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Introduction

A lot of astrophysical and cosmological observations support the hypothesis that a con-
siderable amount of the energy content of the Universe is made of cold dark matter
[1, 2, 3, 4], notably the discrepancy between the expected and observed rotational curves
(RC) for spiral galaxies and the results from measurements of lensing effect. Recently,
more detailed studies of the Cosmic Microwave Background anisotropies have deduced,
with remarkable precision [5, 6], the abundance of dark matter to be about 24% of the
total energy in the Universe. Candidate particles for dark matter naturally arise in a
lot of theories beyond the Standard Model of particle physics, such as Supersymmetry,
Universal Extra Dimensions, or little Higgs models. Although they come from different

models, the candidate particles share some basic properties, mainly:

e they must be stable or very long lived, otherwise they would have decayed and
disappeared long time ago or their abundance would be lower than the expected

one;
e they have to be weakly interacting and colorless;

e they have not be relativistic, condition that can be achieved for adequately massive

particles.

Due to such characteristics, dark matter candidates are identified under the generic name
of Weakly Interacting Massive Particles (WIMPs) [7].

Among the various experimental strategies to directly detect dark matter, detectors using
liquid xenon (L. Xe) have demonstrated the highest sensitivities over the past years. The
XENON100 experiment published the world’s best upper limits, down to 2.0 - 10~ % ¢m?
for m, = 55 GeV/c?, on spin-independent [8] and, down to 3.5 - 10~%cm? for m, = 45
GeV/c?, on spin-dependent [9] coupling of WIMPs to nucleons in 2012 and 2013, re-
spectively. In October 2013, the LUX experiment, which also employs LXe as detection
medium, confirmed and improved these results [10]. To significantly lower current ex-
perimental sensitivities, the XENON collaboration is focusing on the new XENONI1T

experiment [11]. The detector construction in the Hall B of the Gran Sasso Underground
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Laboratory (LNGS) started in the fall of 2013 and will continue until mid 2015. Detector
commissioning and a first science run are expected for 2015, while the full dark matter
sensitivity will be reached after two years of operation. With a 30 times larger target
mass, and a background goal which is 100 times lower than the one of XENON100,
the maximal sensitivity to spin-independent WIMP-nucleon cross sections is expected
to improve by two orders of magnitude with respect to the XENON100 limits. A robust
estimation of the background rate of the XENONI1T experiment is therefore mandatory
in order to guarantee the success in the search for WIMPs. There are two sources which
contribute to the background: the electronic recoils (ER) and nuclear recoils (NR).
The ER background is from the radioactivity of the detector materials, from sources
intrinsic to the medium itself (3°Kr and ??2Rn) and from physical backgrounds (solar
neutrinos and ?Xe double-beta decays). The nuclear recoil background is from spon-
taneous fission neutrons, (a, n) reactions and muon-induced interactions (spallations,
photo-nuclear and hadronic interactions). Until the current generation of Dark Matter
experiments, the main background source was due to ER. This source was very well char-
acterized through Monte Carlo (MC) simulations, with results in good agreement with
the expectations in XENON100 [12], EDELWEISS [13] and LUX [14]. The nuclear recoil
background was estimated in LUX [14] and in XENON100 [15], but no direct measure-
ments have been possible up to now. The ambitious goal of the XENONI1T experiment
implies an ultra-low background in the central detector region. Hence, a severe screening
and selection program for all detector construction materials (in particular those in the
close proximity to the xenon target) and powerful purification techniques to remove the
intrinsic contaminants from the xenon are required. The external gammas and neutrons
from muons are reduced by operating the detector at deep underground laboratory and
by placing active or passive shield materials around the detector.

The purpose of the present work is to evaluate the sensitivity, as function of the WIMP
mass, that the XENONI1T detector will be able to reach. To this aim a detailed MC sim-
ulation code of the detector geometry has been realized. The developed code has been
used to characterize the various background sources and to quantify their contribution
to the background rate. Using such information and knowing the expected WIMP recoil
spectra, the XENONI1T sensitivity has been evaluated.

The thesis is organized as follows: in Chapter 1 the dark matter paradigm, also known as
the “missing mass problem”, is introduced together with some experimental hints (Sec-
tion 1.1). Different DM candidates are presented (Sections 1.2 - 1.3) as well as different
detection techniques based on both direct and indirect observation (Sections 1.4 - 1.5).

In Chapter 2, few theoretical models for WIMP interactions are introduced (Sections
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2.1 - 2.5) as well as the MOdified Newtonian Dynamics (MOND) theory (Section 2.6) in
which the “mass problem” is solved through a modification of the dynamic laws, instead
of introducing of a new exotic kind of matter.

In Chapter 3 the Xe properties, as detection medium for WIMP searches, are described
(Section 3.1). The details of the particle energy loss mechanisms are presented (Sections
3.2 - 3.4). It is also described the LXe ability to discriminate between ER and NR (Sec-
tion 3.5) which is of fundamental importance for the background reduction, together
with the different scintillation response of NR with respect to the ER (Section 3.6).

In Chapter 4, the XENON project is presented. The main part of the detector, the
double-phase Time Projection Chamber (TPC), is introduced in Section 4.1. XENON10
and XENON100 detectors are described together with their main scientific results in
Sections 4.2 - 4.3. The XENONIT experiment is introduced in Section 4.4 (it will be
described in detail in Chapter 5). Section 4.5 is dedicated to the upgrade of XENONI1T:
XENONnNT.

In Chapter 5, the entire XENONI1T detector simulation is presented. The simulation
work has been done using the GEANT4 toolkit, version 9.5.p01. To show the high accu-
racy of the implemented code, numerous images from the simulation have been compared

to the CAD drawings. In particular, the volumes described are:

e the two Cryostats (Section 5.1);

the entire field cage structure (Section 5.2);

electrode rings (Section 5.3);

PMTs and their support structures (Section 5.4);

diving bell and the bottom filler (Section 5.5);
e meshes (Section 5.6).

Chapter 6 is entirely dedicated to the characterization and quantification of the back-
ground due to ER and NR. After a general introduction (Section 6.1), a punctual de-
scription of all the material contaminations, obtained through a screening campaign, is
given in Section 6.2. A detailed analysis of the background from materials and from
intrinsic sources is then carried out (Sections 6.3 - 6.6). Section 6.7 is devoted to the
description of the procedure used to convert the background and WIMP recoil spectra,
that are NR, from energy to photoelectrons (pe) to allow the evaluation of the total
number of expected events in a certain energy region.

By using the results from the background analysis and having the WIMP recoil spectra
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(Section 7.1), it is possible to evaluate the experimental sensitivity. This work has been
done applying the Mazimum Gap method (Section 7.2). It is a recursive method in
which different values of the cross section for the WIMP-nucleon interactions are tested
until it is found the one that satisfies the proper requirement about the confidence level
(CL). Sensitivity has been evaluated assuming different values for several operational
parameters. Specifically, first it has been assumed a value for the Light Yield (LY) equal
to 4.6 pe/keV,,. (Section 7.3), corresponding to the real transparency of the XENONI1T
mesh (Section 5.6); then it has been considered the case with LY = 5.6 pe/keV,, (Section
7.4), for a higher mesh transparency. We also analyzed different 22Rn contaminations
(Section 7.5): 1 uBq/kg, which is the XENONIT goal for the Rn purification system,
3 and 10 pBq/kg. Finally, different values for the exposure time have been considered
(Section 7.6).

The results obtained with the Maximum Gap method have been verified using a dif-
ferent statistical approach based on the Likelihood Ratio method (Section 7.7). It is
used to test hypotheses in which the test statistic is computed by using the ratio of
the likelihood functions evaluated on the data samples. Using the same reference values
for the operation parameters, as done with the Maximum Gap method, the XENONI1T
sensitivity has been evaluated.

A summary of the main results obtained in this PhD thesis and the final conclusions are

drawn in the last Chapter.



Chapter 1

The Dark Matter hypothesis

First evidences for the dark matter (DM) existence came from Zwicky observations of the
Coma and Virgo clusters in the early 1930s. He found that the velocity of the galaxies
were about one order of magnitude higher than the expected one, as if there were non
luminous mass acting on the gravitational field. Since Zwicky studies also other evidences
that sustained the DM hypothesis were found: anomalies in the rotational curves of spiral
galaxies, lensing effects, CMB anisotropies, etc. Triggered by such experimental results,
a new campaign of search began with the final goal to “enlighten” this, apparently, new
kind of non luminous matter called dark matter. At theoretical level, many hypothesis
have been formulated about DM properties. Currently it seems that the most viable
candidates for this kind of matter rise from extensions of the particle Standard Model
(SM). Such candidates are grouped under the common name of Weakly Interacting
Massive Particles (WIMPs) that already introduces some of their characteristics. Indeed,
such matter has to have only gravitational and weak interactions, thus being “Weakly
Interacting”, and it has to be massive, thus being made of “Massive Particles”. The
most quoted candidate as WIMP comes from the Supersymmetry: the neutralino. With
the aim to discover the existence of the dark matter, several experiments have been
built. They are based on different detection techniques, direct and indirect, that allow
to search and test different values for the theoretical parameters that characterized the

DM properties.

1.1 Dark Matter evidences

As said, during his studies on the Coma Cluster [16], figure 1.1, Zwicky faced gravita-
tional problems while he was trying to measure its mass.

A cluster is a set of galaxies that move together inside their own gravitational field.
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Figure 1.1: The Coma Cluster, which provided the first evidence for dark matter. This
image combines data from the Spitzer Space Telescope with the Sloan Digital Sky Survey

to show many of the thousands of galaxies in the Coma cluster.

The dynamics of such objects is very complex and usually there is not a real centre around
which the galaxies move. In order to measure the mass of the Coma cluster, Zwicky first
determined the galaxy velocities inside of it, by measuring the Doppler effect of their
spectra. After that, using the Virial Theorem, he was able to extract the gravitational
force acting on each one of them and, finally, to obtain the mass of the system. Then
he measured the total light output of the cluster to determine the light to mass ratio.
Comparing this value to the one from the nearby Kapteyn stellar system, he found a
value for the Coma cluster that was 100 times lower compared to a single Kapteyn star.
Since Zwicky’s results, others experimental observations showed a discrepancy to what
was expected from a universe without the dark matter, thus supporting the hypothesis

about its existence:

e anomalies in the rotational curves of spiral galaxies;

observations of the Bullet Cluster;

gravitational lensing effects;
e anisotropies in the Cosmological Microwave Background (CMB);

e numerical simulation of the structure formation;
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The Virial Theorem

Consider a system of n mass points, where each point has mass m; and position defined
by the vector r;. Assuming that on each point acts a force F; where F; = dp,;/dt, with

p; = m;Vv; for constant values of m;. Thus, it is possible to define a scalar quantity given

by [17]:
= Zpifiv (1.1)
where ¢ runs over all the mass points of the ZSys‘cem. By deriving this quantity one has:
dG/dt = Y py(dri/dt) + > ri(dp;/dt). (1.2)
The first term of equation (1.2) is twice the kinetic energy of the system:
Z p;(dr;/dt) = Z m;viv; = 2E,. (1.3)

The second term can be written as:

Zrl (dp;/dt) Z:rZ i (1.4)

Thus, it is possible to rewrite equation (1.2) as

dG/dt = 2E. + > r;F;. (1.5)
7
Integrating equation (1.5), with respect to ¢, over a time interval of At = T and then

dividing the integral by 7', one obtains the time average as:

(G dt) = [G(T) = GOI/T = (2E) + (Y viFy). (1.6

i
Assuming T' — oo and considering that G does not grow up indefinitely with the time
(that means that r; and v; will remain finite), the first term of the equation (1.6) becomes

0, thus giving:
(Be) = —(1/2)(Q_riFy), (1.7)

i
where (E,.) is the mean, over the time, of the sum of the kinetic energy of all the masses

of the system. F; is given by the sum of the external forces, Fge), and internal forces,

F;;, of the system:

F, = FY + Y Fy. (1.8)
J#i
Since the internal forces respect the third Newton law, F;; = —Fj;, we have:

Fiir; + Fyur; = Fij(r; — r;) = Fyryg, (1.9)
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where r;; = r; — r;. Finally we have:
1
<T> = —§<Z Fl(e) -r; + ZFU . rij>- (110)

Equation (1.10) represents the Virial Theorem for a system of particles. If we consider
a system of non-interacting gas particle, then ) F;; is equal to zero. If the external force
is a central field, then FY - r; becomes —rig—rUi, where U(r) is the potential of the central

field. Under these assumptions, we can rewrite the Virial Theorem as:
(1) = —5(U), (1.11)

where T'is the total energy of the system and U is the total potential energy (= »_; U(,,))-

1.1.1 Galaxy scale Dark Matter evidences

Spiral galaxies, such as the Milky Way, are excellent probes to test the DM hypothesis.
Such systems are said “rotationally sustained” since, for them, it is possible to define a
clear rotational motion. To measure the velocity distribution until the edge of a galaxy,
different techniques can used depending on the used “probe”; for example to measure
the velocity of the hydrogen clouds it is used the 21 cm line of the neutral hydrogen (HI)
due to its characteristics of low absorption from the interstellar medium. Usually, spiral
galaxies are considered as made of a central core (disk+bulge), which is supposed to
contain almost all the galaxy mass and whose motion is described as a rigid body, and

by an outer region. Following the Newtonian gravitational law, the velocity distribution

is given by:
o(r) = Gﬂf(r) (1.12)
where
M(r) = 47T/,0(7“)7"2d7‘ (1.13)

is the mass inside a radius r. If we consider M (1) = const, outside the core of the galaxy,

we have:

o(r) o r=1/2 (1.14)

What is surprising is that outside the disk, and much beyond, the velocity distribution no
longer follows this behavior but it remains constant as if there was matter characterized
by a density that scales with the root square of the distance: p /2. This behavior is

shown in figure 1.2 for the NGC 6503 dwarf spiral galaxy (figure 1.3).
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Figure 1.2: Velocity distribution of NGC 6503, a dwarf spiral galaxy located in the region
of space called the “Local Void”. The black dots are the observation results, while the
dashed line is the expected one from the only disk contribution. Also shown are the

contribution from the galaxy gas (dotted line) and halo (dash-dotted line) [18].

Figure 1.3: NGC 6503 galaxy from the Hubbles Advanced Camera for Surveys.

Such an unexpected result is explained assuming that the spiral galaxies are enclosed
in dark halos with a matter distribution that expands much beyond the distribution of

the luminous matter and whose effect dominates in the outer region of the galaxies. One
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of the most popular density profile for the dark matter halos is the Navarro-Franck-White
(NFW) profile:

p(r) = (r/rs)(lpj— ) (1.15)

where 74 is the halo scale radius and ps is the characteristic density. This formulation
reproduces quite well the simulated halos structures in the Cold Dark Matter (CDM)
models for a quite large range of masses (3 - 101 < M,;,./(h~1Mg) < 3-10%0).

1.1.2 Bullet Cluster

Other strong evidences, for the DM existence, come from the study of the Bullet Cluster
(1E0657-558), figure 1.4. It is made by two clusters that are passing through each other.
Both of them have a stellar and gaseous component that interact in a different way: the
stellar component is slowed by the gravitational field of the other cluster while the two
gaseous components behave as a collision particle fluid. The gas interactions result in
a X-ray emission that can be measured and used to trace the baryonic matter distribu-
tion. What has been found is a discrepancy between the baryonic matter distribution,
measured from the X-ray emission (red points in figure 1.4), and the gravitational field
distribution obtained from lensing measurements (green lines in figure 1.4). The blue

dots in figure 1.4 represent the hypothetical dark matter distribution.

56

57

6"58M423 36° 30° 248 18° 12%

Figure 1.4: X-Ray image of the Bullet Cluster. Superimposed to the baryonic matter
distribution (red points) there is the mass distribution from weak lensing measurements

(green lines). In blue it is shown the putative dark matter distribution.
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The matter distribution in figure 1.4 is justified by the dark matter characteristics:
the low interaction characteristics of DM particles, let them to pass through each other
without being disturbed along their path while, as said, it is not the case for the hot gas
and stellar component. Thus continuing on its trajectory, the dark matter is placed in

the outer part of the Bullet Cluster, figure 1.4.

1.1.3 Dark Matter search with the Microlensing effect

Several studies on the dark matter abundance and composition have been based on
the Microlensing effect. Generally speaking, the lensing effect can take place whenever
between a distance source (the observed object) and the observer there is a source of
gravitational field (such as stars, galaxy clusters, etc.) that is able of bending the light
along its path from the source to the observer. The matter distribution that generate

the gravitational field represents “the lens”. As a result, the observer can see multiple

images or a distorted image of the source, figure 1.5.

Figure 1.5: Examples of lensing effect. Left, multiple images of a quasar. Right, Einstein

arcs of a background galaxy.

The microlensing effect was used to test the hypothesis that the DM was made of
the so called MAssive Compact Halo Objects (MACHOs) i.e. astronomical bodies, as
brown dwarfs or black holes, which might be the main component of dark matter. Such
an effect is observed for lenses with small masses (1076 < M /M, < 10°) in systems
that extent on the kpc scale. Unlike the Strong Lensing, where multiple images of the
source are observed, in the Microlensing what is observed is a time modulation of the

luminosity curve of the source due to the relative motion between it and the lens:
L= pu(t)L (1.16)

where L is the source intrinsic luminosity and w(t) is the magnification due to the lens.
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The luminosity variation happens on a time scale defined as the time needed by the source
to cross the lens Einstein ring. This time is inversely proportional to the component of
the source velocity, relative to the lens, which is perpendicular to the observer’s line of
sight. In the microlensing study it is usually defined a quantity called optical depth (7),
used to quantify the probability of a background source to be lensed. The optical depth

is given by:
1
T = m/an(DL)ﬂ'@% (1.17)
where 6€) is the observation solid angle, n(Dy) is the micro-lens density as function of
lens distance (Dy) and 76% is the micro-lens cross section (with 05 = 4€QM DDL WorL

being the Einstein radius). Assuming a flat space-time and constant density along the

line of sight, we have:

2m Gp
~ Ecﬁpg (1.18)
where Dg is the source distance. For a galaxy like the Milky Way one has:
GM, rv?
2 g
~ M, = 1.19
v , - g G ( )
and )
3M, 3 (v
~ ~—— -1 . 1.20
P43~ amG (7‘) (1.20)

Thus, the optical depth is given by:

sl

2
TR ;( ) (1.21)

For the Milky Way 7 ~ 107%. That means that roughly one out of a million stars in
the nearby galaxies will be lensed. In this way, counting the micro-lenses in a particular
direction it is possible to characterize the lens population. The possibility of detect such
events depends on their duration (the Einstein crossing time). This is determined by the
transverse velocity v, and by the lens mass. For micro-lenses in the halo of the galaxy

(Dr, ~ 10 kpc) with velocity ~ 200 km/s, one has:

M 0.5 M 0.5
tp ~6-10% s — ~ 0.2 — 1.22
g~6-10 S<M®> 0 yr<M®> (1.22)

If all events had the same time scale, then the number of expected events, IV, in the

monitoring time At is given by:
2 At
N = —nr— (1.23)
T 1g

where n is the total number of considered sources. Several research groups worked on the

identification of lenses in the Milky Way’s halo looking at sources in the Large and Small



Dark Matter evidences 9

Magellanic Clouds (LMC and SMC). After years of analysis of the data, few microlensing
events were observed leading to the conclusion that MACHOs can account only for less
than 20% of the halo mass [19, 20], figure 1.6.

o
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Figure 1.6: Likelihood contours obtained from the MACHO experiment. The abscissa is
the fraction of the halo mass contained in MACHOSs, the ordinate is the MACHO mass.
The contours shown are the 60%, 90%, 95% and 99% confidence levels.

New observation campaigns are currently on going aimed to observe microlensing
events in the M31 galaxy (Andromeda galaxy). Due to its larger distance compared
to the L/SMC galaxies, it is not possible any more to distinguish single stars and this
totally changes the observation strategy. In this case it is the total luminosity of the
galaxy that should change and so only high magnification events gives appreciable signal.
There are several advantages in looking at M31: due to its inclination along the line of
sight, figure 1.7, it is possible to accurately obtain its rotation curve. Also, due to the
inclination, the lensing effects show an asymmetry that is not possible to explain only

with the stars self-lensing.

1.1.4 Cosmological evidences for Dark Matter

The lensing studies showed that, even if the dark matter exists, it is mainly composed by
non-baryonic matter. Other strong experimental evidences that sustain such a scenario
come from the CMB power spectrum analysis, the Big Bang Nucleosynthesis (BBN) and

the N-body simulations of the structure formation history.
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Figure 1.7: Left, picture of the M31 galaxy. Right, representation of the M31 galaxy as
seen from the Milky Way.

The Cosmic Microwave Background (CMB), discovered by Arno Penzias and Robert
Wilson in 1964 [21], gives important hints on the dark matter existence, composition
and in particular on its total abundance in the Universe. The CMB is made of photons
from the early Universe as soon as it began transparent to the radiation, i.e. when the
temperature dropped at about 3000 K. At such a temperature the electrons recombined
with protons and the universe became transparent to the photons as they had not enough
energy to ionize the hydrogen. The CMB almost perfectly follows an ideal black body
spectrum with a temperature of 7' = 2.726 K. It shows temperature anisotropies (figure
1.8 [22]), at a level lower than 107°, that give crucial informations on the Universe

composition.

V band 94 GHz ‘W band

-200 T(uK) +200

Figure 1.8: Temperature sky maps in Galactic coordinates shown in a Mollweide pro-

jection [22].

The anisotropies stem from quantum fluctuations of the inflation fields that were
stretched, at cosmological scale, during the inflation and became density fluctuations at

its end. At that time, baryons and photons were well coupled and the latter inherited
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the density fluctuations as temperature fluctuations. This happened because photons
coming from a region with higher density were more redshifted as they lose more en-
ergy to overcome the potential well (Sachs-Wolf effect) [23]. The opposite effect of the
gravitational force, which attracted the photons into the higher density regions, and the
gas pressure, which pushed them apart, gave to the CMB spectrum the characteristic
peak structure, figure 1.9. The angular power spectrum is obtained by decomposing
the anisotropy map into spherical harmonics, while taking into consideration various

distortions such as emissions from galaxies. The anisotropies can be described as:

5T T(0,¢) — (T(0,9)) X &

7.9 = =75 o =3 > amYim(6,9) (1.24)

=2 m=—1

where Y,,(0, ¢) are spherical harmonics.
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Figure 1.9: The 2013 Planck CMB temperature angular power spectrum. The error bars
include cosmic variance, whose magnitude is indicated by the green shaded area around
the best fit model [24].

The size and the position of the peaks of the CMB spectrum, figure 1.9, provide
valuable information on cosmological parameters, such as the curvature and energy-
matter composition of the universe: Q, 0 and Qpys. From the CMB study [22, 25]

it is then possible to have a measure for the abundance of non-baryonic dark matter in
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the Universe:

Q= 0.707 £ 0.010; (1.25)

Q= 0.293%5:036; (1.26)

Qph? = 0.02211 + 0.00034; (1.27)
Qparh® = 0.1162 = 0.0020. (1.28)

From the values of the cosmological parameters it is clear that the dark energy (A)
accounts for about 70% of the Universe energy content while the majority of the matter
content is in the form of non-baryonic dark matter. The abundance of the baryonic
matter is also in agreement with what expected from the BBN, which is another strong

point in favor of the DM existence.

1.1.5 Big Bang Nucleosynthesis

The Big Bang Nucleosynthesis (BBN) is the process that describes the formation of
light elements during the very hot phase of the universe [26]. The knowledge about this
process is crucial because, comparing the observed abundance of light elements with the
predicted one, it is possible to constrain the baryonic matter abundance of the universe
() and then compare the results with the independently determined values from the
CMB anisotropy measurements. The BBN happened about three minutes after the Big
Bang, when the Universe was cold enough to allow the formation of atoms, and ended
about seventeen minutes after it. At that time, elements beyond beryllium were not
created because of the absence of stable nuclei with 5 or 8 nucleons. The predicted
primordial mass abundance of light elements is: ~ 75% H, 25% “He, 0.01% D (?H)
and 10710 "Li [27]. From the study of the H II regions within dwarf galaxies [28], the
primordial abundance of *He is inferred. Its observed amount is far larger than what
could have been generated by stellar nucleosynthesis, thus the BBN is required. For
what concerns the “Li, its amount can be deduced by probing the outermost layers of
old stars. In such regions much less stellar nucleosynthesis has occurred, thus having
a mixture that resembles the primordial fluid [29]. The predicted and measured "Li
abundances have the same order of magnitude. The lack of a better agreement is more
likely due to our incomplete understanding of stellar physics rather than of BBN. In
figure 1.10 are shown the limits, from the observed abundances, on the baryon fractional
density. The results show that: 0.017 > Q,h? > 0.024 (95% CL) [27]. Also shown
is the bound independently determined by the Wilkinson Microwave Anisotropy Probe
(WMAP) measurements which remarkably agrees with the bounds set by BBN.
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Figure 1.10: The abundance of *He, D, 2He and “Li relative to H as a function of the
baryon/photon fraction (1) or the reduced baryon density (£2,h2). The blue line indicates
the 1o predicted values. The hatched areas are values determined by measuring various

primitive astronomical sources [27].

1.2 Non-baryonic dark matter

From microlensing studies and cosmological observations it is now clear that the major-
ity of the dark matter is non-baryonic. Zeldovich hypothesized a scenario, named Hot

Dark Matter, where the dark matter particles were relativistic. It implied a top-down
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structure formation history where the big structures came first. Anyway, the evolution
of such systems were too slow compared with the time scale of the primordial galaxy for-
mation. Moreover, the high energy of the DM particles was in contrast to the formation
of such big structures since relativistic particles would be dispersed in the space. Nowa-
days, the most accepted and supported DM scenario is the Cold Dark Matter (CDM),
in which dark matter is not relativistic. First evidences for the CDM came from the
N-body simulations done by by Jeremiah Ostriker and James Peebles [30], in the 1970s.
They simulated the interactions of a distribution of mass points, that represented stars
moving in a galaxy, rotating around a central point. To get the correct interactions
between the mass points, they used the Newton’s law. They found that, in a time less
than an orbital period, most of the mass points would have collapsed to a bar-shaped
dense concentration, close to the center of the galaxy, with only few mass points at larger
radii. This result has nothing to share with the elegant spiral or elliptical shapes of the
galaxies that we know. However, when they added a static and uniform distribution
of mass, 3 to 10 times the size of the total mass of the mass points, they found more
recognizable structures. Thus, Ostriker and Peebles had solid numerical evidence that
cold dark matter was necessary to form the types of galaxies we observe in the universe.
From the previous discussions it is possible to conclude that the dark matter is made of
cold non-baryonic matter. As it is described in the next sections, the Standard Model
(SM) of particles does not offer any viable candidate to be the major constituent of this
kind of matter. Instead, several candidates arise naturally from SM extensions as the
Supersimmetry (SUSY) or the Extra dimensions models. Concerning SUSY, many in-
teresting features make it attractive, including its role in understanding the fundamental
distinction between bosons and fermions and the problems of hierarchy for neutrinos.
Also, it provides an excellent dark matter candidate in terms of its lightest stable particle
(LSP), the neutralino. In the Extra dimensions model [31], the space is considered to
have four dimensions needed to include electromagnetism into a “geometric” theory of
gravitation. Also in this scenario, the lightest particle (Kaluza-Klein particle) is a viable

candidate for the dark matter.

Neutrinos

In the Standard Model (SM) context, one of the first hypothesis about the non-baryonic
dark matter composition was based on neutrinos. They were one of the first suggested
candidates due to their properties: they are “stable”, interact with the ordinary matter

very weakly and are massive. From the cosmology, we have that their relic density is
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given by:
3
Qn? =Y M (1.29)

P 93 eV

where m; is the mass of the ¢ — th neutrino. The most stringent constraints on their
masses come from [32]:

> m, <0.18 eV (95% CL) (1.30)

From this upper bound on the neutrino mass, the resulting relic density is not enough to
explain the dark matter as mainly composed by them. Besides this, there is also another
reason that explains why these particles cannot be valid WIMP candidates. Being rela-
tivistic collisionless particles, neutrinos erase (moving from high to low density regions)
fluctuations below a scale of ~ 40 Mpc(m, /30 eV), called the free-streaming length,
implying a top-down formation history of the Universe As said, this scenario is excluded
by the simulations of the structure formation history and also by the observation that
our galaxy appears to be older than the Local Group and the discrepancy between the
predicted late formation of galaxies, at redshift z < 1, and the observations of galaxies

around z > 4 [33].

Axion

Remaining in the SM scenario, the axion is another dark matter candidate. This particle
is a Nambu-Goldstone boson which corresponds to the phase of a complex field, the
Peccei-Quinn field, which breaks U(1)pg by its vacuum expectation value. The U(1)pg
field is a global U(1) symmetry, which carries QCD anomalies, proposed by Peccei and
Quinn as solution to the strong CP problem. This symmetry is broken at scale of f,
which is the axion decay constant or PQ scale. The relic abundance of the axions can
be expressed, using the QCD scale Agcp ~ 200 MeV [34], as:

1.175
2 _ pn2 fa
Quh* =0 (1012GeV> (1.31)

With  ~ 0.1 and f, ~ 102 GeV we have that axions can represent an important
percentage of the CDM which might consist only of axions. They can be detected
through the Primakoff effect where an axion is converted into a photon under a proper
magnetic field. The CERN Axion Solar Telescope (CAST) [35] and the PVLAS [36] are
involved in the search of these particles. While the former looks for solar axions, the
latter fires polarized light through a long vacuum region with a 5.5 T magnetic field and
searches for anomalous rotations of polarization; according to the theory, the vacuum

becomes birefringent, thus photons with polarization aligned with the magnetic field are
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delayed as they are preferentially transformed into axions which travel slower than the
speed of light. The PVLAS collaboration initially claimed the detection of an irregular
rotation corresponding to an axion mass of 1-1.5 meV, but retracted their results upon
obtaining a null result after upgrades. The current strongest limits, on the axion mass,
have been set by the XENON100 experiment [37] (section 4.3.3) that excludes masses
above 0.3 eV/c?, DFSZ model [38], and above 80 eV/c?, KSVZ model [39)].

1.3 WIMPs

Going beyond the standard model, dark matter particles are identified with the general
definition of: Weakly Interacting Massive Particles (WIMPs). They are stable, cold,
non-baryonic and interact only through gravitational and weak forces. There are sev-
eral WIMP candidates raising, for example, from Supersymmetry; the most promising
among them is lightest supersymmetric particle (LSP), the neutralino. It has a mass
that ranges from few up to hundreds of GeV and it is stable if the R-parity is conserved.
If WIMPs are stable, there is a cosmological relic abundance produced during the Big
Bang. Assuming for such particles a mass m,, one has that for 7" > m, they were in
thermal equilibrium while at temperatures below m, they decoupled and their abun-
dance started to lower. Finally, when the expansion rate of the Universe became larger
than the annihilation rate (I' < H, where H is the Hubble constant), the WIMPs abun-
dance “freezes out” resulting in the current relic abundance. The evolution of the WIMP

density is described by the Boltzmann equation:
— X+ 3Hny = —(040)[(ny)* — (n)?], (1.32)

where ny! is the number density at the thermal equilibrium and (o,v) is the thermally
averaged total annihilation cross section. For massive particles (non-relativistic limit)

and in the Maxwell-Boltzmann approximation, ny! is given by:

2
n =g (?) emx/T (1.33)
0

where g is the number of degree of freedom, m, is the particle mass and T is the
temperature. As said, the “freeze out” is verified for I' = H that results in a temperature
T = m,/20. Introducing the entropy density s = 272¢,T 3/45, where g, counts the
number of relativistic degrees of freedom, and using the conservation of entropy per

co-moving volume one has:

H(T 1
_HT) e : (1.34)
(oav)s(Ty) gx' “mymp(oav)

(nx/s)o = (nchi/s)y =



WIMPs 17

where mp; is the Planck mass and the subscripts 0 and f denote values for today and
at freeze-out, respectively. Thus, the relic density can expressed as function of the

annihilation rate:

(1.35)

that is independent from m,. The annihilation cross section of a new particle interacting
at the weak scale can be estimated as: (o,0) ~ 10725 cm3 s72. This value is close to
that derived from cosmological arguments which strongly suggests that if a stable particle
associated with the electro-weak scale interactions exists, then it is likely to be the dark

matter particle. This coincidence has provided strong motivation for finding WIMPs.

Sneutrino and Gravitino

In the SUSY context the sneutrino and gravitino, the superpartners of the SM neu-
trino and graviton, have been considered as DM candidate. Concerning the former, it is
a viable candidate if its mass is in the range [550, 2300] GeV /c?. Despite this possibility,
it has been rejected since its cross section would be higher than the current found limits.
The gravitino has only the gravitational interaction and this makes it very hard to detect

[40]. The most important coupling for the gravitino is given by:

1 L= . 1 - _
L= — D, 7% v i D, 7 % _
ﬂmp ¢ ¢;ﬂ ’Y;ﬂﬁ ﬂmp QS rlzz) /y ’Y ¢#
o = v op uXaFa 1
8mp%[’y VIV, (1.36)

where 12# is the gravitino field, ¢’ and v¥* are the complex scalar fields and the cor-
responding chiral fermion fields, A\* are the gaugino fields, mp is the reduced Planck
scale (=~ 2.44 - 10*® GeV) and D, is the covariant derivate. Gravitinos can be produced
in 2 — 2 processes such as scalar-fermion-gravitino or gaugino-gauge boson-gravitino

vertices [40]. The relic gravitino abundance is given by [41]:

T, 100 GeV mg ()
“h? g
Qh 0.2(1010 - ) ( e ) (1 o ) (1.37)

where mj is the gluino mass.

Axino

The Axino, a, is the superpartner of the axion and it is a Majorana chiral fermion.

Its mass is strongly model-dependent ([1 eV, Mgrrqy]) and meaning that it can be the
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lightest particle, thus stable, in SUSY models. The most important couplings for a can

expressed as:

BayCayy = - 3o = V1 =b b
L= Zwa%h‘w BB + z8ﬂfaa75h“,7 19°F (1.38)

where B and B are the gauge and gaugino fields corresponding to U (1)y, F® and g’ are
the gluon and gluino fields, ay and ag are the U(1)y and strong fine-structure constant
and C,yy is model-dependent coefficient of order of unity. A production channel for a
is the decay of non-thermal particles. An example of this process is the decay of the

lightest stau mass eigenstate 7».

Kaluza-Klein

Kaluza-Klein dark matter was proposed by Kaluza and Klein [31], in the Extra dimen-
stons model. If standard model particles propagate in such Extra dimensions and KK
parity is conserved, the lightest KK particle is stable, becoming an excellent candidate
for DM [31]. The mass of the first stable KK particle ranges from several hundreds of
GeV up to few TeV, and can be detected via elastic scattering in the dark matter direct
search experiments, or indirectly via annihilation products, such as positrons from the
galactic halo, gamma rays from the galactic center, high energy neutrinos from the core
of the Sun or the Earth, and antiproton. Due to their characteristics, a tonne-scale de-
tector is required to detect their interactions thus, it is necessary to wait for experiments
as XENONIT.

Wimpzillas

The Super heavy dark matter (the wimpzillas), particles with masses above 1019
GeV/c?, has also been proposed as a valid dark matter candidate. In the early Universe
there were different available channels to produce such particles as the gravitational
production at the end of inflation, resulting from the expansion of the background space-
time. The interaction cross section of such particles with ordinary matter, can vary
from very weak to strong (in the latter case super-massive particles are sometimes called
simpzillas). The wimpzillas have been proposed as a first explanation for the observed
ultra high energy cosmic rays, above the GZK cut-off (~ 5-10'? eV). Above this energy
the Universe, on cosmological scale (> 50 Mpc), is opaque to protons. Since sources
for such energetic protons have not been observed yet, a possible explanation for their
existence is that they are produced in the decay or annihilation of super heavy dark

matter particles (top-down cosmic-ray models [42]).



WIMPs 19

1.3.1 The neutralino

The Minimal Supersymmetric Standard Model (MSSM) contains the smallest possible
field content necessary to give rise to all the Standard Model (SM) fields. All of the
SM particles have R-parity equal to 1 and all sparticles, their superpartners, have R =
—1. Thus, from R-parity conservation (first introduced to suppress the rate of proton
decay), sparticles can only decay into an odd number of sparticles (plus Standard Model
particles). The Lightest Supersymmetric Particle (LSP) is, therefore, stable and can
only be destroyed via pair annihilation, making it an excellent dark matter candidate.
Among few alternatives, the most promising LSP is the lightest neutralino, which is
uncharged under electromagnetic or strong interaction.

In the MSSM, binos (B), winos (W3) and higgsinos (HY and HY) states mix into four
Majorana fermionic mass eigenstates, called neutralinos. The four neutralinos are labeled
as: X{, X9, )2% and Y}. The first of them is the lightest one and it is referred as the

neutralino, y = ¢). Its mass matrix is given by:

My 0 —Mzcosfsinfyy  Myzsin(sinfyy,
M. — 0 Moy MzcosBcosby  —MzsinBcostyy
AR .V zcosfsinfyy M zcosfBcostyy 0 — i
MzgsinGsinfyy  — M gsinfBcosOyy — 0

where M; and My are the gauge boson masses, p is the higgsino mass, 6y is Weinberg
angle and 3 is the ratio of the vacuum expectation value of the Higgs bosons. Defining
the gaugino fraction, ag = €3, + €55, and the higgsino fraction, ay = 6%3 + €2, the

neutralino mass is given by:
My = 6113 + 612W3 + 613ﬁ? + 614]7{8 (1.39)

The most relevant neutralino interactions for dark matter searches are self annihilation
and elastic scattering with nucleons. At low velocities, the leading channels for neutralino
annihilations are into fermion-antifermion, gauge bosons pairs and final states containing
Higgs bosons. Neutralinos annihilate into fermion pairs by three level tree diagrams,
through s-channel exchange of pseudoscalar Higgs and Z°-bosons and t-channel exchange
of sfermions (figure 1.11). The cross section of this process is given by:

crBy
1287rm§<

av(xX = fifi)v—o = |Aa(fifi) + Ap(fifi) + Az(fi F) P, (1.40)

where the sum is over the three annihilation channel amplitudes, 8y = /1 — m% /My

and cy is a color factor which is equal to three for quark final states and one otherwise.
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Figure 1.11: Tree level diagrams for neutralino annihilation into fermion pairs [7].

Neutralino annihilation diagrams to fermion pairs have amplitudes which are propor-
tional to the final state fermion mass, thus annihilations are dominated by heavy final
states, bb, 777~ and, if kinematically allowed, t{. The annihilation into gauge bosons, in
the low velocity limit, is allowed through t-channel processes via chargino or neutralino

exchange, figure 1.12.
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Figure 1.12: Tree level diagrams for neutralino annihilation into gauge boson pairs [7].

