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Abstract

Most of the matter in the Universe is dark and is assumed to consist of up to now un-
detected massive particles which rarely interact with normal matter. The most likely
candidates for these particles are the WIMPs (Weakly Interacting Massive Particles). To
find these particles huge detectors with masses of about one tonne are needed, and still
only a few Dark Matter induced events per year can be expected to be seen. The inter-
actions of cosmic rays and local radioactivity are of course much more copious than that.
A type of detector commonly used in Dark Matter search experiments is the cryogenic
detector with simultaneous multichannel readout (e.g., scintillation and phonon signals)
to discriminate nuclear recoils from other events. It can distinguish WIMPs from charged
matter but not so easily from neutrons. Therefore it is important to shield the detec-
tors from neutrons as well as possible and to know the number of neutrons still passing
through the shielding as precisely as possible. These detectors are therefore placed deep
underground and surrounded by specific shieldings. As the future Dark Matter search
experiment EURECA (European Underground Rare Event Calorimeter Array) will be
located in a newly built underground laboratory it is possible to integrate the shielding
directly into the laboratory hall. The aim of the present work is to determine the op-
timum shielding strategy against muon-induced neutrons with respect to the selection
and thickness of the shielding materials as well as the design of the laboratory. Monte
Carlo simulations based on the GEANT4 toolkit are used for this purpose. It is found
that a pool design in which the cryostat is directly submerged in water is favoured over a
submarine design in which the entire hall is placed in water as the additional background
from the steel walls of the “submarine” nullifies the shielding effects of the water. With
a pool design the necessary low background of 1count/(tonne - year) can be reached.



Zusammenfassung

Der grofste Teil der Materie im Universum ist dunkel und besteht vermutlich aus bisher
unbeobachteten massebehafteten Teilchen, die nur selten mit normaler Materie wech-
selwirken. Die wahrscheinlichsten Kandidaten hierfiir sind die WIMPs (Weakly In-
teracting Massive Particles, schwach wechselwirkende massebehaftete Teilchen). Um
diese Teilchen nachzuweisen, werden riesige Detektoren mit Massen von ungefdhr einer
Tonne bendtigt, und trotzdem kann man nur ein paar wenige von Dunkler Materie her-
vorgerufene Ereignisse pro Jahr erwarten. Wechselwirkungen von kosmischer Strahlung
und Umgebungsradioaktivitat sind natiirlich sehr viel haufiger. In Experimenten zur
Suche nach Dunkler Materie werden oft kryogene Detektoren verwendet, die gleichzeitig
mehrere Kanéle auslesen (z.B. Szintillation und Phononensignale), um Kernriickstofe
von anderen Ereignissen zu diskriminieren. Diese Detektoren kénnen WIMPs zwar von
geladener Materie unterscheiden, jedoch nicht so leicht von Neutronen. Deshalb ist es
wichtig, die Detektoren so gut wie moglich gegen Neutronen abzuschirmen und die Zahl
der Neutronen, die doch noch durch die Abschirmung hindurchkommen, so genau wie
moglich zu kennen. Sie werden tief unter der Erde aufgestellt und mit speziellen Ab-
schirmungen umgeben. Da das zukiinftige Experiment zur Suche nach Dunkler Ma-
terie EURECA (European Underground Rare Event Calorimeter Array, Européische un-
terirdische Anordnung von Kalorimetern fiir seltene Ereignisse) in einem neu gebauten
Untergrundlabor angesiedelt sein wird, ist es moglich, die Abschirmung direkt in die
Laborhalle zu integrieren. Das Ziel dieser Arbeit ist es, die optimale Abschirmstrategie
gegen myoninduzierte Neutronen im Hinblick auf die Auswahl und Dicke der Abschirm-
materialien und auf das Design des Labors zu bestimmen. Hierfiir werden Monte Carlo
Simulationen unter Verwendung des GEANT4-Toolkits durchgefiihrt. Es stellt sich her-
aus, dass ein Design mit einem Becken, in dem der Kryostat direkt in Wasser getaucht
ist, vorteilhaft gegeniiber einem U-Boot-Design ist, in dem die gesamte Halle im Wasser
platziert ist, da der zusétzliche Untergrund von den Stahlwénden des “U-Boots” die Ab-
schirmeffekte des Wassers wieder zunichte macht. Mit einem Beckendesign lasst sich
der bendtigte niedrige Untergrund von 1 Ereignis pro Tonne Detektormaterial und Jahr
erreichen.



1. Dark Matter

1.1. Introduction

“What is the Universe made of?” One of the oldest questions of mankind, yet still the
answer is not known. In the last two decades science has made truly remarkable progress
in determining the numbers which describe the composition of the Universe. Today we
know that the Universe has a flat geometry and consists of 4.564+0.16 % normal (baryonic)
matter, 22.7+1.4% Dark Matter and 72.8%7% % Dark Energy [Jar11]. However, it is still
unknown what this Dark Matter and Dark Energy really is. There are lots of theoretical
speculations and several plausible candidates, the properties of which can still span large
parameter ranges, and now it is the experimentalists’s job to actually detect this Dark
Matter (and of course also the Dark Energy, but this is even a lot more speculative and
outside the scope of this work). Since Dark Matter interacts only weakly with normal
matter, this is not an easy task: huge detectors have to be operated for a long time in
a deep underground location, well shielded against radioactivity and cosmic radiation.
The shielding against cosmic muons will be the main topic of this work, but first let’s
have a closer look at Dark Matter.

1.2. History of the Universe

The Universe is thought to originate in the Big Bang, the singularity in which space and
time came into existence. It was very hot and dense in the beginning and is cooling and
expanding since then. The expansion is described by the Hubble law [Hub29|

v=H-d

v is the velocity with which galaxies at distance d recess from us due to the expansion;
H is called the Hubble constant. Its current best value is Hy = 70.477% km/(s - Mpc)
[Jarll]; it has also become customary to express its value by introducing the Hubble
parameter h = Hy/(100km/(s - Mpc)).

The geometrical properties of the Universe are determined by the total energy density of
its constituents, i.e. matter, radiation and cosmological constant (Dark Energy). Densi-
ties are commonly expressed as fractions 2 = p/p. of the critical density [Pea0l|

_ 3H?
e



1. Dark Matter

with G the gravitational constant. If the total density is larger than the critical density,
e Quot = Qm + QL + Q4 > 1 (with Qp, the matter density, 2, the radiation density
and Qp the Dark Energy density), the Universe is closed due to its positive curvature
k=1 If Qu < 1, £ = —1 and the Universe is open. If the total density equals the
critical density, ot = 1, kK = 0 and the Universe is flat. If there is no Dark Energy
(27 = 0), a closed Universe recollapses eventually, an open Universe expands forever
and a flat Universe also expands forever but its expansion is slowing down. If there is
Dark Energy, this situation gets more complicated, see Fig. 1.1 and [Pea0l]. Current
data indicate that we live in a Universe in which Dark Energy leads to an accelerated
expansion (see also section 1.3.8).

The history of the Universe is governed by the following milestones [Ber99, Ber05, Boér03,
Fri0og8, Jarll, Pov99|:

e t~107%s / T ~10%GeV:! Breakdown of the Grand Unification of all forces.
The quark-photon ratio is fixed to about 107°. Inflation begins: the Universe
expands by a factor of 10%” in size during 10732 seconds.

et~ 107''s / T ~ 10%2GeV: Breakdown of the electroweak symmetry: electro-
magnetic and weak forces decouple

e t~10%s / T ~0.3GeV: Quarks and gluons are confined into hadrons (QCD
phase transition)

et~1s / T ~1MeV: Neutrons freeze out

et ~3min / T ~ 100keV: Primordial nucleosynthesis of protons and neutrons
into light elements

et ~ 10000yr / T ~ 1leV: Matter energy density overtakes radiation energy
density, structure formation begins

e ¢ ~380000yr / T ~ 0.4eV: Photons decouple from matter: origin of the cosmic
microwave background radiation

e { ~ 10Gyr: Dark Energy density overtakes matter energy density, leading to the
accelerated expansion of the Universe

t=13.75Gyr / T ~10"%eV (T = 2.725K): today

1.3. Evidence for Dark Matter

1.3.1. M/L Ratio of Galaxies and Galaxy Clusters

The first evidence for the existence of Dark Matter has been discovered by Fritz Zwicky
already in the 1930s by the observation of the velocity of galaxies in the Coma galaxy
cluster [Zwi33, Zwi3T7|.

! Temperatures of the early Universe are commonly expressed in units of energy by setting the Boltz-
mann constant kg = 1.



1. Dark Matter

Supernova Cosmology Project

' No Big Bang

Supernovae 1

| Clusters
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Figure 1.1.: Properties of the Universe: Depending on the values of the matter density
QO and the Dark Energy density €24, its geometry can either be open, flat or
closed; it can either recollapse eventually or expand forever; and if it expands
forever, the expansion can slow down or speed up. All current measurements
indicate that the Universe is flat, expands forever, and the expansion is even
speeding up at the moment [Kno03].
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1. Dark Matter

By measuring the mass M and the luminosity L of a galaxy or a galaxy cluster, the ratio
M /L can be calculated and compared to the ratio Mg /Le of the Sun. Typical values are
on the order of 10 M /L, for galaxies and 100 Mg /L for galaxy clusters [Bor03|. This
means that there has to be a lot of invisible matter in galaxies and in galaxy clusters.

The mass of a galaxy cluster can be determined, e. g., by application of the virial theorem
on the measured radial velocities of the galaxies in the cluster [Zwi37]|, by gravitational
lensing [For94| or by observing the X-ray emission of the hot gas in the clusters [Sch95].
The high temperature of this gas (107 — 10®K) is also a hint to the existence of Dark
Matter as the velocity of the gas is higher than the escape velocity deduced from the
visually observed matter alone; but the gas is gravitationally bound, pointing to the
existence of additional, Dark Matter, which constitutes at least 80% of the mass of the
galaxy cluster [Lew03, Per03].

1.3.2. Galaxy Rotation Curves

Observation of the rotation curves of stars in spiral galaxies provides one of the best
pieces of evidence for the existence of Dark Matter [Rub80]. The visible part of spiral
galaxies consists of a central spherical bulge and a thin disk. The tangential velocity v(r)
of a star with mass m revolving in a galaxy with mass M (r) at a distance r from the
galactic centre can be determined by equating the gravitational and centrifugal forces
[Per03|
mv?(r)  GmM(r)
2

r T
to be

As M(r) = 4x [ p(r)r?dr, with p(r) the mass density profile of the galaxy, M(r) oc 3
inside the visible bulge of the galaxy and M (r) = const. outside. Therefore, the velocity
v(r) should increase proportional to r inside the visible bulge and decrease proportional
to 1/4/r outside. However, determination of v(r), e.g. by observation of the redshift
of the 21 c¢cm hydrogen line, shows that the velocity remains constant up to large radii,
implying that M (r) o r. This can be explained if the visible part of the galaxy is
embedded in a large halo consisting of Dark Matter which contains 80-90 % of the total
mass of the galaxy [Per03|. An example of a rotation curve is shown in Fig. 1.2.

1.3.3. Gravitational Lensing

If a photon passes by an object with mass M at a minimum distance b, its flight path
will be deflected by an angle [Chw24, Ein36, Per03]

_4GM
*= bc2

11
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Figure 1.2.: Galaxy rotation curve of NGC 6503. The solid line is a fit to the data using
a Dark Matter halo model. The other curves show the contribution of the
visible components (dashed), the gas (dotted) and the Dark Matter halo
(dash-dotted) [Beg91].

(G: gravitational constant, c¢: speed of light). The object acts as a gravitational lens, its
mass can be determined from the above formula by measuring the angle of deflection.
If the object is massive enough, e. g. a galaxy, a galaxy cluster or a black hole, multiple
images of the source of the photon will appear, or in the ideal case (in which the source,
the gravitational lens and the observer are collinear) an Einstein ring. This is called
strong gravitational lensing. An example is shown in Fig. 1.3. If the lens is a star in
our galaxy, the deflection is too small to be observed directly, but if the star moves past
the line of sight, a transient change in the luminosity of the source can be observed; in
contrast to a variable star the amplification of the light is independent of its wavelength.
This is called microlensing. If light from distant sources passes by many lenses on its way
to Earth, the distortion of the images can be studied statistically to obtain information
on the large scale structure of the Universe: weak gravitational lensing [Wei08].

Gravitational lensing on cosmological scales has first been observed with quasars as
sources [Wal79|. In the meantime, microlensing has been used to detect baryonic Dark
Matter in the form of non-luminous astrophysical objects called MACHOs (Massive As-
trophysical Compact Halo Objects). MACHOs can be brown dwarfs, neutron stars
and possibly white dwarfs, faint red dwarfs or black holes. Their masses are between
0.001 — 1 M. From observations they could contribute anything from (almost) zero up
to 20% of the Dark Matter in the galaxy [Alc00, Tis07|. Hubble Space Telescope data
however give an upper limit of less than 1% of the mass of the galactic halo [Gra96],
therefore MACHOs cannot be a significant contribution to Dark Matter.

12



1. Dark Matter

Figure 1.3.: Gravitational lensing in Abell 2218 as seen by the Hubble Space Telescope
[HST95]. The arcs are parts of an Einstein ring.

1.3.4. Cosmic Microwave Background

Cosmic microwave background radiation (commonly abbreviated as CMB or CMBR) has
been discovered in 1964 by Penzias and Wilson when trying to understand unexpected
noise in a radio antenna [Pen65|. It has an almost perfect black body spectrum with
a temperature of 2.725 K today (see Fig. 1.4). It is a direct sign of a hot and dense
past of our Universe: When electrons and protons combine into neutral hydrogen atoms
380000 years after the Big Bang, photons can no longer easily interact with baryons and
travel freely. At this time their temperature is about 3000 K; with the expansion of the
Universe they cool to their present value.

When looking into the sky in two different directions, the temperature of the CMB is
almost the same, but not exactly. The deviation of the temperature in direction n from
its mean value can be expanded in terms of spherical harmonics [Wei08|:

oo+l
A];-(,n) = Z Z almyim(n)

=0 m=—1

The correlation is measured between two directions n and m separated by an angle
0 (with n-m = cosf). Averaging over all directions separated by this angle gives the
correlation function C'(6) which is commonly expanded in Legendre polynomials P;(cos 6)

[Per03]: AT /AT () 1
() = <( - ) < T >> = EZ(%H)QH(COSQ)

13
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Figure 1.4.: The cosmic background radiation (as measured by COBE, the predecessor of
WMAP) follows a perfect Planck spectrum; the error bars are much smaller
than the line width [Fix96].

The measured spectrum is then plotted as a function of the multipole moment [ (see
Fig. 1.5). It can be used to determine many important properties of the Universe. The
largest deviation from the black body temperature on the order of 1072 K originates from
the motion of the Earth relative to the rest frame of the CMB. This dipole term can be
used for calibration of the spectrum [Hin09|. More interesting are the tiny primordial
fluctuations on the order of 107K (see Fig. 1.6). They originate from the following
effects [Pea01, Per03, Wei0O8]:

e Intrinsic fluctuations in the temperature of the plasma at the time of last scattering.
This effect is mostly important at small scales.

e Fluctuations in the velocity of the plasma at the time of last scattering, leading to
a Doppler shift of the photons scattering off the plasma. At medium scales, this is
the dominant effect.

e Fluctuations in the gravitational potentials at the time of last scattering, leading
to the Sachs-Wolfe effect. On the one hand, denser regions are hotter; on the
other hand, photons are redshifted, and therefore appear cooler, when they leave
the gravitational potential. As the effect of the redshift dominates, denser regions
appear cooler, less dense regions hotter. This effect and the following dominate the
spectrum at large scales.

e Fluctuations in the gravitational potentials between the time of last scattering and

14
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Figure 1.5.: Power spectrum of CMB fluctuations as measured by WMAP [Larl1]

Figure 1.6.: Sky map of cosmic microwave background fluctuations as seen by WMAP
[LAMOS|. Bright yellow regions appear hotter, dark blue regions appear
cooler at decoupling.
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1. Dark Matter

today, leading to the so-called integrated Sachs-Wolfe effect (ISW). This effect can
be subdivided into the early ISW, which happens at the time the Universe changes
from radiation to matter domination, and the late ISW, which happens when the
cosmological constant A begins to dominate the energy density of the Universe.

The dominant structures are produced by acoustic oscillations: an already denser region
of the baryon-photon fluid attracts additional baryons, thereby increasing the compres-
sion. This is counteracted by the radiation pressure of the photons, leading to standing
acoustic waves. The wave extends as far as sound can travel, so their actual size is given
by the sound horizon at the time of last scattering. The apparent size on the sky depends
on the curvature of the Universe: If the Universe is closed, the region appears larger than
it actually is; if the Universe is open, the region appears smaller (see Fig. 1.7). This is
also visible in the position of the first peak of the power spectrum (see Fig. 1.5): if the
Universe is closed, the peak is at a larger angle or smaller [, respectively; in an open Uni-
verse it is the other way around. The larger the baryonic contribution, the stronger the
compression peaks in the spectrum; the value of €2, can be deduced from the relative peak
heights. The Doppler shift brings the oscillations in the power spectrum out of phase
with the temperature oscillations, thereby reducing the heights of the acoustic peaks.
The higher multipoles can be used to determine many other cosmological parameters.

Some of the newest results obtained by the WMARP satellite after 7 years of observation
are [Jarll]:

Baryon density 2}, = 0.0456 £ 0.0016
Dark Matter density Qg = 0.227 £ 0.014
Dark Energy density Q\ = 0.728f8:8%g

Hubble constant Hy = 7().4ﬂj kms—! Mpc™!

The baryon density {2y, is much smaller than the Dark Matter density 24,,. This means
that most of the Dark Matter has to be nonbaryonic.

