very thin
wires (127um). Therefore the anode region with 3 meshes (aandegate mesh pitch
3.75mm and top protection mesh pitch 7.5mm) andctieode region with 2 meshes
(cathode mesh pitch 5mm and bottom protection meé&mm) were simulated
separately.

Multislice: Electric potential (V)
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FIG. 6.12 — 3D simulation view of the anode region; on top the grounded protection mesh, in the middle
the anode mesh at 5kV and below anode the grounded gate mesh can be observed; X-Y-I units are
expressed in mm and the colored scale in the right represents the voltages applied expressed in Volts (V)
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Multislice: Electric potential (V)

y.j_,,x ?
FIG. 6.13 — 3D simulation view of the cathode region; on top the cathode mesh at -100kV and below
cathode the grounded bottom protection mesh can be observed; X-Y-I units are expressed in mm and the
colored scale in the right represents the voltages applied expressed in Volts (V)

As can be seen, the results in figures 6.12 ah8, @nly 50mm diameter of the
TPC for the anode region and 100mm diameter of TRE for the cathode region
respectively, showed a correct field map and noremm the compilation process.
Additional 3D simulations resulted that the diameteuld be increased more to a
maximum of 30cm but only in the case of using gngires mesh.
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FIG. 6.14a — 2D view of the hexagonal mesh indicating the cut lines defining the cases under study
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6 Eectric field simulations for the XENONIT Experiment

Anyway, even if only small volumes could be sinteth the 3D simulations
results helped to see if there are major differermmween 2D and 3D simulations and
how to optimize the 2D conditions according to & results. To make a comparison
between 2D and 3D electric field profiles we usedifierent plane cuts to describe the
possibilities to represent in 2D the 3D cathodealgexal grid as it is shown in the
figures 6.14a and 6.14b. The 2D electric field datians have been performed for all 7
cases separately.

In casel we consider a XZ cut plane in the 3D rhatethe grid for most of
different Y values will be represented in 2D asaaray of circles 5 mm separated (red
line). In case2 we consider an YZ cut plane in3bedetector, so the grid for several X
values will be represented in 2D as an array ofarggles 2.5mm width and 5.5mm
pitch (cyan line).

The most complex case, case3, is describing alldh®ining situations if we
consider an XZ or YZ cut plane in the 3D deteciow the 2D section is described by
consecutive ellipsis but for simplification we arsing circles too. Now the separation
between 2 circles represented in 2D can vary fram25mm and pitch between each 2
consecutive circles vary from 5 to 2.5mm in case &Z cut plane and from 2.5 to 4
mm and 5.5 to 4mm in case of a YZ cut plane, rdspay.

O CASE1 O O
O O O O @LO,

O O w2 O O O O
o O O O O O

— T —
O O CASE3.4 @) O
O O CASE3.5 O

FIG. 6.14b — Scheme of the cases defined by the cut lines on the hexagonal mesh

3 cases have been studied if we are doing a Xdleme: distance between 2
circles is 1 mm and pitch between each 2 consexugtreles is 4 mm (case3.1); distance
between 2 circles is 1.5 mm and pitch between @achnsecutive circles is 3.5 mm
(case3.2); distance between 2 circles is 2 mm aiath petween each 2 consecutive
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circles is 3 mm (case3.3). Another 2 cases have beglied if we are doing a YZ cut

plane: distance between 2 circles is 3 mm and f&ttveen each 2 consecutive circles
is 5 mm (case3.4); distance between 2 circles mmM and pitch between each 2
consecutive circles is 4 mm (case3.5).

For a better comparison of the discrepancies leetvganulations of each case in
2D and 3D respectively, the electric field displaeat has been plot as a function of
detector radius using a cutline in the region eféhd of first bottom shaping ring, near
cathode.