The cross section for this annihilation channel is given by:
1
ov(xx = GG)o—o = 5-|Alx = GO, (1.41)

where GG is the gauge boson considered and Sg is a statistical factor equal to one for
annihilations into W+W = and two for Z°Z°. For the annihilation into Higgs and gauge
bosons there are several available channels: chargino exchange, Z° exchange, etc. The
Feynman diagrams for annihilations into a Z and Higgs boson are shown in figure 1.13.
The annihilation cross section for neutralino annihilations into Higgs boson is given

by:
V¥ )0 X [ A0 = XY, (1.42)

where X and Y refer to the final state particles. For what concerns the annihilations

into gammas, loop level processes to vy and vZ° are required in the Feynman diagrams
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Figure 1.13: Tree level diagrams for the case of neutralino annihilation into a Z and a

Higgs boson [7].

since neutralinos do not couple directly to photons, figure 1.37.

All the annihilation processes are of interest for the indirect dark matter searches (Section
1.4). In the case of direct detection techniques (Section 1.3) they are investigated the
elastic scattering processes. In what follows, a brief introduction to the WIMP elastic
processes is presented. A detailed discussion about expected event rates from DM direct
interactions into detectors is given in Section 7.1.

Generally speaking, they are considered two types of interactions of WIMPs with the
matter: spin-independent (SI) and spin-dependent (SD). A scalar interaction, i.e. SI,

with quarks can be expressed as:

Escalar = aqquq (143)

where a4 is the WIMP-quark coupling. The scattering cross section is given by:

Am?
Oscalar = . L fp27n (144)

where m, is the reduced mass of the nucleon and f, , is the coupling to protons and
neutrons. The total scalar cross section for interactions with a nucleus is given by the

sum over all the nucleons:

2
4ms;

g =

(Z fot (A= 2) fn> 2 (1.45)

The equation (1.45) shows the scalar cross section in the case of zero transfer momentum,
figure 1.14.
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Figure 1.14: Tree level Feynman diagrams for neutralino-quark scalar (spin-independent)

elastic scattering [7].

If this condition is no longer satisfied, it is necessary to introduce a term, called
nuclear form factor, in the equation (1.45). A spin-dependent interaction, i.e. axial-

vector interaction, between WIMPs and quark can be expressed as:

Lay = dgX"vsxq7" 54 (1.46)

where d, is the generic coupling. Feynman diagrams for this kind of interactions are

shown in figure 1.15.

% X

Figure 1.15: Feynman diagrams for WIMP (spin-dependent) axial-vector interactions
[7].

The cross section for SD interactions is given by [43]:

da_l

e W|T(U2)|2 (1.47)

where v is the WIMP velocity relative to the target and T'(v?) is the scattering matrix

element. At zero transfer momentum, one has:

—  A(J+1
TOP = 10,00 + dat +4,80)(5,) +

F (dy AT + dgA + dgA”+)(S,)[? (1.48)
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where J is the total nuclear spin of the target nucleus, AZ:ZS are the fractions of
the nucleon spin carried by a given quark and (S, ,) are the expectation values of the
total spin of protons and neutrons, respectively. For target nuclei with even numbers
of protons and neutrons, the total spin is equal to 0. Thus, for such nuclei, the spin-

dependent cross section vanishes. Also, we can consider WIMP-quark vector interactions:

Ly = byXVuXTVpd (1.49)

where b, is the WIMP-quark vector coupling. The zero transfer momentum cross section,

[44], is then given by:
m2mA[2Zb, + (A — Z)b,)?
o= X N[ p ( ) n] : (1'50)
647 (my + mn)?

with by = Gp(T7 — 2e,sin0y)/v/2, where G is the Fermi constant, T} and e, are the
weak isospin and electric change of the quark g, respectively, and Oy is the Weinberg
angle [45].

1.4 WIMPs direct detection

Currently there are several experiments which aim to detect dark matter particle inter-
actions with an ordinary matter target. The choice of the detection technique and of the
target material allows to search in a particular range of the parameter space of the DM
models. The best results, at least for WIMP masses above 8 GeV /c?, have been obtained
by XENON100 [8], for 2012, and LUX [10], for 2013. For lower masses there are other
experiments as CoGeNT and CDMS, that have a better sensitivity. In the next sections
some of these experiments are introduced with the exception of XENON100 since to this

detector and its results it will be dedicated the section 4.3.

1.4.1 DAMA/LIBRA

The DAMA /LIBRA detector is the upgrade of the previous DAMA /Nal [46]. Its sensi-
tive part is made of 25 highly radio-pure Nal(T1) crystals, each one of 9.70 kg, arranged
in a 5 x 5 matrix. Each crystal is read by two photomultipliers (PMTs), one at each
edge, coupled by means of a quartz light guide, 10 cm long. The crystals and their
PMTs are placed in a Cu shield enclosed in a sealed low radioactive OFHC Cu box,
continuously flushed with HP Ny. To reduce the external background, a passive shield
has been designed, figure 1.16.

Outside the Cu box, this shield is made of more than 10 cm of low radioactive copper,

15 cm of low radioactive lead, 1.5 mm of cadmium and a layer of polyethylene/paraffin.
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Figure 1.16: Top: DAMA /LIBRA schematic view of the 25 highly ra-diopure Nal(Tl)
scintillator crystals within the passive shield. Bottom: example PMT and its low-

radioactivity copper shield [46].

For the dark matter search, the modularity of DAMA /LIBRA is very useful since WIMPs
are expected to give only one interaction in the entire stuck of detectors. Moreover, the
characteristics of the scintillators allow to reject noise events. Typical signals from
scintillation into the crystals are characterized by a decay time of ~ 240 ns while noise
events are single photoelectrons pulses with a decay time of tens of ns, figure 1.17. With
the exception of the noise rejection, in DAMA /LIBRA it is not possible to distinguish
between nuclear and electromagnetic recoils. Thus, the detector can be only sensitive to
the modulation of the WIMP signal, due to the Earth motion around the Sun, that is
searched in the [2, 20] keV energy region.
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Figure 1.17: Typical pulse profiles of PMT noise (top) and of scintillation event (bottom)
with the same area, just above the energy threshold of 2 keV [46].

With a total exposure of 1.04 t-y, DAMA /LIBRA has observed a signal modulation
that could be explained as due to the modulation of the dark matter flux [47], figure
1.18.
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Figure 1.18: Energy distribution of the modulation amplitude S, for the total cumu-
lative (DAMA /LIBRA plus DAMA /Nal) exposure of 1.33 t-y obtained with maximum
likelihood analysis. The energy bin is 0.5 keV. A clear modulation is present in the

lowest energy region, while S, values compatible with zero are present just above [47].
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The modulation of the signal, observed for 14 annual cycles (7 from DAMA /Nal and
7 from DAMA /LIBRA) has now a significance of 9.3 0. It shows a period of about 1 year
and a phase of 144 +7 days. From figure 1.18 it appears that the modulate signal shows
up only in the low energy region, where it is expected from spin-independent scatters
from light WIMP in a thermal halo model. Several explanations for the modulation
signal have been proposed to investigate a possible background as source of this signal.
For example, since DAMA /LIBRA does not have a muon veto, it was hypothesized that
it was the modulation of the muon flux to generate the signal [48]. However, recently it
was shown that the muon flux is too low to explain the observed signal [49]. The signal

amplitude modulation can be expressed as [50]:

Sit = S0,k + Sm,pcosw(t; — to) + Zy psinw(t; — to) =
= So,kx + Yo pcosw(ti) — t* (1.51)

where Sq/p, 1 is the non-modulate/modulate amplitude in the k-th energy bin, respec-
tively, and ¢; is the i-th time interval. From the total exposure of DAMA /LIBRA, the
value of Z,, j, has been found compatible with zero in the [2, 6] keV and [6, 14] keV
energy region, while S, ; is compatible with zero only in the [6, 14] keV energy region,

figure 1.19.
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Figure 1.19: Left, 2 o contours in the S, ; and Z,, ; plane. Right, 2 o contours in the
Yo, and ¢* plane in [2,6] keV and [6,14] keV. A modulation amplitude is present in the
lower energy intervals and the phase agrees with that expected for DM induced signals

[50).

From the data it has also been found ¢* ~152.5. These results are in agreement with

what is expected from WIMP scatters in several dark matter halo models.
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1.4.2 CoGeNT

The CoGeNT detector [51], made of one p-type point contact (PPC) Ge crystal of 440
g, is focused on the search for WIMP interactions in the [0.4, 3] keV energy region.
Due to its very low energy threshold, this detector is particularly suitable for the low
mass WIMP search (m, below ~ 10 GeV/c?). It is placed in the Soudan Underground
Laboratory (SUL), at a depth of 2090 meters water equivalent (m.w.e.), to guarantee a
shield against cosmic rays and their associated backgrounds. To reduce even more the
background, a passive shield has been realized, figure 1.20. In order to be operative it
requires a cryogenic system and for this reason, the crystal is housed in a copper cryostat.
On one side of the Cu cryostat is placed a stainless steel cryostat which provides the

electrical feed-through.
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Figure 1.20: Schematic view of the CoGeNT structure with its passive shield.

The two cryostats are enclosed in a three level lead shield: a innermost lead layer 5
cm thick, a middle layer and an external layer 10 cm thick. The three layers are made of
different types of lead with different contaminations. The lead shield is enclosed in a 2.5
cm thick layer of 30% borated polyethylene that acts as a thermal neutrons absorber.
The entire structure is placed inside of an aluminum sheet-metal box which inner volume
is continuously flushed with boil-off Ny gas from a dedicated pressurized dewar. The
outermost part of the CoGeNT’s shield is made of a 18.3 cm thick layer of high-density
polyethylene (HDPE) deck, acting as a neutron moderator. Outside this passive shield
there is also an active muon veto, made of flat panels read by PMTs which offers ~ 90%
coverage of the whole structure.

In 2010 [52] CoGeNT observed an excess of events, at low energies, in the bulk of the
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Ge crystal. Several analyzes have been performed to explain this excess as due to dark
matter interactions, assuming a Maxwellian velocity distribution with vg = 230 km/sec,
and vese = 500 km/sec. For a spin-independent model, with equal coupling to protons
and neutrons and without any unknown background, the WIMP hypothesis gives a nice

agreement, especially in the very low energy region, with the observed data (figure 1.21).
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Figure 1.21: Best fit (red-solid) to the CoGeNT low energy data (blue dots) with a
WIMP signal component (green light-dashed) and a background model (blue dashed).
The fit has been obtained for m, = 9.4 GeV/c? and ¢ = 0.84 - 1070 cm?, with a
background model describing the L-shell energy levels associated with electron capture

in %®Ge and %Zn and without any other unknown background [52].

The best results were obtained for m, = 9.4 GeV and o = 0.84 - 10740 ¢cm?. Un-
fortunately, such results are excluded by other experiments such as CDMS-Si. Instead,
considering also an unknown exponential background with proper characteristics [52]
and m, = 7 GeV with o = 0.64 - 10740 ¢m?, the dark matter gives an appreciable con-
tribute only in the first two energy bins, figure 1.22. In this case, it is the background
that gives the highest contribution to the observed events above the second energy bin.
In their results from a 1129 live days run [53], a modulated signal has been observed.
The period of this modulation is compatible, within the errors, with a period of one
year and the ¢y, is compatible with the DAMA/LIBRA one. However, a discrepancy
of a factor ~ 4 — 7 is found for the amplitude if the signal would be given by a low
mass WIMP in a standard halo model. If instead, it is used a non-Maxwellian halo,
considering effects such as tidal streams, extra-galactic components, etc., an agreement
between the CoGeNT and DAMA /LIBRA allowed region in the parameter space can be
reached, figure 1.23. However this interpretation is ruled out by LUX results [10].
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Figure 1.22: Same as figure 1.21 but with the best fit obtained for m, =7 GeV/c? and

o =0.64-107%° cm? with an exponential background [52].
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Figure 1.23: Displacement towards lower spin-independent scattering cross-section ogr
of the DAMA/LIBRA region of interest (ROI), if a fractional modulation amplitude

corresponding to that found for CoGeNT data is assumed. ROIs for recent dark matter

detector anomalies are indicated by colored solid lines, their best-fits highlighted by
asterisks. These are 99% CL regions, except for CRESST (95% C.L.) [53].
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1.4.3 EDELWEISS-I1I

The EDELWEISS-II detector [54], at the Laboratoire Souterrain de Modane (LSM)
under 4800 m.w.e., is enclosed in a passive shield made, from the outer to the inner
part, by: 50 cm of thick polyethylene, covered by a muon veto system for thoroughgoing
muons, and 20 cm of lead that protects the cryostat from external y-rays. Inside the
cryostat there is the core of the detector, based on ten bolometers of hyper-pure Ge
crystals of cylindrical shapes with a diameter of 70 mm and a height of 20 mm. Five
bolometers have a mass of 360 g while the mass of the other five is 410 g. They are placed
in individual copper casings, stacked in towers of two to three detectors. For each event,
two signals are recorded: one from the temperature increase, measured using neutron
transmutation doped (NTD)-Ge thermometric sensors glued on each detector, and one
from the charges produced in the interaction that are recorded by proper electrode wires
on both side of the Ge bolometers, [55]. On each face of the cylinder there are six
wires and only the innermost two, the fiducial electrodes, are used in order to record
interesting events. In 2012, the collaboration carried out an analysis on low-energy (E
< 20 keV) WIMP-induced nuclear recoils [54]. For a WIMP mass of 30 GeV/c?, three

events have been found as possible candidates figure 1.24.
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Figure 1.24: Heat vs ionization for the events in the 113 kg-d of exposure run. The mean
of the ER band (blue line) and the 95% ER rejection line (blue dashed) are shown. The
nuclear recoil calibration events are also shown (gray dots). The blue circled points are

the events contained in the WIMP search region [54].
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The data indicated no evidence for an exponential distribution of low-energy nuclear
recoils that could be attributed to WIMP elastic scattering after an exposure of 113
kg-d. For WIMPs of mass 10 GeV/c?, the observation of one event in the WIMP search
region results in a 90% CL limit of 1.0 - 10*! ¢cm? [54] on the spin-independent WIMP-
nucleon scattering cross-section, which constrains the space parameters associated with
the findings reported by the CoGeNT, DAMA and CRESST experiments. Thus, for m,
in the range [7, 30] GeV/c? only limits have been set [54], figure 1.25 [54].
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Figure 1.25: 90% CL Poisson limit on SI cross section as a function of WIMP mass (bold
red line). Also shown are the locations of potential WIMP signals from the CoGeNT,
CRESST and DAMA experiments, as well as constraints from EDELWEISS-IT [56],
CDMS-II and XENON100, and the dedicated low mass searches from CDMS-II and
XENONT10.

From figure 1.25 it is clear that they are excluded the entire zones corresponding
to the interpretation of DAMA [57] and CRESST [58] results in terms of elastic, spin-
independent WIMP scattering. These zones extend down to a WIMP mass of 9 GeV /c?,
which is the region where the EDELWEISS-II experimental sensitivity is around 1%
of the total WIMP signal recoil spectrum. While the CoGeNT parameter space is
significantly constrained, EDELWEISS-II cannot exclude the region corresponding to

my < 8 GeV/c? due to lack of sensitivity to nuclear recoil energies below 5 keV.
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1.4.4 superCDMS

The superCDMS detector is a bolometer, at Soudan Underground Laboratory [59]. To
operate, a cryogenic system based on He-3/He-4 dilution refrigerator has been realized.
The core of the detector is made of fifteen 600 g Ge crystals from which it is possible to
extract the phonon and the charge signals. The crystals have cylindrical shape with a
diameter of 76 mm and height of 25 mm. A total of 8 phonon sensors, four on each side
of the crystals flat surfaces, and 4 charge sensors, 2 on each side, provide the signals.
This kind of detectors is also called iZIP (interleaved Z-sensitive Ionization Phonon),
figure 1.26.
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Figure 1.26: Schematic view of a superCDMS detector crystal.

The phonon sensor is a superconducting "W film held in the transition state from
the superconducting to the normal state (therefore called Transition Edge Sensor or
TES). A small change in the temperature leads to a large variation in the measured
resistance. The charge sensors are made of electrodes biased at a certain voltage. For
events near the surface, the charge carriers distribute between the electrode and the
phonon sensors (acting as ground reference) on the same side of the detector. From
the different ratio of the charges on both sides it is possible to reject events closed to
the surface (usually due to background) [60]. In 2014, the collaboration carried out the
analysis of a run characterized by an exposure of 577 kg-d [61]. They focused on WIMP
masses below 30 GeV/c? considering an energy search region [1.6, 10] keV. With these
results, superCDMS set an upper limit on the spin-independent WIMP-nucleon cross
section of 1.2+ 10742 cm? for m,, = 8 GeV/c? [61], figure 1.27.
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Figure 1.27: The SuperCDMS 90% confidence upper limit (solid black). The pre-
unblinding expected sensitivity in the absence of a signal is shown as 68% (dark green)
and 95% (light green) CL bands. Closed contours shown are CDMS-II Si [62] (dotted
blue, 90% CL), CoGeNT [51] (yellow, 90% CL), CRESST-II [58] (dashed pink, 95% CL),
and DAMA /LIBRA [63] (dash-dotted tan, 90% CL). 90% CL exclusion limits shown are
CDMS-II Ge [64] (dotted dark red), CDMS-II Ge low-threshold [65] (dashed-dotted red),
CDMSlite [66] (solid dark red), LUX [10] (solid green), XENON10 S2-only [67] (dashed
dark green), and EDELWEISS low-threshold [54] (dashed orange).

1.4.5 LUX

The Large Underground Experiment (LUX) [68] is based on the same work principles of
XENON100. It is a double phase Time Projection Chamber (TPC) which contains Xe in
liquid and gaseous phases. The TPC, which contains an active volume of LXe of about
300 kg, is hosted in a double vessel structure that guarantees thermal isolation, figure
1.28. The detector is placed at the Stanford Underground Research Facility (SURF) at
a depth of 4850 feet and it is surrounded by a water tank that acts as muon veto. The
TPC has a diameter of 47 cm and a height of 48 cm. The prompt scintillation signal, S1,
and the electroluminescence one, S2, are read by two PMTs arrays. In order to drift the
electrons towards the LXe/GXe interface, an electric field of about 181 V/cm is applied

while an extraction field of 6.0 kV/cm is used to extract the electrons in the GXe region.
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Figure 1.28: LUX cryostats and TPC structures.

To reduce the background, a volume cut has been used in the analysis of LUX latest
measurements [10] from a run of 85.3 live-days. The chosen volume, called the fiducial
volume, has been selected to lie between drift times of 38 us and 305 us, from which
is possible to infer a cut on the z—coordinate, ending with a fiducial volume of about
118.3 kg. After all the cuts used in the analysis, 160 events have been observed in the
WIMP search region ([2, 30] pe), figure 1.29.

log, o( Szbe1 ) x,y,z corrected
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Figure 1.29: LUX events in the WIMP search region (between vertical cyan dashed
lines). The red (blue) line is the median of the nuclear (electromagnetic) band in the
(log10(S2/S1), S1) space [10].



WIMPs direct detection 35

From a profile likelihood analysis [10], all the events have been found compatible
with the background-only hypothesis resulting in new upper limits for the DM spin-
independent cross section, figure 1.30. The minimum has been found at 7.6 - 10746 c¢m?

for a WIMP mass of 33 GeV/c2.

WIMP-nucleon cross section (cma)

Figure 1.30: LUX 90% confidence limits on the SI elastic WIMP-nucleon cross section
(blue) [10], together with the + 1o variation (light blue area) and XENON100 results
from 225 live days run (red curve) [8]. Also shown are limits from: Edelweiss IT [56] (dark
yellow line), CDMS II [64] (green line), ZEPLIN-III [69] (magenta line), CDMSlite [66]
(dark green line), XENON10 S2-only [67] (brown line), SIMPLE [70] (light blue line) and
XENON100 100 live-day [65] (orange line). The colored regions come from measurements
from annual modulation in CoGeNT [71] (light red, shaded), along with exclusion limits
from low threshold re-analysis of CDMS II data [65] (upper green line), 95% allowed
region from CDMS II silicon detectors [61] (green shaded) and centroid (green x), 90%
allowed region from CRESST II [58] (yellow shaded) and DAMA /LIBRA allowed region
[57] interpreted by [63] (gray shaded). Results sourced from DMTools [72].

1.4.6 CRESST-II

CRESST-II is the upgrade of the CRESST detector [73] that includes a new neutron
shield and a muon veto. It uses simultaneously two independent detectors for revealing
heat/phonon and light. The core of the detector is made of modules that consist of

a CaWOy 300 g crystal, the target, and a silicon-on-sapphire (SOS) wafer used for
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measuring the scintillation light. In their interaction inside the crystals, WIMPs lose
energy producing phonons and a small amount of scintillation light. The reading of
signals from crystals and SOS is obtained by a Transition Edge Sensor (TES) attached

to them. All these elements are enclosed in a reflective and scintillating case, figure 1.31.
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Figure 1.31: Scheme of CRESST-II module.

The detector modules are placed inside a passive shield consisting of 14 c¢m thick
low background copper and 20 c¢m of lead layers. This shielding is entirely enclosed
within a gas-tight radon box which is continuously flushed with No gas. The use of
two detectors allows for precise measurements of the deposited energy and background
discrimination. For example, the electromagnetic background rejection can be achieved
using the scintillation to phonon signals ratio. The nuclei of Ca, W and O nuclei, make

the CaWOQy crystals a target for WIMPs with different masses, figure 1.32.
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Figure 1.32: Fraction of the expected recoil signals, from the target elements in the

crystal, as function of the WIMP mass.
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For very low masses, the major contributions to the expected signal come from the Ca
and O nuclei while for masses above 5 GeV/c? the W contribution becomes dominant
thanks to its large coherent factor (~ A2) in the spin-independent interactions. In 2014,
the CRESST-II collaboration has published its results, figure 1.33 [74], from the analysis
of a 29.35 kg-d focused on the [0.6, 40] keV energy region.
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Figure 1.33: WIMP parameter space for spin-independent WIMP-nucleon scattering.
The 90% C.L. upper limit (solid red) is depicted together with the expected sensitivity
(1 0 C.L.) from the background-only model (light red band). The CRESST 2 ¢ contour
reported in [58] is shown in light blue. The dash-dotted red line refers to the reanalyzed
data from the CRESST commissioning run [75]. Shown in green are the limits (90%
C.L.) from Ge-based experiments: SuperCDMS (solid) [61], CDMSlite (dashed) [66] and
EDELWEISS (dash dotted) [54]. The parameter space favored by CDMS-Si [62] is shown
in light green (90% CL), the one favored by CoGeNT (99% CL [71]) and DAMA /Libra
(3 0 CL [63]) in yellow and orange. The exclusion curves from liquid xenon experiments
(90% CL) are drawn in blue, solid for LUX [10], dashed for XENON100 [8]. Marked in
gray is the limit for a background-free CaWQy4 experiment arising from coherent neutrino

scattering (dominantly from solar neutrinos) [76].
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1.5 WIMPs indirect detection

Unlike the direct dark matter searches, where the focus is on the observation of WIMP
interactions in the detectors, indirect techniques aim to detect DM decay or annihilation
products. Indeed, it is usually assumed that WIMPs can annihilate in SM particles.
Dark matter can annihilate/decay producing particle which, in turn, can decay. What
it is possible to observe are thus the final, stable, products. Viable signatures for such
kind of processes are the productions of: neutrinos, y-ray, positrons, anti-protons and
anti-deuterons.

Since the annihilation scales as N2, the searches for this kind of process is usually ad-

dressed towards regions with high density of dark matter, such as the galactic center
(GC) or the Sun.

WIMPs in the Sun

Concerning the Sun, it can happen that a WIMP, after hitting an atom, can lose enough
energy so that its velocity will be below the solar escape velocity. In this way the
dark matter particle can be trapped into the Sun. This process was first proposed and
calculated in [77, 78]. The abundance of DM inside the Sun results from the balancing
among DM capture, annihilation and evaporation processes. Thus, the DM density

number, N, is given by:

N
% - C@ + (Cs - E@)N - (A@ + CSG)N2 (152)

where Ag is connected to the annihilation rate, Cy and Eg are the capture and evapo-
ration rate, respectively, Cy is the rate at which DM is captured due to their scattering
with other WIMPs already trapped in the Sun and (. is the evaporation rate induced
by the interaction between dark matter particles in the Sun.

The general form for the total capture rate is given by [79]:

Ro .
Co = 47r2/ dr 12 %, (1.53)
—Jo

where R, is the solar radius and dC ;/dV is the differential contribution of nuclei i at
the radius r. The sum in equation (1.53) runs over all types of atoms in the Sun (from
'H to 28Ni). The term dCy, ;/dV depends from the WIMP-nuclei scattering cross section
and from the form factor of the nuclei. The form factor introduces a suppression in the

interaction rate for heavy nuclei while it can be set to 1 in the case of the hydrogen.
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Considering SI and SD interactions, figure 1.34, the capture is [7]:

3 2
CS! ~1.24-10" 27! LU 270km/s | - ([ GeV
0.3 GeV/cm v My

2.607] +0.1750%, (154)
10-6pb '

for the SI case while for the SD case it is given by:

3 2
270k
CSP ~ 335107 o) (270km/s ) (GeV
0.3 GeV/cm v My

oSP
= (1.55)

where pyg is is the local DM density, v is the velocity dispersion, UZD(SI) is the SD (SI)

DM-hydrogen scattering cross section, Uffe is the SI DM-helium cross section and m,, is

the DM mass.
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Figure 1.34: Capture rate, as function of the WIMP mass, for spin-dependent and spin-

independent WIMP interactions assuming o, = 1074 cm? [80].

After being trapped into the Sun, WIMPs continue to interact with the matter until
they thermalize. Indeed, also for small cross section (~ 1074 c¢m?) the number of
collisions they undergo over the solar lifetime is ~ ¢z (ov) N = 3 - 107, which is sufficient
to thermalize [81].

The annihilation rate is given by:

I'o = AgN?/2, (1.56)
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where, for m, > 1 GeV, Ag is given by:

3/2
— 0.6 GeV
Ap = 4510~ cm 3 (W) (0at) o, (1.57)

where the last term is the mean annihilation cross section weighted on the velocity.

Besides the annihilation, a dark matter particle can also have a chance to escape. This
process is called “evaporation” and it can take place if a WIMP, after a scatter with a
nucleus, gains enough energy to escape from the Sun. The evaporation is usually ignored
in the DM evolution equation since it is negligible for m, 2 4 GeV [80]. Its rate, for SI

and SD interactions, is given by as [79]:

B~ 8 Tevap . Fesc [—Q%‘“@)]
©="3"m T (¢ ’
w3 Te(r)

(1.58)

where 0¢yqp is the evaporation cross section given by the total cross section of all the
nuclei within r¢ g5, defined as Tt (r9.95) = 0.95 - T (7) (i.e. ro.95 represents the radius at
which the Sun temperature T, is equal to the 95% of its value at the mean WIMP orbit
radius 7), Fesc is the escape energy at the center of the Sun and v is the mean WIMP
speed for the thermal velocity distribution, inside the Sun, given by [79]:

816 ()

V=4 ——=. 1.59
=\ (1.59)

The DM self-capture rate, Cs, is given by [82]:

3 esc R 2
C, = \/;nxaxxv (ﬁ ©) <¢X>e”; (1) (1.60)

where (¢,) is a dimensionless average solar potential experienced by the captured DM
within the Sun, n, is the local number density of halo DM, o, is the elastic scattering
cross section of DM with themselves, vesc(Re) is the Sun escape velocity at the sur-
face, n? = 3(ve/0)?/2 is the square of a dimensionless velocity of the Sun through the
Galactic halo with vg = 220 km/s and v = 270 km/s. Also the self-interaction induced
evaporation is due to DM particles that interact among themselves. In such a process,
WIMPs trapped in the Sun can scatter with other trapped DM ending with a velocity
greater than the solar escape velocity, thus evaporating. The rate for such a process is
given by [83]:

f® d3r dCye/dV
(JomrIasr))”

where dCs./dV is the sum upon all the possible states of the incident DM and n, is the

Cse =

(1.61)

DM number density inside the Sun.
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The general solution to equation (1.52), assuming as negligible the contribution from

the evaporation process and N(0) = 0, is given by:

C@tanh(t@ /Teq)

N<t) = 7_6—ql _ (Cs _ Ce)tanh(t@/Teq)/Q

(1.62)

where to ~ 1.5 - 10!7 s is the age of the Sun and 7¢,:

Teqg = 1/V/Co(Ag + Cse) + (Cs — Ce)2/4

is the time scale required to reach equilibrium between capture and annihilation. As-

suming Cs = Cye = 0, i.e. absence of DM self-interactions, N (¢) becomes:

N(t) = sztanh(t@/nq). (1.63)

Thus, the annihilation rate, equation (1.56), is given by [84]:
1 2 1 2
F@ = §A®N = §C@tanh (t@/Teq) (164)

If 7. << to there is equilibrium between capture and annihilation: I'e = 0.5 - Cs.
The thermal cross section, equation (1.57), can be expanded as: 0,0 = a + bv? + O(v?)
where the first (second) term is dominant in the case of s-wave (p-wave) annihilations.
In order to have equilibrium between capture and annihilation, the cross section has
to be velocity-independent (o,v = a, with a = O(10726) cm?/s). For pure p-wave
annihilations (a = 0), the thermally averaged annihilation cross section in the Sun is
reduced by a factor Ty /TF compared to freezeout. In this case capture-annihilation
equilibrium is typically not reached and I'cy < C /2. Anyway, also for b # 0 and a << b
it is still possible to reach equilibrium between capture and annihilation. In addition to

the previous discussion, also the ratio between the solar age and the equilibrium time

[84]:
1/2 1/2 3/2
to _ 10° Co (oq) 0.01- Rg (1.65)
Teq 102551 3-1026cm3s—! Tth ’ '

implies that equilibrium has been reached long time ago. In equation (1.65), 7y, is the

thermal radius and Rg is the radius of the Sun.

Instead, if 7.4 >> t5 the annihilation becomes negligible and the equilibrium is attained
by capture and evaporation and the number of DM particles becomes [80]: N ~ Cg/Eq
(figure 1.35). N reaches its maximum around m, ~ 3 GeV, figure 1.35, because below
this value the evaporation becomes dominant, yielding fewer N, and above that the

number of DM particles passing through the Sun decreases as pg/m, ~ 0.3 GeV cm?/m,.
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Figure 1.35: The number of DM particles in the Sun, N, as a function of the WIMP
mass, for SD (left panel) and SI (right panel), for different values of the DM-proton cross
section o, = 10740,10739,10738,10737, 10736 c¢m? (from bottom to top) and assuming
(0av) = 3-10726 ¢cm?3/s. The blue dashed line corresponds the values that N tends to

when the evaporation-capture equilibrium is reached [80].

Concerning the evaporation, it is possible to define two quantities that can be used
to describe its impact on N: the evaporation mass, meyap, defined as the mass for which
the inverse of the evaporation rate is equal to the age of the Sun and the minimum
mass, Mmin, corresponding to the DM mass for which N approaches the equilibrium
value Uy = Eg and becomes independent from o,. What turns out is that actually
Mmin (and DOt Meyqp) qualifies the inability of extracting constraints on o, since the
number of DM particles N is not sensitive to o, anymore, for m, < m,;,. For example,
for m, < 4 GeV, data on neutrinos from the Sun are not able to provide information
on the DM-proton scattering cross section below o, < 1073 em? figure 1.36. On the

other hand, for a given value of the scattering cross section there is a minimum DM

mass which can be probed by neutrino fluxes from the Sun.

Indirect search signatures

As introduced in section 1.3, there are different annihilations channels available for the
WIMPs. Since the DM does not couple directly to photons, the annihilation in channels
as xx — 7y or vZ requires a loop in the Feynman diagrams, figure 1.37, and thus are
suppressed. Trying to detect gammas, their absorption probability has to be considered.
The GC has a high density of WIMPs but has also high gamma background, while
for the galactic halo the situation is the opposite (low background but also low WIMP
density).
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Figure 1.36: The region in the (my, o,) plane (shaded area) which is not testable by

detectors of neutrinos from the Sun for SD (left panel) and SI (right panel) interactions.

The thick black line corresponds to my,;, for the reference annihilation cross section

(oqv = 3-10725 cm3/s, the dotted (dashed) black lines correspond to (o,v = 0.1(10)

times the reference value. For comparison, are also show the exclusion curves obtained

by BMP for xx — ¢q¢ and KW for xx — 77, vi.

+ Ghost Diagrams

Figure 1.37: Feynman diagrams of neutralino annihilations into photons. Top, fermion-

sfermion loops. Middle, charged Higgs-chargino loops. Bottom, chargino-W-boson loops

[7].

The measurable -ray flux (for neutrinos the formula is the same) from dark matter

self-annihilation can be expressed as:

ae, 1 (Cannv)

dNJB X

dE, T 4r

2m2

/ dsy / p2dl(r,6")
AQ los

(1.66)
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where the sum runs over the ~-ray yields for a certain annihilation channel f multi-
plied by the branching ratio into that channel (B ). The integrals (called the J-factor)
represent the line-of-sight integral of the square of the dark matter density p. The pro-
duction of v-rays can happen directly or through the production of other particles which
then decay. Since the WIMPs are slow moving, in the first case they are expected a
mono-energetic gammas while in the second case gammas have a smooth energy distri-
bution, which weakly depends on m,, and with an exponential cutoff at the mass of the
dark matter particle E, = m,. The fact that the energy is limited by the rest mass
of the annihilating particles, provides a unique spectral signature. Since y-rays, during
the propagation, are mostly unaffected by the interstellar medium (IM) and Galactic
magnetic fields (GMFs), they retain informations on the position of the emission site,
thus identifying the source. Unlike the annihilation, the decay is proportional to the
first power of the density and this leads to a weaker dependence from the adopted halo
model. There are mainly two types of telescopes that look to such gammas: space and
ground-base telescopes. Space telescopes usually detect gammas through their pair con-
version when they pass through a series of high-Z material foils. Then, tracking systems,
calorimeters and other sensor are used to characterize the observed event, figure 1.38
(left). Concerning the ground-based experiments, such as VERITAS (section 1.4.2),
they look to the Cherenkov light emission in the gamma ray interactions with the atmo-
sphere. The typical range for the emitted light is [300, 400] nm and it is spread over a
radius ~ 100 m. The telescopes reflect, through mirrors, the Cherenkov radiation onto

a camera made by many PMTs, figure 1.38 (right).

; - Anticoincidence
T Detector (background rejection)

[T~ Conversion Folil

[T~ Particle Tracking
Detectors

Calorimeter
(energy measurement)

Figure 1.38: Left, gamma ray detection principles in space telescopes. Right, example

(VERITAS) of detection of gamma rays from ground-based experiments.

Concerning neutrinos, along their path inside the Earth, they interact with matter
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producing leptons. Electrons and taus are not observed since the former are quickly ab-
sorbed while the latter suffer a suppression in the generation due to the high mass. Thus,
muon neutrinos are detected by experiments. As an example, the Super-Kamiokande
(Section 1.5.3) detector look for the muons produced by v. For such muons, a continuum
spectrum is expected since neutrinos are not only produced directly in the annihilations
but also in processes as xx — ff, in which f can decay into neutrinos or can hadronize
and then produce neutrinos. Among the various annihilation/decay products, the an-
timatter is a more suitable choice than the matter since it is characterized by a lower
background. The idea of searching for an excess of antiprotons in cosmic rays were pro-
posed in the 1980s [85, 86]. The antiproton abundance at a distance r from the galactic
center can be expressed as:

D
pi (T) (Uv'rel> def

mi 2 dr ’

qp(r, T) = (1.67)

where dIV ]’z f/ dT is the antiproton energy spectrum per annihilation in a given ff channel.
The background of secondary antiprotons from cosmic rays has an energy spectrum
peaked at ~2 GeV, figure 1.39, while WIMP antiprotons should show a continuum

below ~1 GeV.
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Figure 1.39: Secondary antiprotons flux from various experiments [87].
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If the WIMPs are more massive than the W+ or Z° bosons (W+ — e+, and Z2° —
et +e7), then a positron excess would provide a very distinct signature in the cosmic-ray
positron flux. Looking at charged particles, it is necessary to take into account processes
of energy loss such as Bremsstrahlung, synchrotron emission and inverse Compton losses.
In the case of positrons, for example, their spectrum is given by:

AN+

T /dt/d?’x/dE'G(w,t, E,ENQ(E ,x) (1.68)

where G(z,t, E, El) is the Green’s function which gives the intensity of positrons seen
at x = 0, time ¢t and energy F, given an impulse at position z and energy E'. Q(El, x)

is the annihilation rate given by:

dN_+ (ov); AN+ ; 9
E —Adr—2C" J 1.69

QUE, =) = A7 e i Z M2 dE © (r) (1.69)
The Alpha Magnetic Spectrometer (AMS-02) observed an excess in the positron flux,
with respect to the expected one [88] (Section 1.5.6), that could be explained as due to
dark matter, under proper assumption. For example, if the spectrum shows a real fast

decrease at a certain energy, then the DM annihilation hypothesis could be realistic.

1.5.1 General AntiParticle Spectrometer (GAPS)

The GAPS experiment [89], figure 1.40, will search for antideuterons as signature for the

dark matter annihilations.

Figure 1.40: A rendering of the GAPS detector design.

Secondary antideuterons can be produced in collisions of cosmic rays (CR) with the

IM. Due to the mass of such nuclei, low energy productions are quite disadvantaged
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leading to a reduced background in the search for low energy nuclei. The theoretically
expected antideuteron flux from different dark matter models compared to the secondary
background is shown in figure 1.41, together with flux limits from BESS [90] and the
sensitivity reached by AMS [89].
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Figure 1.41: Predicted antideuteron fluxes from different dark matter models (purple,
red, green lines) [91, 92] and secondary /tertiary background flux from CR interactions
with the IM (blue line) [93]. The solid black line corresponds to a WIMP with mass 100
GeV/c? annihilating with BR=1 into a bb pair; the red dotted line to a 1000 GeV /c?
WIMP annihilating with BR=1 into W W ™ pairs; the green dot-dashed line to a 500
GeV/c? B(1) (the Kaluza-Klein first excitation of the hypercharge gauge boson), LKP
in the UED scenario; while the blue dashed line to a LZP particle pair annihilating
dominantly through the Z s-channel resonance, with a mass of 40 GeV/c?. Antideuteron
limits from BESS [90] and sensitivities for the running AMS and the planned GAPS

experiments are also shown [89].

Due to the background characteristics, the GAPS detector will be optimized for low
energy antideuterons in particular in the range [100, 500] MeV. The first data acquisition
is planned for the 2017. The detector will consist of a inner part made of 10 layers of

Lithium-drifted Silicon (Si(Li)) modules for an overall cubic shape of 2 m edge. The inner
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tracker will be enclosed in a time-of-flight system (TOF) made of plastic scintillators
with photomultipliers tubes (PMTs) for the readout. Also the TOF system will have
a cubic shape with 4 m edge. GAPS will detect the X-ray emission after de-excitation
of an exotic atom made of a target atom where an external electron is replaced by an
antideuteron. After the de-excitation, the antideuteron annihilates with the nucleus,
thus producing pions and protons. The detector will be able to measure the velocity
and the charge of the incoming particle in the TOF as well as the stopping depth of the
particle in the tracker and the development of the energy loss per layer throughout the
slowing process. The main source of background for the antideuteron signal comes from
antiprotons. Therefore, a good X-ray energy resolution along with a reliable tracking

and counting systems for pions/protons are essential for the background reduction.

