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Abstract

The aim of the present work is the study of the energy calibration with external radioactive
sources for the Argon Dark Matter (ArDM) experiment, which consists of a double-phase argon
detector for direct dark matter searches. This experiment, with a ton-scale sensitive volume, has
been conceived to detect nuclear recoils produced by dark matter particles scattering off target nuclei.
The advantage of having a double-phase detection technique lies on the fact that both scintillation
light and ionization charge can be measured, providing a powerful discrimination method between
nuclear recoils and background events. In this context, the calibration with external gamma sources
is necessary in order to establish the energy scale, monitoring at the same time the detector stability.
In the introduction we briefly present the different experimental evidences of dark matter and the
requirements that a good particle candidate should fulfill according to the astrophysical observations.
Moreover, we will introduce the supersymmetry, the extension of the Standard Model of particles
which provides one WIMP candidate called neutralino. Throughout the following sections, special
attention will be dedicated to the different techniques used for dark matter detection, pointing out
the ArDM detector concept and technology. Finally, the simulation software and the results of the
energy calibration studies will be presented.

Resumen

El propdsito del presente trabajo es el estudio de la calibracion en energia con fuentes radioactivas
externas para el experimento Argon Dark Matter (ArDM), el cual consiste en un detector de argén
de doble fase para busqueda directa de materia oscura. Este experimento, con un volumen sensible
de la escala de la tonelada, ha sido concebido para detectar retrocesos nucleares producidos en el
proceso de scattering de particulas de materia oscura con nicleos blanco. La ventaja de tener una
técnica de deteccién de doble fase reside en el hecho de que tanto la senal de centelleo como la
carga de ionizacién pueden ser medidas, proporcionando un potente método de discriminacion entre
retrocesos nucleares y sucesos de fondo. En este contexto, la calibracién con fuentes gamma externas
es necesaria con el objeto de establecer la escala en energia al mismo tiempo que se monitoriza
la estabilidad del detector. En la introduccion se presentan brevemente las diferentes evidencias
experimentales de materia oscura y los requisitos que un buen candidato deberia satisfacer de acuerdo
con las observaciones astrofisicas. Ademas, se introducira la supersimetria, la extension del Modelo
Estandar de particulas que proporciona un candidato a WIMP llamado neutralino. A lo largo de
las siguientes secciones, se dedicard especial atencion a las diferentes técnicas empleadas para la
deteccion de materia oscura, indicando el concepto y la tecnologia del detector ArDM. Finalmente,
el software de simulacion y los resultados del estudio de la calibracién en energia seran presentados.
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The aim of the present work is the study of the energy calibration with external radioactive sources
for the Argon Dark Matter (ArDM) experiment, which consists of a double-phase argon detector
for direct dark matter searches. This experiment, with a ton-scale sensitive volume, has been
conceived to detect nuclear recoils produced by dark matter particles scattering off target nuclei.
The advantage of having a double-phase detection technique lies on the fact that both scintillation
light and ionization charge can be measured, providing a powerful discrimination method between
nuclear recoils and background events. In this context, the calibration with external gamma sources
is necessary in order to establish the energy scale, monitoring at the same time the detector stability.
In the introduction we briefly present the different experimental evidences of dark matter and the
requirements that a good particle candidate should fulfill according to the astrophysical observations.
Moreover, we will introduce the supersymmetry, the extension of the Standard Model of particles
which provides one WIMP candidate called neutralino. Throughout the following sections, special
attention will be dedicated to the different techniques used for dark matter detection, pointing out
the ArDM detector concept and technology. Finally, the simulation software and the results of the

energy calibration studies will be presented.

I. INTRODUCTION

In spite of the fact that General Relativity has been
one of the most successful theories of the twentieth cen-
tury, it does not give a satisfactory explanation to some
cosmological and astrophysical observations. A possible
description of, for example, the actual structure of the
Universe at large scale and its accelerated expansion can
be given by the presence of dark matter and dark energy
whose nature still remains unknown.

Dark matter and dark energy components are required
to account for the biggest contribution to the energy con-
tent of our Universe. According to the latest WMAP
satellite data, only the 4,5% of the energy density of the
Universe corresponds to barionic matter, and the non-
barionic component consists of 23% dark matter, 73%
dark energy and less than 1% neutrinos [1]. In the present
work, we are going to focus on the nature and properties
of the dark matter component.

The first possible evidence of dark matter was discov-
ered by the Swiss astronomer Fritz Zwicky in 1933. He
observed that orbital velocities of galaxies in the Coma
cluster were much larger than the ones predicted theo-
retically by the virial theorem. In addition, this cluster
would be gravitationally bound only if its total mass ex-
ceeded the mass of the luminous matter contained in its
component galaxies [2]. Many other experimental evi-
dences for dark matter have been observed during the last
years, consequently, a dark matter component is required
to give a satisfactory description to other observations
regarding the Universe large scale structure, the gravita-
tional lensing of background objects by galaxy clusters,
such as the Bullet Cluster, and the temperature distri-
bution of hot gas in galaxies and clusters of galaxies.