Another hint to the existence of nonbaryonic Dark Matter is the smallness of the temper-
ature fluctuations [Per03]: Baryonic matter can start to clump only after it has decoupled
from photons. If the currently visible structures should have formed during the amount
of time available since then, the fluctuations at that time would have to be 2-3 orders of
magnitude larger than they actually were. As nonbaryonic Dark Matter does not easily
interact with photons, it can begin to form structures earlier, so they have more time to
form.

1.3.5. Big Bang Nucleosynthesis (BBN)

In the beginning, the Universe is too hot for elements to form. Neutrons and protons are
kept in thermal equilibrium by the weak interaction [B6r03, Kla97, Per03]:

n+4 v, <>p+e” n+et o p+o,

16



(a)

Figure 1.7.: Curvature of the Universe and its influence on the apparent size of regions

If the universe is closed,
light rays from opposite
sides of a hot spot bend
toward each other ...

1. Dark Matter

If the universe is flat,
light rays from opposite
sides of a hot spot do not
bendatall ...

If the universe is open,

light rays from opposite
sides of a hot spot bend
away from each other ...

... and as a result, the hot
spot appears to us to be
larger than it actually is.

(b)

... and so the hot spot
appears to us with its true
size.

in the sky [WMAP10, Smo09|
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... and as a result, the hot
spot appears to us to be
smaller than it actually is.
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Their ratio is given by the Boltzmann factor

Nn_ _(mn_mp)c
w e ()

At about 0.8 MeV the above equilibrium reactions freeze out; the neutron fraction is

% 2 é Deuterons are produced via
P

n+p+<d+vy

At about 0.05 MeV photodisintegration of deuterons freezes out and helium production
begins, e. g.
d+d—t+p t+d—*He+n

At this time the neutron fraction has fallen to ~ % by decay
n—p+e +7r,

The mass fraction of *He is given by

4NHe

=—=024
4Nye + Np

It is a big success of the BBN model that this prediction coincides with measurements.

As there are no stable nuclei with A = 5 or 8, further nucleosynthesis is limited and
mostly takes place in stars and supernovae; the only other stable element produced
primordially in small quantities is "Li, e. g.

‘He+t =" Li+~

The abundances of the light elements depend on the density of baryons in the Universe
(see Fig. 1.8). By measuring these abundances, the baryon density 2}, can therefore
be determined. A commonly used value is 0.018 < Q,h? < 0.023 [Ber05, Oli03]. This
value is in reasonable agreement with the baryon density obtained by WMAP but differs
substantially from the total matter density Qu,h% = 0.133470002% [Jar11]. This is an
independent indication of the existence of non-baryonic Dark Matter.

1.3.6. Bullet Cluster

The up to now most convincing empirical evidence for the existence of Dark Matter has
been found by observation of 1E 0657-558 (z=0.296), also known as the “bullet cluster”,
a merger of two galaxy clusters which collided about 100 Myr ago (see Fig. 1.9) [Clo06].
A similar observation on the MACS J0025.4-1222 cluster (z=0.586) has now confirmed
these findings [Bra0g].

As the chance of two galaxies actually hitting each other in such a merger is negligible,

18
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Figure 1.8.: Dependence of light element abundances on baryon density. The bands are
the predictions of the Big Bang Nucleosynthesis at 95% C.L., the boxes are
measurements (small boxes: including +20 statistical errors; large boxes: in-
cluding +20 statistical and systematical errors). The shaded vertical bands
are the baryon density obtained from cosmic microwave background mea-
surements and the BBN concordance range (both at 95% C.L.) [PDG10]
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Figure 1.9.: The bullet cluster is a recent merger of two galaxy clusters, in which the
galaxies (white and orange) and the intergalactic gas (pink) are still sep-
arated. The mass distribution (blue) as obtained by gravitational lensing
follows the galaxies, although the gas is more massive. This is currently the
best evidence for the existence of Dark Matter [CHAO6].

they behave like collisionless particles, while the hot X-ray-emitting inter-galaxy gas acts
as a fluid which experiences pressure and is therefore slowed down during the collision.
In most theoretical models Dark Matter is also expected to be collisionless. Since it
takes some time until the galaxies and the gas are virialized again, their distributions
are still spatially separated in the Bullet cluster. The distribution of the gravitational
potential has been measured by weak gravitational lensing. Without Dark Matter one
would expect that the gravitational potential follows the inter-galaxy gas, which accounts
for about five times the mass of the stars in the galaxies [All02, Whi93]. However, it
has been found that the gravitational potential follows the distribution of the galaxies,
which is a strong indication of collisionless Dark Matter and refutes most alternative
gravitational theories such as MOND (see section 1.4.6).

1.3.7. Structure Formation

Although the Universe is homogeneous and isotropic at the largest scales, there exists
ample structure at smaller scales: stars, galaxies, galaxy clusters, superclusters, filaments
and voids. In principle, there are two ways such a hierarchy of structures could have
formed: starting with the largest structures which later subdivide into smaller ones (top-
down), or by assembling larger structures from initially smaller building blocks (bottom-
up). Which way is it in nature?
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Classically, a cloud of gas starts to collapse if the gravitational energy dominates over
the kinetic energy of the gas, which is the case if the size of the cloud exceeds a critical

size called Jeans length [Per03]
1/2
T
= (3)

(with vg being the velocity of sound in the cloud and p its density) and therefore its mass
exceeds a critical mass, the Jeans mass

7rp)\§

My = 5

In an expanding Universe the expansion of course has to be taken into account but
does not change these results in a fundamental way [Wei08|. Important is however the
influence of the Dark Matter. A relativistic particle can travel freely from denser to
less dense regions, thereby smearing out these fluctuations. The distance it travels until
it becomes nonrelativistic is called free-streaming length g [Pea0l1]. As all structures
smaller than Ag are smeared out, structures can only form if their sizes are larger than
the free-streaming length of the dominant Dark Matter particles. Dark Matter particles
can be classified as either Hot Dark Matter (HDM) or Cold Dark Matter (CDM) |B6r03|.
Hot Dark Matter is Dark Matter which decouples from normal matter when it is still
relativistic; it is light and has a large free-streaming length. Cold Dark Matter decouples
when it is already non-relativistic; it is heavy and has a much smaller free-streaming
length. In a Hot Dark Matter scenario therefore only top-down structure formation
is possible. As there is observational evidence for smaller structures at the relevant
times this indicates that structure formation happens bottom-up and the dominant Dark
Matter is cold.

1.3.8. Supernovae Type la

According to the Hubble law the expansion rate of the Universe is supposed to be linear
with distance [Hub29]:
v=~H-d

v is the velocity at which an astronomical object at distance d moves away from us
due to the expansion, and H is the Hubble constant. The velocity of the object can be
determined by the redshift of its spectral lines, but its distance is in general more difficult
to obtain, especially at larger distances. Good candidates for the verification of this law
are therefore the standard candles: objects of which the absolute luminosity is fixed or
can be easily determined. Therefore their distance can be calculated from their apparent
luminosity. One especially useful class of standard candles are supernovae of type la:
because of their high brightness they can be seen even at very large distances. Recent
observations have shown that these objects are dimmer—and therefore farther away—
than expected (see Fig. 1.10) [Per99, Rie98|. This indicates an accelerated expansion
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Figure 1.10.: The Hubble plot shows the apparent magnitude mp of supernovae of type
Ia (as a measure of distance) as a function of redshift z (as a measure of
recessional velocity). At high z values the distances of the supernovae are
larger than expected in a Universe without a cosmological constant (A = 0).
This is an indication of the existence of Dark Energy and an accelerated
expansion of the Universe [Per99.

of the Universe. The origin of this acceleration is labeled Dark Energy. According to
CMB measurements by WMAP it constitutes 72.8ﬂ:2 % of the total energy density of
the Universe [Jarll|. It acts like a negative pressure driving the Universe apart, but its
exact nature is at present not yet known and beyond the scope of this work.

1.4. Dark Matter Candidates

1.4.1. Baryonic Dark Matter

The density of baryons in the Universe determined from the cosmic microwave back-
ground (see section 1.3.4) and Big Bang nucleosynthesis (see section 1.3.5) is about 4.5 %
of the critical density. As this is larger than the visible baryon density of about 0.3 %
[Per92|, some of the Dark Matter must be baryonic. Possible candidates are MACHOs
as observed by gravitational lensing (see section 1.3.3). However, the total density of
the Dark Matter is 22.7% of the critical density [Jar11], which is again much larger than
the total density of baryons. Therefore most of the Dark Matter has to be non-baryonic.
This will be the subject of the following sections.
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| Family | 1 | 2 | 3 |
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Gauge bosons BO WO W+, 8¢
Higgs HO

Table 1.1.: Standard Model particles. The physical v and Z° particles are orthogonal
linear combinations of the fundamental B° and W bosons.

1.4.2. Neutrinos

Neutrinos have one big advantage compared to other nonbaryonic Dark Matter candi-
dates: as clearly observed Standard Model particles they are already known to exist. Sim-
ilar to the cosmic microwave background there is a cosmic neutrino background providing
339 neutrinos and antineutrinos per cm? [Per03]. Unfortunately neutrinos also have one
big disadvantage: their masses are very small, making neutrinos Hot Dark Matter, a large
amount of which is excluded by structure formation (see section 1.3.7). Direct mass mea-
surements limit their masses to 2 eV [Kra03, Lob02, PDG10|, and further experiments
with a sensitivity to neutrino masses on the order of 0.2 eV are ongoing [Abt04, Ang05].
The current neutrino mass limit corresponds to an energy density of 2,h? < 0.07 [Ber05],
to be compared with a total Dark Matter density of Qqnh? = 0.1123 4 0.0035 [Jar11].
Observations of cosmic microwave radiation, baryon acoustic oscillations and supernovae
limit the neutrino density even to €,h? < 0.0062 [Jarll]. Clearly, other Dark Matter
candidates are necessary. As there are no other particles with the required proper-
ties available in the Standard Model—that is, to be neutral, massive, nonbaryonic and
stable—, candidates beyond the Standard Model have to be found.

1.4.3. WIMPs

Good candidates for Weakly Interacting Massive Particles (WIMPs) are hypothetical
particles predicted by supersymmetry (SUSY). Supersymmetry is an—up to now also
hypothetical—extension of the Standard Model of particle physics invented to solve some
of its problems such as the hierarchy problem, the question of gauge coupling unification
and possibly the inclusion of gravity into the theory |Ber05, Mar97, Ste09]. In the Stan-
dard Model, all elementary matter particles (quarks and leptons) are fermions and all
interactions between them are mediated by exchange particles, which are bosons. There
are three families of fermions, four types of exchange bosons and the Higgs particle (see
Table 1.1). In order to establish a symmetry between matter and interactions, super-
symmetry assigns a fermionic partner to each boson and vice versa (see Table 1.2). This
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Table 1.2.: Superpartners of the Standard Model particles. The 4 and Z9 particles are
orthogonal linear combinations of the B® and W9 bosons.

superpartner should have the same quantum numbers, including mass but not spin, as the
original particle, but particles with these properties are not observed in nature. Therefore
supersymmetry has to be broken, allowing the superpartners to be much heavier than
the corresponding Standard Model particles.

The bino B°, wino W9 and the two neutral Higgsinos I:Ii) and ﬁg mix to form the
neutralinos Y, X9, )Zg and X9; the lightest of them, Y?, is stable due to conservation of R
parity. R parity is a multiplicative symmetry introduced to explain the stability of the
proton by conserving the following combination of lepton number L and baryon number

B:

(S is the spin of the particle). It has a value of +1 for Standard Model particles and —1
for supersymmetric particles; therefore, supersymmetric particles can only be produced
and destroyed in pairs. The lightest neutralino is a neutral fermion with a mass between
100 GeV and 1 TeV and interacts only weakly with normal matter. Due to its high mass
it could be the WIMP which forms Cold Dark Matter.

WIMPs are produced thermally in the early Universe. As WIMPs cluster gravitationally,
there should be a lot of them in the halo of our galaxy. The Earth rotates around the
Sun with a velocity of 30 km/s and the Sun rotates around the galactic centre with a
velocity of 220 km/s. Depending on the season, these velocities either add up or point in
opposite directions, therefore the velocity of the Earth relative to the galactic halo varies
during the year. This leads to an annual modulation of the expected energy spectrum
of WIMP recoils by scattering in a target of about 7 %. This effect can be used as a
signature in direct WIMP searches (see section 1.5.3).

1.4.4. Axions

Axions are hypothetical particles introduced to solve the strong C'P problem [Ste09]: the
Lagrangian of quantum chromodynamics contains a term according to which the strong
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interaction should violate C'P symmetry; however, unlike in the case of the weak interac-
tion, strong C'P violation is not observed in nature. Measurements of the electric dipole
moment of the neutron give upper limits of 10~ for the symmetry breaking parameter
©. To solve this problem, a new U(1) symmetry called Peccei-Quinn symmetry is intro-
duced, which is spontaneously broken at some scale f,. The axion is the corresponding
pseudo-Nambu-Goldstone boson which counteracts the original C'P violating term. The
mass of the axion is inversely proportional to the symmetry breaking scale f,. The value
of f, is not yet known but expected to be quite high (between 10° and 102 GeV). The
axion is therefore probably very light (about m, ~ 107°eV). Nevertheless the axion can
be Cold Dark Matter as it is not produced in thermal equilibrium.

1.4.5. Other Candidates

There are many other Dark Matter candidates, the most well-known of them are the
gravitino and the axino [Ste09]. The gravitino is the superpartner of the graviton, the
particle expected to mediate the gravitational force. The axino is the superpartner of
the axion discussed in the previous section. Each of them could be the lightest super-
symmetric particle (LSP) and would then be an extremely weakly interacting particle
(EWIP) which cannot be detected in direct or indirect searches if R parity is conserved.
If R parity is broken their decay products can be detected; also, the next-to-lightest
supersymmetric particle (NLSP) might be found at colliders, it will however be difficult
to distinguish this situation from scenarios in which it is the LSP.

1.4.6. Alternative Explanations

The interpretation of the observations taken as evidence for the existence of Dark Matter
(see section 1.3) is based on the assumption that the known law of gravitation is exactly
valid in the entire Universe. However, this is not yet proven and not necessarily the case.
For a long time a possible explanation of the observations was that the acceleration is
different from its Newtonian value. Newton’s second law F = ma is replaced by

a
F= mM(;O)a

a

with p(g- > 1) ~ 1, p(g < 1) & &, ag the acceleration constant. This idea is called
Modified Newtonian Dynamics (MOND) [Mil83]. A major drawback of this concept is
that it introduces a specific scale into the law of gravitation, which cannot be explained
from first principles and makes it difficult for this ansatz to be applicable to all the
different scales at which deviations from Newton’s law are observed if only the visible
matter is taken into account. Constructing a relativistic theory from MOND is also
problematic. With the obervation of the bullet cluster (section 1.3.6) MOND is now
excluded; other theories of modified gravity, however, might still be an option [Bro07].

The following discussion will therefore assume the existence of Dark Matter and will
concentrate on WIMPs as Dark Matter candidates.
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1.5. Detection of Dark Matter

1.5.1. Interactions of Dark Matter

Particles can only be detected by observing their interactions. For some particles this
is—at least in principle—easy, especially for charged particles like electrons or protons.
For others it is more difficult. Dark Matter particles unfortunately are an extreme exam-
ple of the latter case as they only very rarely interact. If the interaction takes place inside
the detector, it can be observed directly; this is called direct detection. If the interaction
happens outside the detector, it can still be observed if the interaction products make
their way into the detector; this is called indirect detection. In principle, direct detec-
tion is preferable over indirect detection, as the particles interpreted to be interaction
products of the Dark Matter in indirect detection could in reality also originate from
other sources; however, there are also backgrounds in direct detection, such as recoils of
neutrons produced by high energy muons. The shielding of this background is studied
in the present work.

The two main interaction types of WIMPs are WIMP annihilation and elastic scattering
off nuclei.

1.5.2. Indirect Detection of WIMP Annihilations

In indirect detection experiments, reaction products of WIMP annihilations such as pho-
tons, neutrinos, positrons and antiprotons are observed [Ber05]. WIMP annihilations
will mainly take place in regions of increased WIMP density, such as halos and centres of
galaxies and centres of stars. One possible detection of such WIMP annihilation products
could be the observation of an increased positron fraction at high energies, e.g. by the
satellite experiment PAMELA [Adr08, Adr09]. However, this is no proof for the detec-
tion of WIMPs as a positron excess could also originate from cosmic rays, possibly from
the Geminga pulsar [Yiik09]. Detection of a gamma ray line from WIMP annihilation
would be a much clearer signature as it would be a sharp line at the mass of the WIMP
and there are no known competing astrophysical processes in the expected energy range
|[Gon05]. Unfortunately, no such line has been observed up to now.

1.5.3. Direct Detection of WIMP Elastic Scattering

In direct detection experiments, the elastic scattering of WIMPs off target nuclei inside
the detector is observed. In contrast to charged particles WIMPs scatter off the nucleus
and not off the electron shell, leading to nuclear recoils instead of electron recoils. Suit-
able detectors can distinguish these types of recoil, thereby WIMPs can be discriminated
from most of the radioactive background. Unfortunately neutrons also produce nuclear
recoils, therefore the discrimination of WIMPs and neutrons is significantly more diffi-
cult and neutrons remain the most dangerous background. The interactions of WIMPs
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with nuclei can be either spin-dependent or spin-independent. In spin-dependent (axial
vector) interactions the WIMPs couple to the spin J of the nucleons, the cross section
is proportional to J(J +1). In spin-independent (scalar) interactions the WIMPs couple
to the mass of the nucleus, the cross section increases with the number of nucleons. The
detection probability can therefore be increased by using heavy atoms as targets [Ber05].