1.5.2 VERITAS

The VERITAS telescope [94], figure 1.42, consists of four Davies-Cotton optical reflec-

tors, 12 m of diameter.

Figure 1.42: VERITAS telescope array.

They focus the light from ~-ray air showers, in the energy range from 100 GeV
up to 50 TeV, onto four 499 pixel PMT camera. Its observations are mainly directed
to dSph galaxies, galaxy clusters and GC. The dSph galaxies are gravitational-bound
objects and are believed to contain up to O(103) times more mass in dark matter than

in visible matter, making them widely discussed as potential targets for indirect dark
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matter detection. One of the most important results from VERITAS comes from the
observation of the gamma-ray flux, from Segue 1 [94], perhaps originated by annihilation
or decay of dark matter. Since no signal above the background has been observed, only
upper limits on the gamma-ray flux have been set considering different annihilation

channels, figure 1.43.
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Figure 1.43: Upper limits, at 95% CL, on the integrated y-ray flux above E,,;,, = 300
GeV, from the VERITAS observations of Seguel. They are considered three different
channels for the dark matter annihilation/decay: W*W =, bb and 777~. For compari-
son, 0.5% of the integrated Crab Nebula flux above E,,;, = 300 GeV, equal to 7.5-10713

em™2 571 is also reported [94].

Upper limits on the flux can be then translated into upper limits on the dark matter
annihilation cross section or on the mean lifetime for the decay channels. For what
concerns the annihilation, the most stringent limit at 95% CL on the velocity-weighted
annihilation cross-section is for the W*TW = channel: (ov) < 810724 cm? s7! at a
dark matter mass of 1 TeV, figure 1.44 (left panel). The bb and 777~ exclusion curves
illustrate the range of uncertainties on the (ov) upper limits from the dark matter
particle physics model. Considering the leptonic channels, the limits are of the order of
10723 cm? s71, figure 1.44 (right panel). For what concerns the decay lifetime, there are
models where the DM is treated as fermionic, and others where it is treated as bosonic.
For both cases, lower limits at 95% CL are found in the range 7 ~ 10?4 — 10?5 [94], figure
1.45.
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Figure 1.44: 95% CL upper limits on the WIMP velocity-weighted annihilation cross-
section (ov), as a function of the WIMP mass, from the VERITAS observations of
Segue 1 considering different annihilation channels: left for hadronic channels, right for
leptonic channels. The black area represents a range of generic values for the annihilation

cross-section in the case of thermally produced dark matter [94].
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Figure 1.45: 95% CL lower limits from the VERITAS observations of Segue 1 of the
decay lifetime as a function of the dark matter particle mass. Left, bosonic dark matter
decay: WHTW=,bb,7777,eTe™ and uTp~. The black star and the black cross denote
the best fits to the Fermi and PAMELA data considering the u™p~ and the 77~
channels, respectively [95]. Right, fermionic dark matter decay: W*I¥ and Z%v. The
black triangle indicates the best fit to the Fermi and PAMELA data considering the
channel W*uT [95].

1.5.3 Super-Kamiokande

The Super-Kamiokande (SK) detector [96], figure 1.46, is a kton water Cherenkov de-
tector of cylindrical shape with height of 36.2 m and radius of 16.9 m.
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Figure 1.46: Super-Kamiokande detector.

It is located in the Kamioka-Mozumi mine in Japan under about 1000 m rock. It
consists of a inner detector with 11.146 inward-facing 50 cm PMTs and an outer detector
equipped with 1885 outward-facing 20 cm PMTs, serving as a cosmic ray veto counter.
The goal of this detector is the indirect search of dark matter through the detection of
an excess of upward-going muons (upmu). These muons are generated by the muon neu-
trinos (generated in DM annihilations in the Sun) interactions with rocks that surround
the detector. For their last results, the collaboration used data acquired from April 1996
to August 2008 [97] (3109.6 days). Muon events in the detector have been divided into
three categories: “stopping”, muons with the lowest energy that stop in the detector
(E, << 10 GeV); “showering”, muons that produce showers in the detector and “non-
showering”, which don’t produce any shower. Using DARKSUSY calculations [98], the
90% CL limit on SD cross section has been evaluated as function of the WIMP mass [97],
figure 1.47. The limits have been calculated in the case of soft, bb, and hard, W+W—,
annihilation processes. The minimum for the cross section is reached at a WIMP mass
of 100 GeV/c? and it is equal to 4.5- 1073 cm™2 and 2.7 - 107%° ¢cm~2 in the soft and
hard annihilation channels, respectively. Considering only fully contained events (where
the muon is created and stopped inside the detector) and upward stopping muons, one
can set limits especially for low mass dark matter for the spin-independent case [79],
figure 1.48, and for the spin-dependent case [79], figure 1.49.

For the spin-independent case, figure 1.48, it results that the CoGeNT and DAMA

confidence regions are excluded for WIMPs which annihilate into neutrinos or taus,
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s-wave, while only DAMA remains excluded in the case of p-wave annihilations.
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Figure 1.47: Limits on the WIMP-proton SD cross section as function of WIMP mass.
Also shown are limits from: DAMA/LIBRA [63] (dark red and light red filled), KIMS
[99] (light blue crosses), PICASSO [100] (gray dotted line), AMANDA [101] (black line
with triangles), IceCube [98] (blue line with squares), and SK results from the 3109.6
days run (red line with stars). The previous limit from Super-K (green dashed line) is

also shown.

Requiring a contemporary explanation for CoGeNT and DAMA limits, all the chan-
nels apart from the neutrino and tau ones remain acceptable also in the case of p-wave
annihilation. It is also possible to consider a model where the WIMPs annihilate into
light Higgs pairs which in turn decay into taus or charms [102]. Having a suppression
for the decay into 4-7, the model can explain CoGeNT and DAMA results for p-wave
annihilations. Concerning the spin-dependent limits, results from CoGeNT and DAMA
are excluded for all decay channels for both s-wave and p-wave annihilations. In order to
reconcile the direct search results between several experiments, an isospin violating dark
matter model has been proposed, (see the next chapter). Also in this case, the results
from Super-Kamiokande excludes the limits from the other experiment, especially for

the neutrinos channel, for s-wave and p-wave annihilation, figure 1.50.
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Figure 1.48: Super-Kamiokande 90% upper limits on the spin-independent WIMP nu-
cleon cross section for various annihilation channels (equal couplings to proton and neu-
tron are assumed) [79]. The annihilation cross section is chosen such that the thermal
WIMP abundance matches the observed dark matter abundance for s-wave annihilation
(left panel) and p-wave annihilation (right panel). At low WIMP mass the limits arise
from fully contained events, at higher WIMP mass from upward stopping muons. Be-

low the evaporation mass all constraints disappear rapidly. Also shown are confidence
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Figure 1.50: The Super-Kamiokande 90% upper limits on the WIMP proton cross sec-
tion for spin-independent interactions with f, = —0.7f, (black line). Different WIMP
annihilation channels have been considered. S-wave (p-wave) annihilation with a ther-
mal cross section is assumed in the left (right) panels. Also superimposed are the 90%

confidence regions from DAMA, CoGeNT and CRESST.

1.5.4 Fermi-Large Area Telescope

The Fermi-Large Area Telescope (Fermi-LAT) is a gamma-ray telescope placed on board
the Fermi Observatory [103], figure 1.51, sensitive to energies from 20 MeV up to over
300 GeV.

Figure 1.51: Picture of the Fermi-LAT telescope.

One of the goals of this telescope is to find a DM signature in the diffuse gamma-ray

emission. At galactic level, it is expected that the signal comes from annihilation of
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WIMPs in a smooth halo around the galaxy while the extra-galactic signal arises from
DM annihilation processes throughout the universe. For the galactic halo study, the
Fermi-LAT collaboration explored the energy range [1, 400] GeV [104]. The limits were
set both for annihilation and decay of the DM particles, figure 1.52 and 1.53.
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Figure 1.52: Upper limits, considering the Navarro-Franck-White halo model, of the
averaged velocity cross section for DM annihilation to 777~ including a model of the
astrophysical background. The region excluded by the analysis with no model of the
astrophysical background is indicated in light blue, while the additional region excluded
by the analysis with a modeling of the background is indicated in light green. The
regions of the parameter space which provide a good fit to PAMELA ([105], purple) and
Fermi-LAT ([106], blue) CR electron and positron data are shown and scaled by a factor
of 0.5, to account for different assumptions on the local DM density [104].
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A possible gamma-ray emission line hypothesis has also been considered [104]. After
positive results there were not found, after new analyzes and background calculations,
any evidences for a clear signal from DM ~-ray line [104, 107]. Thus, new upper limits

were set for the dark matter annihilation channel, figure 1.54.
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Figure 1.54: 95% CL ®., in the R16 ROI (black). Yellow (green) bands show the 68%
(95%) expected containment derived from 1000 single-power law, no DM, MC simula-

tions. The dashed lines show the median expected limits from those simulations [107].

1.5.5 IceCube

IceCube is a neutrino telescope placed at the south pole that aims to detect the Cherenkov
light emitted by muons, created by neutrinos, interactions with the Antarctica ice. The
neutrinos of interest are generated by dark matter annihilations in the Earth and in the
Sun. The telescope consists of 86 vertical strings equipped with Digital Optical Modules
(DOMs), figure 1.55, that contain a digitizer board and a PMT. 78 of these strings carry
60 DOMs, placed at intervals of 17 m from a depth of 1450 m up to 2450 m below the
ice surface. The other 8 are infill-specialized for a sub-array dubbed DeepCore, placed
in the central region of the telescope. IceCube is sensitive to neutrinos in the energy
range from 100 GeV up to 1 TeV, while DeepCore can reach sensitivity down to 10
GeV neutrinos. This means that the entire telescope is sensitive to neutralinos down to
masses of about 50 GeV [108]. The last results of the IceCube collaboration come from
the analysis of 317 live-days of data taken between June 2010 and May 2011 [65]. The

main background of the telescope is due to muons and neutrinos produced by cosmic
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rays that interact in the atmosphere.

Figure 1.55: Representations of IceCube’s DOMs.

Also the background from solar atmospheric neutrinos, originating from cosmic rays
interactions in the Sun’s atmosphere, has been calculated and it has been found to be
of the order of 1 event [65, 109]. To take into account all the possible background
variations, the dataset was divided into three parts: summer season, focused on low
energy neutrinos, and winter season which is, in turn, divided into a low and high energy
sample. After all the cuts and track selection criteria, the observed distributions of the
event directions have been compared with the expected background distributions from
atmospheric muons and neutrinos [65] finding compatibility with the only-background
hypothesis. The obtained upper limits on the expected number of signal events, u2°, can
be translated into upper limits for the annihilation rate, I'y, of WIMPs in the Sun that,
in turn, can be converted into limits on the spin-dependent, osp p, and spin-independent,
051,p, WIMP-proton scattering cross-sections. Considering a local dark matter density of
0.3 GeV/c? and a Maxwellian WIMP velocity distribution with an RMS velocity of 270
km/s, limits on the spin-dependent WIMP-proton cross section for WIMPs annihilating
into WHW= or 777, with masses above 35 GeV/c?, were set [65], figure 1.56 and
figure 1.57. The IceCube data have been also used to infer information and set limits
on the super heavy dark matter, i.e. for m, > 100 TeV [110]. These values of masses
imply a much lower density of dark matter which results in a reduced sensitivity for
direct detection experiments. Due to the low density, this kind of search is based on the
detection of the decay products such as high energy neutrinos. Considering dark matter
with m, ~ 100 TeV that decays into two neutrinos, IceCube already set limits on the

lifetime giving the strongest limit: 7 > 1027 y [111].



58 The Dark Matter hypothesis

'38 \| | T T | T T T T ‘ T T T T
[ MSSMincl. XENON (2012) ATLAS + CMS (2012)
. DAMA no channeling (2008)
39, . — - CDMS (2010) ]
Y - — - CDMS ZkeV reanalyzed (2011)
: &\ . COGENT (2010)
40— Ui s —--— XENON100 (2012) —
H \\ - -~
£ 41—
(5]
-‘-CL
[ -
g 42
o
o 43—
8 43
44—
PP s IceCubs 2012 (HB) [T ‘ |
—s— |ceCube 2012 (W'W)*
+ (t't for m =my, = BO.4GeV/c?)
_46 | | 1 Ll 1 | 1 1 1 1 ‘ 1 1 | |

1 2 3 1
log10 ( m, | GeV c?)

Figure 1.56: 90% CL upper limits on gy, for hard and soft annihilation channels over
a range of WIMP masses. The shaded region represents an allowed MSSM parameter
space. Systematic uncertainties are included. Results from other experiments are also

shown as comparison [65].
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Figure 1.57: 90% CL upper limits on ogp ), for hard and soft annihilation channels over
a range of WIMP masses. The shaded region represents an allowed MSSM parameter
space. Systematic uncertainties are included. Results from other experiments are also

shown as comparison [65].
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Concerning the Galactic signal, two components are expected from y — vh: one
from a continuum (from the decay cascade of h) and a nearly mono-energetic line at
E, = m,/2. Using the observation of high energy extraterrestrial neutrinos [110], limits

on the lifetime of heavy dark matter have been set, figure 1.58.
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Figure 1.58: Derived limit, on the lifetime of heavy dark matter, of IceCube using
the observed high-energy neutrino flux. Superimposed are also results from IceCube

(previous results), Fermi LAT and PAMELA [110].

1.5.6 AMS-02

The Alpha Magnetic Spectrometer (AMS), currently in its second phase AMS-02, is
an antimatter search experiment placed on the International Space Station (ISS), figure
1.59. In its latest results [112] the AMS collaboration has found an excess in the positron
fraction at energies > 8 GeV, figure 1.60, above the expected background due to sec-
ondary positrons originate in the spallation of cosmic rays on the interstellar medium.
The positron fraction stops to increase at ~ 275 GeV and this excess seems to be isotropic
within 3% suggesting that the energetic positrons may not be coming from a preferred
direction in space. Considering also the antiproton results from PAMELA [105], where
the antiproton flux is compatible with the expected background, a scenario that consider

a leptophilic dark matter, as possible source of positrons, is viable [113].
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Figure 1.60: Excess in the positron fraction [114].

These kind of candidates annihilate predominately into leptons producing a large
amount of energetic positrons while the antiproton flux remains suppressed. Using this
kind of WIMP and considering masses above 500 GeV, the AMS-02 collaboration has
evaluated the annihilation cross section for leptophilic channels that can explain the
observed positron fraction [113]; the value for the annihilation cross section is of the
order 10722 —10722cm3s ™! that is about 103 times larger than the thermal cross section.
Besides the previous case, it is also possible to let the dark matter to decay into gauge
bosons. Using two values for the WIMP mass [113], 600 and 800 GeV, and considering its

decays through leptonic and bosonic channels, it is still possible to explain the observed
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excess, figures 1.61 and 1.62.
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Figure 1.61: Comparison between AMS-02 positron fraction data [112] and prediction

from dark matter considering only leptonic annihilation
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Figure 1.62: Same as figure 1.61 but including gauge boson modes.
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From figures 1.61 and 1.62 we can see that the fraction falls to its background value

at an energy that corresponds to the dark matter mass. This behavior of the spectrum

can give important informations about the WIMP mass. Including also the bosonic

channel for the annihilation, one has a production of antiprotons whose spectrum has

been found compatible with the background. Limits have been set also for lower dark
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matter masses. In their analysis, the AMS-02 collaboration considered several energy
windows [115]. Looking at the best limits for each energy window, 20 exclusion lines

can be evaluated for each mass, figure 1.63.
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Figure 1.63: Limits on the annihilation cross section (top) and the lifetime (bottom)
derived from the AMS-02 data on the positron flux [115], assuming the final states
ete™, ptp=, 7777, bband WTW ™ and the MED propagation model. The limits shown
as solid lines were derived from sampling over various energy windows, while the dashed

lines are from windows that include only data with energies above 10 GeV.

In figure 1.63 the dashed lines are obtained considering energy windows above 10

GeV. This allows to be less sensitive to the solar modulation giving more robust results.
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The limits for masses below ~ 100 (60) GeV are stronger than the thermal cross section
(ov) = 3-10726 cm3s~! for the ete™ (utp~) annihilation channel. Figures 1.64 and
1.65 shows a comparison between AMS-02 results [116] and the ones from HEAT [117],
PAMELA [118] and FERMI-LAT [119], for two annihilation/decay channels: bb and
pwrp~. For the putp~ annihilation channel, the AMS-02 limits are stronger than the
ones from FERMI-LAT for all the masses from 1 GeV up to 1 TeV.
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Figure 1.64: Comparison between limits, for the u™p~ channel, from AMS-02, HEAT,
PAMELA and FERMI-LAT [115].
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PAMELA and FERMI-LAT [115].



Chapter 2

Dark Matter models

In the last few years, several experimental results have been published regarding cross
section limits for dark matter interactions. The WIMP low mass region, below ~ 10
GeV, is particularly interesting for experiments such as DAMA [120], CoGeNT [121]
and CDMS-Si(Ge) [122]. For higher masses, other experiments, as XENON100 [8] and
LUX [10], have better sensitivities. The DAMA/LIBRA results combined with the
DAMA /Nal ones have shown a clear modulation signal with a significance > 8o [57]
that can be interpreted as due to DM. For the usual WIMP-nucleus elastic scatters, it is
almost impossible to explain these results without going in contrast with the null ones
obtained in XENON100, LUX, CRESST, etc.

To reconcile such different experimental results, several DM interaction models have
been proposed. In this Chapter few of them are presented. Moreover, in section 2.6 it is
presented a model that gives a different solution to the “missing mass problem”, without

assuming any kind of new matter.

2.1 Resonant Dark Matter Model

One of the “alternative” DM models is the Resonant Dark Matter (rDM) [123]. In
such a model the WIMP-nucleus interactions consist of a scattering process that can
come together with a photon or neutron emission (the proton emission could be also
possible but, practically, it is suppressed because of the Coulomb barrier of the nucleus).

Other than this new signal characteristic, rDM introduces two more novel features:

e there is a resonance effect that shows up as a narrow window, around a specific
velocity, in the WIMP Maxwell-Boltzmann velocity distribution; such an effect

depends from several parameters of the model, such as the Z of the target nucleus;
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e the DM is the neutral component of a fermionic weak triplet with almost degenerate
masses, O(10) MeV.

In the rDM model, dark matter particles form a short-lived bound state of mass m,. with
the target nuclei. This results in a narrow allowed energy range, equation (2.9), and in
a subsequent enhancement of the modulation level, for high mass targets such as the
DAMA one, and in a decrease of the signal in other direct detection experiments.

Usually, the nuclear cross section for DM-nuclei interactions is express in terms of the

nucleon one (oy):

(Zf,+ (A= Z) )" i,

ON =
f2 1,

op (2.1)

where fix, (n,) 1s the DM to nucleus (nucleon) reduced mass. In the non-relativistic limit

and for an energy close to m,, in the center of the mass reference frame, on becomes:

™
25y +1)(2sy + 1) k2 (B — m,)? + T, /4

O'N:(

where s, (y) is the dark matter (nucleus) spin, J, is the resonant bound state total
angular momentum, I',_,, x is the partial width of the bound state decay into x (the
DM particle) plus N (the target nucleus) and k = pnyv is the DM momentum. Defining

the resonance velocity, figure 2.1 (top), as:

o 2(my —my —mpy)

vy = , 2.3
: o (2.3
and its width as:
i Thy
(S - TO, (24)

it is possible to express oy as:

82 /m

2
v2 (v2 —v2)2 + 64

(2.5)
where o is a normalization factor. In the narrow resonance case with § << v,, it is:
on = ag 6(v* —v?) (2.6)

In the resonant model, the modulation is enhanced because there is a narrow range
available for the process and there is not an average over the seasons. Considering a
WIMP mass of 500 GeV/c? and a recoil energy range of 3 keVe. < Er < 3.5 keV,, (for
the keV,, definition see Section 3.6), it is possible to have relative modulation (summer

with respect to the winter) as high as 100%, figure 2.1 (bottom).
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Figure 2.1: Top: DM velocity distribution in summer (red dashed) and in winter (blue
dashed) for the usual Maxwell-Boltzmann distribution together with a resonance (solid)
at 450 km/s with width of 150 km/s. The escape velocity is 500 km/s. Bottom: Modu-
lation signal (summer with respect to winter) as function of v, for several values of the
velocity width: § = 1 km/s (black solid), § = 10 km/s (blue dashed) and 6 = 50 km/s
(red dot-dashed). If the resonance velocity is below the peak of the Maxwell-Boltzmann
distribution, it is possible to have a modulation ratio that is negative because below the

peak the distribution is higher in the winter than in the summer [123].

The rDM model can explain the DAMA modulation signal because it is possible to
choose a resonant velocity that is element dependent. This opens up the possibility to

have the iodine as the only element with an available resonance while in other exper-
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iments the signal rate would suppressed by ~ (6/v,)* < 107* [123]. As mentioned at
the beginning of the section, in the rDM model the dark matter is the neutral compo-
nent of a weak triplet. The splitting can come after the electroweak symmetry breaking
through electromagnetic radiative corrections. The mass splitting is independent from

the WIMP for m, >> My, and, it is typically given by:

My —my = A ~ O(10)MeV (2.7)

The lifetime of the charged partners is of the order of ~ 3-1073s for A = 15 MeV.
The most stringent limit on the mass of such a DM comes from CDF [124]: m, > 121
GeV/c? with 95% CL.

The concept that is behind the rDM model is that, as anticipated before, a WIMP can

form a bound state with a nucleus, figure 2.2.
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Figure 2.2: Feynman diagram of the elastic scatter of a WIMP on a target nucleus with

an intermediate bound state.

The bound state is composed by a x~ and AZ 1 N. For nuclei with large Z, the orbital
radius is smaller than the Bohr radius thus, WIMPs are bound inside the nucleus. If the
incoming WIMP has enough kinetic energy, the bound state can be also in an excited
state. Defining the total excitation energy of the resonance state above its ground state

as w, the resonance mass is given by:

my = m,— + méﬂ +w — Ey. (2.8)
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from which it is possible to derive the resonant speed for a WIMP:

2004ma.  —mi+w—FE
vr:\/( Mg~ My +w = B (2.9)

MUy N

If the splitting, A, is comparable to the other terms in the numerator of equation (2.9),
then for some element there will be a bound state which is accessible to the DM. Since
the binding energy depends on Z, it is possible that some targets have a resonantly
enhanced elastic scattering rate while for others the signal is suppressed by a factor of
§*/vt. If the bound state is formed in its ground state, it can only decay into x° + N ‘Z4
and the process is similar to an elastic scatter. If it is in an excited state, then there is
the possibility for de-excitation through photon and/or neutron emission. Between the
photon and neutron emission there is a fundamental difference: while in the first case
it is possible for the photon to be emitted with a lower energy than the kinetic energy
of the incoming WIMP, that would give the possibility to come back to the initial state
'+ N ’24, in the second case the neutron carries away enough energy to forbid the re-
emission of the WIMP.

In conclusion, the resonance effects can dramatically change the “traditional” dark mat-
ter elastic direct detection calculation. Resonant DM can enhance the modulation effect
and relies strongly on the detailed nuclear properties of different elements. The modu-
lated data at DAMA can be explained and the constraints from unmodulated data can
be satisfied. Furthermore, the rDM can reconcile the apparent contradiction between
DAMA and other experiments like CDMS, XENON, KIMS, ZEPLIN and CRESST.

2.2 Inelastic Dark Matter

Inelastic Dark Matter (iDM) [125] is a model where the signal comes from electro-
magnetic recoils (ER) instead of nuclear recoils (NR). This model has been proposed to
reconcile DAMA results with the ones from experiments that use lighter target nuclei,
as Ge, and with results from no modulation searches. In iDM scenario, dark matter
particles are expected to interact inelastically with the target nuclei and to go in an
excited level, x*, with a mass m« —m, =6 = Bgmx ~ 100 keV heavier than the ground

state. Only the particles that satisfy the condition:

1 myER
i = 1) 2.1
5 w/szER< - +> (2.10)

have sufficiently kinetic energy to up-scatter and, hence, to interact with target nuclei.

This condition on the velocity means that one is actually probing the right tail of the
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WIMP velocity distribution. After the excitation, the DM particle decays with a lifetime

given by:

2(53
. (2.11)
T

For a typical level splitting 6 = 120 keV and a dipole momentum p, = 3 - 103y
we have 7 = 5.1 ps. This will result in the emission of a photon with an energy of
the order of 100 keV (in the case of only one possible excited state). The emission of
such a photon inside the detector volume gives to the signal the typical energy of an
electromagnetic recoil. From equation (2.10) it is also clear that for particular values of
FEr and 9, heavier nuclei have access to a wider range of velocities than lighter nuclei.
Thus, experiments as CDMS-Ge have a suppression in the signal rate resulting in a
lower sensitivity compared to higher mass target based experiments. This situation is
also in favor of a modulated signal because one is probing the higher velocity tail of
the WIMP distribution, where the rate spectrum is quite low. Thus, a small change in
the particles flow (such as summer/winter flow variation) can give a considerable change
in the number of the observed interactions. The possibility of the existence of such
a kind of dark matter is not ruled out by experimental results such as the ones from
XENONT100 [8]. There are two points on which the iDM model and DAMA modulation
signal are supported against the XENON100 results: the 225 live-days data have been
taken from October 6 to February 14, which happens to be roughly during the time
when the Earth travels with the galactic WIMP wind. Thus, there is not the possibility
to observe any kind of modulation. Moreover, iDM interactions can be seen in a higher
energy region (they are ER) than the one where the XENON100 signal has been studied
(NR energy region); indeed, in the model it is used a ~ emission as signature for dark
matter interactions. Thus, the sensitivity of experiments as XENON100 are suppressed
and it is possible to reconcile their results with the DAMA ones. In fact, for example,
a WIMP of mass in the range ~ 70 — 300 GeV/c? with an inelasticity of § ~ 100 — 150
keV and a magnetic momentum of y, ~1—3- 10~3 v can explain the DAMA results,
while being consistent with the other experiment null results.

The hypothesis of decaying dark matter can suggest the development of new kind of
detectors focused on the detection of the emitted photon (figure 2.3), thus looking for
ER instead of NR. Such detectors can be realized with a high density shield, where
the dark matter is supposed to interact and be excited, and a sensitive volume where
the emitted photon is detected. Due to the low value of the splitting §, compared to
the WIMP mass (~ 10 — 10% GeV/c?), the decay is expected to have a monochromatic
signature that would make this process easy to detect. Considering usual assumptions

for the galactic escape velocity, vese = 544 km/s, and for the Sun’s velocity with respect
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Figure 2.3: A schematic view of a hypothetical detector which aims to detect the WIMP

decay in the iDM scenario.

to the halo, vy = 220 km/s, the maximum speed for an incoming dark matter particle
is of the order of ~ 1073c. This results in laboratory accessible excited WIMP states of
less than ~ 700 keV, for heavy WIMPs and of about 3 keV-(m, /GeV) for lighter ones.

2.2.1 Magnetic inelastic Dark Matter (MiDM)

The Todine (I), that is contained in the DAMA scintillator crystals, differs from other
heavy nuclei, as Xe, for its large nuclear magnetic momentum. Introducing the magnetic
properties of nuclei in the iDM model, a new scenario for DM interactions, has been
proposed: the Magnetic inelastic Dark Matter (MiDM) [126]. Thus, having a
dependence of the WIMP-nuclei cross section from the magnetic momentum, the signal
rate can be suppressed in Xe based experiment with respect to the DAMA expected
one. The most important parameter in the MiDM model, is the target element weighted

dipole momentum (figure 2.4):

-

p
o= ( > fm?si; 1) (2.12)
isotope t
where f; is the element abundance, p; is its nuclear magnetic momentum and S; its
spin. The dipole of iodine is mainly due to the angular momentum of unpaired protons
[127] with the additional contributions from neutron and proton spins. In the MiDM
environment the DM is considered inelastically magnetically-coupled particle. The pos-

sibility for the DM to have a magnetic dipole has been studied in [128]. In magnetic
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Figure 2.4: The atomic mass and weighted-magnetic dipole moment, in units of the
nuclear magneton py, for various dark matter search targets (C,0,Ca and Ar have been

shifted slightly to avoid overlaps between each other) [126].

interactions there are two contributions to the differential cross section: a dipole-dipole
(DD) and a dipole-charge (DZ) contribution. While the first one is dominant, in the
case of the WIMP-iodine scatters, the second one gives the most important contribution

in WIMP-other nuclei interactions. The total differential cross section is given by:

d d d
o _d9op , 49pz

dEn _ dEp | dER’ (2.13)
where
dopp _ 16ma2my (unuc)2(,ux)2(SX + 1) ‘
dEgr v2 e e 35y
. (SévS;1>F[2)(ER), (2.14)
and

dopz _ 4nZ% (i \*[, _Er( 1 NER
dEr ~  Ep e v2 \2my  my
5 (1 5 Sy 1\
— = — F“(E 2.15
v? (mx * QmNER] < 35y ) (Er), (2.15)

where Fp(FER) is the magnetic dipole form factor. Results from the analysis of DAMA

data, are shown in figure 2.5.
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Figure 2.5: Allowed ranges of the parameter space for inelastic scattering of a magnetic
dipole (dominated by dipole-dipole scattering for iodine). Purple (dark) and blue (light)
regions are 90% and 99% allowed confidence intervals, respectively, for a x? fit to the
DAMA modulation. Constraints are: CDMS (solid), CRESST-II (short light dashed),
XENONI10 (short dark dashed), KIMS (long dark dashed), and ZEPLIN-III (long light
dashed). In the upper row, it has been utilized only the 2 — 8 keV bins in DAMA; in

the lower row the entire range of [2, 14] keV has been used.

2.3 The Dark Sector

In addition to the previous discussions on the iDM and MiDM, it is also possible to think
about the WIMPs as part of a larger Dark Sector with new forces and interactions.
In this new theory, the dark matter particles interact through new dark forces that can

be mediated, for example, by a massive vector-boson. After such an interaction, the
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WIMP can be left in an excited state characterized by the splitting 6 = m,» —m,. If
0 < 2me, the excited state is very long-lived [129] and this makes WIMP decays almost
impossible to be detected. In this scenario, the MiDM plays a fundamental role since it
is hypothesized that the magnetic transition takes care of the de-excitation, while the

responsible for the excitation process is the dark force , figure 2.6.
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Figure 2.6: Scheme of the possible excitation and de-excitation processes in the new

dark sector.

For the new dark sector the Lagrangian of the model is the sum of two contributions:

'Cdark sector — Edark force + ﬁDD (216)

The first term is given by:

Laark force = iXTMau — My XX + ’iY*E“f%X* + mx*Y*X* +
+gvX T VX + gvxe VX —
1 1
=V V" + im%/VHV“ +
€
V. B 2.17
2co0s0yy M7 ( )

where V), is the new massive vector-boson, V,, = 9,V,, — 9,V is its field strength, my
is the mass and gy is gauge coupling, By, is the field-strength of the Standard Model
hypercharge gauge field and 0y is the weak mixing angle. The DD Lagrangian is instead
given by:

Lpp = <M2X>X*UMVF/WX + h.c. (2.18)

where (1, is the dipole momentum, F'*” is the electromagnetic field-strength tensor and
O = 4V, 7] /2 is the commutator of two Dirac matrices.

It is possible to have transitions at the MeV scale instead of keV scale and, under proper
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assumptions, it is possible to obtain an analytical form for the expected decay rate inside
a detector. One can consider a detector and its shield of spherical symmetric geometry.
The total expected rate counts on two contributions: the differential rate for the excited
states and the probability for a WIMP to decay into the detector. In particular, the
latter is given by:

(7 tenter ) (7 teﬂ)

Pioey =€ 7 ) =€, (2.19)

where teperexiny, the time at which the excited state enter (exit) the detector after the

excitation collision, is given by:

_ rcosf £ +/p? —r?sin? 6
v )

tenter/exit -

(2.20)
X

where p is the radius of the detector, r is the distance of the first collision from the
center of the detector, 6 is the angle between the final direction of the particle and the
position axis determined by the detector center and the collision spot, and v, is the
WIMP velocity (\/W ). Considering a volume shield V', a WIMP energy F, and
the total solid angle €, the total expected decay rate inside the detector is then given
by:

R= /dEX/Q/ AVR - Piecay(Ey, V. §2) (2.21)

shield

An example of the total rate is shown in figure 2.7.

2.4 Exothermic Dark Matter (exoDM)

The exothermic Dark Matter (exoDM) model [130] is analogous to iDM. Indeed,
also in this case the DM is made of nearly degenerate mass states. The difference is that
the excitated states already exist and the scatters with nuclei are down-scatters. Since
also this model has been developed to reconcile DAMA results with the ones from other
experiments, some of the model parameters are constrained by the fit to the DAMA
data. In particular, it is usually considered a dark matter with mass in the range 2 — 5
GeV/c? and mass splitting § ~ 5 — 10 keV. For such a light DM with kinetic energy
below the mass splitting, the peak of the recoil energy is given by: Er = §(m,/mn).
In the exoDM model, the inelastic single-proton cross section for down-scatters, in low

transfer momentum regime, is given by:

C 2
16mA fn 02

(2.22)

where p,, is the reduced mass of DM-nucleon system and C' = 4 (with fermionic DM).

The DAMA fit also requires A ~ 340 GeV. It is also assumed that the elastic scattering is
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Figure 2.7: Expected decay rate (counts per day), as function of the WIMP mass, for
several values of the magnetic dipole momentum. The outer detector shield is modeled
as a spherical shell with an outer radius of 118 cm and a inner radius of 93 c¢m; the inner
shield has an outer radius of 35 cm and a inner radius of 31 cm; the spherical detector
has a radius of 31 cm [131].

highly suppressed [132]. When the mass splitting is much lower than the kinetic energy
of the collision, the so called elastic limit is reached:

(2
16wA4

Oel limit = C (223)

As seen in sections 2.2 and 2.3, the possibility for the existence of DM excited states can
be inferred through a dark sector which involves a new gauge boson, the dark photon.
This boson has a mass m 4/ that enters in the definition of the mass splitting together
with the dark fine structure constant ap. For a mass splitting of the order of ~ 10
keV and ap ~ 1074, the resulting mass of the dark photon is ~ 100 MeV. Under these
hypothesis the correct rates in DAMA and also in CoGeNT are reproduced. Since this
dark photon will couple with the SM fields, there are ongoing searches for it, for example
through the Y(3S) decays. Assuming mys < m,, dark matter annihilates into two dark
photons which decay into SM particles. Due to the low value of the mass splitting, the
excited state life time will result greater than the Universe age. The recoil spectrum is
peaked around a certain energy value and the spread around this value is proportional

to the DM kinetic energy and so it will be modulated, figure 2.8.
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Figure 2.8: Recoil energy spectra for down-scattering off of sodium during winter when
the Earth is moving with the DM halo (blue line) and during summer when it is moving
against the halo (red dashed). The modulation spectrum is half of the difference between
these two curves, shown here enlarged by a factor of 20 (purple dotted). In the plot a
WIMP of mass m, = 3.5 GeV and a splitting of = 6 keV have been considered. The

cross-section has been chosen to fit the DAMA modulation signal.

The peak is proportional to the DM mass splitting and inversely proportional to
the target mass. Thus, for heavy nuclei the recoil spectrum will be peaked at very low
energies. For experiments that use heavier targets, the nuclear recoil signal will be in
sub-keV region that is below their typical energy threshold. For example, with the model

parameters defined previously, there is a large number of expected events below 4 keV
in CDMS-Si while the rate drops above 5 keV, figure 2.9.