Although there are different explanations for the ori-
gin of the dark matter component, a possible description
could be provided by particle physics. In this context,
the dark matter component is usually assumed to be in
the form of thermal relic particles produced during the
Big Bang that naturally freeze-out with the right abun-
dance and that are present now in the halo surrounding
the galaxy. Considering this approach and according to
the experimental results, a suitable dark matter candi-
date particle should fulfill the properties shown below

[3]:

1. It has to be stable enough in order to be present in
the actual Universe.

2. It has to be cold! dark matter (CDM) in order
to explain the hierarchical ”bottom-up” large scale
structure of the Universe.

3. It should be electrically neutral and interact weakly
with ordinary matter.

4. Tt must be massive enough to account for the mea-
sured Q,,,.

The particles satisfying the previous constraints are
known as WIMPs (Weakly Interacting Massive Parti-
cles).

Supersymmetry is an extension of the Standard Model
that has been developed assuming the possible existence
of a natural symmetry between bosons and fermions, thus
unifying matter and interactions. Supersymmetry postu-
lates that each Standard Model particle has a superpart-
ner (sparticle), with R parity = 1 for standard particles

I Particles that were not relativistic when they decoupled from
radiation.



and R parity = —1 for supersymmetric particles, where
R parity is a symmetry that forbids couplings which do
not conserve baryon and lepton numbers. Our motiva-
tion for studying supersymmetry lies in the fact that it
can provide a possible WIMP candidate as the lightest
supersymmetric particle (LSP) called neutralino, which
comes out from models with conserved R parity [4].

Considering a fourth dimensional space, bosons have
integer spin while fermions have half-integer spin. The
spin indicates how bosons and fermions transform under
the Lorentz group. The generators of supersymmetry,
Q., are fermionic operators and, for this reason, they
transform bosons into fermions. As a result, for each
bosonic state of non-zero energy, there is a fermionic state
with the same energy and vice versa.

Qo | boson) =| fermion),
Qo | fermion) =| boson). (1)

The superpartners of the B and W3 gauge bosons are
called bino and wino, while the superpartners of neutral
Higgs bosons HY and HY are called higgsinos. In this
context, the Minimal Supersymmetric Standard Model
(MSSM) contains the smallest possible field content nec-
essary to give rise to all the fields of the Standard Model.
In the MSSM, the lightest neutralino is a linear combi-
nation of the bino, wino and higgsinos [5].

X:N11B+N12W3+N13H:10+N14H:S~ (2)

If R parity is conserved, sparticles must decay into an
odd number of sparticles. Since LSP is the lightest spar-
ticle, it has to be stable and can only disappear via pair
annihilation, making it an excellent dark matter candi-
date [6].

II. DARK MATTER DETECTION

In order to determine the nature of dark matter and
discriminate among the large number of candidates and
models, a great experimental effort is currently under-
taken. Basically, there are two different approaches to
detect dark matter: direct and indirect detection. In ad-
dition, WIMPs could be also produced at high energy
colliders such as the LHC [7].

The general method for indirect WIMP search is based
on the detection of gamma rays or antimatter in the
cosmic rays. Cosmic rays are produced in the galactic
center, galactic halo or extragalactic structures such as
dwarf spheroidal galaxies and clusters [8]. These parti-
cles can be measured in space-based detectors such as
Fermi-LAT (gamma rays) and PAMELA or AMS (anti-
matter). In this regard, the observation of an excess of

antiparticles or gamma rays with respect to the astro-
physical background, could be an evidence of dark mat-
ter annihilations. Recently, both Fermi and PAMELA
have measured the positron fraction, e*/(e* + e™), ob-
taining an excess of positrons that increases with energy.
However, this positron excess could be explained as well
by astrophysical phenomena, such as pulsars emission or
cosmic rays interacting with giant molecular clouds.

Indirect dark matter detection can be made by
Cherenkov telescopes such as MAGIC, HESS or VER-
ITAS or by neutrinos experiments, located underground
(Super-Kamiokande), underwater (ANTARES) or under-
ice (IceCube).

We are going to pay special attention to direct detec-
tion experiments, since ArDM belongs to this category.
In such experiments, the detection of WIMPs from the
galactic halo is made via elastic scattering off an ordinary
target nucleus. Considering M, the mass of the WIMP
and E, its energy, a nucleus of mass My will recoil at a
scattering angle f with an energy Er which will be given
by [9]:

AMNM. 1 — cosb)
Er = B, x ( . (3)
(My + M,) 2

If we then fold the Maxwellian kinetic energy distribu-
tion of the halo WIMPs with the above recoil distribution
we get an exponentially smoothly decreasing recoil spec-
trum of the following form [10]

dR_ROXp< ER) )

dEp  <Ep> P\ ZEp>

where R is the interaction rate per mass unit, Ry is the
total event rate and < Er > is the average recoil energy.
In our case

< Er >= Eyr, (5)

where Ej is the most probable incident kinetic energy of
a dark matter particle and r = % is a kinematic
factor.