Nuclear recoils can be detected by the phonons, ionization and scintillation they produce.
As their energy depositions are small (about a few ten keV), very sensitive detectors and
a very low radioactive background are required.

A good choice are cryogenic calorimeters. At low temperatures the heat capacity C,
depends cubically on the temperature:

T 3
CU X (zb)

where Tp is the Debye temperature of the material. The detectors are crystals which are
cooled to temperatures between 10 and 50 mK in order to decrease the heat capacity,
which increases the sensitivity to small energy depositions. An incoming particle produces
high frequency phonons, which expand through the crystal with a velocity of about 1/3 of
the velocity of sound. They interact with the crystal by elastic scattering and anharmonic
decay. If the frequency of the phonons has become sufficiently low, they become ballistic
and move with the velocity of sound. Their mean free path length becomes large and
exceeds the size of the crystal; if they hit the walls they are scattered back into the
crystal unless they are extracted by a metal absorber. Over time the ballistic phonons
thermalize [Ake05, Mar93].

There are two common types of phonon detectors: Neutron transmutation doped ger-
manium crystals, which can only detect the slower signals of thermal phonons, and
superconducting phase thermometers (SPT), which can also detect the faster signals of
nonthermal phonons.

Neutron transmutation doped (NTD) germanium crystals are high-resistance thermis-
tors (temperature-dependent resistors) which are operated close to the metal-insulator
transition. A change in temperature AT leads to a change in resistance AR which is
measured as a change in voltage AV by biasing the sensor with a constant current.

Superconducting phase transition thermometers (SPT; also called transition edge sen-
sors, TES [Irw05]) have low resistance and consist of metallic phonon collecting strips
typically made of aluminum connected to a film often made of tungsten stabilised on the
superconducting-to-normal phase transition. A small change in temperature AT there-
fore leads to a large change in resistance AR. As the temperature change induced by the
interaction of the particle is much smaller than the width of the transition, the relation
between AR and AT is approximately linear. The change in resistance is read out as a
current change by a SQUID readout system.

Cryogenic scintillators can be used to simultaneously measure scintillation and phonons.
In this case the detector consists of a large crystal in which the particle interacts and
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which detects the phonons produced in the interaction, and a separate detector in which
the scintillation light is detected via the phonons it produces there. The amount of
scintillation light produced by nuclear recoils is much smaller than that produced by
electron recoils of the same energy (quenching), therefore these types of events can be
separated. A discrimination efficiency of 99.7% at 15 keV can be achieved [Meu99|.
This technique is used, e. g., in the CRESST-II experiment which is located in the
Laboratori Nazionali del Gran Sasso (LNGS) underground laboratory inside the Gran
Sasso mountain, Italy. It uses up to 33 CaWQ, detector modules with a mass of about
300 g each. The ballistic phonons are read out by W TES. The current limit for spin
independent WIMP-nucleon scattering obtained with an exposure of 48 kg - days is 4.8 X
10~ " pb for a 50 GeV/c*> WIMP [Ang09).

Cryogenic germanium detectors can be used to simultaneously measure ionization and
phonons. A nuclear recoil produces less ionization than an electron recoil of the same
energy, allowing event by event discrimination; however, incomplete charge collection of
electron recoil events taking place close to the surface of the detector is a problem, as
it mimicks nuclear recoil events. As nonthermal phonons still contain information on
the position inside the detector at which the interaction took place, by their detection
this problem can be circumvented. CDMS II operates 19 germanium detectors with
masses of 230 g each as well as 11 silicon detectors with masses of about 100 g each in
the Soudan Underground Laboratory in Minnesota, USA, to detect nonthermal phonons
with TES [Ake05]|, while EDELWEISS, operating 10 germanium detectors of 400 g each
in the Laboratoire Souterrain de Modane (LSM) at the Frejus tunnel close to the French-
Italian border, mainly detects thermal phonons with NTD thermistors [Arm11, San05].
The current limit for the spin-independent WIMP-nucleon cross section given by CDMS I1
is 3.8 x 1078 pb for a 70 GeV/c?> WIMP based on an exposure of 612 kg - days[Ahm09b].
EDELWEISS II gives a limit of 4.4 x 10~8 pb for a 85 GeV/c? WIMP from 384 kg - days
of exposure [Arm11].

Liquid noble gas detectors are used for the simultaneous detection of scintillation and
ionization [Bol99, Yam03|. Common materials for this type of detector are liquid xenon
and liquid argon, which are good scintillators. The detectors contain a liquid as well as
a gaseous phase. The particle interacts in the liquid phase. The scintillation is observed
directly in the liquid phase by an array of photomultipliers. The ionization electrons
are extracted by a high electric voltage to the gaseous phase, in which they produce
proportional scintillation which is detected by another array of photomultipliers. The
ratio of the two signals is different for electron and nuclear recoils, allowing event by
event discrimination. Additionally, the position of the event can be reconstructed in 3
dimensions. Therefore a fiducial volume can be defined in which the background rate is
lower, as many background particles are stopped already in the outer parts of the detector
due to the high stopping power of liquid xenon. Advantages of this type of detector
compared to cryogenic detectors are the relatively moderate operating temperature of
180 K (compared to several mK) and the quite large masses. The XENON collaboration
has used this techique at Gran Sasso successfully to determine the currently best limits for
WIMP interactions: 7.0 x 1079 pb for the spin-independent cross section of a 50 GeV /c?

28



1. Dark Matter

WIMP in XENON100 with 1471kg - days of exposure [Aprll, Aprl2] and 5 x 10~3pb
for the spin-dependent pure neutron cross section of a 30 GeV/c? WIMP in XENON10
with about 136 kg - days of exposure [Ang08b].

The only experiment actually claiming direct detection of Dark Matter up to now is the
DAMA experiment [Ber(08] located at Gran Sasso. Its current incarnation DAMA /LIBRA
is a 250 kg Nal(T1) scintillation detector operated at ambient temperature in the Gran
Sasso underground laboratory. The detection signature used is the annual modulation
of the WIMP signal (see also section 1.4.3). The collaboration claims a Dark Matter de-
tection with 8.9 o confidence level based on an exposure of 1.17 tonne - days [Ber10]. The
CoGeNT experiment operating a 440 g germanium detector in the Soudan laboratory
has also observed a signal which could be interpreted as originating from light WIMPs
[Aalll]. Together with the DAMA /LIBRA result a cross section of 2 x 10~*pb for a
7Gev/c? WIMP can be deducted [Hoo10]. CRESST II has now reached an exposure of
730kg - days and also observed something which could be interpreted as a WIMP sig-
nal [Angl12|. However, the allowed regions of WIMP masses and cross sections extracted
from these evidences contradict the exclusion lines obtained by CDMS II and XENON100.
Specifically, for low mass WIMPs with masses below about 7 GeV /c? CDMS II currently
provides the best conservative limits for the spin-independent WIMP-nucleon and the
spin-dependent WIMP-neutron cross sections [Ahm11].

Experimental results as well as SUSY predictions are shown in Figs. 1.11 and 1.12.
For most experiments an exclusion limit for the cross section as a function of the WIMP
mass is given, meaning that the parameter space above the line is excluded by the data.
DAMA/LIBRA, CoGeNT and CRESST II evidences as well as SUSY predictions result
in evidence regions of allowed parameter ranges. The experimental evidence regions are
almost completely excluded by more sensitive measurements and the supersymmetric
predictions extend to much lower cross sections than the current experiments and their
future extensions are expected to reach. Therefore new experiments are needed which
extend their sensitivity to smaller cross sections (107° pb). The European Underground
Rare Event Calorimeter Array (EURECA), to be constructed in an extension of the
Frejus underground laboratory, is such an experiment. It will be discussed in more detail
in section 5.2.1.
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Figure 1.11.: Current WIMP evidence and allowed regions, exclusion limits and SUSY
predictions for spin-independent interactions as a function of WIMP cross
section and mass [Gail2]
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Figure 1.12.: Current WIMP evidence regions, exclusion limits and SUSY predictions
for spin-dependent interactions as a function of WIMP cross section and
mass. The experimental results do not even reach into the region of the
theoretical predictions. Note that results of different experiments are not
directly comparable as different target nuclei are being used [Gail2|.
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2.1. Cosmic Rays

Cosmic rays are particles coming from space into the atmosphere of the Earth. They
have been discovered by Viktor Hess in 1912 [Hes12|. Their study is interesting not only
by itself but has also triggered many important developments in physics: Antiparticles,
pions and muons were discovered in cosmic rays in the 1930’s and 1940’s, leading to the
development of particle accelerators and the Standard Model of particle physics. The first
strong evidence for neutrino oscillations—which was the first hint to physics beyond the
Standard Model-—came from observations of atmospheric neutrinos which are produced
by cosmic rays in the atmosphere of the Earth.

The energy spectrum of cosmic rays follows a power law [Per03]:

dN

> xEY

dE
with y=2.7 for energies below the so-called knee at 10> — 1016 eV and y—3.0 for higher
energies up to the ankle at 10" eV (see also Fig. 2.1). The acceleration of charged
particles to energies up to 104 Z €V is supposed to happen in supernova shock waves;
for higher energies, the acceleration mechanism is still unknown.

Cosmic rays originate mainly in our galaxy; however, the origin of the particles with
the highest energies (above 102V eV) is still unclear. On the one hand they should be of
extragalactic origin since the galactic magnetic field could not contain them inside the
galaxy. On the other hand, protons with energies above ~ 6-10'9 ¢V lose energy quickly
via pion photoproduction

y+p— At s pt 7Y

y+p = AT s+t

which limits their range to ~50 Mpc (Greisen-Zatsepin-Kuzmin cutoff [Abb08, Gre66,
Zat66]|) so their sources should be nearby; however, no such sources are known at the

moment. Whether the flux of cosmic rays at the highest energies is actually attenuated
or not is currently unclear [Abb08, Abr08, Augl0, Sok10, Tak03].

Neutral cosmic rays are  particles, neutrinos and antineutrinos.

Charged primary cosmic rays (i.e. the ones coming directly from the original sources)
consist of 86% protons, 11% a-particles, 1% heavier nuclei and 2% electrons. The small
amounts of positrons and antiprotons observed are believed to originate from interactions
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Figure 2.1.: Spectrum of cosmic rays [PDG10]

of the primary particles with the interstellar gas. The chemical composition of the cosmic
rays is also modified by interactions: most of it is comparable to the distribution of
elements in the solar system; however, Li, Be and B as well as Sc, Ti, V, Mn, which are
quite rare in the solar system as they are easily destroyed during stellar nucleosynthesis,
are significantly more abundant in the cosmic rays since they are produced by spallation
of the abundant C, O and Fe, Ni nuclei.

Charged cosmic rays interact in the atmosphere producing especially pions and kaons.
Pions can be either charged (7F, 77) or neutral (7°). Charged pions with energies below
about 100 GeV mainly decay in flight, resulting in muons:

7r+—>,u,++yﬂ, (VR o 7

Higher energy pions often undergo nuclear interaction instead of decaying, therefore the
energy spectrum of the daughter muons is steeper by 1/FE than that of the pions or the
primary protons. Neutral pions have an extremely short lifetime of 8 - 107!7 s and decay
to photons:

70— 2y

which develop electromagnetic cascades.

In the interactions of cosmic rays in the atmosphere short-lived particles, e.g. charm
mesons, are also produced. Their decays can generate muons, the so-called “prompt”
muons. As charmed particles decay rather than interact because of their short lifetimes,
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the spectrum of these prompt muons is not steepened by 1/FE but has the same exponent
as the primary spectrum, therefore at very high energies prompt muons will dominate
the muon flux although their parents initially are produced in much smaller quantities.
Prompt muons are distributed isotropically [Gai90].

On their arrival on Earth cosmic rays with energies above 30 GeV are distributed isotrop-
ically. At lower energies, the east-west effect and the anticorrelation with the solar cycle
play a role; see, e. g., [Per03].

Due to their relatively long lifetime (2.2-107%s) and small cross section high energy muons
are the most penetrating component of cosmic rays. For example, a 3 GeV muon has a
decay length of 20 km and can pass the entire atmosphere without decay or interaction.
Higher energetic muons can even propagate through large amounts of rock. This is the
reason why Dark Matter searches and other low background experiments have to be
carried out at as large depths underground as possible.

On the surface, muons are distributed isotropically in azimuthal angle, while their zenith
angle distribution varies with 1/ cos # due to the larger thickness of atmosphere they have
to cross. The differential muon energy spectrum on Earth at energies above 10 GeV, at
which muon decay and energy loss may be neglected, can be approximated by [Gai90]:

dN, _ 0.14E;27 { 1 L 0054 }
~ 2 1.1E, cos 1.1E, cosf
dE, cm*ssrGeV |14+ E 1+ LiBucos

The first term inside the brackets represents the muons originating from pion decay, the
second the ones from kaon decay. At angles 6 larger than 60° the curvature of the Earth
has to be taken into account. The zenith angle 6 on the surface of the Earth is connected
to the zenith angle 6* at the top of the atmosphere by the relation sin 6 = sin G*R’Egifim
with Rg = 6600km being the Earth radius and H;yy = 18.6km the mean interaction

height for primary particles in the atmosphere [Hor07, Rho93].

Underground the muon distribution reflects the topography of the rock overburden.
Therefore, to study the muon background in an underground experiment the mountain
profile has to be known as precisely as possible.

2.2. Interactions of Muons

Muons can interact with matter either continuously by ionization of the surrounding
material or discretely by the radiative processes bremsstrahlung, pair production and
nuclear interaction. In bremsstrahlung and pair production electrons, positrons and
gammas are produced, which in turn can undergo bremsstrahlung and pair production,
leading to the development of electromagnetic showers. In a similar way, hadronic showers
can be induced by the nuclear interaction of muons. In hadronic showers also neutrons are
produced which are the most dangerous background in Dark Matter search experiments,
therefore it is important to know the numbers of neutrons as precise as possible. To
determine these numbers for muon-induced neutrons is the topic of the present work.
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2.2.1. lonization

The energy loss of muons by ionization is given by the Bethe-Bloch formula [Bet30,
PDGI10]:

dE Z 1 [1. 2m.c?B?~°T,
_%:477]\7,47"3771602222@ §1n = 2 max

5(87)
ey

with N4 Avogadro’s number, 7. = m the classical electron radius, m. the mass of
the electron, ze the charge of the incoming particle (in this case the muon), Z the atomic
number and A the atomic mass of the absorber, Ti.x the maximum kinetic energy which
a free electron can obtain in a single collision, I the mean excitation energy, 8 = ¢ and

. 1 . . . . .
v = i the usual kinematic variables and 6(8v) the density effect correction. Tiyax

is given by ) s o
2mec” By
1+ 2yme/my, + (me/my,)?

max

with m, the mass of the muon. The determination of I is difficult; values are recom-
mended by the International Commission on Radiation Units & Measurement (ICRU)
[ICRU49|. The density effect correction is usually calculated by Sternheimer’s parame-
terization [Ste71].

The ionization energy loss is approximately 2 MeV /(g - cm?).

2.2.2. Bremsstrahlung

In bremsstrahlung a photon is emitted by the interaction of the muon with matter. The
cross section has originally been calculated by Bethe and Heitler [Bet34]. In GEANT4
an improved version by Kelner, Kokoulin and Petrukhin is used [G4PRM, Kel95]:

do(E, ¢, Z, A) 16 me \° 1 3,
64, 4) re) —Z(Z®, + ®)(1—v+ >
de 3 (mur> €A ( + )l v+4v )

= 0 if e>enax=F—my

with a the fine structure constant, Ny Avogadro’s number, m, and m, the masses of
the electron and muon, respectively, r. the classical electron radius, E the initial total
energy of the muon, e = F — E' the energy of the emitted photon, Z the atomic number
and A the atomic mass of the absorber and v = ¢/F the relative energy transfer of the
muon. ¥, and ®. are the contributions of the nucleus and of the electron, respectively;
for details see [G4PRM].
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2.2.3. Pair Production

In pair production, an electron-positron pair is generated by the muon. The differential
cross section is given by |[G4PRM]|

1 2(Z+ L—u [rm
o(Z, A E,e) = 371'(AONA(QTO>26/O G(Z,E,v,p)dp

with

2
G(Z,E,v,p) = O, + (m) o,
My

¢ is the inelastic atomic form factor contribution from pair production on atomic elec-
trons. Z the atomic number and A the atomic mass of the material, Ny Avogadro’s
number, « the fine structure constant, ¢ the total energy of the produced pair corre-
sponding to the energy loss of the muon E — E', v = ¢/ E the fractional energy loss. ®,
and @, are complicated QED functions and also take atomic and nuclear cross sections
into account; formulas are given in [G4PRM, Loh85|.

2.2.4. Nuclear Interaction

Muon nuclear interaction is especially important at high muon energies (E > 10 GeV),
high energy transfers (v/E > 1072) and for light target materials. The contribution of
this process to the total energy loss increases almost linearly with energy, reaching about
10% for TeV muon energies. The cross section and energy loss is dominated by the low
Q? region (Q? < 1GeV?). The electromagnetic interaction of the muon with the nucleus
is mediated by a virtual photon. In this sense the muon nuclear interaction is comparable
to the photonuclear interaction (see section 4.1.2.7).

It can be described by the Borog and Petrushkin formula for the cross section [Bor75],
which is based on Hand’s formalism for inelastic muon scattering [Han63|, a vector dom-
inance model with parameters estimated from experimental data for the inelastic form
factor and theoretically parameterized nuclear shadowing effects [Bro72|. If the same
photonuclear cross section is used it agrees to better than 10% with the formula given
by Bezrukov and Bugaev. For £ > 10 GeV it can be written as [G4PRM]

o(E,v) =V (v)®(E,v)

gAeffNA
T A

2 2m?
v
1— — (1 K
v+2(+A2>

with « the fine structure constant, N4 Avogadro’s number, A the atomic mass of the
material, v the energy lost by the muon, v = v/E, m, the muon and M the nucleon

U(v) =

UVN(V);

E2(1—v) m2v?
1 m2 (1 + AQ(q—v)
n E A | E
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mass. A is a vector dominance model parameter estimated to be A2 = 0.4 GeV2. The
effect of nuclear shadowing is included in Aeg, which is parameterized as

Aer = 0.22A4 + 0.78 A%89

A possible dependence on v and E is currently neglected in this formalism.