2.5 Xenophobic Dark Matter

In the isospin-violating Dark Matter (IVDM) [133, 135], the DM has a different
coupling with protons and neutrons. In this theory, the sensitivity of xenon-based ex-
periments is highly suppressed by destructive interference between proton and neutron
interactions. For such a reason, the model is also known as “Xenophobic Dark Matter”
model. A suppression of the expected DM interactions rate, for a certain experiment,
can be obtained varying the WIMP coupling to protons, f,, and to neutrons, f,. In

any case, it is not possible to have a completely destructive interference for an element
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Figure 2.9: The spectra for recoils off of light nuclei in CDMS-Si, COUPP, and CRESST-
I1. Detector response effects (such as the efficiency in CDMS-Si, which is 5% at 5 keV)

have not been included.

as the Xe due to its numerous isotopes. The isospin violation can have its justification
in the fact that WIMP interactions are typically related to the hypercharge symmetry.
Since right-handed up and down quarks have different hypercharge, it could be natural
to expect these interactions to depend on the isospin. By considering a generic model
of dark matter, and in particular a model that explains the low-mass data, one should
treat the relative coupling to protons and neutrons as a free parameter that can only be
determined from the data. This assumption is sufficient for comparing direct detection
experiments, since the relative coupling to protons and neutrons completely define the
parameter space. The general form for the differential cross section for WIMP-matter

spin-independent elastic interactions is given by:

do _é
dEr ~ M#

2+ A= 2| T3 P ) (2:24)

where E'g is the recoil energy of the hit target nucleus and m 4 its mass, u 4 is the WIMP-
nucleus reduced mass and F'(ER) is the nuclear form factor. f, and f, parameterize the
strength of DM couplings to neutrons and protons. Clearly, it results f, = f, in the
non isospin-violating case. The expected total rate of events is proportional to the

zero-momentum transfer cross section, og, given by:

2
00 = 22+ fulA = 2 (2.25)
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It is useful to define the normalized-to-nucleon cross section, Uﬁ, that is the quantity that
experiments usually quotes; it represents the nucleon-dark matter scattering cross section
that would be inferred, assuming f, = f, = 1, from the data of a detector using a target
with Z protons. For a given isotope with Z protons and A nucleons, the normalized-
to-nucleon cross section is related to the dark matter-nucleus zero-momentum transfer

cross section by:
ox = (00/A%) - (up/ 1%, (2.26)

where 1, is the dark matter-proton reduced mass. In the case of isospin-violating DM,
the cross sections for protons (o,) and neutrons (o,) are not equal and are connected to

off through the degradation factors given by:

2
il [ 2+ (1l 14 - 2)

z J]%
DZ =N _ 2.27
P o Sinipy, A7 (2.27)
A 2
DZ = %N - p? (?) (2.28)
n n

where the sum runs over the isotopes with abundance 7;. If an element has only one
isotope, then it is possible to choose f,, and f}, such that Dﬁn — 0. Considering a WIMP
of mass m, = 8 GeV/c? the behavior of o, as function of f,,/f, is shown in figure 2.10
[135]. From figure 2.10, bottom plot, it is clear that, for the Xe, the maximum of the
xenophobia is reached for f,/f, = —0.7. In such a case, the degradation parameter
reaches its minimum, that is: foe ~ 107%. For this value of fn/ fp the Ge and Si-based
experiment ROIs don’t overlap. It may occur overlap for f,/f, = —0.64. In such a
case the overlapping is also permitted by the XENON100 exclusion limit and this can
finally reconcile the results from the various experiments, at least for low WIMP masses.
The cross section limits for different values of f,/f,, as function of the WIMP mass,
are shown in figure 2.11 [135]. The maximum xenophobia scenario (f,/f, = —0.70)
is shown in figure 2.11 (middle panel). Nevertheless, the best overlapping between the
Ge and Si-based detectors, according to the exclusion limits from LUX, is reached for
fn/fp = —0.64 (figure 2.11, bottom panel).
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Figure 2.10: Proton cross section for various experiments as function of f,,/ f,, for m, =8
GeV/c2. Plotted are also the slices of the 90% CL ROIs from CDMS-Si, CoGeNT,
and CDMS-Ge (Col- lar/Fields), the 30 ROI for DAMA, and exclusion contours from
XENON100. Also plotted are 90% CL exclusion contours for CMS [134] and for Fermi-
LAT [103).
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CDMS-Ge (Collar/Fields) [136]; 90% and 3¢ ROIs for DAMA [120]; exclusion contours
from XENON100 [8], Edelweiss [54], and CDMS [122]; projected exclusion bounds from

LUX [137].
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2.6 MOND: a Universe without dark matter

Despite of the efforts that the scientific community is investing in the direct and indirect
detection of DM particles, several scientists believe that the “missing mass problem”
should be tackled from a different point of view. They raised up the idea that the
dynamics should be changed under some specific conditions instead of introducing a
new kind of exotic matter. Such a concept is explained in the MOdified Newtonian
Dynamics (MOND) [138, 139] theory. It states that, since the General Relativity (GR)
is tested only at local scale, no one can ensure its validity outside the solar system i.e.
in space regions where the gravitational fields are weak, namely systems of mass M and

size R such that the Newtonian gravitational potentials satisfy the condition:

MG

b~ — <<ec (2.29)
r

In such regions it is then necessary to slightly change the dynamic laws for celestial
bodies. What is interesting and fascinating is that not any complex modification of
the Newtonian laws is required. Indeed, it needs only a scale factor, that is found to
be a universal constant, named Milgrom constant. Despite of this, apparently, very
easy solution to the missing mass problem, there are conflicting opinions about MOND
validity. On one hand, this modification of the usual dynamic can reproduce some
scale relations like the Tully-Fisher, for late type galaxies, that naturally does not come
from the Newtonian laws; on the other hand, MOND is not supported by any physical
mechanism, it is merely phenomenological. Consider now a system of mass My. In the
standard gravity scenario, a probe particle feels an acceleration g = gy = GMy/r?. The
circular velocity of the probe, around the central body, is then: v? = GMy/r. From the
spiral galaxy rotational curves, we know that in the outer regions v, ~ constant. To
obtain this result, it is necessary to introduce a modification in the definition of the field
strength g:

g — gy = p(x) g, (2.30)

where x = g/aps. The parameter ays is the Milgrom constant and it has the dimensions

of an acceleration. The u—function is given by:

(z) 1; >>1 2.31)

ulr) = 1z — 2.31
+ r, r<<l1

The first case is the formal limit, ay; — 0, where no modifications to the dynamics are

required. This is analogous to the correspondence principle in quantum theory for the

limit (A — 0), or to the non-relativistic limit (¢ — oo). The second case corresponds to
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the MOND limit where it is necessary to modify the dynamics. It is trivial to see that:

U2:g-’,"—)gl.r:gN.7a: 1 GMO:
‘ plx)  pwlx) T

= v} = GMpays = const (2.32)

. GM(]a M

=
Equation (2.32) shows that in the MOND framework, the flat rotational curves and the
Tully-Fisher relation naturally arise. For a dynamically hot system (g << aps), one also
finds the relation:

ot oc My = const (2.33)

It has been found that “casually”, aps is connected to some cosmological quantities:

H, 2
an ~ S0~ S (A/3)12 (2.34)

2 2T

where Hj is the Hubble constant and A is the observed equivalent of the cosmological
constant. It is also possible to define a characteristic length (l5s) and mass (M) for
the MOND theory:

c 27 c?
Iy ~2r—, My~
M 7TH07 M GH()

A first conclusion from previous equations is that as is a function of time, being depen-

(2.35)

dent on the Hubble parameter. It is also clear that it is not possible to find a system that
is relativistic and satisfies the MOND regime. In fact, for the relativistic case MG /r ~ c?
while the MOND regime requires MG /r? < aps. These relations imply r > Iy > Iy,
i.e. such a system should be bigger than today cosmological horizon. Fitting data from
several kind of galaxies, a good agreement between the new dynamic laws and data is
achieved with ap; ~ 1.15 - 10719 m-s~2, figure 2.12 [139]. The agreement between the
MOND description and the observed scale relations is found over eight orders of mag-
nitudes in size and fourteen in mass. Under certain assumptions, it is also possible to
get the Tully-Fisher relation from the not modified Newtonian dynamics. In this case
the question concerns just the assumptions. If we consider the not modified relation
between the velocity and the centripetal acceleration we have: v = (GMy/r)?. If we
now define a surface mass density as: ¥o = My/(7r?); we obtain: v} = My¥g. To have
the Tully-Fisher scale relation, the quantity ¥y should be constant for all the baryonic
systems, but this is not true. Indeed, it is easy to demonstrate that in the case of the
not modified dynamics it results: g oc ¥, while in the MOND case: g «x /%y. From
data, a good agreement is found in the last case, figure 2.13.

The analysis of the dwarf galaxies is crucial for a theory like the MOND. In fact, those
kinds of galaxies are characterized by the largest discrepancy between the luminous and

dynamic mass and, due to their small acceleration, they are perfectly in the MOND
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regime. In 1989 Lake [140] asserted that MOND could not reproduce the observed RCs

of a certain sample of dwarf galaxies.
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Figure 2.12: Tully-Fisher scale relation. Observed data (open circle) and MOND fit
(black line).

The main objection from Milgrom to the assertions of Lake was related to the large
errors in distance and inclination measurements of the sample.
Looking at the DM distribution, it is usually accepted the isothermal halo profile (ISO)
with a characteristic constant central density core. For the ISO model, the density

distribution is given by:
Po

p1so(R) = ——p—, (2.36)
14 (£)?
while the rotational curve (RC) is given by [141]:
‘/7“2015 = Vg2as + Vh2al0 + ‘/Ysztar' (237)

The three contributions are due to the gas, halo and stellar component of the galaxy,

respectively. In the case of the MOND, the RC is given by:

V= VR VR VE o+ Vi VR4V (2.39)
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Figure 2.13: Surface Density-Acceleration relation (SDA). The solid line is the fit with
the MOND assumption while the dashed line is the fit with the Newtonian assumption
[139].

where V;p 4 are the contributions from the stellar disk, the bulge and from the gas,
respectively. The stellar mass content can be inferred starting from the surface brightness
profile through the relation [142]:

S[Mope 2 = (M/L), - 10704¢"9) (2.39)

where (M/L), is the stellar mass-to-light ratio, y is the surface brightness profile and C
is a constant used for the conversion from mag/ arcsec? to L /pc?. Using the previous
formulas and a sample composed of several type of galaxies, Randriamampandry and
Carignan [141] tested the agreement between the DM and MOND descriptions with the
observed RCs, figure 2.14. By using the same M/ L value, they obtained a mean value for
the reduced chi-square equal to 1.18 and 2.37 for ISO and MOND model, respectively.
In the MOND model, Randriamampandry and Carignan considered two cases: in the

first one they considered a fix value for the aj; parameter, while in the second one it
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was free to vary.
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Figure 2.14: Fit results for ISO model (left panels), MOND with ay; fixed (middle
panels) and with ap; free (right panels). The colored curves represent contributions
from: the HI disk (red dashed), the stellar disk (dash-dotted black), the stellar bulge
(dashed green) and from the dark matter component (dashed magenta). The bold blue
lines are the model best-fit and the black points are the measurements of the rotational

velocities [141].

From the best fit to the data they obtained ay; = (1.134£0.50)- 1078 cm-s~2. For the

MOND case, it has also been observed that considering M/L as a free parameter and
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only constrains the distances of the galaxies, it resulted in a lower value of the chi-square.
On the basis of these results, it is then clear that exist different possible ways that can
be followed to address to the “missing mass problem”.

From a historical point of view, this situation can be compared to what happened be-
fore the Neptune discovery. After the discovery of the anomalous motion of Uranus,
the French astronomer U. Le Verrier and the English astronomer John Couch Adams
conjectured the existence of another planet, not yet seen, responsible for such anomalies.
In 1846 J.G. Galle discovered Neptune, the “not yet seen planet”. Different was the case
for the anomalies in the motion of Mercury. In fact, in this case the explanation of the
anomalies came from Einstein theory of general relativity, i.e. the introduction of a more
refined description of the laws of gravitation. From this discussion we can conclude that
the dark matter scenario could not represent the only answer to the modern missing
mass problem. As for the case of the Uranus and Mercury there could be different solu-
tions and explanations for the observed anomalies.

The MOND theory represents an alternative to the usual DM scenario. One of the
strongest points that sustains this model is the fact that by considering the existence
of the dark matter, there are not physical reasons able to explain the Tully-Fisher or
other scale relations, in the Newtonian case. Instead, such relations are naturally found
in the MOND scenario. Hence, no any new exotic particle that have not been seen
yet is required. It only needs a universal constant aj; that is the only parameter of
the theory. In addition, using the DM paradigm another problem arises: the missing
satellite problem. In fact, in the dark matter scenario it is assumed that most of the
mass of a galaxy is stored in a spherical dark halo. In this case a certain number of
dwarf satellites should be present around each galaxy. What is currently observed is
that the number of these satellites is roughly one order of magnitude lower than the
expected one. Despite the positive results, the MOND model has many opponents. The
main criticism against it is that there is not a physical process that could justify the
modification of the Newton laws. In the history of the MOND, tests on several samples
of galaxies found a weak correlation between the Milgrom’s constant and the central
surface brightness of the galaxies [141, 143]. From figure 2.15, it seems that for higher
values of the central surface brightness, higher values of aj; are required while lower
central surface brightness requires lower values of aps. This is a very big challenge for
the MOND theory since in such a scenario aps is supposed to be a universal constant.
The main objection to such observation, as already done for the Lake assertions, was

that the measurements of distances and inclinations were affected by large errors.
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Figure 2.15: Milgrom constant as function of the the central surface brightness of the
stellar disk in the 3.6 micron band [141].



Chapter 3

Properties of Liquid Xe as target

in DM searches

In dark matter searches, the target material has to satisfy several requirements in order

to be chosen as detection medium:

e transparency to its own radiation;

high density, in order to have greater cross section;

fast response;

discrimination ability for different kind of incoming particles;

auto-shield ability, in order to reduce the background from external sources.

The liquid Xe (LXe) has all those characteristics and this makes it an optimal choice
as detection medium in dark matter search experiments. It was discovered in 1898
by Sir Williams Ramsay and Morri Travers who named it with the Greek word “Sevov”
meaning “strange”. Besides the dark matter field the Xe is utilized in many applications.
It is used, for example, in solar neutrino searches and also in medical fields for imaging
procedure [144] as the Liquid Xenon Position Emission Tomography (LXePET), figure
3.1.

3.1 LXe properties

The Xe abundance in the atmosphere is ~ 0.1 ppm and it is obtained as a byproduct
of the liquefaction and separation of air. In table 3.1 are shown some Xe properties

compared with other noble gases. Two of the Xe isotopes are characterized by non-zero
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nuclear spin (12Xe and '3!Xe) and this gives to it sensitivity to both spin-independent

(SI), equation (1.47) and spin-dependent (SD) dark matter interactions, equation (1.49).

~ Anode Strips

Induction wires

.!‘ "

’|
V Cathode

Property | He | Ne | Ar | Kr | Xe
Symbol He Ne Ar Kr Xe
Atomic Number 2 10 18 36 54
Atomic Radius (pm) 31 38 71 88 108
Gas Density at 1 atm, 298 K (g/1) 0.16 0.82 1.63 3.43 5.40
Liquid Density at 1 atm, Tpijing(g/cm?) 0.12 1.21 1.40 2.41 2.94
Boiling Temperature at 1 atm (K) 4.22 27.07 | 87.30 | 119.93 | 165.03
Melting Temperature at 1 atm (K) - 24.56 | 83.80 | 115.79 | 161.4
Critical Temperature () 5.19 44.4 | 150.8 | 209.4 | 289.7
Critical Pressure (atm) 2.24 27.2 | 48.1 54.3 57.6
Critical Density (g/cm?) 0.0696 | 0.482 | 0.544 | 0091 1.10
Triple Point Temperature (K) N/A | 2456 | 83.81 | 115.78 | 161.41
Triple Point Pressure (atm) N/A | 0424 | 068 | 0.722 | 0.805
Dielectric Constant of Liquid 1.049 | 1.188 | 1.51 1.66 1.95

Table 3.1: Physical properties of Xe and other noble elements [145].

In table 3.2 are listed the xenon isotopes and some of their properties. Thanks to the
size of its nucleus (A ~ 130), Xe has a high cross section for WIMP-nucleus interactions
[146] (Section 7.1):

2
dms

o(q) = F(q) (pr + an)z,

where Z and N are the number of protons and neutrons in the nucleus, respectively,

s

fp(n) i3 the WIMP coupling to protons (neutrons), F'(g) is the nuclear form factor [147]
and m, is the reduced mass of the nucleon (m, ~ m,, for WIMPs heavier than ~ 10
GeV/c?). LXe has also a high density (~ 3 g/cm3) that, together to its high atomic

mass, makes it very efficient to stop the penetrating radiation, section 3.2.
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[sotope Atomic Natural Nuclear Magnetic

Mass Abundance Spin (I) Moment
[atom %]

124%e 123.9 0.09 0

126X e 125.9 0.09 0

128X e 127.9 1.92 0

129%e 1289  26.4 1/2 -0.778

130X e 129.9 4.08 0

BlXe 1309  21.2 3/2 0.692

132X e 131.9 26.9 0

131Xe 133.9 10.4 0

136X e 135.9 8.87 0

Table 3.2: Xe isotope properties [145].

At atmospheric pressure, the liquid phase of Xe extends from 162 K to 165 K, figure

3.2, and due to its boiling point it is required a cryogenic system for gas liquefaction.
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Figure 3.2: Xe phase diagram.
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3.2 Particle interactions in LXe

The characteristics of particle interactions in LXe depend on the kind of particle and
on its charge, mass and momentum. Charged particles such as « or e~ lose energy
interacting, through electrostatic forces, with the external electrons and nuclei of the
target. For such particles, inelastic collisions with atomic e~ produce excitations and
ionizations both identified as electronic excitations. To quantify the energy lost through
inelastic collisions it is defined the electronic stopping power that represents the amount
of energy lost in interactions with atomic electrons, by an incoming particle, per unit
path path length. Figure 3.3 shows the electronic stopping power for e™, o and nuclear

recoils in LXe.

1045 T T T T T T T

Electronic Stopping Power [MeV cm® g1
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Figure 3.3: The electronic stopping power for electrons, a-s and nuclear recoils in LXe
[148, 149, 150].

Electrons show a higher stopping power at lower energies, meaning that they have
a higher density of electronic excitations at the end of their tracks. The behavior for
nuclear recoils is the opposite. In the WIMP search energy region, below hundred of
keV, electronic recoils show tracks < 10 pm. Such a characteristic is fundamental for
the background reduction. For nuclear recoils it is also introduced the nuclear stopping
power, used to defined the probability for an elastic collision with target nuclei. This
mechanism leads to lose energy through atomic motion, i.e. heat, which does not give
any measurable signal (nuclear quenching).

During de-excitation processes of the excited atoms, scintillation photons are emitted.
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Also the ionization, through the recombination of the electrons-ions pairs, contributes
to the scintillation emission. Indeed, after the recombination, the Xe atoms are in
an excited state that will de-excitate through photon emission. This mechanism has
been confirmed by the experimental observation of a dependence of the scintillation
quenching from applied electric fields [151]. In dual phase detectors, as XENON10,
XENON100 and XENONIT (Chapter 4), where the Xe is used in both liquid (LXe) and
gaseous (GXe) phases, also the ionization electrons that do not recombine can be used
to produce a second scintillation signal obtained by extracting the electrons from the
LXe into the GXe. The measure of the two signals is fundamental since it allows for
particle discrimination (Section 3.5).

For what concerns v rays, there are several interaction channels available: the Rayleigh
scattering; the photoelectric absorption, with o Z4/E,Z/2; the Compton scattering, with
o  Z/E,, and the pair production (if Ey > 2m,-), with o oc Z%In(2E,). In figures 3.4
and 3.5 are shown the attenuation coefficient and the mean free path in LXe, as function

of the particle energy, for v interactions.

—
(=]
¢

_*
<

L-shell

FPhotoelectric Absorption

<

K-shell

Rayleigh Scattering

Total Attenuation

—

. -
LTE TE ST '-.'

o
T

e

Comptan .i'faﬂm'ng

Attenuation Coefficient [cmzfg]

o
il
ul

TD-I:" - 1 | Ll ‘ } . I :I-"s |
10° 10 1 0 w0 10

Photon Energy [MeV]
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Figure 3.5: Mean free path, as function of the energy, for v in LXe.

The structures at ~5 keV and ~30 keV represent the L-shell and K-shell absorption
edges. At energies of 1 MeV the mean free path for a «, in LXe, is of about 6 cm.
Thus, the main external gamma ER background comes from low-energy single Compton
scatters.

For what concerns nuclear recoils (NR), neutrons can experience elastic or inelastic
interactions. In an elastic collision (for E,, < 100 keV), the recoiling nucleus receives an
average energy of 2E, A/(A+1)? from the neutron. In the case of an inelastic collisions
(at MeV energies), a certain amount of the energy is used to excitate the nuclei of
the target which decay by photon emission in a very short time (< 1 ns). Figure 3.6,
shows the neutron cross section for the described processes. The inelastic scatters of
neutrons do not constitute a critical background since the v emission during the nuclear
de-excitation pushes the energy above the WIMP search energy region. Different is the
case for the elastic scatters since such processes mimic the expected dark matter signal.
In the case of inelastic processes, there are meta-stable states characterized by long decay
times. For example, 1?*™Xe has a half-life of 57 s while 31" Xe half-life is 11.8 days.

Such a property can be used to uniformly calibrate the inner part of a detector since the



Ionization in LXe 95

Cross Section |barns]|

10-2 ! .::.:......I . ] . T | L
107 107 10 10
Energy [MeV]

Figure 3.6: Neutron total elastic scattering (solid blue), total inelastic scattering (long

dashed orange), and radiative capture (dashed violet) cross sections in LXe.

isotopes have enough time to reach such regions.

Indeed, using an external + source it is not possible to reach the inner LXe volume, being
the mean free path for a 1 MeV v in LXe of about 6 cm due to the xenon self-shielding
ability. This ability is very useful for the background reduction since it allows to have
an inner volume of LXe, called fiducial volume (FV, see section 4.1), characterized by a
very low level of background. By the way, neutrons can penetrate deeper in the target
volume; their elastic scattering mean free path ranges from ~13 cm, at 100 keV, up to
~20 cm, at 10 MeV. Fortunately, fast neutrons are very likely to scatter multiple times

in larger scale detectors and hence easy to be rejected as background.

3.3 lIonization in LXe

A particle that passes through LXe loses energy and leaves behind it a track of ionized
and excitated atoms (Section 3.2). In relation to the ionization process, it is defined the
quantity W-value (W;), that defines the amount of energy required to produce an e~ -ion
pair. For LXe it is equal to 15.6 eV and it is slightly larger than the ionization energy of
Xe since, as discussed in Section 3.2, there are processes under which the particles lose
energy without producing ionization or excitation. Among the noble elements, LXe has
the smallest W-value, hence the largest ionization yield. Table 3.3 shows some ionization

properties of the noble elements.



96 Properties of Liquid Xe as target in DM searches

Property He Ne Ar Kr Xe
Lst ionization energy [eV] 246 216 158 14.0 121
2nd ionization energy [eV] 545 41.0 277 244 212
3rd ionization energy [eV] 63.6 408 370 322
W — value in liquid for relativistic e~ 23.6 205 156
W — value in gas for relativistic e™ 41.3 26.4 21.9
W — value in gas for o particles 42.7 26.3

Fano factor m liquid 0.06 007 0.12
Electron binding energy (K) [keV] 0.025 087 3.21 14.33 34.56

Table 3.3: Ionization properties of noble elements [145].

The total number of the e™-ion pair produced, per unit of absorbed energy, defines
the so called ionization yield. In order to correctly measure this quantity, it is necessary

to:

e minimize the loss of charge carriers due to impurity attachment, that requires an

ultra-pure liquid;

e minimize the recombination of electron-ion pairs, that requires the application of

an electric field;
e estimate correctly the deposited energy.

Assuming that an ionizing particle loses all its energy in a detection medium, Fano
[152] showed that the standard deviation (§), of the number of the produced e~ -ion pairs

(N;), does not follow a Poisson statistics but it is given by:

62 = (N — N;)?) = F x Ny; (3.1)

where F' is a constant smaller than one, called Fano factor, that depends on the
material. The standard deviation becomes Poissonian when F = 1. Using only the

ionization channel, the energy resolution of LXe is then given by:

AE(keV) = 2.35\/F - W(eV) - E(MeV); (3.2)

where AF is the energy resolution, expressed as FWHM, FE is the energy lost in
MeV, F is the Fano factor and W is the W —value. Once e~ and ions are created, they



Ionization in LXe 97

start to move. Their motion can be analyzed as function of the applied electric field

(figure 3.7), concentration of impurities and liquid temperature.
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Figure 3.7: Electron drift velocity for Xe and Ar as function of the applied electric field.

At low fields, the electron velocity (vq), is proportional to the strength of the electric
field through the electron mobility (u): vy = p-E, where E is the electric field. In LXe,
g~ 2000 cm?V~1s71. At high fields, vy saturates. Also, the drift velocity changes
slightly with temperature: almost inversely proportional to it with a rate of about
0.5%/°C [153]. During the drift, the electron cloud shows a certain diffusion (a process
that affect the position resolution in the LXe detector as the XENON ones, Chapter
4). The cloud has a longitudinal, Dy, and transverse, Dy, component of the diffusion
coefficient with respect to the electric field direction, and typically Dy, ~ 1/10 Dp. The

final transverse spread of an electron cloud, after a drift path d, is given by:

ODp = \/DTtd, (3.3)

where ty = d/vg. Figure 3.8 shows the diffusion coefficient as function of the density-

normalized electric field.
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Figure 3.8: Diffusion coefficient as function of the density-normalized electric field for
LXe and LAr [154].

Along the drift path, electrons can be catched by electro-negative impurities. This
process lowers the ionization yield and can introduce a position dependence of the signal.
The latter is crucial for double phase detectors where the depth of the event determines
the length of the path that electrons have to cross. To reduce this effect, the concentra-
tion of such impurities has to be below 1 part per billion (ppb). The electron capture

process can happen through three mechanism:

1. radiative attachment

e+ AB — AB™ + hv (3.4)

2. dissociative attachment
e+ AB — A+ B~ (3.5)

3. three-body attachment
e+ AB — (AB™)* (3.6)
(AB7)"+ Xe —» AB™ + Xe (3.7)

The evolution, as function of the time, of the electron concentration [e] is given by:
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[e(t)] = €(0) - s (3.8)

where t is the time needed by the electrons to cross a drift distance d at drift velocity

vg, [S] is the impurity concentration in mol/l and kg is the attachment rate constant
(I/mol-s). The quantity

7= (ks[S]) ™! (3.9)

is called the electron lifetime. It represents the mean time after which an electron is

catched by an impurity. Instead of 7, it is often measured the attenuation length, A,

given by:

)\att:/,L'E'T, (310)

where p is the electron mobility and E is the electric field. There are typically
two kinds of impurities: those characterized by a kg that decreases with increasing the

electric field, such as O3, and those with an opposite behavior, such as NoO, figure 3.9.
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Figure 3.9: kg in LXe (T'= 167 K) for: (A) SF¢, () N—20 and (o) O2 [155].
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To reduce the impurity concentration, several purification methods have been devel-
oped such as, for example, absorption and chemical reaction methods, filtration, sepa-

ration, electrical discharges and irradiation with gamma-rays.

3.4 Scintillation in LXe

The energy lost by a particle in LXe under excitation and ionization processes is con-
verted in scintillation light through de-excitation and recombination mechanisms, figure

3.10, respectively given by:

Xe*+ Xe+ Xe — Xe; + Xe, (3.11)
Xe; — 2Xe+ hy; (3.12)
and
Xet + Xe — Xej, (3.13)
Xef +e— Xe™ + Xe, (3.14)
Xe™ — Xe* + heat, (3.15)
Xe'+ Xe+ Xe — Xej + Xe, (3.16)
Xej — 2Xe + hy; (3.17)

where Xe' is a singly-ionized atom, Xe* and Xe** are the first and the second
excited level of xenon, Xej is the excited dimer (excimer) and hv is the VUV scintillation
photon energy. Equations (3.12) and (3.17) evidence that the scintillation light is not
produced by the de-excitation of Xe atoms, but rather by the one of Xe molecules. Due
to the different configuration of the energy levels of dimers and atoms, the photons
emitted by dimers will not be re-absorbed by the atoms making L.Xe transparent to
its own scintillation light. The emission spectrum is quite broad, AA = 14 nm, with a
peak at 178 nm which corresponds to a photon of 7 eV. As for the ionization, also for
the scintillation it is introduced a W-value, Wpy,, that is defined as the average energy
required to produce a scintillation photon. If we assume a complete recombination and,
then, that each recombination and excitation will produce a photon, the W-value is

given by:

Wph = E/(New + N;) = Wi /(1 4+ New/Ns), (3.18)
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where N; and N, are the numbers of the e™-ion pairs and excitations produced by
a recoil of energy E, respectively. An upper bound of 0.20 on N, /N; was obtained [154]
which lead to estimate the maximum scintillation yield in LXe as W, (max) = 13.8+0.9

eV.
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Figure 3.10: Scintillation mechanism in LXe (black) and different processes that can

lead to the quenching of scintillation light (gray).

The scintillation yield per unit of deposited energy defines the scintillation efficiency,
also called quenching factor, q. It counts on two contributions: the electronic, g.;, and the
nuclear, g, quenching. For ¢ = 1 all the deposited energy is converted in scintillation.
Birk [156], through its equation, tried to connect the quenching to the particle Linear
Energy Transfer (LET, —dE/dx):

dL  Cy(—dE/dx)
dr 14 Co(—dE/dx)

where C1 2 are fitted parameters. This description works for organic scintillators but it

(3.19)

fails in case of liquefied rare gases for which ¢ is not a simply function of the LET.
As introduced in Section 3.2, a recoil atom loses its energy, F, under electronic excitation,
T, and atom motion, £ —T'. Thus, the nuclear quenching can be defined as: ¢,, = T/E.
For what concerns g.;, a possible source of this quenching mechanism are the biexcitonic
collisions [150, 157]:

Xe* + Xe* — Xe+ Xet e, (3.20)
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In those reactions, two excitons collide giving one electron that can recombine producing
only one VUV photon instead of two. This effect depends on the LET of the particles
since for high LET the density of ionization e~ along the tracks is high, thus giving
a high probability for biexcitonic collisions. At high LET a flat scintillation yield is
observed for relativistic heavy ions, assumed to be the maximum value in LXe, figure
3.11.
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Figure 3.11: LET dependence of the scintillation yield for various types of particles
in LXe: relativistic heavy ions (solid circles), relativistic electrons (solid square) and
electronic recoils from 7-rays (open squares), « particles and fission fragments (f.f.)
[154].

At lower LET wvalues, relativistic electrons and electronic recoils from ~-rays are
interpreted to have a reduced scintillation yield due to incomplete recombination (escape
electrons) while the reduced scintillation yield of « particles, at higher LET, is attributed
to biexcitonic quenching [158], equation (3.20). For what concerns particles such as « or
Xe ions, the track structure can be described as a central core surrounded by a penumbra
zone. Looking at the initial radial distribution in the track core, figure 3.12 [158], it can
be concluded that the distributions for Xe ions and « are quite similar, thus it is possible

to use the same values for their quenching.

3.4.1 Scintillation decay time

The scintillation light in LXe has two decay components (characterized by two different
decay times): the singlet (S, faster) and triplet (T, slower) states of the excited dimers

Xe3. The corresponding electronic states, '} (lifetime of 2.2 ns for relativistic e~ and
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Figure 3.12: The initial radial distribution of excited species in the cylindrical track core
in liquid Xe due to various ions and fission fragments (f.f.). Solid curve shows 60 keV

recoil Xe ions. Proton have an energy of 38 MeV and, Ar and Fe ions are relativistic.

4.2 ns for « particles) and X} (27 ns for relativistic e~ and 22 ns for « particles), are
essentially the same. The singlet and triplet lifetimes depend only weakly on the density
of excited states, while the ratio of their density strongly depends from the LET: it is
greater at higher LET. The different ratio is due to the thermalization and recombination
velocity that, in liquid rare gases [150], is higher (lower) for high (low) LET particles.
Since different particles have different LET, they will show different singlets to triplets
ratios, thus allowing their discrimination, figure 3.13 (top). What happens is that a

thermal electron can collide with an excited state, a !X, and move it to a 3%} :
S+e —=T+e,

producing more triplets states. Since the recombination is faster for high LET particles,
the previous mechanism is less probable so, the S/T ratio remains higher. Low LET
particles, like electrons, show a decay signal dominated by a slow and non-exponential

recombination component with a decay time of 45 ns [158] (with no electric field applied).
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Applying an electric field this component disappear thus allowing to obtain the fast and

slow decay components, figure 3.13 (bottom).

3.4.2 Recombination and Electron Extraction

The distribution of the energy lost in ionization and scintillation depends not only on the
number of excited and ionized atoms produced initially, but also on the recombination
rate. Recombination occurs whenever an electron and an ion are sufficiently close to each
other. Its rate is proportional to the ionization density, which is roughly proportional
to the electronic stopping power. Consequently, higher recombination rate is expected
at higher LET. The number of the excited atoms after the recombination is given by:

NGZB

N,, = Ny +7-N; = Ny(r +
N;

), (3.21)

where 7 is the recombination rate and N, /; is the number of excitations/ionizations.
Due to quenching effects, the number of emitted photons (NN,;) might be different from
N.,. In equation (3.21), the ratio N,,/N; is energy independent [159]. A model by

Thomas and Imel [160] has been successfully used to describe recombination in liquid

xenon. This model gives:

N, 4 N
— =1—-r= In(1

(3.22)

where 7 is a free parameter of the theory. Ny, the number of electrons after the recom-
bination, is given by:
Ny=(1-r)-N;. (3.23)

The values proposed by the XENON10 collaboration [67] give:

Nem
~ 1.09 3.24
R L09, (3.24)
and
v ~ 0.032. (3.25)

The application of an electric field can reduce the recombination, thus quenching the
emitted light. The effect of such an electric field is different for particle with different
LET. Indeed, for high ionization tracks (« and NR) there is a larger probability for the
electrons to recombine with ions than in the case of electron recoils. This difference
is crucial for the particle discrimination (Section 3.5). The relative scintillation and
ionization yields, as function of the applied electric field, are shown in figure 3.14.

As anticipated, in dual phase detectors the drifted electrons are extracted from LXe to

GXe. By means of the application of a sufficiently high electric field, it is possible to
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Figure 3.13: Top: decay curves of scintillation from electrons, a-particles and fission
fragments (f.f.), without an applied electric field, in LXe [158]. Bottom: electron recoil
scintillation pulse at electric fields of zero and 4.0 kV/cm [161].
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“heat” the electrons so that their average kinetic energy results high enough to allow
for their extraction. Electrons with the component of the momentum orthogonal to the
LXe/GXe interface (p) greater than the potential barrier are then readily extracted
into the gas phase.
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Figure 3.14: Field dependence of scintillation and ionization yield in LXe for 122 keVe,
electron recoils (ER), 56.5 keV, nuclear recoils (NR) and 5.5 MeV alphas, relative to the
yield with no drift field [162]. The definition of keV.. and keV, is given section 3.6.

This mechanism allows to the ionization electrons to be used to generate a second

scintillation signal. The potential energy, at the interface, is given by:

Vi(Z) = Vo — eB1Z + Ay, Z <0; (3.26)
Va(Z) = —eBrZ + Ay, Z > 0; (3.27)

with )
A1 e —c) (3.28)

? 7 de1o(Z + BZ]1Z]) (e + e2)
where Vp is the ground state energy of the electron in the liquid, €; 2 are the dielectric
constant of the liquid and gas, respectively, (§ is the thickness of the liquid-gas interface,
Z < 0 is the liquid phase. Electrons with the momentum component, orthogonal to
the LXe/GXe, greater than y/2m.|Vp| can be extracted from the liquid into the gas.
In GXe, under the effect of a high electric field, drifting electrons can acquire enough

energy between two successive collisions, with Xe atoms, to excite the atoms and produce
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scintillation light. This effect is called electroluminescence, or proportional scintillation,
being the scintillation produced proportional to the number of extracted electrons. The
photon yield per unit of path length per electron, dNN,}/dx, is empirically determined as
[163]:

= a2 o (3.29)
with @ = 70 photons/kV and # = 1 kV/(cm-atm), where Ej is the electric field in

the gas and p the pressure. This process, coupled with the extraction of electrons from

the liquid phase, provides an extremely efficient way of amplifying the ionization signal

of LXe TPCs and even leads to the detection of single electron signals [164].

3.4.3 Attenuation of the VUV flux

Besides the electron capture, impurities in LXe can also reduce the scintillation yield
absorbing the produced light. The attenuation of the emitted photon number is given
by:

I(yy = Tpel =%/ Aat), (3.30)

where Ay is the attenuation length that has two components: the absorption length,
that describes the loss of photons, and the scattering length. The attenuation length is
given by:

1/Aatt = 1/ Aabs + 1/ Asca- (3.31)

The most dangerous impurities for the VUV light are the O9 the water vapor, that are
largely contributed by the outgassing of the materials used to build detectors. Figure
3.15 shows the absorption coefficient of water vapor and oxygen with a concentration of

1 ppm. Elastic scattering is dominated by Rayleigh scattering. The Rayleigh scattering

4 2 2 2
4w o [ O¢€ ET= [ Oe
Asea = 6t |:kT/€T,0 <ap>T + ey <8T ) (3.32)

length is given by:

where w is the angular frequency of the scintillation light, ¢ is the speed of the light,
k is the Boltzmann’s constant, T is the temperature, p is the liquid density, k7 is
the isothermal compressibility, ¢, is the heat capacity at constant volume and ¢ is the
dielectric constant [165]. Equation (3.32) shows how the spatial density fluctuations
due to temperature gradients can increase the amount of Rayleigh scattering. Since
Asca X )\31(6, where Ax. is the scintillation wavelength, increasing the wavelength can

extend the Rayleigh scattering length.
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Figure 3.15: Absorption coefficient for VUV photons assuming 1 ppm concentration of

water vapor and Oz. Also shown is the LXe scintillation spectrum [166].

Most of the photons are confined into the liquid medium due to the large mismatch
in refractive indices of the liquid and gas (the critical angle for total internal reflection
at 170 K is about 36°). The refractive index of the GXe is ~ 1 while the refractive index
of LXe depends on the radiation wavelength (figure 3.16) and liquid temperature (figure
3.17).
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Figure 3.16: Refractive index of liquid xenon at the triple point, as function of the

wavelength [167].
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Figure 3.17: Refractive index of liquid xenon as a function of the temperature [167].

3.5 Discriminating particles with LXe

The ability to discriminate among different particles is essential for a dark matter ex-
periment. This because WIMPs produce NR while most of the background radiation
produces ER [146]. In dual phase detectors two scintillation signals are measured: one
from the excitation and recombination (S1), and another one (S2) from the ionization
electrons extracted from the LXe into the GXe. Different LET particles have different
S2/S1 ratio and this allows to discriminate among them. Indeed, a NR has a higher
recombination rate, due to its higher LET, than an ER. A higher recombination gives
a lower S2 and a higher S1 thus, a lower the S2/S1 ratio. This characteristic of the
signals implies the anti-correlation between ionization and scintillation signals, which is
experimentally observed, figure 3.18.

Thus, using the ratio of the signal as discrimination parameter, it is possible to
distinguish between the two type of recoils (see figure 4.4 in Chapter 4). Having such a
separation between the ER and NR bands, in the S2/S1 parameter, it is possible to set
a discrimination level for the ER which allows to reach, or at least to lower, the desired

background level, Section 7.3.

3.6 Relative scintillation efficiency (L.;s) for nuclear re-

coils

As described in Sections 3.2-3.4, in nuclear recoils part of the energy is lost to nuclear

stopping power. Such an energy is spent for atomic motion which gives a not measurable
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Figure 3.18: Light and charge yield as a function of drift field for 662 keV,, vy-rays from
137Cs [168].

signal. Thus, to reconstruct the energy lost in ER and NR it is necessary to take into
account their different scintillation properties. A well known quantity used to define the
fraction of the energy lost to electronic excitation in a NR event is the Lindhard factor
[169] L, given by:

k- g(e)
=_— 2 3.33
1+k-g(e) ( )
where
€ =11.5E,(keV)Z~7/3; k =0.1332%3 42, g(e) = 3¢"15 + 0.7%0 + €. (3.34)

A better agreement between data and Lindhard theory is reached, in LXe, considering
together with the nuclear quenching also the electronic quenching (Section 3.4).

Experimentally, it is usually quoted the relative scintillation efficiency of nuclear recoils
Ly instead of the Lindhard factor. It is an energy dependent quantity and it is given

by:
Ly,nr(Enr)
Ly cr(Eer =122 keV)’

where E,, is the released energy in a nuclear recoil, Ly ,»(Ey,) is the scintillation yield

‘Ceff(Em") =

(3.35)

of the nuclear recoil and Ly, (Fe,) is the scintillation yield of electronic recoils from
photoabsorbed 122 keV + rays from a ®7Co source at zero field. Using a collimate beam
of neutrons, of known energy, it is possible to directly measure the L through Coulomb

scattering on Xe atoms:

E,, ~2E, (1 — cosb), (3.36)
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where FE,, is the energy of the incoming neutron, m, and Mx. are the masses of the
neutron and Xe nucleus, respectively, and 8 is the scattering angle. Knowing F,, and 0,
E, is inferred from equation (3.36). Then, measuring the scintillation yield Ly n,(Eny),

the L.¢s can be evaluated from equation (3.35), as function of E,,., figure 3.19.
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Figure 3.19: Direct measurements of L. ¢¢ [170, 171] described by a Gaussian distribution
to obtain the mean (solid line) and the uncertainty band 1o and 20 (light and dark gray,
respectively). Below 3 keV, the trend is logarithmically extrapolated to Lcrf = 0 at 1
keV,..

Knowing the Lf; it is then possible to correctly reconstruct the released energy in
NR. For ER and NR, two different energy scales are used. They are indicated as “keV,.”
for the electronic recoils and “keV,.” for nuclear recoils. The first one is the energy scale
where a v ray calibration source is used to obtain the conversion between energy and
the detector response for ER. The second one is obtained from the scintillation signal,
S1, and using the Lf:

S1 1 S

o (keVy) = 7 5 (3.37)
y *~e nr

where S1 is the scintillation signal measured in photoelectrons, L, is the light yield of

photoabsorbed 122 keV « rays, L.;y is the relative scintillation efficiency in LXe and
Ser(nr) 1s the the field quenching factor of the scintillation light for electronic (nuclear)

recoils.
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Chapter 4

The XENON Project

The first detector of the XENON project was XENON10 [172]. The main goal of
this experiment was to test the possibility to realize a dual phase, LXe/GXe, detector
on the kg scale to detect dark matter interactions. The good results, obtained in 2007,
pushed towards the realization of a new and larger detector, XENNON100 [173], based
on the same detection and work principles. Both detectors, have been placed in the
interferometer tunnel at the Laboratori Nazionali del Gran Sasso (LNGS), Italy, at
an average depth of 3600 m water equivalent. XENON100, in 2012, [8] set the most
stringent limit on the spin-independent WIMP-nucleon elastic scattering cross section
for WIMP masses above 8 GeV/c?, with a minimum of 2 x 107%% cm? at 55 GeV/c?, at
a 90% confidence level. This result has been the best limit up to the LUX results [10]
in October, 2013. In parallel, since 2010, the XENON1T design started. It will be the
largest dual phase Xe-based detector ever realized and, after its approval by INFN in
2011, it is now under construction in the Hall B at LNGS.