For the parameters of our galactic halo we expect recoil
energies of the order of few keV to 100 keV. For this rea-
son, detectors with keV thresholds are required. Those
low energetic recoil nuclei are extremely difficult to de-
tect and discriminate against backgrounds, thus making
the WIMP direct search very challenging. Additionally,
the electro-weak cross sections of neutralino interactions
require large detector masses and long measuring times.

The rotation curve of the Milky Way indicates that the
halo particle density should fall off with distance from
the galactic center with 1/7? and the mass-energy den-
sity in the vicinity of the Solar System should be around
0.3 GeV/cm?. Furthermore, the relative velocity of the



Solar System with respect to the halo (=~ 244kms™') has
to be added to the Maxwellian distribution of the halo
WIMPs with a dispersion of v ~ 230kms ™. Considering
these standard halo parameters, the rate depends on the
WIMP mass, cross section and its average density and ve-
locity. Detectors that are able to record at least one event
per ton per day are needed if we want to reach the pre-
dicted SUSY cross sections for spin dependent and inde-
pendent interactions. In argon an estimated value for the
WIMP-nucleon cross section of ~ 107#**cm? = 10~8pb
and a WIMP mass of 100 GeV produces expected signal
rates of the order of one event per ton per month [17]
with 30 keV detector threshold.

Differently from the past, the new generation of dark
matter experiments detect at least two signals at the
same time (like ionization and scintillation or ionization
and phonon) in order to carry out background discrimi-
nation.

Among the main target materials that are cur-
rently being used in the experiments we should stress:
Nal (LIBRA/DAMA), Crystals (CDMS, EDELWEISS,
CRESST, ROSEBUD), Liquid noble gas (WARP,
XENON, XMASS, ArDM), Bubble Chamber (PI-
CASSO), Gas detector (DRIFT) [11].

Some possible positive dark matter signals have been
suggested during the past years. The DAMA [12] claim
of detecting the annual modulation of the signal, due to
the Earth motion around the Sun, has been widely crit-
icized since these results are incompatible with results
from other experiments, at least in the standard frame-
work of the MSSM. The tension in the field increased af-
ter the confirmation of the result by the DAMA /LIBRA
[13] experiment on several years and high statistical sig-
nificance.

More recently other claims that came from CoGeNT
[14] and CRESST [15] triggered additional interest on
the space corresponding to so-called low-mass candidates
with a WIMP mass of the order of 10 GeV.

Among all the direct detection experimental tech-
niques, liquid noble gases, such as Argon and Xenon,
have special properties providing several advantages for
detecting nuclear recoils, such as:

1. They provide an appropriate target for ton-scale
experiments because of their density thus allowing
to build large detectors exploring low cross section
values.

2. The ionization signal can be used to provide the
event position reconstruction in a Time Projection
Chamber (TPC), which allows the possibility of
fiducial volume cuts.

3. They have good scintillation properties, being
transparent to their own scintillation light. The
maximum possible scintillation yield in liquid ar-
gon is about 51 photons per keV of deposited en-

ergy [16].

4. They can provide two different methods for dis-
crimination between electron-like recoils and nu-
clear recoils such as differences in pulse shape and
in charge to light ratio.

5. Noble gases do not attach electrons and they can
be easily purified, which implies a high electron mo-
bility and long drift distances (D > 1m).

6. They are safe targets because they are inert, not
flammable and also very good dielectrics.

While argon and xenon have similar properties, there
are different reasons to choose liquid argon instead of
xenon for the experiment. Firstly, if we take into ac-
count the form factors in the cross section, the event rate
in argon is less sensitive to the threshold on the recoil
energy than it is for xenon. Secondly, argon is much
cheaper and available in large quantity than other noble
gases and, for this reason, a ton-scale detector with lig-
uid argon is the most affordable and competitive option.
In addition, there is some experience in handling massive
liquid argon detectors provided by the ICARUS project.
Finally, xenon and argon recoil spectra are different due
to kinematics, which provides an important cross check
in the case of a positive signal [17].

III. THE ARGON DARK MATTER
EXPERIMENT

The aim of the Argon Dark Matter (ArDM) exper-
iment, which consists of a ton-scale double-phase liquid
argon (LAr) detector, is the direct detection of dark mat-
ter (WIMPs). The experimental setup consists of a cylin-
dric dewar with ~ 80 cm diameter sensitive volume, de-
limited by a reflector covered with wavelength shifter,
and a 120 cm maximal drift length. About ~ 850kg
of ultra-clean liquid argon are contained in the sensitive
volume. The setup is completed with cryogenic and pu-
rification systems and a polyethylene shield (Figure 1).
In order to test all the functionalities, the LAr detector
was installed on surface at CERN and tested in 2010 and
2011 and it has been moved to its current location, the
Underground Canfranc Laboratory (LSC), on February
2012.

In ArDM, the direct detection of WIMPS can be
achieved by measuring the energy deposited when
WIMPs elastically scatter from ordinary target argon nu-
clei. As we have mentioned before, the kinetic energy of
these recoils is in the range of ~ 1—100keV and the cross
section is predicted to be weak-like [18].



Figure 1: 3D model of the ArDM setup including the dewar, the
cryo-system and the main measurement systems. The charge read-
out system is represented in yellow while the PMTs are shown in
cyan and the green half cylinder indicates the outer dimension of
the neutron shield.