For the photonuclear cross section o,y the parameterization of Caldwell of experimental
data of real photoproduction [Cal79] is chosen:

ooy = (4924 111K + 151.8K1/2) - 107 em?, K in GeV

which should be valid at least up to 100 TeV.

2.3. Muons Underground

On their way through atmosphere and rock muons lose about 2MeV /(g - cm?) by ion-
ization; at higher energies the energy loss rate % increases slowly with muon energy E,
and can be approximated to better than 5% for E, > 10 GeV by [Gai90|

dE E MeV
—— ~(1.940.08In—£ ) | ———
dx ( + . GeV> [g/ch]

At even higher energies also the other energy loss processes bremsstrahlung, pair pro-
duction and inelastic scattering on nuclei become important; their energy loss rate is
proportional to the muon energy. Therefore, the average muon energy loss can be writ-
ten as

BB o(B,) + H(EEL

with a(E),) the ionization energy loss and b(E,) = bbrems(Ep) + bpair (Ep) + binelastic (Ep)
the sum of the radiative contributions.

Neglecting fluctuations the relation between the initial and final energies of a muon
passing a distance x is given by

Eo dE
= / _ 4B
e (dE(Ey)/dz)
If @ and b are energy-independent, this can be expressed as
E=(E,+e)e ™ —¢

where € = a/b is the critical energy above which the radiative energy losses become
more important than the ones due to ionization. In the case of the Frejus laboratory
with mean depth (x) = 4600 mw.e., where EURECA is planned to be located, a =
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0.217GeV/mw.e., b = 4.38 - 107%/mw.e. and therefore ¢ = 495GeV [Hor07]. The
minimum energy a muon has to have initially in order to reach depth x is therefore

EPn = ¢(e" — 1)

In the Frejus laboratory E'(I)nin = 3.22TeV. For a primary muon differential power spec-
trum K E, " (with Ey the initial muon energy and K the normalization factor) the muon
spectrum at a depth x will be [Lip91]:

dN —bx — —bx M
E:Ke (/YM 1 |:EH+6<1_€ >:|

For each specific depth this expression can be simplified by combining the constants

dN
— =K |FE Ky
dEM 1[ w T 2]

with K7 = Ke 0n=1) Ky = ¢ (1 — e*bz) and v, = 3.7 (note that v, = y+1 due to pion
decay). The unit “m w.e.” stands for “metres water equivalent”. It is used to normalize
the shielding effectiveness of different materials and gives the thickness of water which
has the same shielding effectiveness as the material under consideration.

2.4. Neutron Background

Detectors typically used in a Dark Matter search experiment can discriminate between
electron and nuclear recoils (see section 1.5.3). This removes most of the potential back-
ground, as photons and electrons interact via electron recoils. However, neutrons remain
as background as they produce only nuclear recoils and can be distinguished from WIMPs
only if they scatter in multiple parts of a segmented detector, which is not always the case.
The neutron flux in the detector therefore limits the sensitivity of the experiment and
should be minimized. As the mass of the neutron is approximately the same as the mass
of hydrogen, scattering of neutrons is especially effective on hydrogen. Hydrogen-rich
materials such as polyethylene are therefore suitable as neutron moderators.

There are four types of neutron background in an underground experiment [Wul04b]:

e low energy neutrons (< 10 MeV) from local radioactivity

— induced by fission and («,n) reactions due to uranium and thorium activities
in the surrounding rock and concrete; this is the biggest part of the flux. It
can be shielded by hydrogen-rich shielding material.

— induced by spontaneous fission in the shielding material and the experimen-
tal setup. This contribution can be minimized by using radiopure detector
material and shielding.
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e high energy neutrons induced by cosmic ray muons via muon photonuclear inter-
action and via the electromagnetic and hadronic showers produced by the muons

— in the rock; these neutrons can produce additional neutrons by spallation in
the shielding material. They are the hardest to get rid of as they can neither
be shielded (due to their high energy) nor vetoed (unless there is some kind
of muon veto inside the rock, as the corresponding muons do not pass the
experimental setup)

— in the shielding material. They can be vetoed by a muon veto located outside
the shielding.

At a depth of several thousand m w.e., where Dark Matter search experiments are typi-
cally located, the flux of high energy neutrons is about 3 orders of magnitude lower than
that of low energy neutrons. Nevertheless it is extremely important to take into account
as it may be the limiting factor for the sensitivity of the experiment due to the following
reasons [Wul03, Bau04|:

e Due to their high energies they can reach a detector which is located far away from
the track of the associated muon, making it unlikely that this muon is seen in the
muon veto.

e They can transfer a large amount of energy to a nucleus in a reaction. Therefore
their nuclear recoils are usually above detector threshold, leading to an increase of
the background, while the recoils induced by the low energy neutrons often remain
undetected.

e The hydrogen-rich shielding material commonly used against low energy neutrons
doesn’t protect against high energy neutrons, but is itself a target for high energy
muons in which additional neutrons can be produced.

The present work is concerned with muon-induced neutrons only, neutrons from radioac-
tivity are studied in [Sch11]. The aim in both cases is to determine the respective neutron
flux inside the laboratory and to find the most effective shielding strategy. This is done
by simulation of the interactions of muons in different shielding designs. A short intro-
duction to computer simulations is given in the following chapter.
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3.1. Introduction

Monte Carlo methods are based on the use of random numbers and probability to solve
problems [Wit04|. They are often used if analytical methods are too difficult or com-
pletely unavailable, or if the precise values of the input parameters are unknown and are
represented by appropriate probability distributions. A simple example is the determi-
nation of m [Wol96] (see also Fig. 3.1): put a circle inside a square so that the diameter
of the circle matches the edge length of the square and distribute points randomly but
equally over the whole area. From the ratio of the number of points inside the circle to
the number of points inside the square m can be determined; however it takes a huge
number of points to get a precise value. The interaction of particles with matter can
be simulated in a similar way. Primary particles are chosen randomly according to their
energy and momentum distribution and transported stepwise through the geometry. At
each step the physics processes taking place are selected randomly according to their
probability. By simulating a large amount of particles the expected behaviour of the
whole population of primary particles is approximated. The final goal is to determine
how particles are “seen” by a detector, i.e. how much energy is deposited at which point
in space and time.

3.2. A Simulation Run—Step By Step

Similar to a real experiment Monte Carlo simulations of particle interactions also come
in the form of runs. A run is a sequence of events, usually a predefined number of them,
simulated in one go. An event consists of the simulation of one or more primary particles
and all their secondaries. The primary particles are produced by a particle source at
a certain point in space at time zero of the respective event. Their kinetic energy and
momentum direction are selected randomly according to the true energy and momentum
distributions applicable to the situation. The starting point can be smeared out to take
into account the actual size of the particle source. The particles are then transported
stepwise through the simulation geometry. The geometry has to consist of all geometrical
objects which are relevant for the outcome of the experiment. Obviously this includes the
detector and all objects through which the particles pass on their way from the source,
but objects located close enough nearby should also be taken into account. The length
of the steps is determined by the physics processes: at the beginning of each step all
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Figure 3.1.: Monte Carlo determination of 7: Put a circle inside a square, distribute
points randomly over the whole area and take the ratio of the points within
the circle to all points. In the above picture 7799 out of 10000 points lie
inside the circle, corresponding to a value of 3.1196 for w. Using a large
number of points is important to obtain precise results from a simulation.

processes registered for this particle type suggest a step length, the shortest suggested
length is actually taken. All continuous processes (e. g. ionization) are then carried out. A
discrete process (e. g. photoelectric effect) is only taking place if it suggested the shortest
step length. If a process involves energy loss, the energy is deposited at that point. If a
process intends to produce secondary particles, they are created if their expected range
in the material is at least the minimum required range or if their creation is enforced,
else their energy is also deposited. All particles which are actually created are tracked
until they have no kinetic energy left, disappear by a reaction or leave the simulated
volume, which is called world volume. If particles deposit energy in a sensitive detector,
after each step hits can be created to buffer information on the energy deposition until
the end of the event, at which point the data can be analyzed or stored permanently.

While the principles of particle simulation as described above are valid in general, details
may vary between different simulation codes. The previous description is based on the
simulation toolkit Geant4 which has been used in this work and is described in more
detail in the next section. In GEANT3 [Geant3|, its FORTRAN-based predecessor,
particles are automatically stopped and killed when their energy falls below a cut value
given in energy. As described above, Geant4 uses a single production threshold in range
instead, which is then converted to energy according to particle type and material. The
advantages over a tracking cut in energy are as follows [G4UAD, Wri07|:

1. The energy deposition takes place at the correct point in space. With an energy
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Material ‘ electron ‘ positron gamma,

Air 990 eV 990 eV 990 eV
Natural Ge 658.44 keV | 626.80 keV | 16.96 keV
Enriched Ge 634.56 keV | 604.07 keV | 16.67 keV
CaW0O4 708.91 keV | 674.85 keV | 45.71 keV
Water 274.74 keV | 268.06 keV | 2.49 keV

Liquid Helium 78.27 keV | 77.31 keV 990 eV
Plastic Scintillator | 281.59 keV | 274.74 keV | 2.08 keV
Lead 1.00 MeV | 940.93 keV | 94.72 keV
Copper 1.03 MeV | 976.33 keV | 20.52 keV
Steel 952.58 keV | 906.81 keV | 16.97 keV

PE 274.74 keV | 268.06 keV | 1.96 keV
LNGS Rock 478.09 keV | 460.75 keV | 5.62 keV
LNGS Concrete | 427.95 keV | 412.43 keV | 5.38 keV
Frejus Rock 478.09 keV | 466.46 keV | 5.73 keV

Table 3.1.: The production threshold for secondary particles which is used by default in
Geant4 physics lists (0.7 mm) is converted to energy for the materials used
in the present work.

cut, on the other hand, the spatial resolution of the energy deposition depends on
the material as well as on the particle type.

2. The simulation is more efficient by automatically producing the “right” amount of
secondaries: For example, in a liquid argon—lead sandwich calorimeter, energy loss
electrons are produced in argon but not in lead. With an energy cut one can choose
between setting a suitable energy threshold for the scintillator, producing too many
electrons in lead which are of no interest to the experiment and only unnecessarily
consume CPU time, or setting a suitable energy threshold for the lead, thereby
missing many potentially interesting secondaries in the argon.

In the present work the standard production threshold of the QGSP _BIC HP physics
list (see chapter 4.1.1) of 0.7 mm is used. The versions of Geant4 used in this work honor
the production threshold only for electrons, positrons and gammas. The corresponding
energies for the different materials used are given in Table 3.1.

3.3. Geant4 Overview

Geant4 is a toolkit for the simulation of the passage of particles through matter by the
Monte Carlo method [Geant4]. It has started development as the RD44 project at CERN
in 1993 as the successor to the Fortran-based GEANT3 [Geant3| and is now maintained
by the international Geant4 collaboration, at the time of writing consisting of about 100
scientists and software engineers from about 50 institutions worldwide. It is written in
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the programming languages C-++ [Str97] according to the principles of object-oriented
software design: the whole system is split up into small parts which communicate via
clearly defined interfaces only and can therefore be developed independently, making
distributed development possible in the first place. This modularity enables the user to
easily select which physics processes and models describing them should be enabled in
the simulation.

Geant4 is selected as the tool of choice for the present work because it promises to be
able to treat all the required physics processes in one single simulation, from the muons
hitting the surface of the mountain down to the recoils in the detector. In previous works
simulations often had to be split up into different parts as the simulation codes used could
only treat part of the required physics. For example, in simulations of the muon-induced
neutron background in CRESST [Wul03] the neutron production by muons is simulated
with FLUKA [Fas00] while the nuclear recoils of the neutrons are treated with MCNP
[Bri97|. It is not possible to use only one of these codes for both tasks as MCNP does
not contain muon nuclear interaction and is therefore unsuitable for the simulation of
neutron production while FLUKA treats nuclear recoils only statistically but not for
each individual neutron. However following individual particle tracks is necessary for
the following reasons: (i) to study correlations between the production of neutrons and
charged particles which can be seen in the muon veto, thereby removing the corresponding
neutrons from the background of the experiment, (ii) to treat the multiple scattering of
neutrons which allows their discrimination from WIMPs which will scatter only once, and
(iii) to include neutrons produced by muons in the experimental setup [Bau04|. Geant4
covers all the relevant physics processes over the whole energy range and is therefore, at
least in principle, the ideal tool for this task.

Geant4 is a highly modular system in which the user can influence almost every aspect
of the simulation. This is in stark contrast to its predecessor GEANTS3 where the user
has to input the geometry but which is more or less fixed with respect to the physics
processes simulated, the models describing them and the output obtained. On the one
hand, this new flexibility of GEANT4 has the advantage that the simulation can be
tailored individually to its specific needs. A typical example is choosing the right balance
between precision and speed, especially with respect to hadronic processes, which can
only be approximated by models as there is no exact theory. On the other hand, as almost
nothing is predefined, it is the sole responsibility of the user to put everything together
correctly, which requires a substantial amount of knowledge and leaves a lot of room for
mistakes. This is especially true with respect to the selection of physics processes and
models. A process is a physical effect such as photoelectric effect, ionization, or elastic
scattering. A model is a description of such a process. Sometimes a model covers only a
certain energy range, sometimes it is possible to choose between several different models
describing the same physics process, especially if there is no unambiguous theory which is
the case for most hadronic processes. At most two different models describing the same
process at the same energy can be selected simultaneously in Geant4. All processes and
models which should be taken into account in the simulation have to be enumerated in
a physics list. For most of the processes and models their physics content is described in
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|G4PRM]; however, that document gives only vague advice on which models to choose
for any given application. Fortunately, the situation has improved quite a bit during the
course of this work as the selection of predefined physics lists provided by the Geant4
collaboration for different use-cases has been increased considerably.

Inputs are done by writing C++ classes which inherit from abstract base classes provided
by the Geant4 framework. At least the following inputs are required:

e a description of the geometry which should be simulated (abstract base class:
G4 VUserDetectorConstruction)

e a list of the particles and physics processes as well as the models describing them
which should be included in the simulation (G4 VUserPhysicsList)

e a primary particle generator (G4 VUserPrimaryGeneratorAction)

To extract results from the simulation, Geant4 uses the concept of hits which have to be
defined by the user (by inheriting from G4VHit) and may contain any information which
could be available in a real experiment such as energy deposition, time, position and
momentum. Hits are produced in specifically assigned sensitive volumes (derived from
G4 VSensitiveDetector) only and processed or stored at the end of the event in a class
derived from G/4UserEventAction. One advantage of a simulation compared to a real
experiment is that some information which is as a matter of principle unavailable in a
detector can be extracted, such as causal connections between parent and child particles
or which physics process actually took place. This information has to be processed
individually at each step of the particle in a class derived from G/SteppingVerbose.

There is no standardized data output format in Geant4. The officially favoured way is to
use an AIDA (Abstract Interfaces for Data Analysis, [AIDA]) compliant histogramming
program such as JAS (Java Analysis Studio) [JAS3| or Open Scientist [OPS|. Other
possibilities are saving the data in ROOT files [ROOT] or in ASCII format. In the sim-
ulations used for the present work ROOT and ASCII outputs are implemented. The
advantages of the ROOT files are that they are compressed and therefore take up sub-
stantially less disk space than their ASCII equivalents, and that their contents can be
directly visualised using ROOT; however the disadvantage is that they are saved in cer-
tain intervals only and are not closed properly if the simulation terminates unexpectedly,
which leads to a partial data loss in case of a crash of the simulation. As this tended to
happen quite often during the course of the present work, primarily the ASCII output
has been used in order to avoid this problem.
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4.1. Physics Lists

4.1.1. A Physics List for Dark Matter Searches

As discussed in chapter 3.3, there is no fixed set of physics processes which are auto-
matically included in a Geant4 simulation. Instead, all types of particles which could
appear and all physics processes which should be taken into account as well as the models
describing them have to be selected by the user. There are two possibilities to do this:

e select all particles, processes and models individually in a class derived from
G4 VUserPhysicsList or

e select one of the predefined reference physics lists based on G4 VModularPhysicsList;
if none of them fits the needs of the simulation, modify it accordingly.

Background studies for Dark Matter searches depend on the use of precise physics models
over a wide energy range—from the high energy muons down to the neutron recoils in the
detector—which is a requirement quite different from most other use cases of Geant4. Be-
sides, the choice of reference physics lists is quite a moving target as lists are being added,
changed and removed with almost every Geant4 release. At the time when the present
work was started no predefined list containing all the required physics was available,
therefore a new one had to be developed. It is based on the QGSP _GN educated guess
physics list provided with Geant4 6.2 [Wel04a]. The muon nuclear interaction above
1 GeV (the lowest energy for which a reasonable implementation of this process is avail-
able in Geant4—see also section 4.1.2.8) and high precision models for neutrons below
20 MeV (the highest energy for which these models are available—see also section 4.1.2.9)
have been added, as well as either the Bertini or the binary cascade for protons and neu-
trons below 9.9 GeV (see sections 4.1.2.4 and 4.1.2.5). This combination results in the
use of the physics processes listed in appendix A. Not all of them are equally important
for the present work—for example, it is not expected to encounter copious amounts of
the heavy baryons such as A, 3, = or &—but all of these particles are included in the
QGSP _GN list by default, they may appear in the hadronic showers induced by the
muons and therefore have to be included in the simulation, especially as the search for
Dark Matter is a search for rare events, implying that also other rare events should be
taken into account. The selection (in the following named the QGSP_GN_ HP_ BIC
physics list) has been made in cooperation with the Geant4 collaboration [Wel04b]. It
has also been adapted by the Dark Matter search experiment EDELWEISS [Hor07]. A
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similar list is used by the UK Dark Matter Collaboration (UKDMC) [Ara05]. The physics
content of the models used in the list is described in section 4.1.2; results of a comparison
with FLUKA are given in section 4.1.3.