4.1 Dual phase TPC principle detection

The “heart” of the various XENON detectors is a dual phase (LXe/GXe) Time Pro-
jection Chamber (TPC) which contains xenon in liquid phase (LXe) and, above it, in
gaseous phase (GXe). A particle interacting in LXe (Section 3.2) produces a prompt
scintillation signal (S1) through excitation, and ionization electrons. The electrons can
recombine, participating to the S1 signal, or can be drifted by an appropriate electric
field towards the liquid-gas interface where they are extracted into the GXe (Sections
3.3 - 3.4) to produce the secondary scintillation signal, S2. On the bottom, the TPC is
closed by the Cathode (at negative voltage) while on its top it is closed by the Gate mesh

(grounded). This structure encloses the LXe active region, called the sensitive volume,
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that represents the volume used to detect the interactions and available for the electrons
drift. Along the vertical axis, equally spaced, are distributed thin copper rings that,
together with the Cathode and the Gate mesh, generate a uniform electric field used to
drift the electrons. Above the Gate mesh there is the Anode and in between them is set
the LXe/GXe interface. Gate mesh and Anode produce the extraction field which has a
strength of O(10) kV /cm, that guarantees an extraction level close to 100%. Two PMT
arrays, one on top of the TPC inside the GXe and one at its bottom below the cathode,
in LXe, are used to detect the scintillation light. From the pattern of the hit PMTs it is
determined the x-y position of the events while from the time difference between S1 and
S2 signals it is inferred the z coordinate. Combining all these informations, a 3D vertex
reconstruction is possible. The knowledge of the interaction point allows the selection
of the events that happen in the inner part of the LXe, usually called fiducial volume
since the majority of background events are expected to be found outside of it (Section
3.2), using the outermost volume as shield, thus reducing the background from external
sources.

Also the S1 and S2 signals are used to lower the background, through their different ratio
for ER and NR (Section 3.5). A schematic view of the TPC structure and an example

of the two signals are shown in figure 4.1.

PMT Array |11 CICC OO St S2
Gas Xe Anode vortional S2 ' v
Gate Grid +*+ —-.Driﬂ Time
E E E /. Nuclear Recoil (WIMP)
haN Hr
[] $ [ ] e_ 81 82

Liquid Xe '
Drift
direct S1 Field
Cathode Drift Time
PMT Array (IO OO OO OO0 Electronic Recoil (y, p)

Figure 4.1: Left, XENON detector TPC schematic view and its work principle. Right,
drawings of wave forms due to different kind of events. The different ratio of S2/S1

allows for the discrimination between ER and NR [173].
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4.2 XENON10

The TPC of XENON10 was made of a PTFE cylinder with a inner diameter of 20 cm and
a height of 15 cm. The detector contained a total amount of 25 kg of Xe, 15 of which
were used as active volume [172]. The TPC was placed in a double-walled SS vessel
which contained vacuum between the jackets. The vacuum insulated the LXe keeping
it thermally decoupled from the external environment, figure 4.2. In order to assure the
continuous operation of the detector, several devices were added into the design: a diving
bell, a cryogenic system, a purification and a recirculation systems. The diving bell was
required to keep constant the level of the LXe/GXe interface, since from it depends the
extraction and so the multiplication properties of the system. The cryogenic system was
based on a Pulse Tube Refrigerator (PTR) specifically designed for XENON10, mounted
on the cryostat top flange and put in direct contact with the liquid, figure 4.2.
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Figure 4.2: Schematic view of the XENON10 detector.

Besides the anode, cathode and gate mesh (Section 4.1), this detector used another
mesh, at ground voltage and placed above the anode, that was used to close the field
lines in order to protect the PMTs. Above and below the PTFE structure the two
PMT arrays produced the signals. The PMTs used for XENON10 were developed by
the Hamamatsu Photonics Co. [174]. They were 1”7 square with a bialkali photocathode
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(Rb-Cs-Sb), equipped with a quartz window, whose quantum efficiency was > 20% for
the light emitted by the LXe (~178 nm). One of the most important requirements for a
rare events search experiment is to have a very low background. In order to reduce the
external background, the whole structure was placed in a cubic steel-framed structure,

consisting of 20 cm high density polyethylene inside 20 cm Pb, figure 4.3.
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Figure 4.3: Schematic view of the XENON10 detector shield structure.

Simulations showed that, with this external shield, it was possible to have a back-
ground reduction of a factor ~ 107 in the energy region below 25 keV. This shield was
also designed to allow the introduction of external calibration sources without exposing
the detector cavity to the outside air. The gamma calibration sources were ®°Co (1.2
and 1.3 MeV) and 137Cs (662 keV). For the NR calibration an 24! AmBe(a, n) source was
used. The ER and NR calibration bands are shown in figure 4.4 [172]. In the figure, the
keV.. scale is used. As described in section 3.6, to take into account the different scin-
tillation properties of ER and NR, two energy scales are used: keV,, for the former and
keV, for the latter. A further background reduction was achieved through volume fidu-
cialization (Section 4.1) and thanks to an intensive screening material campaign where
materials with the lowest activity were found. Due to the 15 cm drift path, the LXe
had to be of high purity to allow to the electrons to reach the extraction interface with
the highest probability. This required a level for the electronegativity impurities below
1 part per billion (ppb).
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Figure 4.4: Calibration bands for ER from a '3"Cs (662 keV) source (black points) and

for NR from an AmBe source (red points).

Due to the Van der Waals interactions of the LXe with the TPC material, the LXe
is able to extract those impurities; hence it was crucial to remove them. To this aim, in
addition to a purification device, also a recirculation system was required to continuously

purify the liquid. This goal was achieved through a high temperature getter, figure 4.5.
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Figure 4.5: Scheme of the Xe purification system with closed-loop re-circulation. LXe
from the bottom of the detector is evaporated and pressed by a gas circulation pump

through the getter, for continuous purification.

A possible WIMP signal was searched in a certain S1 window with a lower bound
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connected to the energy threshold of the experiment and with the upper bound chosen
in order to maximize the integrated WIMP rate. To simplify the analysis, a flattening
of the ER and NR bands was performed subtracting to both of them the mean of the
ER band, figure 4.6.
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Figure 4.6: Flattened bands for ER (black points) and NR (red points) in XENON10.
The violet vertical lines enclose the S1 WIMP search region [172].

The WIMP acceptance window was defined to lie in the range:
(1 —30) < Alog((52/51) < p,

where p and o were the mean and the sigma of the NR band, figure 4.7. The NR
acceptance was defined as the fraction of AmBe events that fall within this window,
for each bin. The best result for XENON10 detector was achieved after the analysis of
a 58.6 live-days WIMP search run (October 6, 2006 - February 14, 2007). The same
dataset was used in a spin-independent (SI, [175]) and a spin-dependent analysis (SD,
[176]). The energy region chosen was [4.5, 26.9] keV, (Section 3.6). In the analysis the
mean light yield (L,) was 3.0 £ 0.1(stat) & 0.1(stat) photoelectrons/keV,. (pe/keVec)
at a drift field of 0.73 kV/cm. Rejection of the ER background was obtained using the
different values of the log;,(52/51), figures 4.4 and 4.6. For the SI analysis, ten events
were found in the 5.6 kg chosen fiducial volume, figure 4.8. They were found compatible
with the background thus, only upper limits on the sensitivity were set. The minimum
of the sensitivity, 4.5 - 107%* cm? with a 90% CL, was achieved for a WIMP mass of 30
GeV/c?, figure 4.9. For what concerns the SD interactions, Xe is mostly sensitive to
WIMP-neutron couplings. For a such kind of interactions, the minimum WIMP-nucleon

cross section of ~ 6 - 1073%cm? was achieved at a WIMP mass of ~ 30 GeV /c? [176].
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Figure 4.7: WIMP acceptance region (light blue shaded area) for the [13.4, 17.2] keV,
energy window of the NR distribution.
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Figure 4.8: Analysis results for the XENON10 58.6 live-days run [175]. Left, XENON10
LXe active region. The solid line encloses the chosen fiducial volume. The numbered
points are the events found inside the WIMP search region, after the analysis. Right,
log;,52/51 as function of the nuclear recoil energy. The vertical and horizontal lines
enclose the WIMP search region ([4.5, 26.9] keV,) with a nuclear recoil acceptance of
about 50%.
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Figure 4.9: Cross section limit, 90% CL, on spin-independent WIMP interactions (red
line), from the 58.6 live-days dataset [175]. The blue line is the best limit from CDMS
experiment [177]. The shaded areas represent the allowed parameter region in the con-

strained minimal supersymmetric models.

XENONI10 detector was also used for light dark matter searches [67]. One of the
major difficulties in the detection of this kind of particles is the very small recoil energy
and so only detectors with a very low threshold can face this search. The light dark
matter is usually considered for masses below ~ 10 GeV and this gives a maximum
recoil energy, in xenon, of 6 keV,. For this amount of energy only the S2 signal can be
used used. Indeed, for very low energy releases, the S1 signal is not observed. Thus, the
discrimination imposed on the log;((S2/51) is not possible anymore. For this kind of
search, the S2 scintillation gain was raised of a about 12%, with respect to previous runs,
and the S2 threshold was lowered to one electron. In this configuration of the detector,
a single electron ended up with 27 photoelectrons which allowed for a nice x — y event
reconstruction. For the z coordinate, since in this case the S1 signal was not available, a
relation between the spread of the S2 signal, 0., and its z position was used. The fiducial
volume was considered inside a radius of 3 cm. Using S2-only signals, it was mandatory
a good knowledge of the charge yield, Q,, i.e. the number of electrons produced per

keV,. of recoil energy, figure 4.10:

(4.1)
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Figure 4.10: Charge yield as function of the recoil energy [67]. The solid black line is
the parameterisation used in XENON10. Also shown are measurements from [178] (x),

[179] (dash-dot curve, with +10 contours) and [180] (o and black square).

For such an analysis, a 12.5 live-days run and an energy threshold of 1.4 keV, were

used. The energy resolution was defined as:
R(Em”) = (QyEnr)ié (4.2)

Using the py,q. method [181], the 90% CL cross section limit for elastic spin-independent
light dark matter was set, figure 4.11 [67].

4.3 XENON100

The XENON100 detector [173] (figure 4.12), currently working at the LNGS, has been
based on the same detection principles as its predecessor. The goal of this experiment has
been to lower the sensitivity by two orders of magnitude with respect to XENON10. The
XENON100 TPC has a radius of 15.3 cm and a height of about 30.5 cm and it contains
62 kg of LXe. In this case the TPC has been realized using 24 interlocking panels in an
almost cylindrical shape. The interlocking structure is mandatory to avoid light leaks
through the panels after their shrinkage (~ 1.5%) at LXe operative temperature (—91
°C). As in XENONI10 the active region is defined by the TPC and two, out of five,
meshes: the cathode, at the bottom of the TPC, and the gate mesh, on its top. The
cathode is biased at ~ —16 kV while the gate mesh is grounded. With this configuration
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Figure 4.11: Curves indicate 90% CL exclusion limits on spin-dependent o for elas-
tic dark matter scattering, obtained by CDMS (dotted [182], and dashed [65]) and
XENON100 (dash-dot [183]). The region consistent with assumption of a positive de-
tection by CoGeNT is shown (hatched) [121], and (shaded) [52]. Also shown is the 3o
allowed region for the DAMA annual modulation signal (solid contour) [184]. Previously
published (solid black curve) and corrected (solid green curve, labeled “corrected”) 90%

CL exclusion limits obtained from data.

of the meshes and 40 thin copper field shaping rings, equally spaced in the vertical
coordinate, a uniform drift field of ~ 530 V/cm is generated. Above the gate mesh,
there is the anode. These two meshes, with the LXe/GXe interface in between, create
the extraction field (~ 12 kV/cm biasing the anode at +4.5 kV). Other two meshes,
both grounded, are used in order to close off the field lines: the top screening mesh, 5
mm above the anode, and the bottom screening grid, 12 mm below the cathode. The
extraction properties are strongly connected to the LXe/GXe interface level. In order
to keep it under control, a diving bell has been designed, figure 4.12. The diving bell,
as for XENON10, has two main functions:

1. it keeps the liquid level at the desired height; to this aim a constant stream of gas
is released through a small pipe that reaches out into LXe volume, to pressurize

the system;

2. it allows to have LXe all around the TPC volume, thus giving a 47 coverage of the

sensitive volume.



XENON100

123

Veio PMTs
Bottom PMTs

;

=] H
[ O | o
5 oom

Figure 4.12: Schematic view of the XENON100 detector.

All around the TPC there is a 4 mm thick LXe layer, 99 kg in total, that acts as active
veto. This veto is seen by dedicated PMTs placed around the TPC. In order to detect
the S1 and S2 signals there are two arrays of Hamamatsu R8520-06-A1 1”7 square PMTs,
on top and bottom of the TPC, figure 4.13.

Figure 4.13: Top array (left), 98 PMTs, and bottom array (right), 80 PMTs.
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Due to LXe refractive index (1.69 £ 0.02) [185] and the consequent total internal
reflection, the S1 signal is seen mainly by the bottom PMT array. For this reason the
bottom PMTs have a higher quantum efficiency than the top ones. The TPC is placed
in a double walled 316Ti stainless steel cryostat which guarantees a thermal isolation
from the environment. The whole detector structure has been placed in the same passive
shield of XENON10, figure 4.3, with an addition of an outer layer of 20 cm of water, on
top and on three sides of the shield, to further reduce the neutron background. To lower
even more the external background the cryogenic and gas purification systems are placed
far from the detector and connected to it through double walled pipes. As XENON10,
also XENON100 uses a high temperature zirconium getter and a PTR. The cryogenic
system is connected to the cryostats through a vacuum insulated pipe. The GXe from
the detector can thus reach the cold-finger of the PTR where it is liquefied, figure 4.14.
The liquid drops are collected by a funnel and flow back into the detector through a

smaller diameter pipe at the center of the insulated pipe.
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Figure 4.14: Schematic view of the detector and its cryogenic system.

Usually the commercial xenon comes with a certain amount of ®Kr contamination.
This element, through its beta decay, can produce a not negligible contributions to the

background, thus reducing the sensitivity of the detector. For this reason a Kr distillation
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column has been used, figure 4.15.
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Figure 4.15: Schematic layout of the cryogenic distillation column used to separate

krypton from xenon.

The column is based on the different boiling point of the Kr (120 K at 1 atm) and
of the Xe (165 K at 1 atm). In this way the gas enriched in Kr reaches the top of the
column and it is extracted while the gas with lower Kr concentration goes at the bottom
of the column and then it is sent to the detector. The calibration of the detector to
electromagnetic and nuclear recoils is made by using several sources. They are placed
inside a thin copper tube all around the TPC. For the ER calibrations %°Co and ?*2Th
have been used as well as a '37Cs source to measure the electron lifetime. For what
concern the nuclear recoils an 2! AmBe (a,n) source has been used. This source can
also furnish inelastic scatters on the xenon nuclei that will provide additional gamma
lines from xenon or fluorine: 40 keV (*?9Xe), 80 keV (*¥1Xe), 110 keV (*F in PTFE),
164 keV (131mXe), 197 keV (YF), and 236 keV (}2"Xe).
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4.3.1 Spin-independent results

The best results of XENON100, for the 2012, have been achieved using a dark matter
science run over a period of 13 months that led to a 224.6 live-days dataset [8]. The
analysis was carried out only on the data acquired in periods where the detector showed
a stable behavior. For the analysis it was decided to use the Profile Likelihood [186]
(PL) statistical method. Moreover, the Mazimum Gap method [181] has been used as
cross-check. The NR energy has been inferred using the S1 signal and the L.;s (Section
3.6), assuming L, = (2.28 &+ 0.04) pe/keVee, See = 0.58 and Sy, = 95 with an electric
field of 530 V/cm. Position reconstruction and S2/S1 discrimination, figure 4.16, have

been used to lower the background.
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Figure 4.16: Discrimination parameter, log;;S2/S1, as function of the recoil energy. The
ER band (red points) is showed together with the NR band (blue points). Superimposed
to the bands there are their medians, green and yellow solid lines for the ER and NR

band, respectively.

In the z—coordinate the resolution has been 0.3 mm while in « — y it has been < 3
mm. The total expected background, from MC simulations, has been (1.0 40.2) events.
For the analysis, a S2 > 150 pe threshold and an electron lifetime of 514 us have been
used. Dark matter runs were stopped only for LED calibrations of the PMTs and ER
calibrations with %°C and ?32Th sources. For the impurity monitoring, **Cs runs were
used. For NR calibration, two runs of 24! AmBe have been done: at the beginning and at
the end of the run, that showed a good agreement. To avoid any analysis bias, the DM
runs have been blind in the region [2, 100] photoelectrons, keeping only the upper 90%
of the ER band. To make a selection of the possible WIMP candidate events, several

quality cuts and event selection criteria have been developed. Their acceptance, figure
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4.17, has been evaluated on the NR calibrations with the exception of the quality cuts,

since they are dependent on the status of the detector.
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Figure 4.17: Cut acceptance (blue line), S2>150 PE threshold acceptance (red dashed

line), NR discrimination cut (green line) [8].

The other cuts have been tested on the ER data or in the unblind part of the DM
data. The benchmark region for the WIMP search has been defined as follows: 34 kg

fiducial volume; [3, 20] pe window in S1 that corresponds to [6.6, 30.5] keV, energy
window; below the 99.75% ER rejection line in S2/S1; S2 threshold > 150 pe. After

unblinding the data, two events were left in the benchmark region inside the fiducial

volume, figures 4.18 and 4.19.
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Figure 4.18: Spatial event distribution inside the TPC [8]. The 34 kg fiducial volume is

indicated by the red dashed line. Gray points are above the 99.75% rejection line, black

circles fall below.
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Figure 4.19: Event distribution, after the analysis, in the discrimination parameter space
log19(52,/51) (flattened), in a 34 kg of FV (black points). A lower analysis threshold of
6.6 keV, has been considered. The negligible impact of the S2 > 150 pe threshold cut
is indicated by the dashed-dotted blue line and the signal region is restricted by a lower
border running along the 97% NR quantile. An additional strong S2;/51 discrimination
cut at 99.75% ER rejection defines the benchmark WIMP search region from above
(dotted green). The red dots indicate the NR band from the neutron calibration [8].

At the end of the analysis, cross section limits for WIMP-nuclei spin-independent
(SI) elastic scatters, as function of the WIMP mass, have been evaluated (figure 4.20).

For the limits evaluation a halo density of p, = 0.3 GeV/ c3, a local circular velocity
vo = 220 km/s and galactic escape velocity vese = 544 km/s have been considered. The
minimum for the sensitivity, ¢ = 2.0 - 107%**cm?, has been found for a WIMP mass
my =55 GeV/c? [8].

4.3.2 Spin-dependent results

For spin-dependent (SD) interactions it is assumed that the WIMPs are a spin-1/2 or
spin-1 fields, meaning that they couple to the quark axial current. The differential cross
section [9] for this kind of interaction is given by:

osD SG%7
dg? — (2J + 1)v2 Sa(9) (4:3)

where ¢ is the momentum transfer, G is Fermi constant, v is the WIMP velocity relative

to the target, J is the total angular momentum of the nucleus and S4(q) is the axial-
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Figure 4.20: Result on ST WIMP-nucleon scattering from XENON100 [8]. The sensitivity
is shown by the green/yellow band (10 /20) and the resulting exclusion limit (90% CL) in
blue. For comparison, other experimental limits (90% CL) and detection claims (20) are
also shown together with the regions (1o/20) preferred by supersymmetric (CMSSM)
models [187].

vector structure function. In the limit of zero momentum transfer, the structure function

reduces to the form:

2J+1)(J+1)
wJ

54(0) = ¢ [ap(Sy)| + an (S} (4.4)

where (Sp,) = (J|Spn|J) are the expectation values of the total proton and neutron
spin operators in the nucleus, and the effective WIMP couplings to protons and neutrons
are defined in terms of the isoscalar ag = a, + a, and isovector a; = a, — a, couplings.
Thus, WIMPs couple to the total angular momentum of nuclei and this means that
only elements with an odd number of protons or neutrons have a significant sensitivity
to this channel. For what concerns the xenon isotope abundance, in XENON100 there
are 26.2% of 12?Xe and 21.8% of ¥'Xe. In literature there are several calculations for
the structure function S4. The one used for the XENON100 limits [9] comes from the
results of Menendez [188]. Considering the SD interactions, usually the results are given

for o the cross section for the interaction with a single proton/neutron. Due to the

p/n
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characteristics of 29Xe and 3! Xe (even number of protons and odd number of neutrons)
stronger limits are expected for o, (figure 4.21) than for o, (figure 4.22) since for both

isotopes it results [(Sp)| < [(Sp)].

10_34-""'I T T T T T T L |
i = XENON100 limit (2013)

i + 20 expected sensitivity

_35 [ + 16 expected sensitivity

neutron

SD WIMP-neutron cross section [cm2]

R T 10
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Figure 4.21: XENON100 90% CL upper limits on the WIMP SD cross section for inter-
action with neutrons [9] using Menendez [188]. The 1o (20) uncertainty on the expected
sensitivity is shown as a green (yellow) band. Also shown are results from XENON10

[176], CDMS [189], ZEPLIN-III [69].

Also for the SD analysis, as for the SI case, a Profile Likelihood approach has been
used to evaluate cross section limits. The minimum WIMP-neutron cross section is
3.5-107%%cm? at a WIMP mass of 45 GeV /c? [9] while, as explained, for WIMP-proton

interactions the limits are weaker.

4.3.3 Solar axion and galactic ALP search results

The 224.6 live-days DM dataset has been used to search for solar axions and for non-
relativistic galactic Axion Like Particles (ALPs) [37]. These particles can be detected
through their different electromagnetic couplings with photons (gay), electrons (gae)

and nuclei (g4n). The g4e coupling can be tested using scatters off the electrons of the
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Figure 4.22: XENON100 90% CL upper limits on the WIMP SD cross section for inter-
action with protons [9] using Menendez [188]. The 1o (20) uncertainty on the expected
sensitivity is shown as a green (yellow) band. Also shown are results from XENON10
[176] (using Ressel and Dean [127]), CDMS [189], ZEPLIN-III [69] (using Toivanen et
al. [190]), PICASSO [191], COUPP [192], SIMPLE [193], KIMS [194], IceCube [195].

Xe atoms through the axio-electric effect [196]. Thus, for this analysis, only the ER
band has been considered after the application of all the quality cuts, figure 4.23, whose
acceptance is shown in figure 4.24. The conversion from the energy deposition, E, to

the observed signal in photoelectrons (pe), n®P, is given by:
n“?(E) = R(E)-QE)-f-E (4.5)

where R(FE) is scintillation efficiency relative to 32.1 keV., Q(FE) is the quenching factor
at non-zero field (measured at a field close to the one of XENON100) and f = 3.76
pe/keV, is the derived XENON100 light yield at 31.2 keV,, and zero field [173]. The

event rate with a given number of detected photons, n, is given by:
dR *dR
an = ; 1B Poiss(n|n“P(FE))dE (4.6)

where dR/dFE is the predicted spectrum and n®*P(E) is defined in (4.5).
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Figure 4.23: Events distributions for ER flattened band in log1o(52,/S1) Vs S1 space.
The black points are the observed events while the gray ones are the calibration events.

The horizontal and vertical lines represent the applied cuts.
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Figure 4.24: Combined cut acceptance for the Axions search analysis.

The background spectrum has been modeled on ®°°C and ?*2Th calibration data and
scaled for the exposure time of the science data, figure 4.25. The survived events, after
the application of the analysis cuts, are shown in figure 4.26. The axion search region
has been considered between 3 and 30 pe. In figure 4.26, the solid gray line represents
the background model (figure 4.25) while the black dots are the survived events. The
blue dashed line is the expected solar axion spectrum assuming m < 1 keV/c? for the
axion mass and considering the available best limit on g4, from EDELWEISS-IT [197]
(gae = 2-107). Since no excess of events have been observed, above the expected
background, new limits on the g4, has been set (with a 90% CL), thus excluding values

of the axion-electric couplings greater than 7.7 - 10712 figure 4.27 [37].
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Figure 4.25: Background model (gray line), scaled to the correct exposure time. The
model is based on the %°Co and 232Th calibration data (empty blue dots). The 3 pe
threshold is indicated by the vertical red dashed line.
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Figure 4.26: Expected Axion spectrum (blue dashed line) for m < 1 keV/c? assuming
gae = 210711 Also shown are: 3 pe S1 threshold (red dashed line), survived events
(black dots) and background spectrum (gray line).

By translating this data into limits on the axion mass, they are excluded masses
above 0.3 eV/c?, DFSZ model [38], and above 80 eV/c?, KSVZ model [39)].
For what concerns the galactic axion-like particles (ALPs), the expected signal spectrum
is shown in figure 4.28 assuming g4, = 4-107'2 and that ALPs constitute all the galactic

dark matter.
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Figure 4.27: XENON100 limits (90% CL) on solar axions [37] (blue line). The expected
sensitivity, based on the background hypothesis, is shown by the green/yellow bands
(lo/20). Limits by EDELWEISS-II [197], and XMASS [198] are shown, together with
the limits from a Si(Li) [199]. Indirect astrophysical bounds from solar neutrinos [200]
and red giants [201] are represented by dashed lines. The benchmark DFSZ [38] and
KSVZ [39] models are represented by gray dashed lines .
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Figure 4.28: Event distribution in the galactic ALPs search region: [3, 100] pe (black
dots). Also shown are: the background (gray), the S1 threshold (red dashed), the
expected signal for various ALP masses, assuming g4, = 4 - 10712, (blue dashed). The

width of the mono-energetic signal is given by the energy resolution of the detector.
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Also in this case, no excess of events, above the background, has been found. Thus,
for ALPs with a mass in the range [5, 10] keV/c?, XENON100 set the best upper limit
excluding an axion-electron coupling ga. > 1-107!? at the 90% CL [37]. The results
are shown in figure 4.29, together with limits from other experiments and astrophysical

bounds.
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Figure 4.29: XENON100 limit (90% CL) on ALPs coupling to electrons as a function
of the mass, under the assumption that ALPs constitute all the dark matter in our
galaxy (blue line) [37]. The expected sensitivity is shown by the green/yellow bands
(1o/20). The contour area corresponds to a possible interpretation of the DAMA annual
modulation signal as due to ALPs interactions, while the other curves are constraints
set by CoGeNT (brown dashed line), CDMS (gray continuous line), and EDELWEISS-II
(red line, extending up to 40 keV /c?). Indirect astrophysical bound from solar neutrinos
is represented as a dashed line. The benchmark KSVZ model is represented by a dashed

gray line.

In figure 4.29, the steps in the sensitivity around 5 and 35 keV/c? reflect the pho-
toelectric cross section due to the atomic energy levels. Below 5 keV/c? the obtained
90% CL is higher than expected deviating by as much as 20 from the mean predicted
sensitivity. This is due to a slight excess of events between 3 and 5 PE. A similar effect

is responsible for the limit oscillating around the predicted sensitivity above 5 keV /c?.
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4.4 XENONIT design

XENONI1T is the new detector of the XENON project and the first tonne-scale detector
that will use double phase xenon as detection medium. It will be placed at the LNGS in
the Hall B, figure 4.30 (top). The goal of the new detector is to improve the sensitivity
to cross sections for dark matter interactions, down to 2 - 10~%7 cm?, as shown in figure

4.30 (bottom).
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Figure 4.30: Top: HallB of the LNGS. Bottom: XENONIT expected sensitivity (red
dashed line). As comparison are also shown limits from other experiments as LUX [10]
and XENON100 [8].
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To achieve such a result, it is mandatory to reduce the total background of at least
two orders of magnitude with respect to XENON100. This can be done thanks to the
size and characteristics of XENONI1T and through the use of a water tank that will act
as muon veto (Section 4.4.1). The detector will contain about 3 tonnes of LXe of which
~2 will be used as sensitive volume. The sensitive volume will be enclosed in a TPC
with a radius of 479 mm and a total height of about 967 mm. The details of the detector
design, in particular the cryostats and the TPC, will be presented Chapter 5. Here I
will briefly describe other ancillary systems, crucial for the experiment functioning and

for the background reduction: the Muon Veto and the purification system.

4.4.1 Muon Veto design

At the depth of the LNGS, the flux of cosmic muons is (3.31 & 0.03) - 1078y cm ™25~}
[202], with a mean energy of ~ 270 GeV [203]. Such particles, together with their
cascades, generated in the rock and concrete of the laboratory, can give both ER and
NR backgrounds. The latter is more problematic since neutrons, produced in spallation
processes on nuclei or in electromagnetic and hadronic showers, have an energy from 10
MeV up to tens of GeV and so they can penetrate even through large shields and mimic
a WIMP-like signal. Due to this reason several efforts have been put in design a muon
veto system that can tag and reject those events as background.

The Muon Veto for the XENONI1T detector is made of a water tank with a cylindrical
shape body, 4.8 m of radius and 9 m height, plus a truncated cone shape roof, for a total
height of 10.5 m, that will be filled with water, figure 4.31. The Muon Veto system is
based on the detection of the Cherenkov light emitted by particles that pass through the
water. The light is seen by 84 PMTs (8” in diameter), model Hamamatsu R5912ASSY,
whose quantum efficiency in the range [300, 600] nm is about 30%. The PMTs are
arranged in two rings, one on top at 9 m from ground and one on the bottom of the
water tank, each of which count 24 photomultipliers, and 4 equally spaced rings of 12
PMTs each, along the vertical wall of the tank. The detector will be placed at the center
of the structure, figure 4.32, thus resulting surrounded by an equal thickness water layer
in all directions. The inner surface of the water tank will be covered by a reflective foil,
DF2000MA, which has a reflective efficiency close to 100% between 400 and 600 nm
wavelengths. It acts also as a wavelength-shifter to better overlap the Cherenkov light
spectrum with the high quantum efficiency region of the PMTs. To trigger a veto event
there are two requirements that have to be satisfied: one regards the threshold, i.e. the
level of the signal has to overcome a defined threshold, and another one concerning the

length above the threshold, i.e. the signal has to stay above the threshold for a specific
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Figure 4.31: Schematic view of the XENONIT Muon Veto water tank.

Figure 4.32: Left, design of the Muon Veto with the detector and its support structure
at the center of the water tank. Right, MC simulation of the Muon Veto design [204].
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To evaluate the trigger rate due to muon events, it is also necessary to consider the
PMT dark counting rate and the flux of particles from radioactive decay of rock and
concrete that surround the experiment. It is possible to reduce these contributions using
a N-fold PMT coincidence, in a certain time window, with a certain threshold. After
several MC simulations [204] it was established that using a 5-fold coincidence in 300
ns, a rate lower than 1 Hz can be reached, still having high efficiency in detecting single
photoelectrons. Monte Carlo simulations determined that the efficiency of the Muon
Veto, with respect to the muon-induced events, is 99.78% for events directly from muons
and 72.2% for shower-induced events. The residual muon-induced neutron background,
in XENONIT, is < 0.01 ev/y in 1 tonne FV, i.e. practically negligible. In figure 4.33 is
shown the current status of the XENONIT Muon Veto water tank.

Figure 4.33: Photo of the XENONI1T Muon Veto water tank and of the service building
in the hall B at the LNGS.

4.4.2 LXe purification system

One of the most important goals for a dark matter experiment is to lower the back-
ground as much as possible. Indeed, it is important to place the detectors in a very low

radioactive environment, use very low contaminated materials and veto techniques, but
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this is not all what is possible to do. There is another important source of background
called intrinsic background (Section 6.4), to which contribute the impurities naturally
contained in the Xe, that requires proper techniques to be lowered. The most dan-
gerous contaminations are 8°Kr (Section 6.4.1) and ?2?Rn (Section 6.4.2). Since those
impurities are uniformly distributed inside LXe, it is not possible to reduce their back-
ground using volume selection cuts. In this case LXe has to be purified. In order to
have a sub-dominant contribution to the total background from the intrinsic one, the
85Kr concentration has to be below 1 ppt. The xenon can be purified from 8°Kr using
a distillation column, figure 4.34, that will exploit the different boiling temperature of

this contaminant (120 K at 1 atm) and of the xenon (165 K at 1 atm).

Figure 4.34: XENONI1T Kr distillation column (under construction).

The 2?2Rn emanated from several sources in the detector is planning to be removed
through a Mobile Radon Extraction Unit (MoREx) [205]. This contaminant, due to
its long half life, can uniformly be distributed in the LXe volume. For the purpose
of the XENONI1T detector, the total ??2Rn activity has to be lower than 3 mBq, that
corresponds to about 1 uBq/kg. Since the drift length is very large, about 97 cm (it is the

TPC height), it is also important to have a very low level of electronegative impurities,
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such as Oz and H2O, because they can absorb both electrons and the scintillation light
(Section 3.4.3). In order to guarantee stable operation properties, the contamination of
these elements has to stay below 1 part per billion (ppb) O equivalent. The problem is
that the strong Van Der Waals interactions of the xenon with the detector materials will
extract such impurities from the detector materials, raising their concentration. To keep
their concentration as low as possible, a continuous Xe gas circulation system and low
outgassing materials, based on a high temperature metal getter (SAES), will be used
(figure 4.35).
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Figure 4.35: Schematic view of the XENONI1T gas purification system.

4.5 XENONIT upgrade: XENONnNnT

The XENON project will then continue with its last phase: XENONnT. For this new
generation detector, most of XENONIT systems will be used. For example, as it will
be described in the next chapter, the XENONIT outer vessel is already realized to
host this new detector that will increase the total amount of LXe to 7 tonnes, figure
4.36. XENONnT will require a larger TPC and more PMTs, 217 instead of 127 in the
top array and 211 instead of 121 in the bottom one, than XENONI1T. The foreseen
sensitivity is about 3-107%8 cm?. About one order of magnitude below such a value, the
neutrino coherent scattering becomes an irreducible background, figure 4.37. The NR
from such process can mimic WIMP interactions, thus setting a limit on the sensitivity
that detectors can reach. The only chance to go towards stronger limits will be to use

new detection strategies such as, for example, directional ones.



142 The XENON Project

Figure 4.36: XENONNT outer and inner (red line) cryostats. The outer vessel will be
the XENONIT one. Inside the cryostats, the XENONIT field cage is also shown.
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Figure 4.37: XENONNT sensitivity (blue dotted line) compared with the XENONI1T
expected one (green dotted line) and with the results from XENON100 225 live-days run

[8] and from LUX [10]. Also shown are limits from other experiments and the neutrino

coherent scattering bound (solid dashed orange line) that represents an irreducible source

for the NR background.
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Chapter 5

XENONI1IT Monte Carlo

geometry simulation

The analysis of the design and materials chosen for the construction of a detector is
essential to guarantee the achievement of an experiment purposes. A detailed Monte
Carlo (MC) simulation is, hence, mandatory. This allows the analysis of some fun-
damental quantities such as, for example, the expected background from radioactive
isotope contaminations of the detector materials. In this chapter the full MC simula-
tion of the XENONI1T detector geometry is described, with the aim of quantifying the
internal and intrinsic backgrounds (Chapter 6) with the final goal of extrapolating the
achievable sensitivity of the experiment as function of the WIMP mass (Chapter 7).
The whole simulation has been realized with the GEANT4 toolkit, version 9.5.p01. The
implemented geometry reproduces the CAD drawings of each component of the detector
with very high accuracy. The accuracy of the simulation is verified by comparing the
images of several components from the CAD drawings with the ones obtained by means
of the simulation. In particular, the images from the simulation are done by using a
proper software, Meshlab, or geantinos (fictitious particles used in GEANT4 to check

the geometries).

5.1 Cryostats

Following the same work principles of XENON10 and XENON100, also in XENONI1T
the outermost part of the detector consists of a double vessel structure, figure 5.1. It
will host about 3 tonnes of LXe 2 of which, called the active volume, will be enclosed
in the field cage of the detector to constitute “the heart of the detector”. Between the

two vessels, named Inner Cryostat and Outer Cryostat, there is a vacuum jacket that



146 XENONIT Monte Carlo geometry simulation

guarantees thermal isolation of LXe, during the detector operations, from the external
environment. The two cryostats share the same geometry structure but with different
dimensions: a central cylindrical body with two domes, one on the top and one on the

bottom.

Figure 5.1: Inner and Outer cryostat geometries implemented in the simulation. Image
from the GEANT4 code (Meshlab).

They are made of low radioactive stainless steel (SS) and their whole structure has
a uniform thickness of 5 mm. In the MC code the two domes have been implemented as
a union of two solids: a sphere and a torus. The cylindrical body of the inner cryostat
has an outer diameter of 1110 mm and height of 1420 mm. The top and bottom domes
have a bending outer radius of 893 mm. The outer cryostat is of greater size: the outer
diameter of the central body is 1630 mm and the height is 1687 mm. Also in this case,
both the top and bottom domes have the same bending outer radius equal to 1309 mm.
For both cryostats, the bottom domes are directly connected to the cylindrical bodies
while the top ones are attached through flanges, figures 5.2 and 5.3. Compared to figure
5.2, in figure 5.3 are absent the cryostats holes for the pipes connections, see later. This
is due to some simplifications in the visualization software. While the size of the inner
vessel are optimized for the current detector design, the dimensions of the outer vessel
are such that it will be able to host also the upgrade XENONnT, Section 4.5. The
flanges of both vessels are 90 mm height but they have different radial thickness: it is
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100 mm for the outer cryostat and 62.5 mm for the inner one. The flanges have been
implemented as rings with a rectangular section directly connected to the cryostat shells,

on top of the cylindrical body.

1500
1000%— /K' ‘ﬁ\

.
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Figure 5.2: Frontal section of Inner and Outer cryostats (black), inner cryostat flange
(red) and outer cryostat flange (green), as implemented in the simulation. Image done

by using geantinos from the GEANT4 simulation code.

Figure 5.3: Frontal view of the inner and outer cryostat flange geometries implemented
in the simulation. Image from the GEANT4 code (Meshlab).

In the real CAD drawings the flanges are divided into two parts, along the vertical
coordinate. The top part is connected to the top domes of the cryostats while the bottom
part is attached to the cylindrical bodies. The structural characteristics of cryostats
shells and flanges are reported in table 5.1. On the surfaces of the top domes, there are
few holes that allow the connection between the internal components of the detector and

proper pipes for HV supply, monitoring, etc., figures 5.4 - 5.6.
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Component material weight (kg) height (mm) thickness (mm)
Inner cryostat shell SS316T1i 300.7 1987 )
Inner cryostat flange  SS316Ti 165.8 90 62.5
Outer cryostat shell — SS316Ti 569.4 2518 5
Outer cryostat flange  SS316Ti 391.3 90 100

Table 5.1: Summary of the main structural characteristics of the two cryostats.
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Figure 5.4: GEANT4 implementation of the pipes; image made by using geantinos.