When WIMPS go through the sensitive target, they
produce nuclear recoils of the argon atoms as a conse-
quence of their scattering. Then, the recoiling nuclei
produce ionization and excitation of the atoms in liquid,
that can form molecular bound states, called dimers?,

with other atoms in picoseconds time scale.

The excited diatomic molecules or excimers, such as
Ars™, are dimers with associated excited electronic states
and dissociative ground states [19]. At the same time,
argon ion results in the formation of excimers Ary* by
recombination of Ary with a free electron coming from
the atomic argon ionization (Figure 2).

The Ary™*, which can exist in either singlet or triplet
states with very different lifetimes, decays radiatively.
The lowest allowed radiative decays from the molecu-
lar excited states are the transitions from the singlet
and the triplet states (*3F and 33°F) to the ground
state (1 Z;) which consist of two independent atoms.
The emission spectrum for those transitions has a nar-
row peak at (128 £+ 10) nm in the Vacuum Ultra Vio-
let (VUV) band. This scintillation light (called primary
scintillation, S1) cannot be reabsorbed by neutral argon
atoms because the energy of the single atomic excited
state is too high and it propagates in the detector. Only
impurities such as Ny and CO> can eventually reabsorb
VUV light and capture the electrons.

2 Dimers are chemical entities consisting of two structurally similar
atoms or molecules joined by bonds that can be either strong or
weak, covalent or intermolecular.
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Figure 2: Diagram of ionization and excitation liquid argon pro-
cesses.

The reflector surrounding the sensitive volume is
coated with a wavelength shifter (tetraphenylbutadiene,
TPB) to improve the light collection efficiency of the de-
tector (see [20] for coating techniques). As soon as the
primary photons reach the reflectors, they are converted
and re-emitted with the optimal wavelength (=~ 420 nm)
for its detection. The re-emitted light can reach the bot-
tom or the top of the detector, where two arrays of 14
hemispherical Hamamatsu photomultipliers (PMT) are
located. The surface of the PMTs is also coated with
a wavelength shifter to detect the direct light, which is
approximately 10% of the total light.

The electrons produced by the interaction in liquid that
do not recombine with the parent ions are drifted towards
the interface liquid-gas by a uniform electric field perpen-
dicular to the readout plane (Figure 3). These electrons
are extracted and accelerated from the liquid into the gas
phase applying an electric field of 4 kV/cm, thus produc-
ing secondary scintillation light in gas (S2). The amount
of light produced is directly proportional to the amount
of charge reaching the gas phase, which is at the same
time proportional to the amount of charge initially pro-
duced by the interaction.
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Figure 3: Conceptual design of the ArDM experiment.



Since the electron diffusion during the charge drift is
low in noble liquids (= mm), the xy position of the inter-
action is preserved and it can be measured through the
light pattern of the PMT top array. Taking into account
the drift time, measured as the delay of S2 respect to S1,
the z coordinate can be also reconstructed, thus allowing
to the ArDM time projection chamber (TPC) to provide
the three-dimensional position information [21].

v/e”

Amplitude (log)
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Figure 4: Scintillation topology of the v — e~ -like process.

Nuclear recoil
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Figure 5: Scintillation topology of the nuclear recoil process.

The relative amount between the extracted and drifted
electrons depends on the charge track structure besides
the drift field. Consequently, the ratio between the two
amplitudes of the scintillation signals, S1 and S2, is dif-
ferent for different interaction types and it can be used for
discriminating the nuclear recoil from the electron inter-
actions. Additionally, the two transitions ! Z: —1 Z;r

and 337 1 Z;— from excited dimers states to the
ground state have different decay times, that will be
called 7, for the singlet and 7; for the triplet. This is
due to the fact that the first one is strongly allowed (75 ~
5ns) while the second is allowed only because of the spin-
orbit coupling (7 ~ 1.6 us). The ratio between the pop-
ulations of the two initial states, r = 5(123)/5(323),
depends on the ionization density of the track and, con-
sequently, it is quite different for electron/photon inter-
actions (r &~ 1/2) and nuclear recoil (r &~ 4/5) [22], thus
giving an additional and independent background rejec-
tion tool. The corresponding typical signals are repre-
sented in Figures 4 and 5. In this context, the possibility
to measure both ionization charge and time evolution of

the associated primary scintillation light allows high nu-
clear recoil discrimination, rejecting the more abundant
interactions given by photons and electrons®.

While the gamma and electron interactions can be re-
jected, it is hard to distinguish neutrons from WIMPs
because both do not have electromagnetic charge and
produce nuclear recoils. However, they have different
energy spectra and scatter multiplicities: we have cal-
culated that at least 50% of neutrons scatter more than
once and only 10% of the total number of neutrons pro-
duce a single recoil event in the energy range of interest.