In Geant4 version 8.2 the official physics list QGSP_BIC HP has become available
[G482]. It is almost identical to the physics list described above using the binary cascade;
the only explicit differences are:

e the quark-gluon string model now includes the quasi-elastic channel (since version
8.3) to reduce the deep inelastic component in order to improve shower shapes

e the hadron elastic scattering now uses cross sections from the chiral invariant phase
space (CHIPS) model, where appropriate

e the capture at rest of negatively charged particles, including muons, is described
using CHIPS (since version 8.3)

e the binary cascade is also used for d, t, >He, o and ions

Photo- and electronuclear reactions as well as muon-nuclear reactions can be switched
on for this physics list via user interface commands.! This list has been used in the later
parts of the present work in section 5.2.

4.1.2. Physics Content of the Models

In order to motivate and explain the selection of physics processes and models used in
the simulation, a description of their physics contents is given in the following sections
4.1.2.1-4.1.2.9. This description is adapted from the official Geant4 Physics Reference
Manual [G4PRM].

4.1.2.1. Quark-Gluon String Model

The Quark Gluon String (QGS) models for hadrons describe the inelastic interactions
ofn,p, 7, 7=, KT, K—, Kg and Kg and are used in this physics list in the energy
range from 12 GeV to 100 TeV. In this work these particles are expected to appear in the
hadronic showers which muons generate when passing through rock. The high energy
interactions of the aforementioned particles are described by a string model and create
an excited nucleus, the de-excitation of which is simulated with a precompound model
(see section 4.1.2.3). At lower energies, interactions are described by the low energy
parameterized models (see section 4.1.2.6) or a cascade model (if BERT (section 4.1.2.4)
or BIC (section 4.1.2.5) is used) [RPLOS|.

In the ultrarelativistic energy range inelastic hadron-nucleus interactions can be consid-
ered as independent hadron-nucleon collisions, as has been shown by the Regge-Gribov

! /physics_engine/tailor/GammaNuclear on and /physics_engine/tailor/MuonNuclear on, respec-
tively
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approach [Bak76]. A meson naturally consists of a quark and an antiquark, while a
baryon is treated as consisting of a quark and a diquark. Between these constituents,
as well as between valence and sea quarks and between the sea quarks, in the interac-
tion a string is stretched, which can be excited in one of two possible ways: either by
diffractive string excitation, in which only momentum can be transferred and which is
described by the FRITIOF model [And87]|; or by parton exchange, in which the rear-
rangement of partons as well as momentum transfer are allowed. The string can then be
fragmented iteratively into a new string and a hadron, which is created randomly at one
of its endpoints, either in the ground state or in its lowest excited state.

4.1.2.2. Chiral Invariant Phase Space Model

In the present work the CHiral Invariant Phase Space (CHIPS) model is used to describe
the nuclear capture of negatively charged hadrons. It describes the fragmentation of a
hadronic system into hadrons on the quark level in a non-perturbative way. Hadronic
interactions create a quasmon, an excited hadronic system defined by its quark content
and its mass, in which asymptotically free partons are distributed homogeneously over
the invariant phase space. By fusion of quark-partons (in vacuum) or exchange with a
neighbouring nucleon (in nuclear matter) the quasmon can decay into a final state hadron
and a residual quasmon, which again can undergo decay, leading to iterative hadroniza-
tion. A quasmon cannot be heated above the critical temperature T, ~ 200 MeV, which
is the main parameter of this model; if more energy is added to the system, more partons
are produced. A quark with energy E will be created with a probability proportional to
e E/T therefore the heavy quarks are suppressed in this model and only u, d, s quarks are
taken into account. The CHIPS event generator was originally developed to describe final
state hadronic fragmentation only, but if the initial interaction of projectiles with targets
is modeled appropriately it can be used for all kinds of hadronic interaction. Together
with the Geant4 String Model interface it can also be used for nuclear fragmentation at
extremely high energies.

4.1.2.3. Precompound Model

The precompound model of Geant4 is used in this work to describe the deexcitation of an
excited nucleus created by the quark-gluon string model (see section 4.1.2.1). It is based
on the cascade-exciton model of nuclear reactions [Gud83]. In order to describe nucleon-
nucleus reactions in the intermediate energy range of about 100 MeV it combines features
of the lower energy exciton and the higher energy intra-nuclear cascade models. In exciton
models an excited nuclear state is defined by its excitation energy and the number of
excitons n, i. e. particle hole pairs. Furthermore it is assumed that only exciton-exciton
scattering is contributing to the reaction, leading to the selection rule An = 0,4+2. The
intra-nuclear cascade model is based on a Boltzmann equation, but cascade particles
and nucleons of the target nucleus which have not yet interacted are treated as different
types of particles, and collisions between particles of the same type are not taken into
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account. Both models assume that the interaction is weak and treat only two-particle
interactions. The cascade model keeps the reaction geometry and collision kinematics
but neglects residual interactions between cascade particles, while for the exciton model
it is exactly the other way around, making predictions of angular distributions difficult.
In the cascade-exciton model these models are therefore combined in the following way.
The nuclear reaction is assumed to proceed in three stages: cascade, pre-equilibrium and
equilibrium. When a particle enters a nucleus it undergoes one or more collisions, thereby
producing an excited many-quasiparticle state like a “doorway state”. Due to residual
interactions it evolves to a more complicated one and finally forms a compound nucleus.
Particles can be emitted at any stage of this process. The primary and any secondary
particles are treated via the intra-nuclear cascade as long as they are not captured by
or emitted from the nucleus. The number of particle hole pairs produced in this way by
the nuclear cascade determines the initial state of the remaining excited nucleus which
is treated by the exciton model of pre-equilibrium and equilibrium decay. The cascade
stage is described by the Dubna version of the intra-nuclear cascade, the exciton model
has been developed by Gudima [Gud83].

4.1.2.4. Bertini Cascade Model

The Bertini cascade model is one of several intranuclear cascade models available in
Geantd. It has been tested in the present work for the inelastic scattering of protons
below 9.9 GeV and neutrons between 19.9 MeV and 9.9 GeV; however in the final sim-
ulations the binary cascade model described in the next section is used instead. The
intranuclear cascade has been proposed already by Serber in 1947 [Ser47|. As the de
Broglie wavelength of a particle colliding with a nucleus is usually shorter than the av-
erage distance between nucleons, the interaction can be described as a collision with a
nucleon inside the target nucleus. In this interaction secondaries can be produced, which
can then interact with other nucleons or be absorbed. The cascade ends when all parti-
cles which can leave the nucleus have done so. The remaining excitation energy of the
final nucleus is then used as input for a non-equilibrium model. To treat this collision
the Bertini model solves the corresponding Boltzmann equation on average. It has been
used successfully in Monte Carlo simulations since its very introduction. The implemen-
tation in Geant4 is based on a re-engineering of the INUCL code [Tit99] and includes
the Bertini intra-nuclear cascade model with excitons, a pre-equilibrium model, a nu-
cleus explosion model, a fission model, and an evaporation model. While only protons,
neutrons and pions are allowed as projectiles, gammas and radioactive isotopes are also
treated in the model, and all types of targets are allowed. The energy range is limited to
100 MeV-5 GeV by the condition Ap/v < 7¢ < t, with A the de Broglie wavelength of
the nucleons, v the average relative velocity between two nucleons and ¢ the time interval
between collisions. In the first 1072310722 seconds a highly excited nucleus is produced,
which may decay by fission or pre-equilibrium emission. After 107810716 seconds a
compound nucleus phase with evaporation follows.
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4.1.2.5. Binary Cascade Model

Another intranuclear cascade model is the binary cascade. It is used in the present work
for the inelastic scattering of protons below 9.9 GeV and neutrons between 19.9 MeV and
9.9 GeV. Reactions are described by two particle binary collisions of primary or secondary
particles and an individual nucleon of the nucleus, hence the name binary cascade. Cross
section data—experimental data, where available—are used to select collisions; angu-
lar distributions for elastic scattering of nucleons are taken from the SAID phase-shift
analysis, and final states are sampled from tables of cumulative distribution functions.
The model uses cross sections for free particles; Pauli blocking is used to incorporate the
influence of the Fermi statistics in the nucleus. Collective nuclear elastic interactions are
approximated by a nuclear potential, in which the particles are propagated by solving
the equation of motion numerically. The cascade ends when there are no particles left
above the kinetic energy threshold (75 MeV), or the mean kinetic energy of the particles
has dropped below another threshold (15 MeV). The remaining particles and the nucleus
are then treated by an exciton-driven de-excitation model.

4.1.2.6. Parameterized Cascade Model

The parameterized models in Geant4 are based on GEANT3’s GHEISHA [Fes85, Geant3|
and come in two versions: the low energy models cover the range from 1 to 25 GeV
projectile energy, the high energy models the range from 25 GeV to at least 10 TeV. In the
present work they are used to describe the inelastic interactions of protons and neutrons
between 9.5 and 25 GeV, neutron fission and capture between 19.9 MeV and 20 TeV,
inelastic interactions of pions and kaons up to 25 GeV and inelastic interactions of the rare
particles as listed in appendix A up to 10 TeV. Similar to the Bertini or binary cascade
the parameterized models also describe hadronic interactions in terms of an intra-nuclear
cascade; however only the first hadron-nucleon collision is simulated in detail, while
the remaining interactions within the nucleus are simulated by generating additional
hadrons, which are treated as secondaries from the initial collision. Hadron production
is approximated by the formation zone concept: the interacting quark-partons require
some time and therefore range to hadronize into real particles; their numbers, types
and distributions are determined by functions fitted to experimental data or reproducing
general trends in hadron-nucleus collisions. It is unknown in many cases how the tuning
parameters of these functions relate to physical quantities, therefore the usefulness of
these models is limited. As minimum bias events can be simulated with high precision,
the models can however be used to make significant predictions for calorimetry.

The low energy parameterized model can be applied to the 7, 7=, K+, K=, K° and
KO mesons, the p, n, A, 1, =, 20, == and Q~ baryons and their antiparticles and
the d, t and « nuclei. The mean number of hadrons is calculated as N, = C(S)Al/?’Nic
(with C(s) a function of the centre of mass energy, A the atomic mass and N,. the
number of nucleons in the initial collision), then the total number of hadrons in the intra-
nuclear cascade is sampled from a Poisson distribution about the mean. The combined
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multiplicity for all particles, the additive quantum numbers energy, charge, strangeness
and baryon number in the entire phase space region as well as the reaction products from
nuclear fission and evaporation are sampled from additional distribution functions. The
beam energy influences the multiplicity distribution and the available phase space only.

A disadvantage of the parameterized models is the fact that they conserve energy and
multiplicities of the secondaries on average only, making them unsuitable for event-by-
event simulations in which every single event should be physically correct on its own, as
the correlations between primary muons and resulting recoils of neutrons in the detector
are lost by an average-only treatment. Unfortunately it is hard to avoid their use com-
pletely as there are no alternative models for some processes in some energy ranges; as,
however, the high precision neutron models also do not guarantee energy conservation
(see section 4.1.2.9), the original goal to do the simulations event-by-event could not be
achieved in any case. Therefore the use of the parameterized models, although being far
from optimal, is not completely detrimental to this work.

4.1.2.7. Photo-Nuclear Interaction

Photonuclear interactions taking place in the showers induced by muons are important
for this work as they are the biggest single contribution to the total neutron flux [Hor07].
They can be divided into five energy regions, according to the physics processes taking
place (see Fig. 4.1):

e giant dipole resonance (GDR) region from about 10 to 30 MeV: a collective exci-
tation in which protons and neutrons oscillate in opposition. This is usually one
large peak in the energy dependence of the cross section; however, in deformed
nuclei, the oscillation can take place parallel and perpendicular to the symmetry
axis, leading to two maxima. [Pov99]

e quasi-deuteron region from 30 MeV to the pion threshold (around 135 MeV): the
photon is absorbed on a proton neutron pair (quasi-deuteron) while the rest of the
nucleus watches as spectator; the cross section is small, leading to a broad, low
peak

e A region from pion threshold to about 450 MeV: the A resonance (I = %, J = %)
is excited. This is the dominant peak in the excitation function.

e N* region from about 450 MeV to 1.2 GeV: among others, the N(1440) P;; Roper
resonance (I =1, J =1, '~ 300MeV) is excited

e Regge-Pomeron region from 1.2 GeV upwards: the cross section rises logarithmi-
cally with energy, resulting from averaging over further resonances.

In Geant4 the cross section is parameterized individually for each of these regions, based
on measured absorption data of 49 nuclei at lower energies (below about 100 MeV) and
14 nuclei at higher energies.
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Figure 4.1.: Photonuclear cross section as a function of energy [Hor(07]

4.1.2.8. Muon-Nuclear Interaction

Muon-nuclear interactions can lead to the production of hadronic showers, which are
responsible for part of the neutron background in Dark Matter search experiments and
therefore very important for the present work. The physics of the muon-nuclear in-
teraction is described in section 2.2.4. Although it is comparable to the photonuclear
interaction (see section 4.1.2.7), the more precise cross section parameterization based
on measured data of up to 50 nuclei described in that section unfortunately is not
used for muon nuclear interactions in Geant4. Also, the resonance region is neglected
completely in Geant4. In the versions of Geant4 used in the present work two dif-
ferent models for muon-nuclear interaction are available: G4MuonNucleusProcess and
G4MuNuclearInteraction.

G4 MuonNucleusProcess is a reimplementation of the old GEANT3 / GHEISHA GMUNU
and GMUSIG routines |[Geant3]. The cross section 0,4 for the muon photonuclear in-
teraction is approximated very crudely:

ouA = Aoyn

where A is the atomic number of the nucleus and the cross section for the interaction
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with a single nucleon is given by:

0.3(E/3000% (B > 30CeVv) M

{0.3 (E < 30GeV)
pN =

This is not only low precision but also too low by about 3 orders of magnitude [Cha04].
To produce hadronic final states the virtual photon is replaced by a pion of same Q? with
randomly selected charge, which is then treated according to the parameterized models
(see section 4.1.2.6). This automatically implies an energy threshold of about 140 MeV.

The G4MuNuclearInteraction describes muon deep inelastic scattering between 1 GeV
and 1000 PeV muon energy. It uses the Borog and Petrushkin formula for the cross
section described in section 2.2.4. It is much more precise than the parameterization
used in the G4MuonNucleusProcess described above. The drawback is that its energy
threshold is even higher (1 GeV instead of 140 MeV). Fortunately this is no big concern
for the present work as muon-nuclear interaction only becomes important at much higher
muon energies £, > 10 GeV [Gro01].

Due to its higher precision, only the G4MuNuclearInteraction has been used.

4.1.2.9. Low Energy Neutron Interactions

For low energy neutrons from thermal energies up to 20 MeV special high precision models
for elastic and inelastic scattering, radiative capture and fission are available, which
are based on the ENDF/B-VI evaluated data library [T2NIS|. These models are very
important for the present work as neutron recoils are the most dangerous background in
Dark Matter searches and therefore have to be known as precisely as possible. In order to
improve performance all neutron nuclear resonances have been integrated into the data so
that cross sections can be treated as point-wise. Fission is simulated up to fourth chance
fission, and for inelastic interactions the following final states are taken into account: nvy,
np, nd, nt, n3He, na, nd2a, nt2a, n2p, n2a, npa, n3a, 2n, 2np, 2nd, 2na, 2n2a, nX,
3n, 3np, 3na, 4n, p, pd, pa, 2pd, da, d2a, dt, t, t2q, 3He, a, 2a and 3a. Unfortunately,
for some important chemical elements insufficient or no neutron data are available and
the models cannot conserve energy on an event-by-event basis [Sch11l, Wel01| or neutron
interactions can even be described by the low energy parameterized models only, leading
to a significant loss in accuracy. Results should therefore be taken with a grain of salt
only.

4.1.3. Test of the Physics List

To check the correctness of the selection of physics processes and models and to assess
the overall reliability of Geant4, test simulations using several slightly different versions
of this physics list are compared to a simulation [WulO4c| written in FLUKA [Fas00],
which is renowned for its high precision. FLUKA version 2003 and Geant4 version 6.2
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Figure 4.2.: Principle of neutron production test simulations: A muon is shot on a wide
slab of material and the produced neutrons are counted. The picture shows
the muon coming from behind the slab (dark/red track) and some of its
secondaries (light/green track).

have been used for this comparison. Monoenergetic muons with an energy of 270 GeV,
which is the mean muon energy at Gran Sasso [Amb03], are shot on wide slabs of different
materials of a thickness of about 5000 g/cm?, which is chosen such that showers are well
developed but the muon doesn’t lose too much energy in the material, and the produced
neutrons are counted. For details of the geometry see Fig. 4.2 and Table 4.1.  When
counting neutrons one has to make sure that all neutrons are counted only once. Double
counting can occur if scattered neutrons, for example in (n, n’) reactions, are not really
scattered, but killed and created again by the simulation code, similar to the concept
of “stars” in FLUKA [Fer05, Wul04c|. The behaviour of Geant4 in this respect is, in
principle, unspecified [WelO4b|; however, an analysis of the source code carried out in

’ Material | Thickness [m| | Density [g/cm?®| | Thickness [g/cm?] |
Copper 8 8.96 7168
Lead 4 11.35 4540
LNGS concrete 12 2.3 2760
LNGS rock 12 2.71 3252
Polyethylene 40 0.96 3840

Table 4.1.: Details of the simulation geometry used for the neutron production test. The
dimensions perpendicular to the muon flight direction of the slab of material
are 40m x 40m in all cases. The particle source is centred 50 cm away from
the target. For the composition of LNGS rock and concrete see Tables 4.2
and 4.3.
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Element O Ca C Mg Si Al K
Weight % || 47.91 | 30.29 | 11.88 | 5.58 | 1.27 | 1.03 | 1.03

Table 4.2.: Elemental composition of LNGS rock [Cat86, Wul04a|. The sum of the
known contributions adds up to 98.99% only and is scaled up to 100% in
the simulation.