Figure 5.5: GEANT4 implementation of the pipes; image from Meshlab.

Those pipes have different dimensions: there is a smaller one, that contains all the

connections for the HV feedthroughs, and a bigger central one that contains smaller
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Figure 5.6: GEANT4 implementation of the pipes. Both images have been done by
using the Meshlab software.

pipes for the gas recirculation and for signal and PMTs HV supply cables. Also the
pipes are made of SS; they are under vacuum which also in this case is used as insulator

from the external environment temperature.

5.2 Field cage

The double phase Time Projection Chamber (TPC, Section 4.1) is the most important
element in the XENONIT detector because it will host the active LXe volume, about 2
tonnes, that is the target volume for the WIMP search. Due to its role, the TPC has
been designed in order to maximize the chance to detect a dark matter interaction with
a target nucleus. This requires, for example, a light tight region and good reflective
properties. To satisfy the requirement of a light tight chamber, the TPC has been
designed as made of 24 interlocking polytetrafluoroethylene (PTFE) panels, 5 mm thick,
in an almost cylindrical shape, figure 5.7. The interlocking structure will avoid to lose
light through the panels after the shrinkage that is, at LXe temperature, about 1.5%. In
order to speed up the MC simulation, the geometry of the TPC has been implemented
as a 5 mm thick PTFE empty cylinder, figure 5.8, with a radius of 479 mm and a
total height of about 967 mm, with both quotes considered after the shrinkage. For the

background estimation, this simplification causes no variation with respect to the real
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case.

Figure 5.7: Interlocking PTFE panels of the TPC (white, enclosed in the cyan curves).

Few panels have been emphasized in red. Image from the CAD drawings.

Figure 5.8: PTFE walls of the TPC as implemented in the simulation. Image done by
using Meshlab from the GEANT4 simulation code.

In XENONIT the 2 tonnes of active volume will be enclosed laterally by PTFE walls
and on top and bottom by the gate mesh and the cathode. This structure defines the

drift region that is the region available for the drift of the charge carriers (electrons).
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In order to drift these particles, an electric field is needed and so the cathode and gate
mesh will be set at a proper tension. The former will be biased up to —100 kV while the
latter will be grounded. The voltages will generate the electric drift field which will move
the electrons towards the LXe/GXe interface, where they will be extracted into the GXe
region by means of the extraction electric field. One of the most important requirements
for the electric drift field is the uniformity along the whole drift region. In this way
there will be no signal dependencies from the position inside the active volume. The
uniformity of the drift field is reached through the use of the so called field shaping rings.
These are 74 thin copper rings that are placed in contact with the external TPC walls
and are equally spaced along the vertical axis. With this configuration, the copper rings
will cover the whole vertical distance between the cathode and the gate mesh, i.e. the
total available drift path. The rings are connected between them, the cathode and the
gate mesh through a resistor chain. In this way they will automatically set themselves
at the right tension giving a uniform drift field. The intensity of the electric field will
be chosen in the commissioning phase of the experiment, from hundreds of V/cm up to
1 kV/cm. The copper rings have been implemented merging a central ring of square
section, 5x5 mm?, with two toroidal rings, one on top and one on bottom of the central
ring, having a bending radius equal to half of the central ring side, figure 5.9. The total
height of each ring is then 10 mm.

Figure 5.9: PTFE wall of the TPC with the copper rings around it. Left, copper rings
(brown), TPC (white/gray); image from CAD drawings. Right, copper rings (dark
yellow) and PTFE wall of the TPC (brown) as implemented in the simulation; image
from the GEANT4 code (Meshlab).

To sustain the whole field cage structure (TPC PTFE walls plus field shaping rings)
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24 PTFE pillars have been designed and implemented in the simulation, figure 5.10.

Figure 5.10: External view of the field cage with copper rings and PTFE pillars. Left,
copper field shaping rings (brown) and PTFE pillars (cyan); image from CAD. Right,
copper field shaping ring (yellow) and PTFE pillar (brown); image from Meshlab.

The pillars have been implemented as sum of several solids as parallelepipeds, trapezes,
etc., and they are made of PTFE, figure 5.11.

Figure 5.11: PTFE pillar structure. Left, image from the CAD drawings. Right, imple-

mentation in the simulation code; image from GEANT4 (geantinos).
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To sustain the copper rings, the pillars are equipped with “teeth”, left side in figure
5.11. However, in the MC implementation the teeth structure is absent. The reason
is that in order to implement a solid with such elements, the “G4SubtractionSolid” or
“G4 UnionSolid” routine are mandatory but, due to the number of required subtractions
or unions, we had several problems with the boolean operator. Since, between the two
cases there are negligible differences, especially for what concern the mass, that is one of
the main characteristics for the background estimation, the teeth were removed from the
GEANT4 code. The pillars are placed on a copper ring on which they are distributed
isotropically all around the PTFE walls, each one rotated by a 15° angle with respect

to the previous one, figure 5.12.
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Figure 5.12: Top view of the implemented geometry of the field cage structure: PTFE

walls (blue), field shaping rings (yellow), PTFE pillars (red), copper ring to sustain
pillars (brown). Image from the GEANT4 code (geantinos).

The support ring of the pillars has been implemented as a rectangular section ring
with a inner radius of 494 mm, a thickness of 20 mm and 5 mm height, figure 5.13. As
said, the drift region is closed, on the bottom, by the cathode. Just below it there is a
PTFE ring that follows the shape, with same radius and thickness, of the TPC walls.
The PTFE ring acts as reflector for the UV light that doesn’t hit the light sensor directly
and connects the active region with the bottom PMT structure (Section 5.4), figure 5.14.
Using this ring, the active region will be totally light tight on the bottom. It has been
designed as made of 24 short panels, 69.1 mm height and 5 mm thick
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Figure 5.13: Left, PTFE pillars (cyan) and their copper ring (brown). Also shown is
the L-shaped SS ring that sustain the bell (Section 5.5); image from the CAD draw-
ings. Right, PTFE pillars (brown) and their copper ring (yellow); image done by using
Meshlab from the GEANT4 simulation code.

As for the TPC, it has been implemented as an empty cylinder with the same radius
of the TPC. In order to sustain the ring and also the cathode, 6 small PTFE pillars
have been designed and implemented. In the MC code such small pillars are made of the
union of two parallelepipeds, one for the main body and one for the “hook” that sustains
the cathode electrode ring (Section 5.3), figure 5.14. The figure shows that the region
below the TPC, from the cathode to the bottom reflector plate, Section 5.4, is light
tight thanks to the PTFE ring. The 6 small pillars are placed isotropically all around
the TPC, mounted on the same copper ring that sustains the 24 PTFE pillars. Each one
of them is rotated by a 60° angle with respect to the previous one, figure 5.15. Some of
the characteristics of the field cage components are reported in table 5.2. As said, the
drift region is enclosed by two meshes: the gate mesh, on top, and the cathode, on the
bottom. The former has been designed and implemented in the MC simulation as made
of hexagonal cells while the second one is made of an array of parallel wires (Section 5.6).
The detailed study of their transparency, discussed in section 5.6, has demonstrated that
it is not necessary to implement the detailed geometry of these components because a

simplified exponential formula for the transparency, as function of the particle incident
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angle with respect to the meshes, can be used. This allows to save memory and to speed

up the simulations.
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Figure 5.14: Right: bottom TPC (green), field shaping rings (dark yellow), PTFE ring
below the TPC (brown), PTFE supports (red), support ring for the PTFE pillars (light
yellow), cathode and bottom mesh electrode rings (blue) and the bottom PTFE reflector
(cyan); image from GEANT4 (geantinos). Left, same geometry as right (different colors);
image from the CAD drawings.
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Figure 5.15: Top view of the field cage structure: TPC (blue), field shaping rings (yel-

low), PTFE pillars (red), copper ring to sustain pillars (brown) and cathode support
pillars (cyan). Image done by using geantinos from the GEANT4 simulation code.
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Component material weight (kg) height (mm) thickness (mm)
TPC PTFE 32.5 968 (after shrinkage) 5
Ring below TPC PTFE 2.1 69.1 (after shrinkage) 5
Cathode supports PTFE 0.8 (for one component)  157.6 (after shrinkage) 20
Field shaping ring Cu 90.7 (for all the 74 rings) 10 5
Field cage pillar PTFE 13.5 (for all the 24 pillars) 1098 (after shrinkage) 15
Ring below Pillars Cu 2.8 5 20

Table 5.2: Main characteristics of the field cage components.

As in XENON100 (Section 4.3), also XENONI1T will use other three meshes: the
anode and the top and bottom screening meshes. The anode will be placed 5 mm above
the gate mesh. Exactly halfway between the stack of these two meshes there will be the
LXe/GXe interface. Anode and gate mesh will create the extraction field and for this
reason, the former will be biased at the proper voltage to have an extraction efficiency
of the drifted electrons close, as much as possible, to 100%. Above the anode and below
the cathode there will be the Top and Bottom screening meshes, needed to close the
field lines and protect the PMTs. All the meshes will be connected to electrode rings,
Section 5.3, in order to be sustained and biased at the proper voltage. To have a light
tight region above the TPC, in the GXe region, a PTFE structure has been designed and
implemented in the MC code. It acts as the PTFE ring below the TPC walls. It is made
of a ring with orthogonal trapezoidal section, figure 5.16. It is 67.2 mm height, and its
longer base has a inner radius of 481.3 mm and a thickness of 39 mm. Just above the top
mesh electrode there is a PTFE plate, that is the first one in the PMT array structures,
see section 5.4. From figure 5.16, it is clear that through the trapezoidal PTFE ring the
GXe region is totally separated, and so light tight, from the rest of the detector. This
will allow the best detection of light coming from the secondary scintillation signal (S2),

Section 4.1.

5.3 Electrode rings

In order to bias the meshes to the proper voltage and also to give them the necessary
stretch, each of them is welded onto an electrode ring, figure 5.17. The rings are made of
SS and have different shapes, depending on the amount of mechanical tension they need
to stand. Have a very well stretched meshes is mandatory since any inhomogeneities in
the distance, for example between the gate mesh and the anode, will adversely affect the
extraction field properties introducing a dependence of the S2 signal from the extraction

point.
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Figure 5.16: Top (left): top TPC structure; image from CAD drawings. Top (right):
image done by using Meshlab from the GEANT4 simulation code. Bottom: top TPC
structure implemented geometry. The components shown are: top reflector plate (or-
ange, Section 5.4), GXe (blue dots), meshes electrodes (gray), PTFE structure around
the GXe (brown), PTFE walls (cyan). Image from the GEANT4 code (geantinos).

For the top screening, bottom screening and the gate meshes, the electrode rings
have been designed and implemented in the MC code as rings of rectangular section.
The electrode ring of the top mesh has a inner radius of 508 mm; it is 13.5 mm a thick

and 3 mm height. For the bottom mesh it has a inner radius of 465 mm, a thickness of
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16.75 mm and a height equal to the top mesh one.
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Figure 5.17: Mesh prototype during the welding on the proper electrode ring.

For what concerns the gate mesh, its electrode ring has a inner radius of 487.35 mm,

a thickness of 15 mm and it is 5 mm height, figure 5.18.
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Figure 5.18: Frontal section of the bottom, gate and top mesh implemented geometries.

Image from the GEANT4 code (geantinos).

The geometry of the anode and cathode electrode rings are totally different from the
previous ones. The anode electrode ring is a L-shaped SS ring, figures 5.19 and 5.20
(left panels). It has been implemented in the MC as a union of two rings, both with a
rectangular section. The first one has a inner radius of 484 mm, a thickness of 20 mm
and a height of 4 mm while the dimensions of the second one are, respectively, 498 mm,
6 mm and 14 mm. Also the implementation of the cathode ring, figures 5.19 and 5.20
(right panels), required the union of several solids. It can be divided into two parts of

similar shape but different dimensions. Both parts are a union of a torus and a square
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section ring. For the bottom part, the square ring has a inner radius of 480.35 mm, a
thickness of 11 mm and it is height 13.35 mm. For the top part, the dimensions are,
respectively, 485 mm, 6.35 mm and 8.65 mm. The curvature of the two torus are half of

the thickness of the ring to which they are connected.
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Figure 5.19: Left, frontal section of the anode ring implemented geometry. Right, frontal
section of the cathode ring implemented geometry. Images from the GEANT4 code

(geantinos).

Figure 5.20: Frontal sections of the anode (left) and cathode (right) ring implemented
geometries. Images from the GEANT4 code (Meshlab).

The meshes are welded onto their own electrode rings. This configuration has been
also implemented in the MC simulation, figure 5.21. The main characteristics of the
XENONIT electrodes are summarized in table 5.3.
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Figure 5.21: Left, top meshes (red) with their electrodes (blue). Right, bottom meshes
(red) with their electrodes (blue). Images from the GEANT4 code (geantinos).

Component material weight (kg) height (mm) thickness (mm)
Bottom mesh electrode SS 1.2 3 16.7
Cathode electrode SS 4.5 — —
Gate mesh electrode SS 1.9 5 15
Anode electrode SS 4.1 — —
Top mesh electrode SS 1.1 3 13.5

Table 5.3: Main characteristics of the SS electrode rings.

5.4 PMTs and their support structures

The XENONIT detector will be equipped with two arrays of photo-sensors: one on
top, in the GXe region, and one on bottom, in LXe region, both inside the total light
tight volume, to obtain the highest light detection efficiency. The PMTs are the 3”
Hamamatsu R11410-21 characterized by a high quantum efficiency (36%) at the UV
light emitted by the xenon. The PMTs, figure 5.22, consist of several parts: a quartz
window, a photocathode and a bottom part made of ceramic. The interior of the PMTs
is under vacuum and their total length is 114.1 mm. The top part consists of a torus plus
a disk, while the central body is a cylinder. The voltage divider circuit is implemented
as a simply disk made of Cirlex, 7 mm thick, that is placed 14 mm away from the PMT,
In order to fix the PMTs in the desired configuration they are mounted onto proper
support structures made of two PTFE plates with a copper plate between them, figure
5.23. The PMT windows are 5 mm inside the first PTFE plate that looks at the active

region. These plates act also as reflectors for the photons that will not hit directly the
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photomultipliers.
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Figure 5.22: Implemented geometry of the PMT (orange) and its divider circuit (cyan).
Image done by using geantinos from the GEANT4 simulation code.

Figure 5.23: Top (left) and Bottom (right) PMT support structure design, image from
the CAD drawings.

The holes in the reflector plate have a diameter that perfectly match the one of the
PMT photocathodes, thus avoiding any loss of light through them. The top support
structure is designed to host 127 PMTs placed in a concentric ring pattern, directly
immersed in the GXe; in the bottom array there are 121 PMTs placed in a hexagonal
pattern, directly immersed in LXe, figure 5.24. The outermost ring of the top PMT
array slightly exceeds the PTFE walls radius; since the top array is used to reconstruct
the x-y position of the interaction point, this configuration guarantees a good resolution

also for events very close to the TPC edges.



162 XENONIT Monte Carlo geometry simulation

600

g eoSay o0l o%e®s
anol- ® - ® B o%e%Te=e

- LS >S4 P c eJelelele

. Y e®®e, - r eoeseselele

L e ®e® o aa®,e’, eseseele
20 p N - 2SO SISO ® O

- ® P _ 9. @ L] - & - - _ =

L - - _ L _a™™ Y B '.......‘..Q.

F @ 9 _ @ _ 9 o® *_o_o_o&_e_o
- egeoe el esege I SO S eoeoe

- eGeGeeCelele  ®GQe el ec e ee
| ©e®le®a® Se Re i g >t P el Pl B
00 o e o e -200 ecs_®o_®_e_e_ e

T et e g S e e” ' 0% e%e®e%e®%e

g e LT, Pee o o - eJe_ e e e
200 - cae® & _ e_s_o_e

® - 400 TesTe

r Pase® L ® T ®

r s b Lo bey v b e byewn Lo Lo aa loaa baay
60055 o 250 i 200 200 500 500 400 -300 -200 100 O 100 200 300 400 500

Figure 5.24: Top view of the top (left) and bottom (right) PMT arrays. Image from the
GEANT4 code (geantinos).

In the bottom PMT support structure, the two PTFE plates have the same radius,
494.0 mm, and the same height, 12.7 mm. The copper ring has a larger radius, 515 mm
(since the copper ring that sustains the TPC pillars is mounted on it, Section 5.2), and
it is 19 mm height. The distance between the bottom reflector plate and the copper
plate is 59.3 mm, while the other PTFE plate of the stack is directly connected to the
copper one, figures 5.25 (right panel) and 5.26. For what concerns the top PMT support
structure, all the plates have the same radius of 524 mm. The height of the first and
the third plate, both made of PTFE, is 12.7 mm while the middle copper plate is 20
mm height. The distance between the first PTFE plate and the copper plate is 59.3 mm
while the third plate is attached directly on the copper plate, figures 5.25 (left pane)
and 5.27.
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Figure 5.25: PMT support structure implemented geometries: PTFE reflector (red), cop-
per plate (brown), PTFE plate (green), PMTs (blue) and PMT voltage divider circuits
(cyan). Left for top array and right for bottom array. Image done by using geantinos
from the GEANT4 simulation code.
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Figure 5.26: Bottom PMT support structure implemented geometry: voltage divider
(blue disk), PMTs (orange), bottom reflector (red), copper plate (brown) and bottom
PTFE plate (green). Image done by using Meshlab from the GEANT4 simulation code.

Figure 5.27: Top PMT support structure implemented geometry: voltage divider circuits
(blue disk), PMTs (orange), top PTFE plate (green), copper plate (brown) and top
reflector (red). Images from the GEANT4 code (Meshlab).

In table 5.4 are reported some properties of the PMT support structures.

Component material weight (kg) height (mm) radius (mm)

Top (bottom) reflector PTE 6.3 (4.6) 12.7 (12.7) 524.0 (494.0)
Top (bottom) PTFE plate =~ PTFE 7.1 (4.3) 12.7 (12.7) 524.0 (494.0)
Top (bottom) copper plate Cu 45.9 (44.6) 20.0 (19) 524.0 (515.0)

Table 5.4: Geometrical properties of the components forming the PMT support struc-

tures.

An overall view of the top and bottom PMT structures, with the other components
in the top and bottom light tight regions are shown in figure 5.28 and figures 5.29 - 5.30,

respectively.



164 XENONIT Monte Carlo geometry simulation

750

z (mm)

Figure 5.28: Frontal view of the top light tight region implemented geometry. The
components shown are the same as in figure 5.25 (left) plus: LXe/GXe interface (solid
blue horizontal line), PTFE trapezoid ring (violet), TPC (yellow), copper field shaping
rings (brown), PTFE pillar (black), diving bell and its SS ring (orange, Section 5.5).
The dots below and above the LXe/GXe interface line are the LXe and GXe volumes,
respectively. Image from the GEANT4 code (geantinos).

Figure 5.29: Frontal section of the bottom light tight region implemented geometry:
PTFE TPC walls and PTFE ring below them (brown), cathode and bottom mesh elec-
trodes (gray), field shaping rings (yellow), PTFE pillars (brown) and their support ring
(light yellow), bottom reflector plate (red), copper (brown) and PTFE (green) bottom
plates. Images from the GEANT4 simulation code (Meshlab).
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Figure 5.30: Same as figure 5.29 but image done by using geantinos.

5.5 Diving bell and bottom filler

The mutual distance between gate mesh, LXe/GXe interface and the anode is crucial
for the extraction field properties and so for the S2 signal generation. For such a reason,
the level of the interface between the meshes, as well as their stretch (Section 5.3), has
to be kept under control. To this aim a diving bell has been designed, figure 5.31, and
implemented in the MC code, figure 5.32.

Figure 5.31: Diving bell, light blue. Left, outside view. Right, frontal section. Both

picture are taken from the CAD drawings.

A prototype of the bell has been already constructed and tested, figure 5.33. The
diving bell plays two main roles: it keeps under control the LXe/GXe interface level and

it also guarantees a 47w coverage, of the sensitive volume, with LXe. In fact, the only
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way to have a certain amount of liquid above the TPC, important to reduce external

background, is to have a sealed volume on its top, i.e. a diving bell.

B
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Figure 5.32: Frontal section of the diving bell (cyan) on top of the field cage. Image
from the GEANT4 simulation code (Meshlab).

Figure 5.33: Prototype of the diving bell used for operational testing.

The bell keeps the liquid at a desired level using a stream of gas that pressurizes its
internal volume. Adjusting the pressure of the gas, it is possible to push at a desired
level the LXe/GXe interface. This is possible since the active volume is connected to
the external LXe volume and thus lowering the level of the former will raise the volume
of the latter outside the field cage. The gas is sent into the bell through a small pipe

connected to the recirculation system and its pressure is controlled adjusting the open
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end of the pipe. At the beginning of the design of the detector also the idea of not using
the bell has been exploited (figure 5.34). After a MC study, the option with bell has

been chosen.
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Figure 5.34: Overall frontal section of the XENONIT detector implemented geometry.

Left, option with the diving bell. Right, option without the bell. In red is the LXe

volume. Images done by using geantinos from the GEANT4 simulation code.

Figure 5.34 (left panel) clearly shows that the bell allows a total coverage of the active
region, thus reducing the background inside the detector. The bell has a cylindrical shape
and it is made of a SS top plate with thickness equal to 5 mm and radius of 523.5 mm
and by a 3 mm thick lateral SS wall. Inside the bell there is xenon in gaseous phase.
In the current MC implementation there is a 5 mm thick layer of LXe above the bell
as well as some other amount all around it. The bell is mounted on a L-shaped, upside
down, SS ring figure 5.35 - 5.37.
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Figure 5.35: Frontal section of the diving bell with the top PMT structure inside. Left,
image form CAD drawings. Right, MC implemented geometry; in magenta is the L-
shaped SS ring on which the bell is welded and in yellow is the top part of the PTFE

walls of the TPC. Image from the GEANT4 code (geantinos).
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Figure 5.36: Frontal section of the bell with the top PMT support structure inside.

Figure 5.37: Frontal section of the bell with the top PMTs and their support structure

inside.

In the bottom part of the inner cryostat, below the bottom PMT support structure,
there is another component, the bottom filler, a hollow volume which can play two
different roles: it can act just as a “filler”, in such a case it will be evacuated and its
only purpose is to reduce the total amount of Xe required to fill the detector, or it can
work as reservoir for a certain amount of LXe. The filler has been implemented as union
of two solids: a 5 mm thick SS lateral wall that follows the inner cryostat bottom shape
and, on top, a 10 mm thick stainless steel plate that closes it, figure 5.38. In the current

design there is vacuum inside and it is considered just as a “filler”.
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Figure 5.38: Left, design of the bottom TPC with the bottom filler (yellow); image
from the CAD drawings. Right, bottom TPC and bottom PMT structure implemented
geometries. The orange plates are the cathode and the bottom screening mesh. The
black parts, starting from the top, are: the cathode electrode ring, the bottom mesh
electrode ring and the bottom PMTs. The violet part above the cathode ring is the
TPC while the one below it, is the other PTFE ring. Outside the TPC there are the
field shaping rings (brown), the PTFE pillars (gray) and their support ring (cyan). The
red and green plates are the bottom reflector and the bottom PTFE plate, respectively.
The brown plate is the bottom copper plate. The last component in yellow, on the
bottom of the inner cryostat (magenta), is the bottom filler. Image done by using
geantinos from the GEANT4 code.

The total weight of the bottom filler is 90.4 kg. Some characteristics of the diving
bell and of the bottom filler are reported in table 5.5.

Component material weight (kg)
Top plate SS 34.4
Lateral bell wall SS 20.0
L-shaped ring for the bell SS 12.2
Bottom filler SS 90.4

Table 5.5: Characteristics of the diving bell and of the bottom filler.

Finally, an external view of the whole field cage geometry is shown in figure 5.39.
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Figure 5.39: External view of the whole field cage geometry. Top, image obtained with

Meshlab from the GEANT4 code. Bottom, image from CAD drawings.
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5.6 XENONI1T meshes transparency study

The transparency of the meshes is one of the needed ingredients to evaluate the detector
light collection efficiency (Section 6.7.2). The five XENONIT meshes can be divided

into three groups:
e top and bottom screening meshes, both with hexagonal cell pattern geometry;

e gate mesh and anode, still with hexagonal cell pattern geometry but with different

dimensions with respect to the previous two meshes;
e cathode, with cylindrical wires pattern geometry.

All of them are made of stainless steel. In table 5.6 are summarized their geometrical

properties.
Mesh radius (mm) pitch (mm) wire diameter (mm)
Top/Bottom screening meshes  508/479.25 6.56 0.178
Anode/Gate mesh 479.25/479.25 3.63 0.127
Cathode 479.25 5.50 0.220

Table 5.6: XENONIT mesh geometry properties.

In figure 5.40 are shown the pitch and the wire diameter in the case of the hexag-
onal cells. For the cathode, the pitch is just the distance between the centers of two

consecutive wires, figure 5.41 and 5.42.
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Figure 5.40: Pitch and wire diameter explanation for a hexagonal cell. Image from the
GEANT4 code (geantinos).
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Figure 5.41: Left, cathode wires (red) and TPC contour (black). Right, zoom in the

cathode structure. Image done by using geantinos from the GEANT4 simulation code.
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Figure 5.42: Example of the cathode wire pattern (z — x plane). Image done by using
geantinos from the GEANT4 simulation code.

The top and bottom screening meshes are shown in figure 5.43, left panel, while
the anode and the gate mesh are shown in the right panel. Anode and gate mesh are
shifted in the z —y plane. Dedicated simulations showed that the extraction field is more
efficient in the electrons extraction with this configuration. Due to the small dimensions
of the hexagonal cells, each mesh contains thousands of them. In order to implement
the geometry and reduce the CPU time, the G4AVPVParameterisation GEANT4
class has been used. In this way it is possible to create multiple copies of a specific
volume using a parameterisation of its geometry structure. A first estimation of the
meshes transparency has been done by using only particles with orthogonal direction
with respect to them. The goal has been the evaluation and comparison of the total
simulated transparency with the geometrical one, table 5.7. The first value represents

the ratio between the number of the generated particles and the number of the ones that
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pass through the meshes without touching them.
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Figure 5.43: Mesh implemented geometries. Left, top/bottom screening mesh. Right,
anode and gate mesh. The dimensions have been multiplied by a factor ten, with respect

to the real ones, to speed up the simulation time. Images from the GEANT4 code

(geantinos).
Mesh MC tot transparency (%) Geometrical tot transparency (%)
Top/Bottom screening meshes 94.6 94.5
Anode/Gate mesh (combined) 92.8 (86.0) 92.9 (86.3)
Cathode 95.95 96.00

Table 5.7: Transparency results. For anode and gate mesh it is also reported the com-
bined transparency. This quantity is of fundamental importance because it is directly

connected to the generation of the S2 signal.

A second study regarded particles with isotropic distribution of the trajectories.
This permitted the analysis of the transparency as function of the angle of the incident
particles, figure 5.44. In both the previous analysis, all the meshes have been considered
totally opaque. The results from the transparency studies are very promising; indeed, all
the meshes have very high transparency and this will guarantee to most of the photons
to pass through the them and to be read by the light sensors. The mesh geometry
simulations required massive CPU time, due to the large number of hexagonal cells. For
this reason the simulated transparency has been compared with a simplified formula
that could reproduce the proper value of the transparency as function of the incident

angle. That “simplified” formula, as function of the particle incident angle, is given by:

1)

t0) =e X, (5.1)

where [ is the particle path length between the top and bottom mesh surfaces, 6 is the

particle incident angle with respect to the mesh and ) is a numerical factor defined as:

0 = 07%; t(0°) = geometrical transparency. (5.2)
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Thus, A is a factor that, for an incident particle with orthogonal direction with respect

to the mesh, returns a transparency equal to the geometrical one, table 5.7.

R : e e
> 09 e e ]
E v Fr,ff—"" - _'J;Jumr,_MJ——u—m
S T
E rn‘rJ Top & Bottom meshes

"I —— Cathode

—— Anode & Ground mesh

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1
cos(6)

Figure 5.44: Mesh transparency as function of the angle of the incident particles: anode
and gate mesh (blue curve), top and bottom screening meshes (green curve), cathode

(red curve).

A comparison between the transparencies obtained with the two different methods
is shown in figure 5.45. The excellent agreement between the transparency computed
by using the simplified approach and the MC simulation demonstrates that there is no

need to simulate the real geometry, thus considerably speeding up the simulation.
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Figure 5.45: Example (for the gate mesh) of comparison between the simulated trans-
parency, as function of the particle incident angle, and the simplified formula, equation
(5.1).



Chapter 6

XENONI1T background

estimation

6.1 Introduction

For an experiment that looks for very rare events, such the interactions of dark matter
particles, one of the most important requirements is to have a very low background. For
what concerns the XENONIT detector, the goal is to have less than 1 background event
per year inside the chosen fiducial volume (FV), Section 4.1. To lower the number of
such events, besides all the passive and active shields, screening campaigns (Section 6.2)
are also required to choose the materials with the lowest contaminations from radioactive
nuclei. The most dangerous electromagnetic background comes from the ~ emitted in
the 238U and 222Th chains, and the decay of %°Co, °K and '37Cs. Using the implemented
geometry, described in Chapter 5, MC simulations of the isotope decays have been run
to study the background from the materials, also called internal (Sections 6.3 and 6.5).
In each %°Co decay, two different gammas are emitted: 1173 keV and 1332 keV. For
what concerns 4°K a 1461 keV + is emitted with a probability of 10.7%; for 37Cs there
is a 662 keV v emitted with a probability of 94.6%, In the case of 233U and ?*?Th, for
some materials there are evidences of disequilibrium for the chains. Thus, it is necessary

to split them:
° 238U: 238U N 226]_:{a and 226Ra N 206Pb.
e 22Th: 22Th — 22Th and **Th — 2%Pb.

The 238U and ?*2Th chains are shown in figure 6.1; their spectra in figures 6.2 and
6.3
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Figure 6.1: Left, 22®U decay chain. Right, 232Th decay chain.
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Figure 6.3: Gamma energy spectrum from the 2*2Th decay chain.

A summary of the gamma production for the different isotopes, considered in the
study of the background level, is shown in table 6.1. In the table, for 233U and ?*?Th,
the ~ production is considered as gammas emitted for each disintegration of the parent
element in the chain. Besides the internal background, there is also the so called in-
trinsic background; its study and characterization are presented in sections 6.4 and 6.5.
The intrinsic background is much harder to reduce since its due to solar neutrinos or to
radioactive isotopes that are uniformly distributed in LXe. Thus, for such radionuclides
it is not possible to use any position cut in the analysis to reduce their contribution.
The goal of the study presented in this chapter is to estimate the total amount of back-
ground, internal plus intrinsic, for the XENONI1T experiment. Electromagnetic recoils
(ER), from v and e™, can represent a background for the WIMP search because of sta-
tistical leakage from the ER to the NR band (Sections 4.2 and 4.3); the separation of the
two bands in the discrimination parameter is shown indeed in figure 4.16. Besides, also
NR from neutron elastic scattering are dangerous since they mimic the same process as
WIMP interactions. In the analysis of the results of the Monte Carlo simulations, the

dangerous events have been chosen as those that satisfy the following requirements:
e a single scatter interaction;
e in the chosen fiducial volume;

e with energy released in the WIMP search region.
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Isotope 7v/decay energy (keV)
2381 _, 226 R4 0.14 figure 6.2
226R, s 206P} 2.09 figure 6.2
232, _, 228 1.27 figure 6.3
228}, _, 208p} 1.47 figure 6.3

60l 2 1173, 1332
105¢ 0.107 1461
137 0.946 662

Table 6.1: ~ production from each isotope considered in the background study.

Due to their characteristics, WIMPs are not expected to give more than one scatter
in the LXe fiducial volume. The capability to distinguish two scatters is related to the
width of the S2 signals and the peak separation efficiency of the S2 peak finder algorithm.
Based on the XENON100 performances [173], a multiple scatter event is considered as
a single scatter if the interactions happen inside 3 mm along the Z axis. For what
concerns the fiducial volume, 1 tonne has been considered as reference. It is defined as a
super-ellipsoid, centered in the middle of the active region, with radius and semi-height
equal to 40 cm. In this way a minimum distance of 4 ¢cm from the borders of the TPC

is guaranteed. It is defined as:

2lmm) )" (B2 (mm)?’
( 400 ) +< 160000) <1l (6.1)

However, also other fiducial volumes have been considered in the analysis. Having a
different response to ER with respect to NR, the keV., and keV,. units are used (Section
3.6). With the typical velocities from the standard galactic halo model, WIMPs are
expected to produce NR in xenon with kinetic energies below 100 keV, which translates
in an ER energy region below 20 keV... In particular, the reference energy region for
WIMP search will be [5, 50] keV, that corresponds to [2, 12] keV,. for ER. Having
the total background spectra, ER and NR, it is then possible to evaluate the sensitivity
(Chapter 7). In order to do that, we have to convert the two spectra, together with the

WIMP ones, on a common scale; the procedure is shown in Section 6.7.

6.2 Material screening campaigns

The material contaminations have been measured using a variety of complementary tech-

niques and dedicated measurements: Ge detectors and mass spectroscopy techniques.
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For the gamma spectrometry with Ge, XENON has access to a dedicated screening
facility underground at LNGS, the GATOR detector [206]; moreover, other screening
facilities have been used at LNGS and Heidelberg. In particular, Ge detectors are sensi-
tive to most of the dangerous radiogenic nuclides: “°K, °Co, 232Th chain, *"Cs and the
second part of the 23U chain, from ?26Ra on. The main exception is indeed the first part
of the 238U chain, where very few and low energy gammas are emitted. The estimation
of the activity of this part of the chain is anyway very important, since it is responsible
for the production of neutrons from spontaneous fission. For this reason we also used
various mass spectrometry techniques that allow to directly count the amount of primor-
dial nuclides (?3®U, 232Th). With the results from the screening campaign, it is possible
to evaluate the expected number of background events from materials (section 6.3). A
summary of the material contaminations, together with their masses, is presented in
table 6.2. The values reported as upper limits have been used as detected values and
then we set them to zero, to get respectively the maximum and the minimum estimation
of the background rate. For the estimation of the PMT contaminations two strategies
have been followed: for the ER background the values obtained from measurements in
Ge of the whole PMT have been used; for the estimation of the NR background, since
the neutron yield depends also on the particular material, the measurements of the PMT

raw components (last four rows in table 6.2) have been considered.
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6.3 ER background from materials

Considering the contaminations given in table 6.2, decays from each component have
been simulated. The events were generated from the proper isotope, confining its origin
uniformly inside the volume of that component. The dangerous events are given by
those v produced by the isotope decay, that reach the internal volume of the active
region, produce a low energy Compton scatter and leave the detector without other
interactions. Given the small probability for such an event to occur, a huge number
of generated events is needed; using the large amount of CPU available on the GRID,
O(3 - 10%) decays for each component and isotope have been generated. Applying the
selection cuts, mentioned in the introduction of the chapter, the number of survived
events Nr is obtained; then the background rate is evaluated by scaling Ni for the

effective lifetime T of the MC simulation:
T = Ng/(Mc - Ac), (6.2)

where N¢ is the number of generated events, M is the mass and A¢ the specific activity
of the components given in table 6.2. Then, the rate R of events per unit of time, mass
and energy is given by:

R = Ngr/(T - Mgy - AE), (6.3)

where Mgy is the considered fiducial mass of LXe and AFE is the width of the considered
energy range for the ER. In the evaluation of the background rate, equation (6.3), there
are two variables that are affected by errors: the activity, A¢, and the number of survived
events, Np. For what concerns the former, the errors are reported in table 6.2 while for
the latter it is considered as a result of a Poissonian process thus the errors are evaluated
as v Ng. In order to evaluate the error on R, the two contribution are considered as
independent. Since the other terms in equation (6.3) can be treated as constant, R can

be re-write as:
Ngr Mc - Ac

R= :
Mpy - AE N¢

= CENRAc; (64)
where

B 1 Mc

 Mpy-AE Ng

The error on R can be then evaluated through:

«

OR . \?
0p = Z((?.’L‘Zéxl> ;i = Ac, Ng (6.5)

T

where 0, are the errors on A and Ng. From equation (6.5) it results:

Sp = a\/ (NRaAC)2 + (A(;(SNR>2 (6.6)
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Equation (6.6) represents the error on the background rate for each isotope from each
material. To obtain the error on the background from each component, summed over
all the isotopes, the various dz have been summed in quadrature.

After the analysis of the simulation outputs we obtained the energy spectra from the
electromagnetic recoils from each material, summed over all the isotopes, in a 1 tonne
fiducial volume; the spectra, obtained considering the central value for the background

rate, are shown in figures 6.4 and 6.5.
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Figure 6.4: Energy spectra of the ER background in 1 tonne fiducial volume. Each curve

corresponds to the background from a specific material, summed over all the isotopes.

From figures 6.4 and 6.5 it is possible to see that, for the chosen fiducial volume,
the spectra are flat in the [1, 200] keV.. window. This feature allows to estimate the
background in [2, 12] keV,. using a wider energy region, i.e. using more statistics, and
then re-scale the value to the proper energy range. Going towards larger fiducial volumes
this flat behavior is not longer true and it is mandatory to use directly the proper energy
region. The spectra in figure 6.4 are given by Compton scattering together with various
photo-absorption lines: 1460 keV,. from °K, 1173 and 1333 keV., from %°Co, etc. The

positions of the electromagnetic recoils inside the TPC, considering the energy region
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[2, 12] keV,,, are shown in figure 6.6.
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Figure 6.5: Same as figure 6.4 but with a zoom in the [0, 250] keV.,. energy region; to

have a more readable image, the number of bins with respect to the spectra in figure 6.4

have been reduced.

-200

-400

r

ool Ll 10 ix0°
0 20 40 60 80 100 120 140 160 180 200 220

R? (mm?)

107

Figure 6.6: Electromagnetic background events distribution inside the XENON1T TPC,

considering the [2, 12] keV,,. energy region. The two black curves represent the 1 tonne

fiducial volume. The dru is given by: 1 dru = 1 ev/kg/day/keV,,.
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The choice of the FV for dark matter search results from a compromise between
the increase of the number of WIMP interactions and of the background events when
including in the analysis also the outer layers of the active volume. It is then very useful
to understand the behavior of the background as function of the fiducial volume: the

results are shown in figures 6.7 and 6.8.
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Figure 6.7: ER background from materials, as function of the fiducial volume, in the

[2, 12] keV,, energy region.
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Using the spectra in figure 6.4, the total ER background from each detector material,
summing the contribution from the various isotopes, have been evaluated. The results
are reported in table 6.3. Using the value shown in the table, the total amount of internal

ER background, in the [2, 12] keV,. energy region, is:
(7.3+0.3) - 10 ¢ events/kg/day/keV,,, (6.7)

or
27+t 1ev/y, (6.8)

considering a 1 tonne fiducial volume. A lower bound for the background level can be
evaluated setting equal to zero all the contaminations that are reported as upper limits

in table 6.2. In such a case, the total amount of background is:
(6.7+0.3)-10% ev/kg/day/keV,,, (6.9)

or

25+ 1ev/y, (6.10)

Thus, the total amount of background from materials is in the range:

67403 7.3%03] 11076 ev/kg/day /keV (6.11)
or
(2551, 27%1] ev/y (in 1 tonne FV). (6.12)
The contributions to the total amount of background from each component are shown
in figure 6.9.
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Figure 6.9: Contributions to the ER background from the various components of the

detector.
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The highest contribution comes from the cryostat shells, about half of the total ER
background from materials, mainly from %°Co; the PMTs contribute about 20% and
the other SS components give about 15%. The contribution from PTFE and Copper is
about 1%. The amount of events from material contaminations are acceptable for the
XENONIT aim because, as it will be shown in sections 6.4 and 6.5, it is still smaller

than the background from the intrinsic sources.