IV. DETECTOR CALIBRATION

The appropriate detector calibration at low energies is
essential in order to determine the energy threshold and
WIMP sensitivitity, since the expected dark matter sig-
nal has energies of tens of keV and drops exponentially
with the energy (equation (4)). For the ArDM experi-
ment, both neutron and gamma calibration will be per-
formed. The neutron calibration is important to asses the
detector response to the nuclear recoil. In addition, pe-
riodic runs with low energy gamma sources are required
in order to establish the energy scale, monitoring, at the
same time, the stability of the detector’s behavior. In
the present work, we are going to focus on gamma cali-
bration.

Due to the large size of the ArDM detector and its
shielding capability against external radiation, reaching
the central volume of the liquid with external gamma rays
becomes difficult at low energies. All the calibrations
should be performed in a sealed environment with the
same experimental conditions as the physics runs. For
these reasons, dedicated calibration systems should be
designed to place the source between the detector and
the external polyethylene shield.

A setup for periodic gamma calibration, referred to as
Calibration I, has been specifically designed. It consists
of a pair of pipes made of a plastic material. One of the
pipes will run parallel to the dewar wall and the other
will surround it (Figure 6), so calibration for different
x,, z positions will be possible. According to this setup,
a commercial stainless steel encapsuled gamma source
could be the most appropriate choice. It can be attached
to a flexible rod and guided inside one of the pipes and, if
this rod is graduated, it is immediate to know the source
position.

3 The most important contribution to the background is due to
the 39 Ar isotope, whose activity is ~ 1Bq/kg of liquid [23].



Figure 6: Detector layout with gamma calibration setup.

For the neutron calibration, a drawer is going to be
made by cutting off a small block at a middle height of the
polyethylene shield. This polyethylene block would be
removed during the calibration procedures. This setup,
named Calibration II, can also be used for gamma cal-
ibration with a collimated source. In this way, six lead
bricks, one of them with a hole (10 mm radius and 204
mm length) drilled in the direction of the detector center,
will be placed inside the drawer (Figure 7).

Figure 7: Setup for the neutron and collimated gamma calibration.

A preliminary study based on cross section and atten-
uation of a photon beam in liquid argon has been under-
taken in order to constrain the most appropriate gamma
energy in a certain range. The optimal energy should
allow a substantial number of photons to go through the
stainless steel walls of the dewar without being stopped
and cross the borders of the active volume into the cen-
ter of the detector. A significant number of photoelectric

interactions would be necessary in order to clearly mea-
sure the energy released in the interaction location. How-
ever, we should take into account that the photoelectric
cross section decreases with energy while the probability
of a photon to reach the sensitive volume increases with
energy. According to the previous considerations, the
most suitable energy range for our purpose begins around
100keV. Although 57Co (85.6% E,=122 keV and 10.7%
E,=136 keV) and "Se (58.3% E., = 136keV and 58.9%
E., = 265keV) were suggested as possible candidates in
the considered energy range, a detailed Monte Carlo sim-
ulation is required in order to investigate the type and
activity of the gamma source needed to efficiently cali-
brate the Ar TPC.

V. MONTE CARLO SIMULATION

Some Monte Carlo simulations have been carried out
to check the behavior of different gamma sources in the
ArDM experiment. In order to simulate the passage of
particles through matter, Geant4 software toolkit [24]
and its electromagnetic physics list have been used. Ad-
ditionally, our results have been obtained with GAMOS
[25], a framework for fast and flexible Geant4 application
developed at CIEMAT.

In our research for the best gamma source for calibra-
tion, we followed a strategy consisting of several steps.
First, we simulated the experiment geometry. It has been
important for the simulation to note that the ArDM de-
war is made of several walls, the internal ones containing
liquid argon and the most external bounding a vacuum
region. These liquid argon layers provide thermal stabil-
ity to the active volume inside, while the vacuum layer
isolates the system from environmental temperature. All
the dewar walls have been simulated with their actual
thickness and made of the stainless steel predefined in
the Geant4 material database.

Different simulations have been carried out modeling
both Calibration I and II experimental setups described
in the previous section. The modeling of the dewar is
based on a simplified geometry, build up from cylinders
in order to reproduce the dewar walls. The inner cylinder
has a 500 mm radius, while the outer cylinder radius is
560 mm. The total height of the dewar is 2093 mm. We
have also taken into account that the sensitive volume,
represented by an internal cylinder of 400 mm radius, is
limited by the wavelength shifter reflectors.

For the Calibration I setup modeling, a point like
gamma source with isotropic emission has been placed at
medium height and 40 mm distance from the outer de-
war wall, which is approximately the distance where the
vertical pipe is installed (Figure 8). This geometry is the
one used for an energy scanning simulation, which is re-
quired to asses the most appropriate energy and activity
of the gamma calibration source. The energy range con-



sidered for the scanning simulation goes from 100 keV up
to 450 keV with steps of 50 keV, although smaller steps
of 25 keV were considered for the most interesting energy
range. In order to have enough statistics, 2e® events were
simulated for energies above 150 keV and 4e® events for
lower energies.

Figure 8: Dewar geometry used for energy scanning simulations.
Some primary gamma tracks are depicted in red.