Element O Ca C Si Al H Mg
Weight % || 48.43 | 34.06 7.99 3.86 0.9 0.89 0.85
Element Na K Fe S P Ti
Weight % 0.6 0.54 0.43 0.16 0.04 0.04

Table 4.3.: Elemental composition of LNGS dry concrete (with 8% water content)
[Wul04a]. The sum of the known contributions adds up to 98.79% only and
is scaled up to 100% in the simulation.

the course of this work has shown that neutrons are always killed and recreated in all
the models relevant to this work, leading to the maximum possible amount of double-
counting. The results of the simulation have been corrected for this. The following
variants of the physics list described in section 4.1.1 are used in the comparison:

1. The educated guess “QGSP __GN” physics list with the addition of muon deep in-
elastic scattering only

2. The same as 1., including high precision neutron models for neutrons below 20 MeV
3. The same as 2., with binary cascade for protons and neutrons below 10 GeV
4. The same as 3., but with Bertini cascade instead of binary cascade

In Geant4, 10000 muons are simulated for each of the settings. The results are given in
Table 4.4.

| Material [ G4 (1) [ G4 (2) | G4 (3) | G4 (4) | FLUKA
Copper 77.1 82.6 76.8 90.3 135.6
Lead 212.2 | 2245 | 281.6 | 2689 | 421.0
LNGS concrete 31.1 34.3 33.4 36.9 35.1
LNGS rock 36.0 36.2 36.9 31.4 40.4
Polyethylene 21.2 23.9 21.6 21.1 26.1

Table 4.4.: Neutron production rates by 270 GeV muons in units of 107°n/u/(g - cm?)
for different variants of the Geant4 physics list described in section 4.1.1 and
FLUKA “precision” simulations [Bau04|. G4 (1) is the QGSP _GN physics
list only, G4 (2) is QGSP_ GN and NHP, G4 (3) is QGSP_GN, NHP and
BIC, and G4 (4) is QGSP_GN, NHP and BERT.

o4



4. Customizing Geant4

| Material [ FLUKA (1) | FLUKA (2) || G4 (1) | G4 standard
Copper 131.94 135.64 80.2 76.8
Lead 424.16 421.0 291.02 281.6
LNGS concrete 36.82 35.07 30.64 33.4
LNGS rock 37.45 40.44 31.38 36.9
Polyethylene 26.11 26.11 20.63 21.6

Table 4.5.: Influence of tracking cut value on simulation results of neutron production
rates by 270 GeV muons in units of 107°n/u/(g - cm?). The FLUKA re-
sults are obtained with “NEW-DEFAults” (1) and “PRECISIOn” (2) set-
tings. [WulO4c| In the “NEW-DEFA” case the cut value for v has been set
to 100 keV and for e~ and e™ to 1 MeV; for all other particles it is fixed to
10 MeV. The Geant4 simulation uses the standard production threshold of the
QGSP_GN_HP_BIC physics list of 0.7 mm (see Table 3.1 for a conversion
to energy). To obtain a “NEW-DEFA’-like result in Geant4 (1) particles are
killed as soon as their energy falls below the corresponding FLUKA cut value.
The differences between the two settings are quite small in both simulation
codes, the largest being for rock with 8% in FLUKA and 17.5% in Geant4.

When comparing Geant4d and FLUKA the fact that cuts are handled differently in these
two codes has to be taken into account. FLUKA uses the traditional tracking cut in
energy, while Geant4 employs a production threshold in range (see section 3.2). In
FLUKA, the remaining energy of a muon or charged hadron below the cut value—
which is 100 MeV by default—is distributed homogeneously over the remaining expected
path length |Fer05|. The FLUKA results presented here have been obtained with the
“precision” settings, in which the cut value is 100 keV for all particle types except for
antineutrons, which could not be simulated below 50 MeV in FLUKA version 2003. For
a description of the parameters and physics content of these settings see |Fer05|. In
Geant4 the standard production threshold of the QGSP GN physics list of 0.7 mm is
used; the material-dependent corresponding energy values are given in Table 3.1. These
thresholds are quite different from the FLUKA “precision” cut values and closer to the
FLUKA “NEW-DEFA” settings, where the transport threshold is fixed to 10 MeV for all
particles except for electrons, positrons and gammas for which it has to be set by the
user and has been set to 100 keV for photons and 1 MeV for electrons and positrons in
[Wul04c|. However, switching between these two settings in the comparison simulations
in FLUKA changes the results at most by 8%, as shown in Table 4.5. For testing
purposes the FLUKA “NEW-DEFAult” like cut has also been imitated in Geant4 using
the QGSP_GN_HP_ BIC physics list by killing all particles as soon as they fall below
the corresponding energy values instead of tracking them further (however, their energy
is not deposited there but just lost); also in this case the results change at most by 17.5%
compared to the version using the standard production threshold.

Results obtained with different versions of the Geant4 physics list agree within about
25%, and Geant4 results are consistent within a factor of two with FLUKA results, with
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a much higher degree of agreement for most materials. Similar results have also been
obtained by the UK Dark Matter collaboration [Ara05|. The conclusion is that Geant4,
with a proper selection of physics processes and models, can be used for the simulation
of muon-induced neutron background, with results reliable within a factor of two. In the
custom physics list used in this work BIC is preferred over BERT as BIC is supposed to
deliver more precise results [Wel04a).

4.2. Generators

The task of a muon generator is to provide the primary muons which are then propagated
through the simulation. For the simulation to be realistic the spectrum of the muons
should follow the actual spectrum at the experimental site. In reality muons can come
from all directions and they either have to do this also in the simulation or provisions
have to be taken to emulate this effect. Therefore, if the generator shoots muons onto
the detector from one side only, its starting area has to be significantly larger than the
detector to also include muons coming from large angles. This is especially important
if also the rock surrounding the experimental hall should be included in the simulation
and therefore has to be illuminated by the generator.

In the present work three different muon generators are used: a simple monoenergetic,
monodirectional muon generator using the mean muon energy at the Gran Sasso labora-
tory and generators using the muon spectrum inside the Gran Sasso and Frejus under-
ground laboratories. They are described in the following subsections.

4.2.1. Monoenergetic (Mean Muon Energy) Generator

The mean depth of the Gran Sasso laboratory is 3650 m w.e. corresponding to a mean
muon energy of 270 GeV [Amb03]. Muons with this energy are shot from a single point in
space about 50 cm away from the surface of the target, aiming at the centre of the target,
i.e. there is no randomization in muon energy, starting point or starting momentum
direction. The charge of the muon is randomly selected according to the charge ratio
in cosmic ray muons of N,+/N,- = 1.3 [Vul98]. All differences between the fates of
individual muons can therefore be attributed to the physics processes they undergo.
This generator is especially easy to implement and understand and mainly useful for
testing purposes. In the present work it has been used for the comparison of Geant4 and
FLUKA results described in section 4.1.3.

4.2.2. Gran Sasso Generator
The muon spectrum in the Gran Sasso laboratory has been measured by the MACRO

[Ahl93, Amb95| and LVD [Agl95] experiments. MACRO (Monopole, Astrophysics and
Cosmic Ray Observatory) is an experiment dedicated mainly to the search for heavy
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Figure 4.3.: Azimuthal angle distribution of muons in the Gran Sasso underground lab-
oratory as measured in MACRO [Ahl93]

magnetic monopoles [Amb02]. It was operating from 1988 to 2000 in Hall B of the
LNGS laboratory. LVD (Large Volume Detector) is a large liquid scintillator detector
with a mass of about 1000 tonnes looking for supernova neutrinos [Alb86]. It is running
since 1992 in Hall A of the LNGS, the same hall as CRESST and GERDA. The azimuthal
and cosine zenith angle distributions measured by MACRO are shown in Figs. 4.3 and
4.4. The LVD experiment gives the muon intensity as a function of slant depth only.
The slant depth is the actual distance the particle travels through the rock depending
on the angle of its flight path, to be distinguished from the vertical depth which is the
thickness of the rock measured vertically. It is found that for slant depths larger than
14000 hg/cm? of standard rock neutrino-induced muons dominate the spectrum.

The generator used in the present work is taken from the MaGe framework [Cha08|,
a simulation framework jointly developed by the Majorana and GERDA collaborations
looking for neutrinoless double beta decay. The muon energy spectrum follows the pa-
rameterization of [Lip91], the angular distribution is based on the MACRO measurements
from [Ahl93]. The starting positions of the muons are distributed uniformly on a hori-
zontal circle positioned above the detector (see Fig. 4.5). u™ and p~ are produced with
equal probability. The generator covers an energy range from 1 GeV to 10 TeV, which
contains 99.4% of the total Gran Sasso muon flux.

This generator has been used for the simulation of the generic shieldings described in
chapter 5.1, some of which were also used for the GERDA double beta decay experiment
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Figure 4.4.: Cosine zenith angle distribution of muons in the Gran Sasso underground
laboratory as measured in MACRO [Ahl93]
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Figure 4.5.: Starting points of muons for the Gran Sasso muon generator. In this picture
the radius of the generator is set to 9.9 m and its centre is located 9.9 m
above the centre of the detector, which has 1.6 m edge length (shown in
red). These settings are used in the determination of the optimum thickness
of shielding materials in chapter 5.1.3. The blue arrow indicates the main
muon flight direction.
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Figure 4.6.: Azimuthal muon distribution in the Frejus underground laboratory as mea-
sured by the Frejus experiment and as produced by the Monte Carlo muon
generator from [Hor(7]

located at Gran Sasso [Abt04]. Also, at the time these simulations were carried out the
location of the future Dark Matter experiment EURECA which is now planned to be
located in the future extension of the Frejus laboratory had not been fixed yet and the
Gran Sasso laboratory was also taken into consideration. EURECA is described in more
detail in section 5.2.1.

4.2.3. Frejus Generator

The muon spectrum in the Frejus laboratory has been measured by the Frejus collabo-
ration [Ber89|. Its azimuthal and zenithal angular distributions are shown in Figs. 4.6
and 4.7.  The shape of the azimuthal angular distribution is strongly influenced by
the geography of the overlying mountains. These plots also show the implementation
of this spectrum in the Monte Carlo muon generator, which was developed by M. Horn
during his PhD thesis [Hor07| for the simulation of the EDELWEISS experiment. In this
generator the angular distribution of muons is reproduced by using a measured elevation
map of the mountains [Wei93|. Measurement and simulation are in good agreement; the
clearly visible differences in Fig. 4.6 originate from the fact that the detector has two
blind angles.

The technical implementation of this generator differs quite substantially from the one
of the Gran Sasso generator described in the previous chapter. Muons are shot from
a hemisphere to the centre of the detector (see Fig. 4.8). The starting points of the
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Figure 4.7.: Zenithal muon distribution in the Frejus underground laboratory as mea-
sured by the Frejus experiment and as produced by the Monte Carlo muon
generator from [Hor07]

50000 40000 30000 20000 1ggpn L]

-10000 -20000 30000 _49000 -5gggo 50
¥ [m]
Figure 4.8.: Starting points of muons for the Frejus muon generator. In this picture the
hemisphere radius of the generator is set to 50 m and the smearing radius to
15 m. The detector (shown in red) has 60 cm edge lenght. These values are
used for the EURECA simulations in section 5.2. The blue arrow indicates
the main muon flight direction.
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muons on the hemisphere are determined according to their angular distribution, then
their actual starting positions are smeared out on a circle centred around that point in
order to illuminate the whole detector setup evenly. The radii of the hemisphere and
the smearing circle can be set in a macro file. The standard values of these parameters
as used for the simulation of EDELWEISS are 30 m for the hemisphere radius and 5 m
for the smearing radius. As EURECA will be a much larger experiment, the values
have been increased to 50 m hemisphere radius and 15 m smearing radius in the present
work. As this generator aims all muons directly at the detector, simulation time is
reduced significantly compared to the conventional method of starting the muons on a
plane above the experimental hall, in which most of the muons actually miss the setup.
However, the disadvantage is that the normalization to the actual running time of the
experiment is more complicated; for details see section 4.2.4. The generator does not
take into account the muon charge distribution but uses the muon charge selected in the
source code; in the present work, only negative muons are shot. The energy range of the
generator can be set via a macro file. In the present work the energy range from 20 GeV
to 2000 GeV has been used which corresponds to 87% of the total flux [Hor07]. This range
has been selected by taking into account the combined effects of the muon flux falling
and the neutron production yield per muon rising with energy: Energies below 20 GeV
have not been taken into account since at these low energies the neutron production yield
per muon is low. For energies above 2 TeV, on the other hand, the muon flux is low,
therefore the neutron production is suppressed by an order of magnitude.

This generator has been used to study the different possible shielding designs for EU-
RECA (see chapter 5.2).

4.2.4. Conversion of Simulation Results to Experimental Live Time

In a Monte Carlo simulation the physical reactions of a defined number of primary parti-
cles, e. g. 1 million muons, are simulated. Therefore the results are obtained as a function
of the number of primary muons, e.g. x neutrons are created per million muons. To get
physically meaningful results such as the number of neutrons per year these numbers have
to be converted to a function of time. For this purpose the number of muons per m? shot
in the simulation and the muon flux in the laboratory have to be known. The muon flux
in the LNGS is 1.1 p/(m? - h); in the LSM it is 0.2 p/(m? - h) [Mei06]. In the Gran Sasso
generator the muons are shot from a horizontal circle and their angular distribution does
not depend on their starting point within that circle, therefore the number of muons per
m? can be calculated directly from the primary muons. The Frejus generator shoots the
muons from a hemisphere, therefore the number of muons per m? has to be determined
by counting the number of muons passing through a plane at the level of the experiment.
This has to be done in dedicated Monte Carlo simulations of muon propagation in an
empty setup. A result of such a simulation is shown in Fig. 4.9. The picture shows the
number of muons per m? at the level of the experiment for a simulation with one million
primary muons, as produced by the Frejus generator with a hemisphere radius of 50 m
and a smearing radius of 15 m. In the central area the distribution of muons is homoge-
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Figure 4.9.: Number of muons per m? at the level of the experiment, as produced by
the Frejus generator with a hemisphere radius of 50 m and a smearing ra-
dius of 15 m. With these settings the muon distribution is flat in an area
of more than 400 m? around the centre, meaning that the whole detector
setup including some of the surrounding rock is illuminated evenly so that
neutron production takes place in all regions of space relevant to the experi-
ment. In the Frejus laboratory with its mean muon flux of 0.2 1/(m? - h) the
mean value of 1144.68 y/m? corresponds to a live time of the experiment of
274.11 days for one million simulated primary muons.
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neous; the whole experimental setup, including some rock, is illuminated evenly. This is
important in order to ensure the production of neutrons in all regions of space from which
they can make it into the detector and contribute to the background of the experiment.
The average value in the central region is 1144.68 1/m? on a rectangle with an area of
20m x 20 m. The mean muon flux in the Frejus laboratory is 0.2 u/(m? - h). Using the
selected energy range of 20-2000 GeV (see chapter 4.2.3), the generator covers 87 % of
the total muon flux, i.e. 0.174 u/(m? - h), and the results have to be scaled accordingly.
This leads to a slight overestimation of the neutron production as most of the “missing”
flux is at lower energies,? at which the neutron yield is lower. This is actually good
as it gives a conservative estimate of the background. One million simulated primary
muons therefore correspond to a live time of the experiment of 274.11 days. Originally
the hemisphere radius of this generator had been 30 m and the smearing radius 5 m.
With these values one million muons correspond to an average of 10245.71 p/m? for the
central rectangle with an area of 8m x 6 m or a time of 2453.47 d ~ 6.7 a.

Using the Gran Sasso generator with 9.9 m radius the average value is 3247.73 p/m? for
one million primary muons, corresponding to an experimental live time of 136.14 d in
the Gran Sasso laboratory with its muon flux of 1.1 p/(m?-h), 99.4% of which is covered
by the generator.

2E < 20GeV: 12%, 20 GeV < E < 200 GeV : 52%, 200 GeV < E < 2TeV: 35%, E > 2TeV: 1% of the
total flux [Hor(07]
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To obtain the highest possible sensitivity of a Dark Matter experiment it is not only
necessary to place the experiment as deep underground as possible but also to select
the type of shielding which is most effective against the remaining background of the
laboratory. The shielding has to protect against low energy local radioactivity as well as
neutrons and cosmic ray muons, which are typically of a higher energy. These require-
ments are partially contradictory; for example, a high-Z material such as lead protects
well against gammas, but is a target for muons which can produce additional neutrons
by spallation and thereby it may actually increase the relevant background. Therefore
it could be a good idea to avoid the use of high-Z material as much as possible, but
then the thickness of the shielding would have to be increased in order for it to still be
effective against radioactivity. The subject of this work is to assess different shielding
options with respect to muon-induced background. This is carried out in two parts:
First, several conventional and less conventional general shielding designs are compared
and the optimum thickness of the shielding materials is determined. This is done in
a “toy geometry” consisting of concentric cubes of different materials using the Gran
Sasso muon spectrum. The advantages of using a toy geometry instead of a full-fledged
detailed geometry are that the main features of the different types of shielding stand
out uninfluenced by technical details of their implementations, and that the materials
and their sizes can easily be varied without the need for additional programming. The
usefulness of this approach is demonstrated by comparison with a simulation using the
“real” GERDA geometry and by comparing results obtained with the Frejus and Gran
Sasso muon generators. Second, the different shielding designs initially proposed for the
EURECA experiment are compared in order to decide how to build the experiment, and
the actual decision is based on these results.