Only the 2D simulations show different resultsdzh®n the plane through the
TPC, which is studied if going from the edge to tkater of the detector, instead of the
3D simulation where all the cases show almost efjghhvior. This aspect is correct
since in a 3D simulation the field distribution da®ot depend on different transparency
of the mesh as in the situation of the different @i3es (see FIG. 6.15a and 6.15b).
However, the differences are probably related asothe point that the 3D
correspondence of a 2D mesh is defined as concevites and not as hexagonal mesh.
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FIG. 6.15a — Electric field displacements as a function of X-Y coordinates, extracted from the 3D simulation
using the plane cuts; only tiny differences can be observed

The cases 2, 3.1, 3.2, and 3.3 show the beti&tiom of the 3D results. If we
consider such a large volume as XENONI1T, the 2Dukitions can optimize the
electric field profile in the drift region of thestkctor but to be in very good agreement
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6 Eectric field simulations for the XENONIT Experiment

with a 3D simulation it is better to implement irD 2geometry the average 3D
transparency of each mesh under study.

Anyway the 3D simulations are most important aeddficial in the case of
optimizing the gain and the resolution of the pmbipoal scintillation light and the
results of the study are presented in the nexicsect

x107

245+

N
s

235}

C/m”"2]

~N
w
’.__’—-v—‘

— 225t
22} \
215+ \
21+ \\

20

WA\ /

\ //

195 } NN\ /
19} ‘ /

185 \ /

- - Case2
181 \ - ————c— - 4 ~—— Casel
o A —— Case3.4
175 e >
Y ~——— " —— Case3.5
17 + i . Case3.1
= =~ —— Case3.2
Case3.3 | 4

Electric field displacement

165 e

-50 -40 -30 -20 -10 0 10 20 30 40 S0

Radius [mm)]

FIG. 6.15b — Electric field displacement as a function of radius, extracted from 2D individual simulation of
each 2D case obtained from the plane sections in the 3D model

6.3.2.3 Optimization of single electron gain and resolution

In this section we will refer only to the upper part of tikENON1T detector
(see figure 6.16 below) and focus the analysishenproportional scintillation light.S
that occurs in the gas phase. Taking into condiderahe 3D simulations done for a
small volume of the top part of the detector (Sgeré 6.12 above) including small
diameters of the anode, gate and top protectiorh@sesn figure 6.17 we can see in
detail the streamlines representing the charge flaths only for one hexagonal cell of
the gate mesh.

The principle of proportional scintillation lighproduction is described in
sections 3.2.2.2 and 5.1.2.3. The number of theptdtons produced in this process
depends on the gas pressBygethe electric fieldZ, and the electron drift distandg in
the gas, following the equation 5.5 that can bdtamias a function of amplification
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factor @ = 70 photons/kV [69] and threshold for the reduced field for proporéon
light production g = 1.0 kV /cm/bar [69] resulting formula 6.1.
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FIG. 6.16 — Scheme of the top/anode part of the detector; X-Y units are expressed in mm
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FIG. 6.17 — Streamlines for one hexagonal cell in 3D; the middle electrode is the anode mesh at 5kV and
below the grounded gate mesh can be observed; X-Y-I units are expressed in mm; the colored scale in the
right represents the voltages applied expressed in Volts (V)

100



6 Eectric field simulations for the XENONIT Experiment

Eg
N, = aN <E - ,8> Pd,  (6.1)

In the formula 6.1N is the the number of the electrons extracted filoenliquid
to the gas phase arg, is the $ photons yield i.e., the number of the proportional
scintillation photons produced.

In figure 6.18 one can see the results for oue.cbe wire diameter considered
is 127um, the anode/gate mesh pitch3ig5mm (XENONLT default model), the drift
distance in the gas phaseli@5cm and the pressure &26 bar. Using the results of
the S peak Gaussian fit from figure 6.18, a secondaiptilation gain value of
319.9 £+ 0.1 photons/é and peak resolution df19 + 0.03% are obtained.

52 photons | -
E [ "..'-"--'!330
" 1E ; 5.- i - — 325
'E = = 5
2 [ gEhan N o320
n -
2 if e ~ 315
L : " d
© - = - = 310
% b - -
e W m 305
C I i B i i i B i i I i 300
1 2 3 " 4
x at last shaping ring [mm]
B Entries 958
60
3 Maan 318.9
I RMS 382
40 - Underfiow 0
= Ureerflow 4]
20 __ integral 998

%o0 300 310 320 330 340
52 photons / e-

FIG. 6.18 — Top: §, photons distribution in the one specific hexagonal cell corresponding to the last shaping
ring; Bottom: The §, peak related to the §, distribution
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Following the procedure aforementioned, singlecteb® gain and resolution
from electric field simulations have been deterrdirmad compared/0] for several
modifications of anode/gate mesh pitch and distandde results are resumed in
TABLE 6.3.