6.3.1 Trigger rate

From the same simulations used for the estimation of the internal background, it is
possible to quantify the expected trigger rate due to the electromagnetic recoils in the
whole LXe volume without considering any energy or volume cuts. For this analysis we
considered both single and multiple scatters, with the only requirement of having a S2
signal greater than 150 pe (that is the current threshold for the XENON100 signals).
Considering the contaminations of the materials already described in this section, the
value for the trigger rate from electromagnetic recoils, due to the internal background,

is shown in table 6.4.

Component Trigger rate (Hz)
Cryostat shells 0.786
Cryostat flanges 0.504
PMT (bases) 0.206
PMT bases 0.032
TPC + other PTFE components 0.038
Copper components 0.007
SS components 0.559
Total 2.13

Table 6.4: Expected trigger rate, from internal background, for the XENONI1T detector.

The final value of the event rate is totally acceptable for the data acquisition system
of the XENONI1T experiment.

6.4 Intrinsic ER background

The intrinsic background is another source of dangerous events. It is due to some
radioactive isotopes that are uniformly distributed in LXe (**Kr, ??2Ra and 1%6Xe) and

to some other physics processes such as solar neutrino recoils. The first three isotopes
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are found naturally in the Xe and to lower their contribution it is necessary to reduce
their concentration using proper purification (for ®Kr and ??2Ra) and depletion (for
136Xe) techniques. For the neutrinos, the only chance to reduce their contribution to
the electromagnetic background is to increase the rejection power for the ER band.

For what concerns the values reported for the background rates in the energy region of
interest, the errors have been assumed to be 20% mainly due to the available data and
knowledge about the low energy part of the recoil spectra. In drawing the recoil spectra,

we considered only the central values of the background rates.

6.4.1 %Kr

The Kr is naturally found mixed with the Xe and its typical contamination, naLtKr/ Xe,
is at level of part per million (ppm). What is dangerous is the isotope ®Kr, mainly
produced in nuclear reprocessing plants. Its relative isotopic abundance in Europe has
been determined, by low level counting, to be 2- 107! g/g [207]. #Kxr is a beta emitter
characterized by a half life of Ty, = 10.76 y and an end-point energy of 687 keVee.
The low energy part of its spectrum is the most dangerous since it overlaps with the
WIMP search energy region, figures 6.13 and 6.14 (blue curve). Since this element
is uniformly distributed in the Xe it is not possible to reduce its contribution to the
background through volume fiducialization. A new high through-put and high separation
cryogenic distillation column will be used to reduce the 'Ky concentration to 0.2
ppt [mol/mol], that is the goal from the Xe purification for XENONIT (during the
XENON100 operations the concentration was 19 4+ 4 ppt [8]). From such an amount
of 8Kr, the total activity for this impurity is of 3.75 - 107® mBq/kg. Using such a

contamination, the background rate from 8°Kr is:
(7.6 £1.5)-10% ev/kg/day/keV,, (6.13)

in [2,12] keV,e, very close to the value from the materials.

6.4.2 ?2Rn

The ??2Rn is part of the 238U decay chain. As the Kr, also Rn can fill uniformly the
LXe volume, especially thanks to its half life (3.8 days). It can emanate from detector
materials and getter, or diffuse through the seals. Looking at its decay chain, figure
6.10, until the long-lived 2'°Pb (T1/2 = 22 y) there are two (3 emitters: the 214Ph and,
its daughter, 2'*Bi. The latter is not dangerous since it is possible to tag its 3 decay
using the o decay of the 214Po, its daughter, that happens about 160 us after its parent
decay.
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Figure 6.10: ??2Rn decay chain.

More dangerous is the 2Pb decay into the 2'Bi, with an end-point of 1023 keV...
In particular its decay into the Bi ground state is the most dangerous (6.6% branching
ratio from GEANT4 code) because in this case there are not other v emitted. However,
also the decays in other energy levels can be dangerous if the following ~ is not tagged.
This can happen especially close to the TPC walls where there is a finite probability
that the accompanying v can exit the detector without depositing energy and being
detected. This is responsible for the slightly higher background rate from ?2?Rn seen
at larger fiducial masses in figure 6.15 (red curve). To reduce the 222Rn concentration,
XENONIT is foreseen to be equipped with a radon removal system, aiming at the
constant purification of the LXe target from emanated radon during detector operation,
through the use of either adsorption or cryogenic distillation techniques. The goal for
XENONIT will be to reach a 2?2Rn contamination of 1 uBq/kg, a reduction of a factor
~ 50 with respect to the current values reached in XENON100. Considering such a

contamination, the ER background in 1 tonne fiducial volume and in [2,12] keV,, is
(9+£2)-107% ev/kg/day/keV, (6.14)

The 222Rn recoil spectrum is shown in figures 6.13 and 6.14 (red curve).

6.4.3 Solar neutrinos

Solar neutrinos can scatter elastically off the electrons of the medium, producing electron

recoils in the low energy region. For the background estimation we considered neutrinos
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from the pp chain and the "Be lines, taking into account neutrino oscillation v, — v,
and the reduced cross section for v, [208]. The resulting recoil energy spectrum is shown
in figure 6.13 and 6.14 (green curve). Most of the interactions (92%) come from pp
neutrinos, ‘Be contributes with 7%, pep and all the others sources with less than 1%.

The differential rate can be parameterized as:
(9.155 — 0.036 - Eg/keVe.) - 107° ev/kg/day/keV,,, (6.15)

where ER is the recoil energy. The average background rate in the energy region [2,12]
keVe is
(9+2)-10°% ev/kg/day/keV,,. (6.16)

This source of background of course cannot be reduced, the only way to mitigate its

impact is to improve the discrimination of NR from ER, figure 4.16.

6.4.4 2023 decay

The 2023 decay is due to the ?5Xe isotope. Its typical abundance is about 8.9% in
the natural Xe; it has a Q—value of 2458 keV,. and a T}y = 2.23 - 10% y [209]. As for
the solar neutrinos, also in this case a parameterisation of the energy spectrum has been
considered, figure 6.13 and 6.14 (brown curve), using the Primakoff-Rosen approximation
[210):
% ~ K(Tp - K)5<1 4K + §K2 + éK?’ + 3—10K4>. (6.17)

In equation (6.17) K is the total kinetic energy of the electrons, Ty is the Q—value
of the decay (2458 keV,e) and all the quantities are expressed in units of the electron
mass. In order to check the goodness of the previous formula, we also compared this
parameterisation with a simulation made with the code DECAYO0 [211], a specific tool
to generate the energy spectrum of the electrons coming from the double beta decay.
We generated 1 - 10° events obtaining a full agreement, figure 6.11, with the result of
equation (6.17).

This agreement is of particularly importance since DECAYO0 does not use the Primakoff-

Rosen approximation [212], hence it is an independent calculation.

At low energies, the spectrum parameterisation can be expressed as:
(3.5 - Ep/keVee) 1079 ev/kg/day/keV,, (6.18)

where Ep is the recoil energy. The average background rate in the energy region [2, 12]
keVe is
(3+£1)-10°% ev/kg/day/keV,,. (6.19)
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Figure 6.11: Comparison between the parameterized energy recoil spectrum (dark yel-
low) and the output of the DECAYO0 code (red plot).

6.5 Summary of the ER backgrounds

A summary of the various contributions to the total electromagnetic background is shown
in table 6.5 and figure 6.12.

Source background (ev/kg/day/keV,..) background (ev/y) % contribution
materials (7.27+0.34) - 1076 26.5 + 1.3 20.5
22Rn (8.88 £1.78) - 1076 32.446.5 25.1
85Kr (7.64 +1.53) - 1076 27.945.6 21.6
solar neutrinos (8.89 +£1.78) - 1076 324465 25.2
2023 decay (2.70 £ 0.54) - 1076 9.9+20 7.6
Total (3.54 + 0.30) - 105 129 + 11 100

Table 6.5: Summary of the total intrinsic and internal ER background. The ev/y back-
ground is evaluated for a 1 tonne of fiducial volume. The errors on the intrinsic sources
are 20% due to the uncertainties about the knowledge on the low energy part of the

recoil energy spectra.

In figures 6.13 and 6.14 are shown the recoil spectra of the intrinsic and internal
background sources. As already done in the case of the internal background, also for the

intrinsic one its behavior, as function of the fiducial mass, has been studied. The results
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are shown in figures 6.15-6.17.
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Figure 6.12: Contributions to the total ER background from materials and from the

various intrinsic sources in [2, 12] keV,, and 1 tonne FV.
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Figure 6.13: Total ER spectrum (black curve) and spectra from materials and from each

intrinsic contamination, in 1 tonne fiducial volume.
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Figure 6.15: Electromagnetic background, as function of the fiducial mass, in the [2, 12]

keV.. energy region. As expected, the background from the intrinsic sources does not

depend on the mass with the exception of the slightly rise of the ??2Rn at higher fiducial

masses due to the finite probability of the 7, from the decay into 214Bi, to escape through

the TPC walls without being tagged.
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Figure 6.16: Electromagnetic background as function of the fiducial mass (ev/y), in the

[2, 12] keV, energy window.
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Figure 6.17: Comparison between intrinsic (blue line) and material (magenta line) total

ER background, as function of the fiducial volume, in the [2, 12] keV. energy region.

From the analysis of the internal and intrinsic ER backgrounds it is, finally, possible
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to conclude that:

e in [2, 12] keV,, and in 1 tonne fiducial volume the main contributions to the ER

background come from 222Rn, solar neutrinos and $Kr (figures 6.12 - 6.16);

e for energies above 300 keV,., in 1 tonne fiducial volume, the detector materials

give the highest contribution (figure 6.13).

e in [2, 12] keV,, and for fiducial volumes larger than 1400 kg, the background from

detector materials becomes dominant (figure 6.17);

e in the energy range [20, 300] keV., in 1 tonne fiducial volume, the 2023 decay of
the 35Xe becomes dominant (figures 6.13 and 6.14).

6.6 Nuclear recoil background

Neutrons can produce single NR via elastic scattering with xenon nuclei and generate
a signal which is, on an event-by-event basis, indistinguishable from that of WIMPs.
Moreover, fast neutrons are more penetrating than ~-rays in LXe (Section 3.2), their
mean free path being of the order of tens of cm, so either it is more difficult to shield
them and also their probability to have a single scatter in the LXe active volume is higher
than 7. It is therefore crucial to minimize and accurately characterize this potentially
dangerous background. The presence of 233U, 23°U and 232Th in the detector materials
generates radiogenic neutrons in the MeV energy range through spontaneous fission
(SF), mainly from 2**U and (o, n) reactions induced by the a emitted along the chains.
Additionally, cosmogenic neutrons, with energies extending to tens of GeV, are produced
by muons along their path through the rock into the underground laboratory and through

the materials that surround the detector.

6.6.1 Radiogenic neutrons from the materials

The radiogenic neutron production rates and energy spectra have been calculated with
the SOURCES-4A software [213], modified by the group of the University of Sheffield in
order to extend the cross sections for (a, n) reactions from 6.5 MeV to 10 MeV, based on
available experimental data [214]. The calculation was performed with the assumption
that the a-emitters are uniformly distributed within a homogeneous material. The
systematic uncertainty on the neutron production rate of the SOURCES-4A code is
17%. A cross-check of the calculations of the neutron production was performed [215]
with an independent software described in [216], showing agreement in neutron rates

to within 20%. The neutron production rates for all the materials considered in the
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background estimation are presented in table 6.6, considering also chain disequilibrium.
The neutron yield from SF (1.1- 1075 neutrons per each Uranium decay) is included in

the 238U column.

Material Neutron yield (neutron/decay)
238U 235U 226Ra 232Th 228Th

Stainless Steel 1.1-107%  4.11-1077 3.11-1077 1.81-107° 2.01-107
PTFE (CFy) 7.41-107% 1.31-107* 551-107° 7.31-1077 1.01-10*
Copper 1.11-107% 3.31-107% 2.51-10® 3.01-107" 3.61-1077
Ceramic (Al,O3) 1.21-107% 1.31-107° 6.01-107% 9.21-107% 1.41-107°
Quartz (SiO-) 1.21-107¢ 1.91-107% 881-1077 6.81-107% 1.91-107¢
Kovar 1.11-107¢ 1.31-1077 1.21-1077 3.01-107*' 1.01-1076

Cirlex (CoHgN2O5) 1.31-107% 2.21.1076% 3.51-107% 4.11-1078% 2.41-1076

Table 6.6: Neutron production rates for the material of the XENONI1T experiment. The
results are expressed as neutrons emitted for each disintegration of the parent element

in the chain.

The highest («, n) yields are from light materials like PTFE and the ceramic of the
PMT stem because of the high Coulomb barrier of heavy nuclei, which suppresses the
(o, n) interaction; for heavy nuclei the neutron production is almost entirely due to
SF. Among the various contaminants, we note that the neutron emission from the first
part of the 232Th chain is negligible. In figures 6.18 and 6.19 are shown the neutron
energy spectra for two materials: PTFE (low Z) and Copper (high Z). For each detector
component listed in table 6.2, 107 neutrons have been generated with the proper energy
spectrum. We have selected the events that mimic a WIMP signal, i. e. those with
a single elastic scatter in the active volume; then the results have been scaled for the
neutron yield of the material, table 6.6, and the contamination, table 6.2, of the com-
ponent. The energy spectrum of the total NR background from the materials, in a 1
tonne fiducial volume, is shown in figure 6.20. Considering, for instance, the [5, 50] keV,
energy range (which allows to contain about 70% of the NR from a 100 GeV/c? WIMP)

the background rate is:
0.5+ 0.1 ev/y in (1 tonne FV) (6.20)

Thanks to the number of simulated events, the statistical error is negligible. The only
source of uncertainty is due to the systematic error on the neutron production rate that
is about 20%, as said at the beginning of this subsection. Figure 6.20 has been done

considering the central value for the background rate.
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Figure 6.18: Differential rate of the neutrons produced from SF and (a, n) reaction in

PTFE, for a contamination of 1 Bq.
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Figure 6.20: Energy spectrum of the nuclear recoil background events from the neutrons

of the detector materials, in the 1 tonne fiducial mass.

The largest fraction of background events comes from the Cryostat SS (28%), then
the PMTs (23%, mostly from the ceramic stem), PTFE (18%), PMT bases (12%), SS
of the TPC (10%) and of the Bottom Filler (8%), figure 6.21.
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Figure 6.21: Fraction of NR background events from the various detector components.
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The position of the NR background events inside the LXe active volume, in the [5,
50] keV, energy region is shown in figure 6.22 and the background rate, as function of

the fiducial mass, is shown in figure 6.23 for three choices of the energy region of interest.
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Figure 6.22: Spatial distribution, in the LXe active volume, of the NR background events
in the [5, 50] keV, energy range. The black lines represent the 1-t fiducial volume.

6.6.2 Muon-induced neutrons

The contribution from cosmogenic neutrons, produced by the interaction of high energy
muons in the Gran Sasso rock, is negligible. Indeed, thanks to the Muon Veto system
of XENONIT [204] (Section 4.4.1), the background from muon induced neutrons is
below 0.01 ev/y in 1 tonne fiducial volume inside the WIMP search energy region.
Therefore this potential source of background will not be considered in the estimation

of the sensitivity.

6.7 Conversion from energy to S1 and S2 signals

To evaluate the sensitivity of the XENONIT experiment, Chapter 7, the total back-
ground spectrum (ER+NR) together with the WIMP recoil spectra are needed. Since
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Figure 6.23: NR background rate as function of the fiducial mass calculated in the [3, 50]
keV, (black line), [5, 50] keV, (red) and [7, 50] keV, (blue) energy ranges.

nuclear and electromagnetic recoils show different scintillation and ionization yields (Sec-
tion 3.6), they have to be converted on a common scale. Thus, the ER and NR back-
ground spectra, as well as the WIMP recoil spectra, are converted from energy into light
(S1) and charge (S2) signals. The conversion has been divided into two steps: photons
and electrons production, from the released energy, and their conversion into S1 and S2

signals (photoelectrons, pe).

6.7.1 Generation of photons and electrons
ER

For what concerns the electromagnetic recoils, the Noble Element Simulation Technique
(NEST) package for GEANT4 [217, 218] has been used. The first step is to evaluate the
number of produced quanta, Ngyanta- It is calculated from the deposited energy using
73 quanta/keV. as conversion factor for the whole energy spectrum. Then it is smeared

with a Gaussian distribution using 0.03 as Fano Factor, F', (taken from the NEST code):

Nguanta = Gauss(73- E, V73-E-F), (6.21)
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where F is the deposited energy in keV,... The mean number of produced photons given
the energy, (Nphot), is taken in particular from the data available in the NEST web site
[219]. The data are computed for the energy released by the electrons and are presented
for various electric field, figure 6.24. In this study, a value of 530 V/cm for electric field
has been considered. To take into account the anti-correlation between light and charge,

first the fraction of light over quanta is estimate:

flight = <Nphot>/Nquanta; (622)

then the number of photons has been sampled using a binomial distribution:

Nphot = Binomial(Nguantas flight)- (6.23)
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Figure 6.24: Photon yield as function of the released energy for electromagnetic recoils,
from NEST [217, 218].

The number of electrons is consequently calculated as the difference between quanta

and photons.

Ne* = {Vquanta — Nphot' (6.24)
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NR

For what concerns the nuclear recoils, the mean number of produced photons, figure

6.25, is given by:

(Nphot) = E - Legp(E) - PhI22 KeVee L g (6.25)

where E is the released energy, L.y is given in figure 3.19, Pri22 keVee — g3 4 photons/keV,,
is the photon yield of a 122 keV. v at zero field (taken from NEST [217, 218]) and
Snr = 0.95 [220] is the quenching due to the electric field (assumed independent on the

energy).

12
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Light Yield (photnos/keVr)

10 10°
Recoil energy (keVr)

-

Figure 6.25: Light yield, as function of the recoil energy, for NR. The curve has been
obtained from XENON100 AmBe calibration data [221].

The mean number of generated electrons is given by:

(Ne—) = E-Qy(E), (6.26)

where @), (F) is the charge yield measured in XENON100 through a comparison of data
and MC for the AmBe calibration [221], figure 6.26.
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Figure 6.26: Charge yield, as function of the recoil energy, for NR. The curve has been
obtained from XENON100 AmBe calibration data [221].

To sample light and charge in an anti-correlated way, the total mean number of

quanta produced have been evaluated:

<Nquanta> = <Nph0t> + <Ne*> (6-27)

The final number of generated quanta produced is thus given by a Gaussian smearing

with a Fano factor of 0.03:
Nquanta = Gauss(<Nquanta>; U<: <Nquanta> : F)) (628>

From the total number of quanta, the number of photons is obtained through a binomial
sampling:

N,

phot = Binomial(Nguanta, (Nphot)/(Ne-)) (6.29)

Thus, the number of electrons is simply:

Ne- = Nquanta - Nphot- (630)

6.7.2 Light Collection Efficiency (LCE)

The light collection efficiency represents the efficiency in detecting photons. A high

value for the LCE means that the majority of photons are collected, giving a better



204 XENONIT background estimation

energy and position reconstruction. To characterize the light collection property of the
TPC, a LCE map is required. Thus, extensive MC simulations have been performed,
generating O(10%) photons uniformly in the whole volume of the TPC. An absorption
length in LXe of 50 m, a PTFE reflectivity of 99% and the transparency of the various
meshes described in Section 5.6 have been considered. The resulting map, used for the
conversion from energy to S1 signals of the background and WIMPs spectra, is shown
in figure 6.27. Each spot of the map is simply given by the ratio between the number of
detected photons (defined as those that reach the PMT photocathode) and the number
of the generated ones. The top and bottom edges of figure 6.27 represent the position
of the gate mesh and of the cathode, respectively.

Figure 6.27: LCE map of the XENONI1T TPC.

It is clear that the highest value for the LCE is reached in regions at the center of
the TPC and close to the bottom PMT array. This happens for two reasons: because
of total internal reflection at the LXe/GXe interface most of the light is detected by the
bottom PMT array; photons produced at the center of the TPC can; on average; reach
the PMTs with less reflections on the PTFE walls thus, having a lower probability of
being absorbed. Integrating, over the radius, the LCE map it is possible to obtain such
a quantity as function the z coordinate, figure 6.28. At the end of the analysis, the LCE
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averaged over the whole TPC resulted equal to 38%.
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Figure 6.28: LCE as function of the z coordinate in the XENONI1T TPC. The total
contribution from the top and bottom PMT arrays is shown (blue curve), together with

the separate ones from the top array (red curve) and the bottom array (green curve).

6.7.3 Generation of S1 and S2 signals
S1

Photons are thus converted into S1 signal applying the position-dependent LCE (Section
6.7.2.) whose value, averaged over the whole TPC, is 38%. This corresponds to the S1-
yield, S1,, through:

S1, = pri22keVe . 1op . QE . CE, (6.31)

where Ph122 keVee ig the number of photons emitted by a 122 keV.. gamma at zero elec-
tric field (63.4 photons/keV..), QE and C'E are the quantum and the collection efficiency
of the PMTs (36% and 90% respectively). Thus the S1-yield is 7.8 photoelectrons/keV,
for a 122 keVe. 7 at zero electric field, corresponding to 4.6 pe/keV.. at the operation
field of 530 V/cm. Changing the transparency of the meshes (Section 5.6), for example
using for all of them a wired pattern geometry with the only exception of the anode, it is
possible to increase such a value for the S1-yield from 4.6 pe/keV,. up to 5.6 pe/keVe,,
considering the XENONT1T operation field. Unfortunately, this would affect the extrac-

tion field properties, thus making this option not very suitable. To take into account the
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fluctuations, the final number of detected photoelectrons is given by a binomial sampling

considering n = Nppor and p = DE:
DP = Binomial(Nppet, DE), (6.32)

where D P is the final number of detected photoelectrons and DFE is the photon detection
efficiency of the PMTs given by:

DE=LCE-QFE-CF, (6.33)
Then a Gaussian smearing is applied to reproduce the response of the PMTs.
S1 = Gauss(DP, 0.5-VDP). (6.34)

The resulting distribution of the Sl-yield is shown in figures 6.29 and 6.30 (top panels)

for low energy electrons and NR, respectively.

S2

For what concerns the S2-yield, the generated electrons are first accounted for the sur-

vival probability during their drift towards the anode:
Prob = e~ !/¢ise, (6.35)

then
NZY" = Binomial(N,-, Prob), (6.36)

where t is the time the e~ requires to go from its creation position to the anode, N
is the number of generated electrons, Prob is the survival probability and ey, is the
electron lifetime (assumed equal to 500 ps). Then the S2 signal is generated assuming a
Gaussian smearing of (20+7) pe/e- [222]:

52 = Gauss(NZ¥Y - 20, 7+, /N5r); (6.37)

The distribution of the S2-yield is shown in figures 6.29 and 6.30 (bottom panels) for low
energy electrons and NR, respectively. After the conversion of the deposited energy into
detector signals, the ER and NR backgrounds can be shown together in the same scale.
In figure 6.31 the total background (black line), in 1 tonne fiducial volume, is presented
as function of S1 together with the separate contribution of ER and NR. Below 10 pe
the dominant background comes from neutrons, while above it is mostly due to the ER.
For comparison in green is superimposed the NR spectrum given by a WIMP with mass
100 GeV/c? and cross section o = 2- 10747 ¢cm?, assuming galactic halo properties as in
8].



Conversion from energy to S1 and S2 signals

207

S1/Ed vs Ed

51 yield ( pe/ keV )

_ N : . -
e v v b bemrr b b v b v g

20 40 60 80 100 120 140 160 180 200
Ed ( keVee )

S2/Ed vs Ed

=
(=]
=]

/ keVee

2500

2000

eld ( pe

S2y

0 20 40 60 80 100 120 140 160 180 200
Ed ( keVee )

80

80

70

60

Figure 6.29: Distribution of the S1 (top) and S2 (bottom) yield for low energy electrons.
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Figure 6.30: Distribution of the S1 (top) and S2 (bottom) yield for nuclear recoils.
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Figure 6.31: Background spectra as function of S1: in blue the ER, in red the NR, in
black their sum. The green curve represents the NR spectrum given by a WIMP with

mass 100 GeV/c? and cross section o = 2 - 10747 cm?.
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Chapter 7

XENONI1T sensitivity

In direct dark matter search the sensitivity is usually presented as the ultimate cross
section, as function of the WIMP mass, that a detector is able to detect. When a DM
experiment does not see any candidate event, or the observed ones are compatible with
the background-only hypothesis, it can only set the upper limits on the WIMP-nucleon
cross section. Thus, the sensitivity curve is given by the interpolation of the upper
limits obtained for the different values of the WIMP masses. In addition to the data
from experiments already in operation, it is also possible to analyze the sensitivity of an
experiment under construction, as XENONI1T, using Montecarlo simulations based on
the detector characteristics (Chapter 5 and Chapter 6).

In 2012, XENON100 [8] set the most stringent limit on the spin-independent WIMP-
nucleon elastic scattering cross section for WIMP masses above 8 GeV/c?, with a mini-
mum of 2 x 10745 ¢cm? at 55 GeV/c?, with a 90% confidence level. This result has been
the best limit until LUX results [10] (figure 1.30) in October 2013, when the minimum
of the cross section was lowered to 7.6 x 10746 cm? at a WIMP mass of 33 GeV/c?,
with a 90% confidence level. In section 6.7 it has been shown the conversion of the total
background (ER+NR) spectrum from energy into S1 and S2 signals. To evaluate the
sensitivity of the experiment, also the WIMP recoil spectra have to be converted. They
are evaluated assuming a certain WIMP velocity distribution and a proper halo model;
the calculations are presented in section 7.1. Having all the spectra, background and
WIMP, expressed in the same scale, the sensitivity of XENONI1T, for spin-independent
WIMP-nucleon interactions, is evaluated using the Maximum Gap method (Sections
7.2 - 7.6). The analysis has been carried out assuming different values for some detector

operational parameters.
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7.1 WIMPs expected rates

It is usually assumed that WIMPs follow a Maxwellian velocity distribution:
F(v,ve(t)) oc e (vHVEO) /g (7.1)

where v is the Earth velocity. This term is composition of the Earth motion around

the Sun and of its revolution around the center of the galaxy, thus it is time dependent:
VE(t) = Vo + V@(t) (72)

where vg is the velocity of the Sun in the galactic reference frame.
The general form for the expected differential DM recoil energy spectrum is given by
[224]:

dR

By, = o S(Er) F*(Eg) I (7.3)

where ER is the recoil energy of the target nucleus, Ry is the total event rate, F'(q)
is the form factor, I takes into account for the spin-independent and spin-dependent
factors and S(ER) represents the effect of the detector efficiency, the relative motion
between Earth and WIMP halo and other parameters that depend on the experiment.
For incoming particles of number density n and velocity v, the scatter rate off a single
target, per unit mass (kg), can be described as:

N,
dR = TA o v dn, (7.4)

where Ny is the Avogadro number (6.022:10%° kg=!) and A is the atomic mass (a.m.u.)

of the target. The total event rate per unit mass is given by:
N N,
Rzzao/vdn:zaon()(v} (7.5)

where oy is the zero momentum transfer cross section and dn is the differential dark
matter particle density given by:

dn = % f(v,ve) d®v. (7.6)

The variable k£ is the normalization constant such that the integrated particle density
with velocity in [0, ves] is equal to the mean WIMP number density ng = p, /M, , where
py and M, are the WIMP density and mass, respectively. Thus, k is given by:
21 +1 Vesc
k :/ d¢ d(cos@)/ vif(v,vE) dv, (7.7)
0 -1 0
where vese is the galactic escape velocity. For ves. = 00, the integrals return k = kg =

(mv2)3/? while for a finite escape velocity it results:

esc 2 esc —
k= ki = ko [erf(“ ) _ 2 Tesco—vie/ug |, (7.8)
Vo
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Assuming vese = 00 and v = 0, the total event rate per unit of mass, equation (7.5), is

given by:
2 No py

r AL
With p, = 0.4 GeV/c?em™3 [223] and vy = 230 km/s, it is possible to express Ry in
units of events/kg/day:

503 [ o9 Py v
Ry = 7.10
’ M, M, <1pb> <0.4 Gch_Qcm—?’) (230km/s> (7.10)

where M; is the mass of the target nucleus (in GeV/c?). By using equation (7.9), it is

Ry = (7.9)

possible to re-write the equation (7.5) as:

VR )
R = Ry—— 7.11
079 i) k 2rud 0 ( )
The differential form of the equation (7.11) is given by:
ko 1 3
dR = Ry~ ——vf(v,vE)d’v. (7.12)
k 2mu;

Integrating equation (7.12), under different assumptions on v and vese, the total event

R(O Uesc) k‘o 2 2 2
B Rese) 00 (14 Zese ) eviiel/vE 7.13
) _ o] ( ¥ (7.13)

R(vese, 00) _ 1 12 VE 1 vo

Ry 2 UO

R(vE, Vesc) _ @ R(Vese, 00) . Ugsc +1
Ry kq Ry 2 3

Yo
The expcted WIMP differential recoil energy spectrum is evaluated using almost the

rate becomes:

) —vé/v%]; (7.14)

vE
Vo
2 2 2
—5 + 1)6 “esc/%]. (7.15)

same procedure as done for the total event rate. The recoil energy, Eg, of the target
nucleus hit by a dark matter particle with energy £ = %Mxv2 and scattered at an angle 6,
figure 7.1, is given by: Er = Er(1—cosf)/2, where r = %. Assuming an isotropic
scatter process, meaning that Er is uniformly distributed in the range 0 < Er < Er,
the differential rate is given by:

dR Enaz 1 1 Umazx ,1)2
— = —dR(E) = — 4R 7.16
dEgr /Emm Er (E) Eor v? (), ( )

Umin

where E,,;, is the smallest particle energy that can give a recoil of energy Er; Fy =
%Mxvg = (vo/v)%E is the most probable kinetic energy of the WIMPs and v, is the

velocity corresponding to Eip:

Umin = 4/ 2Em7,n/Mx = VoV ER/TEO- (717)
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Figure 7.1: Representation of a WIMP scattering process.

Combining equations (7.12) and (7.16), the differential recoil energy spectrum can

be expressed as:

dR(’UE,’UESC) Ro k?[) 1 Umaz ] 3
dER Eor k 2m§/ o (v ve)d' (7.18)

To correctly evaluate the integral on the velocity, it has to be considered that the WIMP
velocity in the galactic reference frame, v/, cannot exceed vz otherwise DM particles
would escape from the galaxy. The velocity v’ is composition of the WIMP velocity
relative to the target, v, and velocity of the target itself: v/ = vg + v. Its module is
given by: v? = v? + vgsc + 20vesecos0. It means that: (v — ve)? < v72 < (v + v,)?,
thus setting a certain value for v, v’ results function of cos. It should be noted that the
integral in equation (7.18) is evaluated on the WIMP relative velocity, v. The maximum
value of v is reached when the Earth moves in the opposite direction with respect to the
incoming WIMP when the latter has v/ = vese: Vmar = V' + Vese. Now, two cases have

to be considered:

o if v < vesc—vE, then it is possible to integrate equation (7.18) without any condition

on cosf, since it always results v/ < vege:

’U/2 = (U + UE)2 < (Uesc —vg+ 'UE)Q < vesc?

o if Vese — Vg < U < Vgse + Vg, then it has to be set a condition on cosé: v'? =

2

v? 4+ 0% + 2vvgcost < v2, = cosh < (v, — v —vE)/2vvE.

€esc

The integral on the velocity becomes:

/Uvrflaz 1f(V vp)div = /% dd)/cmaz (cosh) /vvr.nar %f(v vg)dv =

man min

1 Vesc—VE (Ugsc—UQ—v%)/2va Vesct+VE 1
7T|:/ d(cos@)/ +/ d(cos@)/ ]vf(v,vE)dv
-1 Umi -1 Vesc—VE

- (7.19)
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The lower bound of the integral on cosf can be leaved equal to -1 since the physical
condition v > 0 is always satisfied. Besides the conditions on cosf), it has to be con-
sidered also a condition on v,,;, to assure that v, < Vese — vE. If this relation is not
satysfied, one should consider only the second part of the last integral in equation (7.19),
substituting the lower bound of the velocity integral with v,,;,, otherwise the integral is
evaluated with the wrong condition on the cosf. Thus, the integral on the velocity can

be written as:

/ vf(v,ve)d*v =2r

'min

( 2 _ 2,2
f_ll j"Uesc_UE +f(1iﬁsc v UE)/QUUE ersc+UE:| 1f(V,VE‘)d(COS9) d’U 0 S Umin S Vese — VE

Umin Vesc—VE v

2 .2 .2
x ffﬁesc v vp)/Be f;:j:l-i-v]; %f(va VE)d(COSG)dU Vese — VE < Umin < Vese + VE
0 Umin = Vese + VE
(7.20)

Using the conditions on cosf and vy, it is possible to integrate equation (7.18). The
expected DM differential energy spectrum, for various assumptions about vg and vesc,

is thus given by:

dR(0,00) o RO e*ER/EOT.

B = (7.21)
AR, vese) _ Ko [dR(0,00)  Ro vz, piz]. (7.22)

dER kl dER EOT

dR(vg,00) Ry /% vy Umintvg Umin—vp

_ Umintvp | _ Ymin—vp | |, 7.23
dEgR Eor 4 wvg erf Vo ot vo ’ 72
AR(v ) _ o [R(05:50) _ Ro _it.] N

dEg k1 dERr Eyr

7.1.1 The nuclear form factor

The DM recoil spectra evaluated in the previous section have been obtained assuming
zero momentum transfer. In this case it is possible to neglect the correction to the cross
section due to the nucleus shape. Indeed, it is possible to express the cross section as:
o = 00F?(qry,), where oq is the WIMP-target cross section at zero momentum transfer
and F(q) is the nuclear form factor that takes care of the nucleus shape (when the
corrections are neglected, F'(qry,) = 1). F' is function of the dimensionless quantity
qrn/h, where r, = anAY3 4+ b, is the effective nuclear radius. With & = 197.3 MeV fm,

the dimensionless quantity is given by:

grn = 6.92- 1073 A2 B} (0, A3 4 b,,), (7.25)
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with Eg in keV and a, /b, in fm. In the plane wave approximation, the form factor is
the Fourier transform of p(r), the density distribution of scattering centers. Considering
an isotropic density, it can be expressed as:

Q/o r sin(qr)p(r)dr. (7.26)

For the expression of p(r) it is possible to distinguish between spin-independent (SI) and
spin-dependent (SD) interactions [224]: in the SI case, one can consider a solid sphere
approximation thus considering the interaction with the whole nucleus, while for SD
it is used the thin shell approximation assuming interactions with a single outer shell
nucleon. The respective form factors are given by:

_ o sin(grn)  cos(grn)
F(qry) = 3( (ar)? (arn)? ) (7.27)

for the solid sphere and

F(grn) = sin(ary) (7.28)

qrn

for the thin shell approximation. In figures 7.2 and 7.3 they are shown the form factors,
as function of the energy, for different target materials. For the spin-independent calcu-
lations, Helm profile for p(r) [226] has the advantage to give an analytic expression for

the form factor: .
Flgra) = 31970) a2 (7.29)

qrn
where ji(7) = sin(z)/2% — cos(z)/z is the first order Spherical Bessel Function and s is

a measure of the nuclear skin thickness.

7.1.2 Spin corrections

With the final goal of the evaluation of the differential recoil energy spectrum, also the
spin properties of the interactions have to be considered. The total zero-momentum

WIMP-nucleus cross section can be written as:
o0 = 4G% 1% C, (7.30)

where G is the Fermi coupling constant, uy = M; M, /(M; + M, ) is the WIMP-target
reduced mass in the center-of-momentum frame, and C' C is a dimensionless number
that carries all the particle-physics model information. Concerning the SD case, one
has:
Csp = %AQJ(J + 1), (7.31)

with
[ap(Sp) + an(Sh)]

7 )

A= (7.32)
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Figure 7.2: Form factor, as function of the energy, for SI interactions [225].
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Figure 7.3: Form factor, as function of the energy, for SD interactions [225].

where J is the total nuclear spin, a,(p) is the WIMP-neutron(proton) coupling and
(Sp(n)) is the expectation value of the proton(neutron) spin in the nucleus. The con-
tributions from protons and neutrons can be separated, thus allowing to derive experi-

mental limits independent of the adopted WIMP model. The contributions are given by
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[227]: .
n_8 +1
Cp = ;[ap,n<5p,n>]27- (7.33)

Thus, the cross section at zero momentum transfer, for protons and neutrons, in the SD

case is given by:

"= 4GFMNCSD7 (7.34)
with, from equation (7.30), (Vb ++ /O’O . Assuming that the total WIMP-nucleus

cross section is dominated by the proton (neutron) contribution, limits on oy, from a
certain target material, can be converted onto limits on the single proton (neutron) cross

section:

i I M2 1
Uzm — O_zm p,n , 7.35
" W% C%p/Com (739

pn
where C),, is the proton (neutron) cross section enhancement factor. In the particular
case of free nucleons the factor is given by: C,,, = Ga?,,n /7. It is clear that the use of the
ratios CE1 /Cp = 4/3(Spn)?(J + 1)J ensures the cancellation of the WIMP-dependent
a2, terms contained within the WIMP-target cross section and, hence, ensures WIMP
model-independence. This allows to compare limits derived by different experiments
which use different target materials. Also, it is possible a direct comparison between
experimental results and theoretical calculations from a specific (e.g., SUSY) model
that gives predictions for P,

For what concerns the SI case, one has:

Cgr = (Zf, + (A —2)fn)?, (7.36)

GQ
where f,(p) is the WIMP-neutron(proton) coupling and Z and A-Z are numbers of

protons and neutrons. In most instances, f, ~ fp, then:

1

CSI G2

(Af,)>. (7.37)

Thus, for SI interactions and assuming equal coupling to protons and neutrons, the
WIMP-nucleon cross section is proportional to the square of the atomic mass of the

target nucleus, A2, giving higher interactions in more massive targets.