5.1. Generic Shielding Design Studies

5.1.1. Overview of Shielding Designs

5.1.1.1. Conventional Shielding Design

The conventional shielding consists of lead or copper, which is used to protect against ~y
particles, and polyethylene, which is used to protect against neutrons (see Fig. 5.1). The

polyethylene (PE) can be located inside (internal PE) or outside (external PE) the lead
or both. In the past, often only external polyethylene has been used. In this case, a muon
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Figure 5.1.: Conventional shielding design with lead and polyethylene

veto (e.g. a thin layer of plastic scintillator around the shielding) is absolutely required
as cosmic ray muons can produce neutrons in the lead which can easily enter the detector
and therefore have to be vetoed. The advantage of having also internal polyethylene is
that it moderates these neutrons; however, the amount of lead required is considerably
increased due to the larger dimensions of the material which has to fit inside, which
significantly increases the cost of the shielding as well as the neutron production rate,
which might even cancel the advantages of the inner PE shielding.

5.1.1.2. Shielding Designs Avoiding the Use of High-Z Materials

The main drawback of the conventional shielding design is the use of a large amount
of high-Z material which acts as a target for high energy muons. Thereby it actually
increases the neutron background, which then has to be disposed of by additional low-Z
material shielding. Of course it would be better if this additional neutron background
would not even be produced in the first place. This could be achieved by replacing the
high-Z material by a larger amount of lighter material, e. g. by thick polyethylene or by
about 3-5 m of water. Given this thickness the water is also thick enough to act as
a neutron moderator and a muon Cerenkov veto, therefore no additional polyethylene
or plastic scintillator is necessary and the shielding consists only of water, see Fig. 5.2.
This shielding is quite cheap and radiopure; however, the access to the detectors is not
so easy as all the water has to be pumped out and afterwards pumped back in again,
which requires an additional large storage tank with the capacity of the shielding; also,
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Figure 5.2.: Low-Z shielding consisting only of water or liquid scintillator

precautions have to be taken to keep the water as well as its vessel radiopure. It is
also conceivable to replace the water by liquid scintillator, which will increase the light
output by about three orders of magnitude, so that it might even be possible to detect
the neutrons coming from the outside into the experimental setup. However it will also
be about 1000 times as expensive and is therefore unfortunately highly unlikely to be
implemented.

5.1.1.3. Shielding Design Deliberately Using High-Z Materials

Another option is to deliberately make use of the fact that a shielding typically contains
a large amount of high-Z material and use it to detect high energy neutrons coming from
outside. This can be done by building an iron-scintillator sandwich (see Fig. 5.3): the
neutrons interact in the iron and these interactions are detected in the scintillator. The
disadvantage of this approach is the large amount of high-Z material required and the
rather high cost associated with it.

5.1.2. Simulation Results

The following shielding design variants are simulated:

1. 10PE-30Pb-50PE: Conventional shielding design consisting of 10 cm internal poly-
ethylene (PE), 30 cm lead and 50 cm external PE
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Figure 5.3.: Iron—Scintillator sandwich detector

2. 80Pb-50PE: Conventional shielding design containing no internal PE but consisting
of 30 cm lead and 50 cm external PE

3. 50PE-30Pb: “Inverted” conventional shielding design consisting of 50 cm internal
PE and 30 cm lead but no external PE

4. Variants of the above with 30 cm lead and 60 cm PE distributed differently between
internal and external PE:

a) OPE-30Pb-60PE: no internal but 60 cm external PE

b) 20PE-30Pb-40PE: 20 cm internal and 40 cm external PE
) 30PE-30Pb-30PE: 30 cm internal and 30 cm external PE

d) 60PE-30Pb-0PE: 60 cm internal but no external PE

C

5. H20: Low-Z shielding design consisting of 5 m water
6. SCINT: Low-Z shielding design consisting of 5 m liquid scintillator

7. SANDWICH: High-Z shielding design consisting of 3 pairs of alternating layers of
10 cm iron and 10 cm liquid scintillator, with liquid scintillator as the innermost
layer around the detector.

There are two versions of most of the simulations: one in which the setup is placed
just in air, and one in which the concrete and rock of the experimental hall is taken
into account. Their compositions are given in Tables 4.2 and 4.3. The interior of the
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/

Figure 5.4.: Principle of detector segmentation: the detector is simulated as one large
block of material in Geant4, but during analysis of the results the events
taking place in the different segments are treated separately

shielding has an edge length of 1.6 m, which corresponds to a volume of about 4 m? and
therefore matches the space requirements expected for the EURECA cryostats. In the
simulation this volume is filled completely with enriched germanium acting as a detector
in order to be sensitive to any background penetrating the shielding. In reality there will
naturally be several separate detectors inside this volume between which coincidences
can be evaluated to discriminate WIMPs (which will scatter only once) from neutrons
(which may scatter multiple times); this is taken into account by segmenting the detector
into 3 x 3 x 3 segments during analysis (see Fig. 5.4). The conventional shieldings (nr.
1-4 above) are surrounded by a plastic scintillator of 5 cm thickness positioned directly
around the outermost layer of shielding as a muon veto. In the simulations which include
the experimental hall the thickness of the concrete is 40 cm and the thickness of the
rock is 2 m. The muons are generated according to the energy and angular distribution
inside the LNGS (see chapter 4.2.2). The radius of the generator is set to 20m in all
cases, its height (measured from the centre of the detector) is adapted to the size of the
experimental setup: 2 m for the conventional and sandwich shieldings, 6 m for the water
and liquid scintillator shieldings and 10 m for all simulations taking concrete and rock
into account. This leads to the following conversion to real time for one million muons
each (for details see chapter 4.2.4): 33.47 d for 2 m height, 33.16 d for 6 m height and
32.91 d for 10 m height. The simulation is carried out using GEANT4 version 7.1 with
the physics list described in section 4.1.1.

The number we are interested in getting from the simulation is the background in units of
counts/(kg-day) or counts/(tonne-year). It is extracted for different types of background
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with different cuts:

1. Background induced by all kinds of particles

a)

seen in detector: These are all events in which energy is deposited in the
detector, regardless of the type and energy of the particle which made the
deposition. Only a minimum total energy deposition of 10 keV in the detector
is required corresponding to the expected nuclear recoil energy of a WIMP.

in detector but nothing in veto: These are all events in which at least 10 keV
of energy is deposited in the detector, but the amount of energy deposited in
the veto is below the respective veto threshold.

in only one segment: These are all events in which energy is deposited in only
one segment of the detector with a minimum energy deposition of 10 keV.

in one segment but nothing in veto: These are all events in which energy
is deposited in only one segment of the detector with a minimum energy
deposition of 10 keV, but the amount of energy deposited in the veto is below
the respective veto threshold.

2. Background induced by hadronic particles

a)

hadronics seen in detector: These are all events in which energy is deposited
in the detector by “hadronic” particles, the definition of “hadronic” being that
any particle which is not an electron, positron, muon or gamma is regarded
as “hadronic”. These particles are expected to produce nuclear recoils in the
detector which look like a WIMP signal. An energy deposition of 10 keV
is required. In this and the following three cases it is not taken into account
whether there is also an “electromagnetic” energy deposition in the same event.
For events containing a “hadronic” deposition only, see below.

hadronics in detector but nothing in veto: These are all events in which at
least 10 keV of “hadronic” energy is deposited in the detector, but the total
amount of energy deposited in the veto is below the respective veto threshold.

hadronics in detector in only one segment: These are all events in which at
least 10 keV of “hadronic” energy is deposited in only one segment of the
detector.

hadronics in only one segment but nothing in veto: These are all events in
which at least 10 keV of “hadronic” energy is deposited in only one segment
of the detector, but the total amount of energy deposited in the veto is below
the respective veto threshold.

3. Background induced by hadronic particles only

2)

only hadronics in detector: These are all events in which at least 10 keV of
“hadronic” energy is deposited in the detector, but the amount of “electromag-
netic” energy deposition (i.e. the deposition caused by electrons, positrons,
muons and gammas) is below the threshold of 10 keV.
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Shielding variant seen in det | only one seg had in det had one seg only had only had one seg
1: 10PE-30Pb-50PE | 4.52-1073 | 6.24-10~% | 529.10~% | 3.84-107% | 9.59.1076 8.22-107
2: 30Pb-50PE 4.09-1073 | 4.12-107% | 1.13-1073 | 1.00-10~* | 1.25-10~* 5.48 -107°
3: 50PE-30Pb 5.88-1073 | 1.51-1073 | 3.86-107% | 5.48.107% - -
4a: OPE-30Pb-60PE | 3.95-1073 | 4.07-10-* | 1.05-1073 | 1.04-10=% | 1.21-10~% 5.76 - 10~°
4b: 20PE-30Pb-40PE | 4.97-1073 | 8.95-107% | 3.67-107% | 8.22-1076 - -
4c: 30PE-30Pb-30PE | 5.53-1072 | 1.25-107% | 4.34-107* | 9.59-10~9 - -
4d: 60PE-30Pb-OPE | 5.77-1073 | 1.62-1073 | 3.74-10~* | 9.59-10—6 - -
5: H20 5.15-1072% | 1.39-1073 | 4.88-10~% 3.6-107° - -
6: SCINT 5.59-1072 | 1.61-107% | 4.47-10=* | 2.63-107° - -
7: SANDWICH 44910732 | 6.29-10% | 4.07-10=% | 1.37-10°6 - -

Table 5.1.: Results of simulations of 1 million muons with different shielding designs in

air, given in units of counts/(kg - days). For the definition of the shielding
variants see page 66. The bars indicate that simulation of one million muons
is not sufficient to produce any events in the respective category.

only hadronics but nothing in veto: These are all events in which at least
10 keV of “hadronic” energy is deposited in the detector, but the amount of
“electromagnetic” energy deposition is below the threshold of 10 keV and the
total amount of energy deposited in the veto is below the respective veto
threshold.

only hadronics in only one segment: These are all events in which at least
10 keV of “hadronic” energy is deposited in only one segment of the detector,
but the amount of “electromagnetic” energy deposition is below the threshold
of 10 keV

only hadronics in only one segment but nothing in veto: These are all events in
which at least 10 keV of “hadronic” energy is deposited in only one segment of
the detector, but the amount of “electromagnetic” energy deposition is below
the threshold of 10 keV and the total amount of energy deposited in the veto
is below the respective veto threshold. These are the most dangerous events
since they mimick WIMP signals but can neither be discriminated in the
detector nor vetoed.

Results are given in Tables 5.1 and 5.2.  With an increasing amount of internal polyethy-
lene the total number of events seen in the detector increases slightly (up to 50 %) and
the number of events seen in only one segment of the detector increases up to a factor
of 3, but the dangerous hadronics seen in detector and the still more dangerous hadron-
ics in only one segment of the detector are reduced by at least a factor of 2-3; with
20 cm internal PE or more the hadronics in one segment are even reduced by an order of
magnitude. The alternative shielding designs specifically using low-Z or high-Z materials
(variants 5-7 in the list on page 66) are comparable in effectiveness to the conventional
ones with internal PE; they are not worse but also have no clear advantages, therefore
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Shielding variant seen in det | only one seg had in det had one seg only had only had one seg
1: 10PE-30Pb-50PE | 3.96-10"2 | 6.45-10~* | 5.17-10~* | 6.69-10—°> | 1.11-107° 9.76 - 10~
2: 30Pb-50PE 3.58-1073 | 4.18-10% | 1.08-103 | 1.30-10=% | 1.70-10~* 7.11-107°
3: 50PE-30Pb 5.07-1072 | 1.38-1073 | 3.78-107% | 2.09-107° - -
4a: OPE-30Pb-60PE | 3.59-1073 | 3.46-10"% | 9.85-107% | 1.39-107% | 1.62-107* 8.08 107
4d: 60PE-30Pb-OPE | 5.20-1073 | 1.49-10~2 | 3.80-107% | 2.51-107° - -
5: H20 4.39-107% | 1.19-1073 | 3.40-107* | 2.23-107°% | 1.39-1079 -
6: SCINT 4.74-107% | 1.45-1073 | 3.58-10"* | 1.67-107° - -
7: SANDWICH 4.04-1072% | 6.65-10=* | 3.68-10* | 3.62-107°> | 1.39-10°F -

Table 5.2.: Results of simulations of 1 million muons with different shielding designs,
given in units of counts/(kg - days); setup with concrete and rock. For the
definition of the shielding variants see page 66. The bars indicate that sim-
ulation of one million muons is not sufficient to produce any events in the
respective category.

the decision between alternative and conventional shieldings can be based on practical
and financial reasoning.

5.1.3. Determination of Optimum Thicknesses of Materials

In addition to the general comparison of the different shielding designs the optimum
thicknesses of the lead and PE layers for the conventional type of shielding of muon-
induced background are determined in a new set of simulations [Bau06]. Muons are shot
according to the Gran Sasso spectrum: the height and radius of the generator are unified
to 9.9 m each for all shielding variants and the Geant4 version is upgraded to 8.1. The
edge length of the sensitive volume is kept at 1.6 m but its material is changed from
enriched to natural germanium. The thicknesses of the internal and external PE layers
and the lead are varied individually between 0 cm and 50 cm in steps of 10 cm while the
other two thicknesses are kept constant. The thickness of the plastic scintillator muon
veto is 5 c¢m in all simulations. In a first step the setup is placed in air; the muons are shot
directly to the shielding. The results are shown in Figs. 5.5, 5.6 and 5.7; for numerical
values see Tables 5.3, 5.4 and 5.5. As a second step the shieldings are placed inside a
hall with 13 m edge length, surrounded by 50 cm of Gran Sasso concrete and 2.95 m of
Gran Sasso rock; their compositions are given in Tables 4.2 and 4.3. It has been shown
that most of the neutrons which make it into the hall are produced in the last few metres
of rock [Dem99, Wul04b], therefore it is sufficient to take this amount of material into
account. This saves a lot of computing time compared to a simulation of the passage
of muons through the complete thickness of rock from the top of the mountain. The
results are plotted in Figs. 5.8 and 5.9, the numerical values are given in Tables 5.6
and 5.7. As the thickness of the external polyethylene has almost no influence on the
results in the setup without rock these simulations are not repeated with rock. In these
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Figure 5.5.: Influence of the thickness of the internal polyethylene in a shielding with

30 cm lead and 30 cm external PE, for 1 million primary muons in air

Internal PE [cm)| ‘ seen in det | only one seg | had in det | had in one seg only had only had one seg

0 4.14-107% | 3.25-10* | 1.95-1073 1.70-10~* 1.41-10~4 7.14-107°
10 4.60-107% | 5.03-107* | 1.16-1073 1.24-10~4 3.37-106 3.03-106
20 525-1073 | 7.47-107% | 1.05-10° 1.08-10~% 1.01-1076 6.47-10~7
30 5.85-1073 | 1.02-10~% | 1.11-1073 1.26-10~4 - -

40 6.25-1073 | 1.30-1073 | 1.07-1073 1.38-1074 - -

50 6.50-1073 | 1.48-1073 | 1.14-1073 1.41-1074 6.74-10~7 6.74-1077

Table 5.3.: Results of simulations for different thicknesses of internal PE, all with 30 cm

Pb and 30 cm external PE, for 1 million primary muons in air in units of
counts/(kg - days). The bars indicate that simulation of one million muons is
not sufficient to produce any events in the respective category.
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Figure 5.6.: Influence of the thickness of the lead in a shielding with 30 cm internal and
10 cm external PE, for 1 million primary muons in air
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Figure 5.7.: Influence of the thickness of the external polyethylene in a shielding with
30 cm internal PE and 30 c¢m lead, for 1 million primary muons in air
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’ Lead [cm)| ‘ seen in det | only one seg | had in det | had in one seg only had only had one seg

0 4.66-1073 | 9.75-107% | 5.23.107% 3.37-1077 - -

10 5.40-1073 | 842-10~* | 7.16-10"% 1.28 1075 - -

20 5.60-1073 | 9.54-107% | 8.74-10~* 6.20- 1072 3.37-1077 3.37-1077
30 5.82-1073 | 1.01-1072 | 1.08-1073 1.30-10~4 - -

40 5.89-1073 | 1.05-1072% | 1.22.1073 1.84-10~% 3.37-1077 3.37-1077
50 6.06-1072 | 1.10-1073 | 1.42-1073 2.39.10~4 - -

60 6.35-1073 | 1.17-1073 | 1.57-1073 2.84-10~4 3.37-1077 3.37-1077
80 6.63-1073 | 1.35-1073 | 1.94-1073 4.52-1074 3.37-1077 3.37-1077
100 6.92-1073 | 1.47-1073 | 2.23.1073 5.69 - 104 6.74-10~7 6.74-1077
120 7.14-1073 | 1.59-107% | 2.58.1073 6.97-10~4 1.68 106 1.68-1076
150 7.62-1073 | 1.83-1072 | 2.95.1073 8.69 - 104 1.01-1076 6.74 - 1077
200 8.19-1072% | 2.07-1073 | 3.54-1073 1.12-1073 1.35-1076 1.35-1076
300 8.82-1072% | 2.49-1073 | 4.18-1073 1.49-1073 2.02-10~ 2.02-10~
500 9.43-1073 | 2.93-1073 | 4.77-1073 1.85-1073 1.01-1076 1.01-1076
800 9.62-1073 | 3.14-1073 | 4.95.1073 2.02-1073 1.76 -10~6 1.76 - 1076

Table 5.4.: Results of simulations for different thicknesses of lead, all with 30 cm inter-
nal and 10 cm external PE, for 1 million primary muons in air in units of
counts/ (kg - days). The bars indicate that simulation of one million muons is
not sufficient to produce any events in the respective category.