The analysis of the energy deposited in the active vol-
ume and the position of the photoelectric interaction
have been considered for selecting the most appropriate
gamma source for calibration. It has also been impor-
tant to study the probability of interaction as well as
the ratio between the total number of photoelectric and
multiple interaction events for the different processes oc-
curring within the detector sensitive volume. Figure 9
shows the energy deposited for two different simulations
corresponding to 125 keV and 175 keV.

125 keV 175 keV.
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Mean 0.0975 | Mean 0.1246
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Figure 9: Energy deposited in the sensitive volume by 125 keV
and 175 keV gamma sources for Calibration I setup.

The spectrum has a similar structure for both energies,
consisting of the full energy peak, whose energy is equal

to the one of the primary gamma, and a compton tail.
Both multiple and single (photoelectric) interaction are
included in the full energy peak. Comparing the spectra
of 125 keV and 175 keV, we can point out some impor-
tant differences. As expected, the probability of produc-
ing an interaction in the sensitive volume is lower for 125
keV than for 175 keV, since for higher energies there are
more primary photons that can reach the detector’s sen-
sitive volume. Additionally the 175 keV spectrum shows
a higher full energy deposition peak with a bigger proba-
bility of single interaction (6.75-10~°) than the 125 keV
one (2.25-107%). At the same time, the compton tail is
much bigger for 175 keV than for 125 keV.

An important parameter for our simulation is given by
the single photoelectric interaction in the full energy peak
because it allows to calibrate the detector in terms of
energy and interaction position. Additionally, given the
good discrimination of multiple and single interactions of
ArDM, the single events can be easily selected. In order
to have a better comparison of the different simulations,
the results for Calibration I have been summarized in
table I.

) PHev/h/100|Mult  ev/h/100 .
E; |PH prob KkBq KkBq Ratio
(2.2540.75)- | (8.1 £ 2.7) - 31(1.0240.36) -
100{ 7556 102 (7.9240.84) - 10 lo-1
195 (1-80£0.21) [ (6.48£0.76) - | (1.526 + 0.037) -|(4.25£0.51)-
10-5 103 10° 10—2
(4.8540.49)-| (1.7540.17) - 105 (2.76+0.28)-
150|155 1ot (6.3240.11) - 10 10-2
175 (6.75£0.58) | (2.43£0.21) - | (1.476 £ 0.016) -|(1.65+0.14)-
10-5 10 106 102
900| (8:75£0.54) | (2.07£0.19) | (2.509 %+ 0.021) -|(8.25+0.77)
105 10 106 103
950 (6-10£0.55) | (2.2040.20) | (4.844 + 0.030) -| (4.53+0.41)-
105 104 106 10-3
300/ (6:10£0.55) | (2.20£0.20) | (7.261 %+ 0.036) -|(3.02+£0.27)-
10—° 10 106 103
a50| (4-1040.45) | (1.484£0.16) | (9.435 + 0.041) -| (1.56+0.17)-
105 104 109 103
400| (4-15£0.46) | (1.49£0.16) | (1.1498£0.0046) - | (1.30£0.14) -
10-5 10 107 10-3
450 (3-75£0.43) | (1.35:£0.16) | (1.3304 £0.0049) - | (1.01£0.12) -
10-5 10 107 10-3

Table I: Results for the photoelectric probability of interaction
in the full energy peak, photoelectric events per hour and per 100
kBq, multiple interaction events per hour and per 100 kBq and ratio
between the total number of photoelectric and multiple interaction
events corresponding to Calibration I setup for different energies,
E;.

The photoelectric probability in the full energy peak
(column 2) increases with energy, it reaches a maximum
for an energy around 175 keV and then decreases. This
is given by the fact that photoelectric cross section de-
creases with energy, while the probability of a photon to
reach the sensitive volume increases, as mentioned before.



Considering a source with an activity of 100 kBq,
~ 6.5¢3 photoelectric interactions per hour are expected
for 125 keV and ~ 2.4e* for 175 keV. While the pho-
toelectric probability increases and reaches a maximum,
the number of multiple interaction only increases with
energy.

The radial position of the photoelectric interaction
shows how the events are distributed and their distance
from the center of the detector. Figure 10 shows that the
events for Calibration I (black line) are not distributed
quite deep inside the detector. For this reason, Calibra-
tion IT was suggested in order to try to have as many
events located deeper as possible in the sensitive volume
and also to improve, eventually, the ratio between pho-
toelectric and multiple interaction events.

| Final radial position of the single photoelectric interaction I Calibrationl
Entries 135
- Mean 3521
= RMS 4384
E r Calibrationll
2405 Entries 61
& E Mean  345.1
£ RMS 4562
108 —
107 AI—,_F_|—7
10° —| =
Tl PR T A P I T P 1

i Ll N N FEETE
50 100 150 200 250 300 350 400 450 500
r (mm)

)

Figure 10: Radial position of the photoelectric interaction for a
175 keV gamma source. The results for Calibration I and II setups
are displayed.