TABLE 6.3 — Results of single electron gain [photons/e] and §, peak resolution obtained from XENONIT
electric field simulations

Anode/ Anode/Gate hexagonal mesh pitch
.Gate 2.5 mm 3. 75 mm 5 mm 7.5 mm
distance
Gain Resolution Gain Resolution  Gain Resolution  Gain Resolution
[ph/e] [%] [ph/e] (%] [ph/e] (%] [ph/e] [%]
5 mm 319 1.2 320 1.19 322 2.1 324 2.9
10 mm 622 2.2 627 2 631 1.9 642 2.1

Several conclusions can be drawn considering thdteepresented in table above:
- the impact on the Sesolution due to the drift path is very smalsfi¢harB%);

- the S resolution becomes worse with the increasing ofhmeell pitch in the case of
5mm anode/gate distance but remains quite stabEOfom anode/gate distance;

- the S yield increases for larger anode/gate cell pitwhdoth anode/gate distances
studied.

6.4 Concluding remarks

The studies presented in chapter 6 of this thesesemted research for the
development of the future XENON1T dark matter detec COMSOL simulations of
the electric field inside the TPC have been peremrmThese simulations were
important to assess the proper dimensions andgihecollection, as well as to calculate
the single electron gain and resolution of the prbpnal scintillation light that
occurred in the gas gap.

First studies focused on the optimization of tieddfcage. 2D simulations for
different geometries of the electrodes and shapmgs as well as several studies to
assess the proper voltages settings have beenrmpedoThe best result obtained, i.e.
uniform electric field, has been presented in sec®.3.2.1 and the resulting final
geometry and voltages defined thefault mode(see section 6.3.1)
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Since the transparencies of the meshes are criticathe efficiency of the
scintillation readout, the study continued by siatig in 2D several modifications of
the anode/gate and cathode meshes pitch, definoihper 3 models for the anode/gate
mesh and 4 models for the cathode mesh. The pidke eelectric field as a function of
radius, for different cut lines in the anode anthode regions respectively, as well as
plots of the electric field as a function of theedzor height in the center of the detector
and at large radii (edge) have been extracted ttmrsimulations. Comparing all the
results, a limit of 5mm pitch for anode/gate mesld &.5mm pitch for cathode mesh
could be set, in order to maintain a good unifoynaihd small variations of the electric
field (see section 6.3.2.1).

3D simulations could be performed only for smatlumes, using 2 or 3
hexagonal meshes. A comparison of 3D/2D simulatibas been done and it was
outlined in section 6.3.2.2. The plot of the eliecfreld displacement as a function of
radius for different cut planes in the 3D simulateddel have been compared with the
cases defined by the cut planes, but simulatedaghain 2D. Some differences could
be observed for the 2D studies, due to the difteB€n2D correspondences of the mesh
transparency for each case defined by the cut plemine 3D model.

In the last section, 6.3.2.3, the §ain and the peak resolution have been
calculated for the default model using the 3D satiahs results from the anode region
for a small volume and a few hexagonal cells. Tammarison of these results with
those obtained by changing the mesh pitch or agatkedistance, confirmed that the
default model (3.75mm and 5mm for anode/gate attibde meshes, respectively, and
5mm anode/gate distance) is the best alternataewihil be taken into account for the
TPC construction.
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CHAPTER 1

Final conclusions and future work

This thesis addresses the question of the nafudar& matter in the Universe
and presented a contribution for the optimizatidrthe scintillation detection in the
present and near-future double-phase Xe detecitigivthe XENON program.

The activities performed for the current XENONZ18gperiment, which has
replaced XENONL1O0, the first prototype, in the sasheeld and location at LNGS, as
well as studies for the optimization of the TPC tioe next phase of XENON program,
a detector at the ton scale, XENONI1T, have beesepted in detail.