7.1.3 Modulation of the WIMP signal

During its revolution around the Sun, the relative velocity of the Earth with respect to
the dark matter halo changes. This results in a modulation of the potential signal that
can be seen in a detector since, as shown in the previous section, the event rate depends

on the relative velocity between the detector and the WIMPs. Moreover, a modulation
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of the signal is a clear signature for dark matter interactions since the background, for
example from radioactive nuclides on the Earth, is constant over the whole year. The
relative velocity of an earth-based detector to the galactic halo as a function of time in

the year, v(t), is given by:
v(t) = ve + vE cosf cos[2m(t — tp)], (7.38)

where 6 is the inclination of the Solar system plane to the direction of motion of the
Sun, tg is the time when the Earth’s velocity relative to the halo is the highest (around
June 2nd), vy = 30 km/s is the rotational velocity of the Earth and ve = 220 km/s is
the Sun’s velocity relative to the Galactic halo. In figure 7.4 it is shown the expected
differential event rates, as given in equation (7.24), for June and December together with

their average and difference.

10°
| Average
= = =June :
1 December |
— 10 & | = = = Difference |
l'c
T
-2
2 107k
L
=
< . 3
- 107k
L
e
o4
-4
© 107k
[ | i i i i i

0 20 40 60 80 100
Energy (keV)

Figure 7.4: Expected WIMP recoil spectra in June (dashed) and December (dash-
dotted); also shown are their difference and average. The curves have been computed
assuming: oo = 107° pb, M, = 100 GeV /c?, vy = 230 km/s, vs = 230 km/s, vg = 30
km/s and vese = 600 km/s.

7.1.4 Expected WIMP recoil spectra for spin-independent interactions

Having all the needed quantities in equation (7.3), it is possible to evaluate the expected

differential energy spectrum, equation 7.24, for WIMPs of different masses, figure 7.5.
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From the table we have that for a DM candidate with a mass of 5 GeV/c?, there are 0
expected events inside the [5, 50] keV, energy region. The only chance to detect such
a particle is that the Poissonian fluctuations, of the number of produced photons, push
the amount of emitted light above the detection threshold even for an energy released
below 5 keV,..

m, =5 GeV/c*
—— m, =10 GeV/c’

m, = 50 GeV/c®
—— m, =100 GeV/c®
—— m, =500 GeV/c®
—— m, = 1000 GeV/c?

]0714\\\I‘\I\Ill\l\‘ll\ll\III‘I\\Il\ll\lll\l‘lll\ll
10 20 30 40 50 60 70 80 90 100

Recoil energy (keVr)

Expected WIMP rate (events/kg/day/keVr)

Figure 7.5: WIMP recoil spectra, as function of the energy, for different WIMP masses.

The spectra have been computed considering o = 1 - 10746 cm?.

From the figure it is possible to extract, for the fixed assuming a certain value for
the cross section, the mean number of expected NR events from WIMPs. The results

are presented in table 7.1.

m, (GeV/c?) expected recoil events (events in 2 tonne-years)

5 0
10 0.5
50 45.2
100 34.2
500 8.4
1000 4.3

Table 7.1: Expected WIMP scatters inside 1 tonne fiducial volume of LXe. The events
have been evaluated from the spectra in figure 7.5 considering: ¢ = 1-107% cm?,

[5, 50] keV, energy region and 2 years of exposure.
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7.2 The Maximum (Gap method

The Maximum Gap is an unbinned statistical method [181] used to quote upper limits,

with a certain confidence level (CL), of the o for WIMP-nucleon scatterings when:

e there are no clear evidences for a signal event;
e there is the possibility for the existence of an unknown background;

e the observed events are compatible with the background-only hypothesis.

From the DM theory it is possible to obtain the shape of the expected WIMP recoil
energy spectra, section 7.1, but not their normalization, i.e. the ¢. From the published
results on DM search (Chapter 1), it is known that the number of expected recoil events
from WIMPs is very small thus, also a very low background could account for all the
observed events. Furthermore, from the theory we know that the energy released in
DM scattering processes is at most of hundred of keV, and so very close to the energy
threshold of the detectors. In such a situation, unknown backgrounds, connected for
example to the noise of the electronic components of the experiment, could contribute
significantly to the observed low energy events. The procedure to use the Maximum

Gap method can be schematically summarized as in figure 7.6.

Expected Event Number per Unit E

Maximum Gap
x = Maximum X
E

i+1
x=\ dN
dE

dN/dE

Figure 7.6: Explanation of the Maximum Gap method: dN/dE is the expected event
spectrum, as function of a generic 1-D variable, of the process for which one wants to

evaluate the upper limit on the cross section; the black squares are the observed events.
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The dN/dE curve represents the expected signal spectrum for which one wants to
evaluate the cross section, while the black rectangles are the observed events. On the z-
axis there is the energy of the recoils, but any other 1-D variable can be used. Assuming

a certain value for the cross section, between each two consecutive events there is a “gap”

Pt dN
= N, .
. /E O (7.39)

given by:

where E; ;11 are the energies of any two adjacent events. The gap sizes x; represent
the number of expected signal events, for the hypothesized value of the o, in energy
intervals where no events have been observed. Given a certain distribution for the
data, the “maximum gap” is the largest gap between them. Being XENONIT still
under construction, MC simulations are required to generate the observed events. The
procedure to apply the method can be summarized as follows. Suppose to have, as result
of a simulated experiment, a certain number of events that are distributed following a
certain 1-D variable, like the recoil energy or the number of photoelectrons of the S1
signal. Then, it is assumed that all the events are due only to the background, being
interested in upper limits in the background-only hypothesis. Between each two adjacent
events we evaluate, using the signal spectrum, the size of the gap and then we look for
the largest one. The gaps are evaluated on the signal spectrum because one wants to
quote upper limits for the signal cross section. Thus, the gaps represent the number of
signal events that we were expecting to observe, for the assumed value of the o, between
two adjacent background events. Knowing the maximum gap and having observed 0
events in it, we want to know the value of the o for which we would observed 0 events
with a certain probability. The value of the probability defines the CL of the upper
limit. Finally, the Maximum Gap method returns the value of the cross section that is
the upper limit on this parameter, with the desired CL (JCL). This procedure shields
against regions where the background gives many events, as the low energy part of the
spectrum, since it is not probable to find the maximum gap there. In this way, the
method is naturally applied in region where the background has not a large impact on
the detector sensitivity. This is a recursive method where one tries and rejects different
values of the o until the one that satisfy the CL condition is found. Very large values of
the cross section can a priori be excluded since it is not probable to observe zero events
in gaps which provide a huge number of expected recoils. Going towards low values for
the o it is necessary to define a criterion to decide if a certain value can be accepted or
rejected. Assuming a certain hypothesis on ¢ being the correct value, one could reject
it, as too high, if random experiments would almost always observe less events in their

maximum gap. Thus, the procedure simply compare different hypothesis on the signal



Sensitivity with LY = 4.6 pe/keVe 223

strength and returns, as upper limit, the one that gives with Cy probability a lower
number of expected events compared with the observed one. Being X the observed
maximum gap, if the probability to observe a lower value for x (the random maximum
gap) is Cp, then one can reject the hypothesized value of the cross section with a CL of
Co. The probability Cj is given by [181]:

™ (kx — p)ke ke k
= 1 4
Co kzzo 1 ) (7.40)

where g is the total number of the expected signal events, i.e. the integral of the dark
matter recoil energy spectrum over the whole energy range, x is the maximum gap and m
is the largest integer < p/x. The value of the cross section at a certain CL is obtained by
applying a recursive procedure to equation (7.40) until Cy = CL. As introduced at the
beginning of the section, this is an unbinned method since we are dealing with integrals
over energy ranges thus, no matter how the events have been binned. It is also clear that
regions where the background gives particularly many events are automatically excluded
since it is not probable to find the maximum gap there. Thus, this method effectively

excludes regions where unknown backgrounds is especially dangerous.

7.3 Sensitivity with LY = 4.6 pe/keV,,

Having the background (ER+NR) and WIMP spectra as function of the S1 (Section 6.7
and 7.1), it is now possible to evaluate the sensitivity of XENONI1T. To do that, MC
simulations have been used. The procedure is first presented for a fixed WIMP mass,
for example 100 GeV/c?, then the generalization will be straightforward. For each value
of the dark matter mass, 10° random experiments have been run. For each one, the
number of observed events is randomly extracted from a Poissonian distribution with

mean equal to the number of expected background events:
n°P = Poiss(exp. bkg events) (7.41)

To each observed event, a value for the S1 is randomly extracted from the total (ER+NR)

background-only spectrum:
S1; = random(ER + NR); i = 1,2, ..., nobs. (7.42)
Then, the gaps are evaluated:

Sttt dNyynvp (o)
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and the different values of o are tested until equation (7.40) is solved for Cyp = 0.9.

This will give a value for the cross section upper limit at a CL = 90%, .

Having
solved equation (7.40) 10° times, we end up with a distribution for the ¢°°. The final
upper limit on the cross section, for the given WIMP mass, is the median of the ¢”°
distribution. The 50% quantile represents a more suitable choice with respect to the
mean since the latter is more affected from fluctuations towards higher or lower values
of the ¢”. In figure 7.7 is shown an example of the ¢ distribution for a WIMP mass
of 20 and 100 GeV/c?; assuming an electric field of 530 V/cm (as in XENON100) and a

LY (section 6.7) equal to 4.6 pe/keVee.
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Figure 7.7: Distribution of the ¢ for a WIMP mass of 20 GeV /c? (top) and 100 GeV /c?
(bottom). The blue line is the median of the distribution while the magenta and green

lines represent the 5-95% and 16-84% quantiles, respectively.

The respective WIMP S1 search region is [3, 70] pe, where the low edge of the interval
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has been chosen to be close, as much as possible, to the detector energy threshold while
70 pe is the conversion of the upper bound of the WIMP search region, i.e. 12 keV,, or 50
keV, (Section 6.1). Moreover, to reach the goal of having less than 1 background event
in the fiducial volume in 1 year of exposure, a discrimination of 99.75% is applied to the
ER, which gives an acceptance for the NR ones of about 40%. With these conditions,
the total mean number of background expected events in 1 tonne of LXe fiducial volume
and considering 2 years of exposure is 1.17. The respective sensitivity plot is shown in
figure 7.8. The minimum for the cross section has been found to be 1.87- 10747 cm? for
a WIMP of mass 45 GeV/c?. The limits in figure 7.8 have been obtained considering
the Lrf equal to zero below 3 keV,., which is the lowest measured point (figure 3.19).
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Figure 7.8: XENONIT sensitivity, with LY = 4.6 pe/keV.., setting the L. s to 0 (Section
3.6) for recoil energies below 3 keV,.. The blue curve represents the sensitivity at the 90%
CL as function of the WIMP mass. The yellow and the green bands are the contours at
4+ 2 ¢ and £+ 1 o, respectively.

As we can see, the green band and the blue line are pushed towards the bottom
part of the yellow band. This behavior is due to the very low background. In fact,
the number of observed events is given by a Poissonian extraction with the mean equal
to the expected background events, 1.17 in this case. With such a low number, the
probability to observe 0 events is greater than 30%. This means that in more than 30%

of the cases the limit is evaluated with 0 events giving always the same value for the



226 XENONIT sensitivity

0%, This squeezes the 0®° distribution towards its lower bound. Since the bottom part
of the yellow and green band represent the 5% and 16% quantiles of the distribution,
they are basically overlapped. The median is not superimposed but still very close to
them. Increasing the background, the bands and the blue line will be more centered
between each other, as expected. Besides previous case, it is also possible to extrapolate
the behavior of the L7y down to 1 keV,., red solid curve in figure 3.19. Below such an
energy the L.;r is 0. In this case the sensitivity becomes as shown in figure 7.9 but
the minimum for the cross section is found to be almost at the same value for the case

showed in figure 7.8.
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Figure 7.9: XENONIT sensitivity, with LY = 4.6 pe/keV., using the L. s extrapolation
down to 1 keV,. The blue curve represents the sensitivity at the 90% CL as function of
the WIMP mass. The yellow and the green bands are the contours at + 2 ¢ and £+ 1 o,

respectively.

Comparing the limits with and without the L.t extrapolation, figure 7.10, we see

that even if they share the same minimum, they are different at very low WIMP masses.
< 20

Y~

The difference between the limits is not negligible for very low WIMP masses
GeV/c?, because their spectra fall much faster than the higher mass ones, figure 7.11.
From figures 7.10 and 7.11 it is clear that the L.s cut has a larger impact on the low
WIMP mass spectra while for higher masses (m,, > 20 GeV/c?) it is negligible. Indeed,

for m, < 20 GeV/c?, the spectra used for the gaps evaluation have very few events
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when Lcrr = 0 below 3 keV, compared with the case where the L.¢s extrapolation is
used. Having less events in the gaps, the value required for ¢”° to observe 0 events in

the maximum gap in the 90% of the times is lower, thus resulting in stronger limits.
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Figure 7.10: Comparison between sensitivities, with LY = 4.6 pe/keV., considering the
Les extrapolation (red dashed curve) and setting it to 0 for recoil energies below 3 keV,
(blue dash-dotted curve).
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Figure 7.11: Left, WIMP recoil spectrum (o = 1-10740 em?) for a m, = 6 GeV/c%
Blue (red) line is the spectrum considering a Lcs¢ set to 0 below 3 keV, (with L.sf
extrapolation). Right, same as left but for m, = 100 GeV /c2.
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7.4 Sensitivity with LY = 5.6 pe/keV,,

Improving the transparency of the meshes (Section 5.6), for example using for all of
them a wire pattern geometry with the only exception of the anode, the mean S1-yield
(Section 6.7) increases from 4.6 pe/keV, up to 5.6 pe/keVe. (with an electric field of 530
V/cm, as in XENON100). Having considered this hypothesis about the meshes during
the detector design, we evaluate the sensitivity also in such a condition. With the LY
equal to 5.6 pe/keV., the S1 search region becomes [3, 85] pe where, as before, the
upper bound is the conversion of the 12 keV,, energy line. The total mean number of
expected background events in 1 tonne of LXe fiducial volume and considering 2 years

of exposure is 1.21. The respective sensitivity plot is shown in figure 7.12.
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Figure 7.12: XENONIT sensitivity, with LY = 5.6 pe/keVe,, setting the Lcs; to 0 for
recoil energies below 3 keV,. The blue curve represents the sensitivity at the 90% CL
as function of the WIMP mass. The yellow and the green bands are the contours at +

2 0 and + 1 o, respectively.

The minimum for the cross section has been found to be 1.79-10747 cm? for a WIMP
of mass 40 GeV /c?. Figure 7.12 has been obtained considering the L. ss set to 0 for recoil
energy below 3 keV,.. Using the Ls; extrapolation, the minimum for the cross section is
at 1.80- 104" cm? for a WIMP of mass 40 GeV/c?, figure 7.13. As already obtained for
the LY= 4.6 pe/keV,e, also in this case the sensitivity is stronger, for very low masses,
when the L.f; extrapolation is used, figure 7.14. The current choice for the electrodes of

the TPC is with the meshes, as described in section 5.6, because of its simplicity in the
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construction. For this reason, from now on, we will focus on the sensitivity estimation
using a LY of 4.6 pe/keVe.
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Figure 7.13: XENONIT sensitivity, with LY = 5.6 pe/keV., using the L sy extrapola-
tion down to 1 keV,.. The blue curve represents the sensitivity at the 90% CL as function
of the WIMP mass. The yellow and the green bands are the contours at + 2 ¢ and + 1

o, respectively.
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Figure 7.14: Comparison between sensitivities, with LY = 5.6 pe/keV., with the Lsf

extrapolation (red curve) and setting it to 0 for recoil energies below 3 keV,. (blue curve).
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7.5 Sensitivity for different >?Rn contaminations

The limits obtained until now, have been evaluated considering a ?22Rn contamination of
1 uBq/kg (Subsection 6.4.2). This value is the goal chosen by the XENON collaboration.
An increase of this quantity will clearly affect the experimental sensitivity. As example,
considering a factor 3 (or 10) more ???Rn contamination, i.e. 3 (or 10) uBq/kg, the
minimum for the cross section moves from 1.87 - 107%7 cm? for a WIMP of mass 45
GeV/c? (Section 7.3) to 2.15 - 10747 (or to 2.94 - 107%7) cm? for a WIMP of mass 40
GeV/c?, figures 7.15 - 7.17.
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Figure 7.15: XENONIT sensitivity, blue curve, for: 3 uBq/kg of ???Rn; LY = 4.6
pe/keVee and Lerp = 0 for B, < 3 keV,.. Also shown is the contour at + 2(1) o yellow
(green) band.

The curves with higher ??2Rn contamination have weaker limits, i.e. higher %,
because of the higher number of background events: 1.5 and 2.7 for contaminations of
3 and 10 puBq/kg, respectively. The difference is negligible for very low masses, < 15
GeV/c?, because in such cases the gaps are already very small compared to the ones
from higher mass WIMPs, figure 7.18. Thus, an increase in the number of background

events, i.e. a reduction in the gaps dimensions, will not affect the sensitivity.
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Figure 7.16: Same as figure 7.15 but assuming a contamination of 10 uBq/kg of ?*?Rn.
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Figure 7.17: Comparison between limits obtained with different values of the 2?2Rn
contaminations: 1 uBq/kg (blue curve), 3 uBq/kg (green curve) and 10 uBq/kg (red
curve). All the sensitivities have been evaluated using LY = 4.6 pe/keV,. and setting

the L.r7 to 0 for recoil energies below 3 keV,.
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Figure 7.18: Comparison between WIMP spectra for m, = 6 GeV/c? (red line) and
my = 100 GeV/c? (blue line), with o = 1.- 10710, Assuming L.ss = 0 below 3 keV,..

7.6 Sensitivity as function of the exposure time

The sensitivity has also been studied as function of the exposure time, i.e. the time
of data acquisition. Indeed, having the spectra expressed in ev/day/kg/pe and fixing
the S1 search region and the fiducial volume, the number of expected events is directly
proportional to the exposure time. In such a study we assumed: LY = 4.6 keV.., 2*?Rn
concentration of 1 uBq/kg and the [3, 70] pe WIMP search region. For the different
values of the exposure time, the number of background events are: 0.58 in 1 t-y; 1.17 in
2 t-y (the value already used in the previous sections); 1.75 in 3 t-y; 2.33 in 4 t-y and
2.92 in 5 t-y. Different acquisition times give different sensitivities, figures 7.19-7.22. The
sensitivity for 2 years of exposure is shown in figure 7.8 and, hence, it is not represented
here. Clearly, an increase in the exposure time increases also the signal events as well
as the background events. With a higher background, the median and the +10 band
are more centered with respect the +20 band, figure 7.22. Figures 7.19 - 7.22 have been
obtained considering 1 tonne of fiducial volume and varying only the exposure time. We
also have assumed LY = 4.6 pe/keV,. and set the L, ¢f to 0 for recoil energies below 3

keV,. The minima for the different cases are:

o 1t-y;3.25-107% cm?;

2 t-y; 1.87 - 10747 cm?;
e 3 t-y; 1.61-107% cm?;

o 4 t-y; 1.45- 1074 cm?;
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e 5t-y; 1.40 - 10747 cm?;

all obtained for a WIMP mass of 45 GeV/c?. As expected, the sensitivity improves

increasing the exposure time, figure 7.23.
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Figure 7.19: XENONIT sensitivity for 1 t-y exposure time. The blue curve represents
the sensitivity at the 90% CL, as function of the WIMPs mass. The yellow and the green

bands are the contours at + 2 ¢ and £+ 1 o, respectively.
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Figure 7.20: Same as figure 7.19 but considering 3 t-y exposure time.



234 XENONIT sensitivity

1042

Expected limit (90% CL)

i B t10

+20

10

1044

1048

1076

WIMP-Nucleon Cross Section Limit (cm‘?)

10-”5|||| o L |

10 102 10°
WIMP Mass (GeV/c?)

Figure 7.21: XENONIT sensitivity for 4 t-y exposure time. The blue curve represents
the sensitivity at the 90% CL, as function of the WIMPs mass. The yellow and the green

bands are the contours at = 2 ¢ and + 1 o, respectively.
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Figure 7.22: Same as figure 7.21 but considering 5 t-y exposure time.
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Figure 7.23: Comparison between sensitivities computed for different exposure times.
The curves have been obtained with LY = 4.6 pe/keV. and setting the L.s¢ to 0 for

recoil energies below 3 keV,..

Finally, a comparison between the minima for the cross section, as function of the

exposure time, is shown in figure 7.24.

7.7 An alternative statistical test: the Likelihood Ratio
method

To cross check the results obtained with the Mazrimum Gap method, we evaluate the
XENONIT sensitivity also with a different statistical test: the Likelihood Ratio method.

A statistical test is used to make a statement on how well the observed data are
in agreement with some predicted probability, i.e. a hypothesis. The hypothesis under
test is usually called the null hypothesis, Hg, and it is tipically tested against others
called alternative hypotheses, Hy, Ha, etc. To investigate between the different H;, it is
required a test statistic (t): a one-dimensional or multi-dimensional function of the data
sample, x. The test statistic is characterized by different p.d.f. relative to the different
hypotheses: ¢(t(x)|Hp), g(t(x)|H1), etc. A criterion that can be used to decide if to
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Figure 7.24: Minima for WIMP-nucleon cross section as function of the exposure time.

reject or to accept a given H;, is based on the definition of the so called critical region:
if the value of the test statistic falls inside this region, then Hj is rejected otherwise it
is accepted. The significance level of the test, a, i.e. the probability for ¢(x) to be found
inside its critical region, is defined as:
oo
o= / o(H(x) | Ho )t (7.44)
tlov (x)
where the ¢°¥(x) is the low edge of the critical region. When looking for upper limits
on parameters of some new phenomenon, it is usually assumed that the model contain-
ing signal plus background represents the null hypothesis, Hy, that is tested against
the background-only hypothesis, H;. The level of agreement between data and a cer-
tain hypothesis H; is quantified by using the p-value that represents the probability of
observing data with less or equal compatibility with the H;. Thus, the hypothesis is
rejected if p is observed below a certain threshold. In a frequentist approach, starting
from the Neyman-Pearson lemma, the best test statistic in the sense of maximum power
(and hence maximum signal purity) for a given significance level (or selection efficiency)
is given by the Likelihood Ratio [228, 229]:

~

max 7é
AMp) = w; 0 e R", (7.45)
s

where p represents the parameter of interest (i.e. the one under estimation) and 6 are
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other parameters in the model, called nuisance parameters. These nuisance parameters
are obtained from the fit to the data and they introduce a broadening in the likelihood,
as functions of u, with respect to the case where they are a-priori fixed. In equation
(7.45), the numerator represents the likelihood function maximized for a fixed value of
p: indeed, the § are the conditional Maximum Likelihood Estimators (MLES) of the nui-
sance parameters when y is fixed. At the denominator there is, instead, the maximized
(unconditional) likelihood function, where /i and 6 are the maximum estimators of x
and 6. Clearly X € [0; 1], where values close to 0 represent great incompatibility between

data and hypothesis. A more suitable expression for the test statistic is given by:
4 = —2 InA(), (7.46)

where ¢, € [0,00], with value of the test close to zero indicating a good agreement
between data and hypothesis. From an observed data sample, x (x € R"), one can
directly quantify the discrepancy between data and the value of the parameter u, given

a certain H, as:
0.)
b= [ falmda (7.47)
q

obs
m

where qﬁbs

is the value of test statistic from the observed data sample and f(q,|H) is
its p.d.f. under the tested hypothesis H. From equation (7.47) it is clear that, in order
to evaluate the p-value, the p.d.f. of the ¢, under the different hypotheses are needed.

Such distributions can be obtained by means of MC simulations.

7.7.1 XENONIT sensitivity based on the Likelihood Ratio

For simplicity, instead of the cross section, the analysis has been carried out considering
the expected number of signal events, us, that has a one to one correspondence with the
assumed value of o.

The test statistic has been defined as:

o 1 Busf(us) -
2 In L 6) s < s
Qus = 9 (7.48)
0 ﬂs > s

\
The last case has been set since we are interested only in upper limits. The choice of
the correct form for g, is based on pg, the expected mean number of events, and fi,
the maximum likelihood estimator for u;.

Given a certain WIMP mass, to test different hypotheses about g, the knowledge of
the p.d.f. of the test statistic gy, is required. To build f(q,,|H},), the p.d.f. of g, for
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the hypothesis H,,, of a signal strength s in addition to the background, we generated
0O(10%) MC toy experiments for each value of us up to ps = 20. For the f(q,,|Ho), the
p.d.f. of the background-only hypothesis Hy, we generate O(10*) MC toy experiments
with ps = 0.

obs

%s and background, ny’®,

In the toy experiments the generation of the signal, n?

events has been performed in a way similar to what has been done for the Maximum
Gap analysis: Poissonian extractions with mean equal to the mean number of expected
signal (us) and background (uy) events and S1 randomly extracted from their spectra. In
addition to the S1 observable we used also a discrimination parameter Y, with a distri-
bution modeled as the usual log10(52/51) (figure 4.16), approximated as a Gaussian. In
particular, ER background events are distributed as Gauss(0, 1) and NR events (both
background and signal) as Gauss(-2.58, 0.92). Thus, we have a 99.5% discrimination
below the median of the NR distribution (i.e. 50% NR acceptance) and a 99.75% ER
discrimination with 40% acceptance, as it was measured in the XENON100 experiment.
In this way we use in the analysis the whole sample of events without performing any
a-priori selection on the discrimination parameter: i.e. we keep also all the electron
recoil background events. In figure 7.25 we show the distribution in S1 and Y of a single
toy experiment, where we superimposed the background with 50 signal events (m,, = 40
GeV/c?). The number of signal events is chosen so large just for illustration purpose.
The likelihood function is the so-called extended mazximum likelihood, since also the

number of expected events is treated as variable of the experiment, and it is defined as:

6_(#54_“,}) S + nebe ne s Js Slz S }fz + Slz Y;
L) = ?E/uz' ib) e fs( )g(u)JrZZ fo(S1i) gy (Y3) (7.49)
) i=1 s

where n%s = n‘s)bs + ngbs is the total number of the observed events, while p,; are the
expected mean number of signal and background events, respectively; fs; are the p.d.f.
in S1, and g, are the p.d.f. in the discrimination parameter Y. Using this form for the
likelihood function, the analysis is said unbinned.

To estimate the XENON1T sensitivity many background-only experiments have been

obs
Hs )

knowledge of the f(q,,|H,,) and f(qu|Ho) p.d.f. previously calculated is used. The

generated and the test statistic, ¢ is evaluated to calculate the p-value. Here, the

former p.d.f. is used to evaluate the level of disagreement between current data and the

signal hypothesis, assuming the signal hypothesis true, and it is given by:

o0
Ps = f(qﬂs ’Hﬂs)dq#s7 (750)
o
where qZ’ZS is the value for the statistic given by the data. To find the value of the cross

section at the 90% CL, one has to look for a value of i, for which the integral in equation
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Figure 7.25: Tlustration of a single MC toy experiment. Top-left: distribution in S1,Y
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right: projection in the discrimination parameter Y; in red the signal events, in blue

the background and in black their sum. Bottom-left: projection in S1; in red the signal

events, in blue the background and in black their sum. Bottom-right: values of the

statistic test g, as a function of different tested values for pu.

(7.50) is equal to 0.1. In the case of downward fluctuations of the background it can

happen that small cross sections, to which the experiment may not be sensitive, are

excluded. In order to avoid this, a standard approach called “CLs” [230, 231] is used,
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where p, is modified as:
Ps

- 7.51
pS - ps 1 _ pb’ ( )
where
o
V-p= [ (gl Ho)d,. (752
agbs

Equation (7.52) expresses the probability of the test statistic g, to be larger than the
observed one under the background-only hypothesis Hy. In this case, the upper limit
on the cross section (90% CL), as function of the WIMP mass, is found solving the
equation:

pa(u?F) = 0.1 (7.53)

for each WIMP mass. Equation (7.53) can be solved numerically testing various values
of us until the one which satisfies the equation is found, called u?O%CL . To do this it
is necessary to evaluate the integrals in equations (7.50) and (7.52) for each value of
the cross section that one wants to test, so it is mandatory to know the p.d.f. of g,
under both the hypothesis H,,, and Hy. It has to be mentioned that sometimes it is not
necessary to evaluate the p.d.f. f(q,,|H,,). Indeed, for a large number of events, it is
possible to apply the Wilks theorem [232], which ensures that the p.d.f. of f(qu,|H,,)
follows a chi-square function, and so calculate it analytically.
We show here the results of the XENONIT sensitivity, using the same assumptions
made in section 7.3: LY= 4.6 pe/keV,., 1 uBq/kg of ?*Rn contamination and L.sr =0
for recoil energies below 1 keV,. The resulting limits are shown in figure 7.26: the
minimum is found at o = 1.21 - 10747 em? for m, = 40 GeV/c? (90% CL). In the same
figure we report also the result obtained with the Maximum Gap method (with the same
assumptions), see figure 7.9, where the minimum was at o = 1.87- 10~4" ¢m? for my = 45
GeV/c? (90% CL). The two results differ by less than a factor 2; we consider this an
acceptable agreement given the intrinsic differences in the two statistical methods.

So far, we did not take into account the uncertainty in the NR energy scale. We plan
to continue the study of the sensitivity including the L.f; uncertainty as a nuisance
parameter, using the full power of the Profile Likelihood method which is a natural

extension of the Likelihood Ratio method.
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comparison, the limits evaluated with the Maximum Gap method are also shown.
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Summary and Conclusions

Despite the scientific achievement of the last decades in the astrophysical and cosmolog-
ical fields, the majority of the Universe energy content is still unknown. Perhaps, the
dark matter discovery will address the missing mass problem but experimental results,
based on both direct and indirect detection techniques, have not yet confirmed any pos-
itive signal from such a kind of matter. Due to the very small cross section for WIMP
interactions, the number of expected events is very limited (~ 1 ev/tonne/year), thus
requiring detectors with large target mass and low background level. The use of double
phase, LXe/GXe, TPC represents one of the most promising techniques for this kind of
search. Indeed, two experiments based on this technology, XENON100 [8] and LUX [10],
published the most stringent limits on WIMP-nucleon scattering cross section, e”M, i

2012 and 2013, respectively. Driven by the excellent results achieved, the XENON col-

n

laboration is now focusing on the realization of the first tonne scale LXe-based detector,
named XENONIT. The goal of the new experiment is to lower by about two order of
magnitudes the current sensitivity to WIMP-nucleon interactions, reaching a minimum
for ¢PM of the order of 107%7 ¢cm?. To achieve this goal, a background reduction of a
factor hundred with respect to XENON100 is mandatory.

In this PhD thesis I report the work concerning the characterization and evaluation,
through MC simulations, of the background of the XENONIT detector and the de-
termination of the sensitivity of the experiment. To this aim we implemented, with
very high accuracy, the geometry of the main components of the experiment: the two
cryostats, the field cage, the electrodes, the PMTs together with their support struc-
tures, the diving bell, the bottom filler and the meshes for the electric field generation
(Sections 5.1 - 5.6). Using the detector material contaminations, evaluated through a
detailed screening (Section 6.2), the electromagnetic and nuclear recoil (ER and NR)
backgrounds have been characterized and quantified.

The ER has been divided into two contributions, namely the internal (Section 6.3),
from the materials, and the intrinsic (Section 6.4), from sources intrinsic to the de-

tection medium itself (3°Kr and ???Rn) and physical backgrounds (solar neutrinos and
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136Xe double-beta decays). Concerning the NR, the proper neutron yield (table 6.6)
from each source has been considered.

For some material contaminations, only upper limits have been found during the screen-
ing campaign, table 6.2. For this reason, the background has been first evaluated using
such upper limits and then it has been evaluated setting them to 0. In this way we
obtained the upper and the lower limit for the background.

In the analysis of the simulation outputs, several cuts have been applied to the data:
the fiducial volume cut, which allows to select only the events in the inner region of
the LXe; the single scatter cut, since WIMPs are expected to give at most one recoil
inside the target volume; the energy cut to select only the events inside the dark matter
search region [5, 50] keV, that corresponds to the [2, 12] keV,, energy window in ER
equivalent energy (Sections 3.6 and 6.1).

The fiducialization of the volume is used to reduce the backgrounds from the detector
materials: thanks to the LXe self-shielding ability particles such as v and e~ have very
low probability to reach the inner part of the target volume. In this work, as reference,
it is used a fiducial volume of 1 tonne.

From the background spectra, the total number of the expected ER background events

has been estimated. For the detector materials, figures 6.4 and 6.5, it results:
[6.7793 7.3%0-3] . 1076 events/kg/day /keV,,

corresponding to
[25i1, 27i1] events/y (in 1 tonne FV),

where the highest contribution comes from the cryostat shell contaminations, about half
of the total ER background from materials (table 6.3 and figure 6.9), mainly from 5°Co;
the photomultipliers accounts for about 20% and the other stainless steel components for
about 15%. The contribution from PTFE and Copper is about 1%. For what concerns

the intrinsic sources, figures 6.13 and 6.14, the background is:
(2.8 +£0.3) - 1075 events/kg/day/keV,,,

corresponding to
102 + 11 events/y (in 1 tonne FV).

From this study it results that the main contribution to the ER background, considering
the WIMP search energy region, comes from the intrinsic sources, figure 6.12 and table
6.5. Using also the information from the ER background behavior, as function of the
fiducial mass, the main results of the present work can be summarized as follows (Section
6.5):
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e in [2, 12] keV,, and in 1 tonne fiducial volume the main contributions to the ER

background come from ?2?Rn, solar neutrinos and ®Kr (figures 6.12 - 6.16);

e for energies above 300 keV., in 1 tonne fiducial volume, the detector materials

give the highest contribution (figure 6.13).

e in [2, 12] keV,. and for fiducial volumes larger than 1400 kg, the background from

detector materials becomes dominant (figure 6.17);

e in the energy range [20, 300] keV,, in 1 tonne fiducial volume, the 2023 decay of
the 135Xe becomes dominant (figures 6.13 and 6.14).

For what concerns the NR background (Section 6.6), its contribution to the total back-

ground has been evaluated in:
0.5+ 0.1 events/y (in 1 tonne FV).

The largest fraction of background events comes from the Cryostat SS (28%), PMTs
(23%, mostly from the ceramic stem), PTFE (18%), PMT bases (12%), SS of the TPC
(10%) and of the Bottom Filler (8%), figure 6.21.

The contribution from cosmogenic neutrons is negligible (Section 6.6.2). Thanks to
the Muon Veto system of XENONIT [204] (Section 4.4.1), the background from muon
induced neutrons is below 0.01 ev/y in 1 tonne fiducial volume inside the WIMP search
energy region.

Due to the different light yield of ER and NR (Sections 3.4 - 3.6), it has been performed
a conversion of the total ER and NR background recoil spectra from energy to S1 signal
(pe). This permitted to sum them on a common scale (Section 6.7), thus allowing the
evaluation of the total background of the XENONIT experiment. For the conversion of
the ER, it was used the NEST model, figure 6.24, while for NR we used the light and
charge yields evaluated in the XENON100 experiment [221], figures 6.25 and 6.26.

For the sensitivity evaluation, the expected WIMP recoil spectra for different dark matter
masses, from 5 GeV/c? up to 1000 GeV/c?, have been used (Section 7.1). The study of
the sensitivity of the XENON1T experiment has been carried out by using the Maximum
Gap method [181] (Section 7.2). It is a recursive method used to test the different values
of the WIMP-nucleon interaction cross section until the desired CL is reached. To
achieve a sensitivity to WIMP-nucleon cross section of the order 104" cm?, that is the
XENONIT goal, about 1 background event in the fiducial volume is required. Assuming
the same particle discrimination obtained in XENON100, figure 4.16, it was considered in
the computation a 99.75% rejection level for ER, that corresponds to a 40% acceptance
for NR. With a light yield of 4.6 pe/keV.. (Section 7.3) the WIMP search region is
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[3, 70] pe and the total background events, in 2 tonne-years of FV, resulted in 1.17. For
such a case, the sensitivity, considering a 90% CL, is shown in figure 7.8. This analysis

permitted to find the minimum of the cross section at:
o0=1.87-10"*" cm? at m, = 45 GeV/c2.

The study was also extended to evaluate the sensitivity for a higher light yield: LY =
5.6 pe/keV,, (Section 7.4, figure 7.12). In such a case, the WIMP search region becomes
[3, 85] pe and number of background events is 1.21. The analysis showed the minimum

for the cross section at:
0 =1.79-10"*" cm? at m, = 40 GeV/c>.

The presented results have been obtained setting the relative scintillation efficiency,
Leyss, to 0 (figure 3.19), for recoil energies below 3 keV,.. The analysis of the XENON1T
sensitivity has also been performed by using an extrapolation of the L.f; down to 1
keV, , figures 7.9 and 7.13; the results have been compared with the previous sensitivity
studies (figures 7.10 and 7.14), showing an improvement for WIMP masses < 20 GeV /c?.
In order to evaluate the impact of the intrinsic background, where it was first assumed a
contamination of 1 uBq/kg for the ??2Rn that represents the actual XENON1T goal, the
sensitivity study was extended to contaminations of ???Rn as high as 3 and 10 uBq/kg
(Section 7.5), figures 7.15 - 7.17. The minima for the cross section have been found
at 2.15-10747 cm? and 2.94 - 10747 cm? both at a WIMP of mass 40 GeV /c? for
3 and 10 pBq/kg contaminations, respectively. The last study on the sensitivity has
been conducted assuming different values for the exposure time: in 5 t-y the sensitivity
reaches a minimum at 1.40 - 10747 cm? for m, = 45 GeV/c?, figures 7.19 - 7.24.

To have an independent check of the results obtained with the Maximum Gap analysis,
the sensitivity of XENONIT has also been evaluated using the Likelihood Ratio (Section
7.7). The method is used to test signal hypotheses, H,,_, assuming different values on the
cross section for WIMP-nucleon interactions, against the background-only hypothesis,
Hy. To do that, the required test statistic is given by the ratio of the likelihood under
H,, and Hy.

For the analysis we considered: LY= 4.6 pe/keVee, 1 uBq/kg of 22Rn contamination
and the L.;¢ = 0 for recoil energies below 1 keV,. We did not apply any discrimination
cut to select NR; we used the whole sample of events considering for each event its
probability to be signal or background (figure 7.25). At the end of the analysis the
minimum for the sensitivity has been found at o =1.21-10747 cm?, for m, = 40
GeV/c?. The result differs by less than a factor 2 with respect to what obtained with

the Maximum Gap method; we consider it an acceptable agreement given the intrinsic
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differences in the two statistical methods. So far, we did not take into account the
uncertainty in the NR energy scale. We plan to continue the study of the sensitivity
including the L.;; uncertainty as a nuisance parameter, using the full power of the

Profile Likelihood method which is a natural extension of the Likelihood Ratio method.

From the study developed in my PhD thesis we can conclude that:

e thanks to a severe screening and purification campaign, to the LXe self-shielding
and particle discrimination abilities, the goal of having about 1 background event

in the reference 1 tonne fiducial volume and in 2 years of exposure can be reached;

e having such a low background, the XENONIT experiment will be sensitive to
WIMP-nucleon scattering cross section of 1.87 - 10747 ¢cm? at m, = 45 GeV/cz,

with 90% CL, about two orders of magnitude better than the current experiments;

e the results from the Maximum Gap method have been confirmed by the Likelihood

Ratio method, thus giving more robustness to such results.

A final comparison, between the limits from various experiments is shown in figure 7.27.
The orange dashed line represents the neutrino coherent bound, below which the NR from
neutrinos will be the dominant background process. It represents an irreducible source
of events since it mimics a WIMP-nucleon interaction and new detection techniques will

be required to probe lower values of the cross section.
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