Calibration II corresponds to the collimated gamma
calibration setup. Apart from the dewar, the geometry
used for this simulation includes the polyethylene shield
and the lead bricks setup for collimation shown in Figure
7. Since the photoelectric probability had a maximum
at 175 keV in Calibration I, for Calibration II we have
simulated energies in a narrow range that goes from 125
keV to 200 keV. Proceeding analogously as what we did
for Calibration I, we have represented the energy depo-
sition histogram, Figure 11. As in the previous case,
the histogram shows a full energy deposition peak, and
a compton tail, which are higher and longer respectively
for 175 keV than for 125 keV.

The complete results from Calibration IT simulation are
summarized in table II, where the same quantities in-
cluded in Table I are shown for Calibration II.

Relevant information can be extracted from the com-
parison of the energy histograms for both calibrations.
On the one hand, for Calibration II there are less energy
deposited events registered due to the fact that the solid
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angle of particle emission is much smaller. On the other
hand, the less populated compton tail indicates that in
this case the photoelectric/multiple interaction ratio has
been improved. This fact can be checked by comparing
the last column of tables I and II.

125 keV 175 keV
Entries 351 | Entries 2308
Mean 0.1024 | Mean  0.1313

| RMS__ 0.03253 | RMS 0.0486

Energy deposited |

o
S

Probability

10

T

107

T

10°

[ 0.02 004 0.06 008 0.1

012 044 0.6 0.8
Energy deposited (MeV)

Figure 11: Energy deposited in the sensitive volume by 125 keV
and 175 keV gamma sources for Calibration II setup.

_ PH ev/h/100|Mult ev/h/100 )
E; |PH prob kBq KkBq Ratio
2.40 + 0.49) - 1.177 £0.065) - | (7.3 £ 1.6) -
125 §0_7 ) |(8.6+1.8)-101 §o3 ) §0—2 )
150 g%f’?iojg)' %'29110'26)' (4.0640.12)-103 5‘332“-66)'
175 (1%'3910'78)' %‘22010'28)' (8.0940.17)-103 g%-f%io-?’f’)'
900 | (8-80£0.94) - | (3.17 £ 0.34) - | (1.204 £ 0.022) - | (2.45 £ 0.26) -
10-7 102 104 10—2

Table II: Results for the photoelectric probability of interaction
in the full energy peak, photoelectric events per hour and per 100
kBq, multiple interaction events per hour and per 100 kBq and
ratio between photoelectric and multiple interaction corresponding
to Calibration II setup for different energies, E;.

If we focus on the radial position of the photoelectric
interaction (Figure 10 red line), the mean value is lower
for Calibration II than for Calibration I, meaning that
we achieved a slight improvement in the depth distribu-
tion of the photoelectric interactions. More simulations
are currently being carried out with different collimator
geometries.

While the results of the simulations suggest that the
biggest probability of photoelectric in the full energy
peak can be obtained around 175 keV, we give more im-
portance to the photoelectric over compton ratio, which
is maximum at 125 keV. As a result of the previous con-
siderations, 57Co (85.6% E,=122 keV and 10.7% E,=136
keV), whose half-life is 271.79 days, can be a possible
source choice for our gamma calibration. For this rea-



son, Calibration I and Calibration II simulations have
been carried out for a monoenergetic 122 keV line. The
results, shown in Table III, confirm the better ratio ob-
tained with the collimated source.

PH ev/h/100|Mult  evh/100 .

C|PH prob KkBq KBq Ratio
(1.80 + 0.30) - 5((1.229 £ 0.047) -[(5.3 £ 1.9) -

[os (6.5£1.1)-10%| ] 3 lo-2
II g})~_99i0~44>' (6.841.6)-10" | (9.36+0.58) - 102 %,E,%i[),39)~

Table III: Results for 122 keV photoelectric probability of interac-
tion in the full energy peak, photoelectric events per hour and per
100 kBq, multiple interaction events per hour and per 100 kBq and
ratio between photoelectric and multiple interaction corresponding
to Calibration I and Calibration II setups.

In order to have realistic spectra it is crucial to take
into account the energy resolution of the detector. We
have based our analysis on the published results from
XENON100 experiment [27] regarding the measured res-
olution (¢/F) for different gamma calibration lines. The
energy dependence of the resolution is described by the
following expression:

o(E) o

B \/E + c2, (6)
where FE is the energy of the gamma, o corresponds to
the gaussian distribution that gives the energy resolution
and ¢; and ¢y are constants. We have convoluted the
energy deposited by 122 keV and 175 keV monoenergetic
lines for both Calibration I and IT with energy resolution,

considering three different cases: energy resolution for
XENON100 and two values worsened by 20% and 40%.

£Tndl 5144130
£ 4000 Constant 3832:17.4
E Mean 110.6£0.1
< 3500 Sigma 23,64 +0.14
g XENON 100 2/ ndf 38.71135
3000~ XENON 100+20% Constant 2968 + 14.0
§ XENON 100+40% Mean 109.240.2
i 2500 Sigma  31.4740.24

200

150

S

100

500

PP EPETErE PSR BN
100 120 140 160 180 200

Energy [keV]

Figure 12: Energy deposited in the sensitive volume by a 122
keV gamma source for the Calibration I setup considering different
energy resolutions.
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Figure 13: Energy deposited in the sensitive volume by a 122 keV
gamma source for the Calibration II setup considering different
energy resolutions.