During the regular shifts, locally at LNGS, thepexmental work included
several duties to be accomplished, such as mamgtahe cryogenic parameters of
XENON100 detector, data acquisition and processsagibrations and procedures for
Xe distillation to remov&>Kr. The details of all these techniques have beesgmted in
Chapter 4. The data analysis tasks performed anth#thods used for the single scatter
event selection criterigS2singlecut acceptances evaluatidmgt spotsmonitoring and
influence of the cut acceptances variation in tifoe the background predictions,
associated to the dark matter search runs acquirdge period 2010 — 2014, as well as
the exclusion limits for spin-independent elastitM/F-nucleon interactions, have been
outlined in Chapter 5. The selection of the sirgglatter events have been improved by
defining a cut based on energy dependence and er lihweshold, obtaining a better
efficiency. We have demonstrated the importancthisf selection, since this category
of events might be candidates of the WIMPs intévast The quality of dark matter
data sets acquired can be endangered by the ioclosgiartificial events namelot-
spotsthat are characterized by non-uniformities of Sadistribution on both top and
bottom PMTs arrays. Cuts on the specific affectsgians have been defined to equalize
and correct the Sof the data sets. The anomaloys®ents that generated thet spots
could be rejected without decreasing the nucleawiledetection efficiency since these
events do not have a corresponding signal fromptiveary scintillation in liquid Xe,
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S;. The acceptances for all the cuts used for théysisahave been calculated for 2
different energy ranges (3-14pe) and (14-30pe)guBR data and the variation in time
for a period of 1 year has been studied. The sidabwariation extracted and tf3er
and 50 upper limits derived showed no strong influencebt considered for the
background estimation.

As it is essential to improve the sensitivity efrestrial detectors for direct dark
matter interactions detection with a lower backgbubut also to investigate various
new technologies that are needed for the next XENDMetector, data acquisition
(Runl4) and data analysis (preparation of Runl1Blinting) will continue throughout
the XENON100 Experiment as future developments. fidwe scientific data taking run
already include new calibration procedures (newtrfsam YBe source), that will be
important both to assess the performance of thecttetat the lowest energies and to
identify the optimal calibration procedure for XEN®T. This means that new analysis
tasks and experimental duties, locally at LNGS| nalve to be accomplished.

In parallel with the activities performed for thdENON10O experiment, the
development for XENONI1T detector continued with edbant progress for all of the
working groups responsible for its construction.plarticular for the TPC, the design
has been constantly updated, following discussi@msulations and R&D studies.
Detailed 2D COMSOL electric field simulations haween accomplished allowing the
selection for the optimal geometry of the electsoded shaping rings, defining the TPC
field cage. The operation drift field in the liqughase for XENON1T TPC will be
1kV /cm applying —100kV on the cathode (single wires mesh 5mm pitch) dred t
amplification voltage for the anode (hexagonal m&WR5mm pitch) in the gas will be
set to a value obkV, with a very good uniformity of the electric fiel&tarting from
this configuration, namedefault modelseveral studies have been made to increase the
meshes transparencies since it is very importanthf® optimization of the scintillation
detection efficiency. Taking into account the fieldiformity and scintillation detection
efficiency of the detector as the most importardli criteria to be obtained, our tests
have shown that the pitches cannot be increaseé than 5mm and 7.5mm for the
anode/gate meshes and for the cathode mesh reghgatising al 27um wire diameter
and preserving the mechanical requests. 3D simoukthave also been performed to
assess the differences for the 2D simulations.gudies have shown small differences
due to the different transparencies obtained froen3D:2D conversion for several cut
planes applied or due to COMSOL and CPUs limitatioBtudies of the secondary
scintillation gain and peak resolution obtainednfraghe 3D simulations of small
volumes in the anode region confirmed the defadteh as the proper design for the
field cage.

At the time of writing this thesis, this new darlatter detector, XENON1T was
already in the phase of installation in Hall B &GS, aiming for a background goal of
10~ *evts kg~ tday1keV~1. It will provide the sensitivity to detect WIMPs most of
the theoretically favored parameter space, prolspip-independent WIMP-nucleon
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scattering cross sections down2tx 10™*’cm? due mostly to the design of the
experimental detection system that will allow toduee significantly the
electromagnetic background from external sources.

The studies presented in this thesis, as parh@fXENON effort, addressing
guestions about fundamental properties of the Usesenot only will captivate the
general public attention, but also society, as tmaging detectors and related
technologies used can be applied outside the [amistrophysics field too, e.g. on
national security or medical imaging research.

Ne

XENON

Matter Project
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