Energy deposited 21 ndf 120.5/21
= C Constant 3.216e+04 £ 5.622e+01
- C
z E Mean 15124 0.4
@ 30000—

- = Sigma 37.29: 024
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Figure 14: Energy deposited in the sensitive volume by a 175
keV gamma source for the Calibration I setup considering different
energy resolutions.
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£ Sigma  29.75+1.18
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Figure 15: Energy deposited in the sensitive volume by a 175 keV
gamma source for the Calibration II setup considering different
energy resolutions.

Comparing the spectra obtained considering the three
resolutions for 122 keV (Figures 12 and 13) and 175 keV



(Figures 14 and 15) photons with the two calibrations se-
tups, the gaussian fit of the full energy peak has a mean
value lower than the nominal energy because of the con-
tribution of the compton tail. That systematic effect is
bigger for worse resolutions and higher energies. At the
same time the reduction of the compton tail in the colli-
mated case can offer the best chance for a more precise
energy calibration.

VI. CONCLUSIONS AND PROSPECTS

Monte Carlo simulations of the ArDM detector have
been carried out in order to study gamma calibration of
the detector. The deposited energy spectra and the sin-
gle and multiple interaction rates have been considered to
choose the optimal energy for the source. While the high-
est probability of single interaction in the full energy peak
has been obtained for 175 keV, a better single/multiple
ratio has been evidenced for 125 keV. Additionally, a
more precise calibration in terms of energy and position
can be obtained by collimating the beam with a proper
setup. According to the previous considerations, a possi-
ble choice for gamma calibration is 57Co (85.6% E,=122
keV and 10.7% E,=136 keV), that is commercially avail-
able and has lifetime, 271.79 days, long enough for our
purposes.

New simulations regarding the optimization of the
gamma calibration setups and validation of the results
with real data are currently ongoing.

[1] E. Komatsu et al., ApJS 192:18 (2011).

[2] V. Sahni, Lect. Notes Phys. 653 (2004) 141 [astro-
ph/0403324).

[3] M. A. Sénchez, PhD thesis, Granada University (Spain),
July 2009.

[4] G. Jungman,M. Kamiankosky,K. Griest, Phys. Rep. 267
(1996),195.

12

[5] G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405
(2005) 279, arXiv:hep-ph/0404175v2.Conference
[6] S. P. Martin, In *Kane, G.L. (ed.): Perspectives on su-
persymmetry II* 1-153, arXiv:hep-ph/9709356v6.
[7] P. J. Fox, R. Harnik, J. Kopp and Y. Tsai, Phys. Rev. D
85 (2012) 056011 [arXiv:1109.4398 [hep-ph]].
[8] C. Munoz, 2012, arXiv:1203.0678 [hep-ph].
[9] J. D. Lewin and P. F. Smith, Astropart. Phys. 6, 87-112
(1996).
[10] SLAC dark matter summer school 2007. http : //www —
conf.slac.stanford.edu/ssi/2007 [talks/akeribo80207.pdf.
[11] M. C. Carmona, PhD thesis, Granada University (Spain),
May 2009.
[12] R. Bernabei et al., 2000, Phys. Lett. B 480, 23.
[13] R. Bernabei et al., 2008, Eur. Phys. J.C56, 333-355.
[14] CE. Aalseth et al., Phys. Rev. Lett. 107 (2011) 141301
[arXiv:1106.0650 [astro-ph.CO]].
[15] G. Angloher et al., Eur. Phys. J. C 72 (2012) 1971
[arXiv:1109.0702 [astro-ph.CO]]..
[16] D. Gastler et al., 2012, arXiv:1004.0373v3 [physics.ins-
det].
[17] A. Rubbia, J.Phys.Conf.Ser. 39
arXiv:hep-ph/0510320v1.
[18] C. Amsler et al. (The ArDM collaboration), JINST
5:P11003, 2010, arXiv:1009.3641v2 [physics.ins-det].

(2006) 129-132,

[19] JB Birks, Rep. Prog. Phys. 1975, 38, 903-974,
doi:10.1088,/0034-4885 /38 /8 /001.
[20] V.Boccone et al. (ArDM collaboration), JINST

4:P06001, 2009, arXiv:0904.0246v1 [physics.ins-det].

[21] M. 1. Lopes, V. Chepel, American Scientific Publishers
(2005), ISBN: 1-58883-058-6.

[22] V. Boccone, 2008, arXiv:0810.4490v1 [physics.ins-det].
[23] P. Benetti et al. (WARP Collaboration), Nucl. Instrum.
Meth. A 574, (2007) 83, arXiv:astro-ph/0603131v2.

[24] http://geant4.cern.ch/Geant4 Collaboration, Nuclear In-
struments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated
Equipment, Volume 506, Issue 3, 1 July 2003, Pages
250303.

[25] http://fismed.ciemat.es/ GAMOS/gamos.php.

[26] Eckert and Ziegler Group, http://www.ezag.com.

[27] E. Aprile et al. [XENON100 Collaboration]|, Astropart.
Phys. 35 (2012) 573 [arXiv:1107.2155 [astro-ph.IM]].