External PE [cm] ‘ seen in det | only one seg | had in det | had in one seg only had only had one seg
0 5.69-1072 | 9.88-107* | 1.12.1073 1.05-10~4 2.73.107° 2.29-107°
10 5.82-1073 | 1.01-1073 | 1.08-1073 1.30-10~4 - -
20 5.83-1072 | 1.00-1072 | 1.09-1073 1.28-1074 3.37-1077 3.37-10~7
30 5.85-1073 | 1.02-1073 | 1.11-1073 1.26-10~4 - -
40 5.80-1073 | 9.86-10"* | 1.07-1073 1.28-1074 6.74 - 1077 6.74 - 1077
50 5.80-1073 | 1.01-1072% | 1.13-1073 1.20-10~4 1.01-1076 6.74 - 1077

Table 5.5.: Results of simulations for different thicknesses of external PE, all with 30 cm
internal PE and 30 cm Pb, for 1 million primary muons in air in units of
counts/(kg - days). The bars indicate that simulation of one million muons is
not sufficient to produce any events in the respective category.
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Figure 5.8.: Influence of thickness of the internal polyethylene in a shielding with 30 cm
lead and 30 cm external PE, for 1 million primary muons in a setup with
concrete and rock. In contrast to the other plots in this chapter this plot
has a logarithmic y axis to emphasize the decrease in the number of purely
hadronic events with increasing PE thickness
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Figure 5.9.: Influence of the thickness of lead in a shielding with 30 cm internal and 30 cm
external PE, for 1 million primary muons in a setup with concrete and rock
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Internal PE [cm)] ‘ seen in det | only one seg | had in det | had in one seg only had only had one seg

0 4.30-1073% | 3.91-10=% | 2.13.1073 2.42-10~4 1.53-107% 8.32.107°

10 4.82-1073% | 6.00-10"* | 1.86-1073 2.69-10~4 1.82.1074 1.20- 1074

20 5.39-1073 | 8.04-107* | 1.55.1073 2.18 1074 7.24-107° 5.26 - 107>

30 5.78-1073 | 1.05-1072 | 1.33.1073 1.91-10~4 2.80-107° 2.26-107°

40 6.36-107% | 1.33-1073 | 1.32-1073 2.04 - 104 1.08-10~° 9.19-10-

50 6.59-1073 | 1.54-107% | 1.27-1073 1.93-10~4 3.03-10-° 2.36-10~

80 6.74-1073 | 1.81-1073 | 1.26-1073 2.61-10~4 - -

100 6.66-1073 | 1.88-1073 | 1.28-1073 2.77-10~4 1.01-1076 1.01-1076

200 6.39-1073 | 1.87-1073 | 1.37-1073 3.71-10~4 6.74 - 1077 6.74-1077

Table 5.6.: Results of simulations for different thicknesses of internal PE, all with
30 cm Pb and 30 c¢m external PE, for 1 million primary muons, in units
of counts/(kg - days); setup with concrete and rock. The bars indicate that
simulation of one million muons is not sufficient to produce any events in the
respective category.

’ Lead [cm] ‘ seen in det | only one seg | had in det | had in one seg only had only had one seg
0 6.45-1072% | 2.01-1073 | 6.88-107% 5.22-107° - -
10 5.56-1073 | 9.68-10~* | 1.00-10~3 7.78-107° 1.68-1075 1.08-1075
20 5.75-1072 | 1.01-1072 | 1.27-1073 1.50 - 10~ 5.93-107° 4.38-107°
30 5.81-1072 | 1.05-1072 | 1.31-1073 2.00-104 2.02-107° 1.58 1075
40 6.02-1073 | 1.14-1073 | 1.37-1073 2.45-104 3.37-1077 -
50 6.14-1073 1181073 1.73-1073 3.25.10~4 4.35.107° 3.44-107°

Table 5.7.: Results of simulations for different thicknesses of lead, all with 30 cm internal
and 10 cm external PE, for 1 million primary muons, in units of counts/ (kg -
days); setup with concrete and rock. The bars indicate that simulation of
one million muons is not sufficient to produce any events in the respective
category.
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simulations “hadronic” particles are always accompanied by “electromagnetic” particles
and all detected events are also seen in the muon veto.

It is found that the total number of events seen in the detector increases with in-
creasing thickness of internal polyethylene at least up to a thickness of 80 cm, from
4.30-1073 counts/ (kg - days) with no internal polyethylene to 6.74 - 1073 counts/ (kg - days)
with 80 cm of internal polyethylene. On the other hand, the number of hadronic
events in the detector decreases, also at least up to 80 cm; the number of hadronic
events seen in only one segment of the detector decreases first but starts to rise again
at 80 cm. However, most importantly, the number of the especially dangerous purely
hadronic events keeps decreasing even with much larger thicknesses of internal PE, from
1.53 - 10 counts/ (kg - days) without internal PE to 2.80 - 107 counts/(kg - days) with
30 cm of internal PE to 6.74 - 107 counts/ (kg - days) with 2 m of internal PE.

The number of hadronic events in the detector is increased by a factor of 2-3, the num-
ber of hadronic events in one segment of the detector even by an order of magnitude
compared to the previous results of toy geometry simulations comparing conventional
and alternative shielding designs given in section 5.1.2. Possible reasons could be the
differences in the versions of Geant4, the target materials and the geometries used. This
discrepancy limits the trust in the simulations and has to be taken as their uncertainty.

Concerning the lead shielding, the number of all types of events increases consistently
with its thickness. However, when taking into account the presence of concrete and rock
around the setup, the number of all events seen in the detector can be reduced by having
at least some lead around the setup compared to a “conventional” shielding without lead.
This indicates that lead increases the amount of hadronic background in the detector
while decreasing the amount of electromagnetic background. Shielding of v particles is
the actual reason for having the lead in the shielding at all.

The thickness of the external polyethylene does not have a noticeable influence on the
muon-induced background, except that the number of purely hadronic events seems to
be reduced somewhat when at least some external polyethylene is present. External
polyethylene is primarily used to shield against low energy neutrons from (o, n) reactions
and fission which are not considered further in this work as it concentrates on muon-
induced neutrons but which are treated in [Sch11].

The following conclusions regarding the design of conventional shieldings can be drawn
from the results of the simulations with respect to the muon-induced background:

1. It is advisable to have about 20-30 cm of internal polyethylene to minimize the
number of “dangerous” events.

2. Although lead is useful to reduce the amount of electromagnetic background, its
thickness should be kept as small as possible.

3. The thickness of the external polyethylene has almost no influence on the results.
External PE may however be useful to protect against neutrons from local radioac-
tivity.
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shielding seen in det | only one seg | had in det | had in one seg only had only had one seg

100 cm PE 5.18 1073 1.28-10~3 5.53- 10~ 6.74-10"7 - -

5 m water 5.58 - 1073 1.38-1073 | 6.67-10"% 4.23-107° 5.50-10~7 5.50 - 10~7

5 m liq. scint. | 5.98-1073 | 1.60-1073 | 6.38-10~% 2.90-107° - -

no shielding | 3.22-1073 | 2.68-10~* | 4.90-10~% 1.01-106 - -

Table 5.8.: Results of simulations for alternative low-Z shielding designs, for 1 million
primary muons in air, in units of counts/(kg - days). The value without any
shielding is only given for reference; although with respect to muons only
this actually gives the lowest background, a shielding will nevertheless be
absolutely necessary against radioactivity. The bars indicate that simulation
of one million muons is not sufficient to produce any events in the respective

category.
shielding seen in det | only one seg | had in det | had in one seg only had only had one seg
100 cm PE | 6.28-1073 | 1.94-1073 | 6.56-10~% 4.89-107° 3.37-1077 3.37-1077
5 m water | 5.48-1073 | 1.38-103 | 6.10-10~* 7.15-107° 4.77-107° 4.77-1076
no shielding | 2.14-1072 1.20-1072 | 8.26-10~% 5.34.107° 1.64-1075 1.23-107%

Table 5.9.: Results of simulations for alternative low-Z shielding designs, for 1 million
primary muons, in units of counts/(kg - days); setup with concrete and rock.
As in Table 5.8, the value without any shielding is only given for reference.

Also with this slightly modified setup some simulations avoiding the use of high-7Z mate-
rials have been performed; results are shown in Tables 5.8 and 5.9. As can be seen by
comparison with Tables 5.3-5.7, the background is comparable to or even lower than in
the case of conventional shieldings.

5.1.4. “Toy Geometry” vs “Real Geometry”

In the present work the geometries used in the simulations are simple “toy” geometries—
consisting mostly of concentric cubes—which concentrate on the general concepts of
the shieldings, thereby allowing easy modification and comparison. The question is, of
course, whether the information gained in this way is actually useful for the assessment
of realistic shieldings. For this purpose a comparison has been made between existing
simulations using the detailed GERDA geometry as implemented in MaGe [Bau05| (see
Fig. 5.10) and new simulations using a toy geometry comparable in dimensions (see
Fig. 5.11). In the toy geometry the detector is made of enriched germanium and has
an edge length of 25 cm. It is concentrically embedded in an inner shielding of liquid
nitrogen with an edge length of 3 m and an outer shielding of water with an edge length
of 10 m. This setup is surrounded with a 4 cm thick plastic scintillator muon veto. Some
results are given in Table 5.10. The differences between different runs of the unchanged
toy geometry simulation are bigger than the differences between the simulations using
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Figure 5.10.: GERDA geometry as implemented in MaGe [Kr605]

| GERDA | Toy-1 Toy-2 | Toy-3 |
no cut 33-1073[30-103]78-107*[6.3-1077
anticoincidence | 1.0-1073 | 1.0- 1073 [ 4.1-107* | 2.9-10~*
top muon veto 22-1073 [ 55-107% [ 1.5-107°
anticoinc + top | 4.4-107% | 7.4-107% | 2.6 -10~*

Table 5.10.: Comparison of toy geometry vs. realistic GERDA geometry. All results
are given in units of counts/(kg - keV - year) for the range 1.5-2.5 MeV.
The GERDA simulation uses a measured muon energy and angular distri-
bution while the toy simulations use a measured muon energy and a 1/ cos 6
muon angular distribution. Toy-1 and Toy-3 are simulated using Geant4 ver-
sion 6.2-patch02 64-bit, Toy-2 uses Geant4 version 7.0-patchO1 32-bit. The
GERDA and Toy-3 results are already published in [Bau05].

81



5. Results

Detector

Inner Shielding

Outer Shielding

W

/ Veto Layer

Figure 5.11.: Toy geometry as used in the GERDA comparison

the toy geometry and the full geometry. Therefore it is concluded that the toy geometry
presented in this work is a good approximation to a realistic geometry and can be used
for the comparison of different shielding designs.

5.1.5. Gran Sasso Generator vs Frejus Generator

A variant of the toy geometry comparable in dimensions to the CRESST geometry is
simulated. The sensitive volume has an edge length of 30 cm. The shielding consists of
14 c¢m of copper, 20 cm of lead and 50 cm of polyethylene and is surrounded by a 5 cm
thick plastic scintillator muon veto. The setup is placed in a hall of 13 m edge length
filled with air and surrounded by 50 cm of LNGS concrete and 2.95 m of LNGS rock;
their compositions are given in Tables 4.2 and 4.3. This simulation is done using Geant4
version 8.2.patch-01 and is also intended as a cross-check of the Gran Sasso and Frejus
muon generators as well as of results obtained with CaWQOy4 and Ge detectors, therefore
all four possible combinations of generators and detector materials have been simulated.
Results are shown in Table 5.11. There is no systematic difference in the results between
the two different detector materials. Also, when taking into account the fact that the
muon flux in Gran Sasso is about 5 times higher than in Frejus, i.e. about 1.1 g/(m?-hr)
instead of 0.2 p/(m? - hr), results obtained with both generators are comparable and
scale with muon flux; however, the veto efficiency seems to be somewhat higher with the
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H Frejus CaWOg4 Frejus Ge H Gran Sasso CaWOQO4 | Gran Sasso Ge

seen in detector 6.11-1073 6.91-1073 3.50 - 1072 3.97-1072

in detector but not in veto 6.91-10-6 7.07-10-6 4.33.10~4 4.86-104
in only one segment 1.55-1073 1.52-1073 7.38-1073 6.74-1073

in one seg but not in veto 3.58-10~6 2.67-10~6 2.27-10~4 1.62-1074
hadronics seen in det 7.51-10~4 8.40 - 104 1.17-1072 1.33-1072

had in det but nothing in veto 1.69-10°6 3.77-10-6 3.79-107° 2.01-10~%
had in det in only one seg 1.28 - 104 1.17-10~4 1.78 1073 1.74-103
had in one seg but not in veto 5.90 - 10~ 7 6.29 - 10~ 7 1.08-1075 7.71-1076
only hadronics in det 2.95-1074 3.46 - 104 4.46-1073 5.25.1073
only had but nothing in veto 1.08-10~4 1.04-10~4 1.57-1073 1.53-1073
only had in only one seg 1.18-1076 1.89-1076 5.41-10~ 3.86-107°
only had in one seg not in veto 5.06-10~7 6.29-10~7 - 7.71-10-6

Table 5.11.: Comparison of simulations in CRESST-like toy geometry with CaWOQO, or
Ge target using the Gran Sasso and Frejus muon generators. Results are
given in units of counts/(kg - days).

Frejus generator.

5.2. Shielding Design Studies for EURECA

5.2.1. Overview

The future tonne-scale cryogenic direct Dark Matter search experiment EURECA (Euro-
pean Underground Rare Event Calorimeter Array) [Kra08] will be located in an extension
of the Laboratoire Souterrain de Modane (LSM) about 1700 m (4600 m w.e.) deep un-
der the Frejus mountain, alongside a road tunnel close to the French—Italian border.
As the space in the existing laboratory is already completely used up (see Fig. 5.12),
two new halls will be built in order to extend the size of the laboratory from about
3500 m? to 55000 m? (see Fig. 5.13) [LSMHP]. Since the construction of the tunnel has
to be extended anyway in order to meet European road safety standards, this expansion
plans are rather cost-effective and have a good chance of being implemented. EURECA
aims to reach a sensitivity for the WIMP-nucleon cross section of 107°-1071" pb. This
corresponds to only a few events per tonne of target material per year, therefore the
background has to be even lower and an excellent shielding is extremely important. The
following shielding and vetoing strategies for the new halls are discussed:

e A “standard” hall in which the vetoing of muon events and the shielding against
local radioactivity is done directly around the experiment, as in conventional un-
derground laboratories (see Fig. 5.14)
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Figure 5.12.: Existing hall of the Frejus underground laboratory [LSMHP]|
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Figure 5.13.: Extension plans of the Frejus underground laboratory. The yellow hall
labeled “LSM” is the currently existing lab, the pink halls labeled “LSMe”
are the planned extensions which are much bigger than the original hall.
They are intended to be built in conjunction with the road safety tunnel
shown in green [LSMHP]|
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Detector

Air

Figure 5.14.: “Standard hall” shielding design as implemented in the simulation

e A “submarine” design in which the complete hall is submerged in water (see Fig. 5.15).
The water serves as a shielding and a Cerenkov muon veto. The fact that water is
suitable as a shielding is shown in sections 5.1.2 and 5.1.3. This design is supposed
to have the following advantages: The amount of high-Z material directly around
the detector, which could increase the background by radioactivity or by acting as
a spallation target for muons and high energy neutrons, is reduced. The muon veto
surrounds the entire hall and not only the experimental setup itself, therefore also
neutrons produced in the surrounding material can be vetoed: If a muon-induced
shower passes in the rock a few metres away from the experimental hall so that the
muon or other electromagnetic shower particles do not hit the experimental setup,
there is still the possibility that neutrons produced by the shower in the rock enter
the experiment, which are not seen by a conventional muon veto. In order for these
neutrons to be vetoed the muon veto would have to be positioned some metres
deep into the rock, which unfortunately is extremely difficult for practical as well
as financial reasons. What however is possible is to use a huge water tank as an
active shield. It can veto via the Cerenkov effect what is produced in the last few
metres outside the experimental hall. It also moderates the neutrons produced in
the last few metres of rock while due to its lower Z not so many new neutrons are
produced there by the muons. Still, access to the cryostat is quite easy.

e A “pool” design in which the cryostat is directly submerged into the water shielding
(see Fig. 5.16). In this case no steel hall construction is necessary, reducing the size
of the water tank as well as the amount of high-Z material between the muon veto
and the cryostat to the absolute minimum, at the expense of much more difficult
access to the cryostat. A somewhat more conventional version of this design consists
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Figure 5.15.: "Submarine” shielding design as implemented in the simulation

Detector

Water

Figure 5.16.: "Pool” shielding design as implemented in the simulation
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Figure 5.17.: More conventional version of the “pool” shielding design option with
cryostats in water tanks inside a standard hall [Gerll]

of a cryostat in a water tank placed inside a standard hall (see Fig. 5.17). This still
has the advantage of avoiding high-Z materials directly around the detector while
possibly providing easier access to the experiment. At the time of writing this is
the preferred option for the EURECA design.

In the present work schematic designs for these shielding strategies are simulated. Geant4
version 9.1.patch-01 is used for these simulations. The detector is assumed to be a cube
with 60 cm edge length made from natural germanium (see Fig. 5.18). This amount of
germanium has a mass of 1149.77 kg, corresponding nicely to the planned target mass
of EURECA of 1 tonne. Of course, the EURECA detector will not be one monolithic
block of material but consist of many smaller crystals, the main reason being that it
is not possible to grow single crystals with a mass in the tonne-scale range. Using
multiple detectors also has the advantage that anti-coincidences between the crystals
can be evaluated in order to discriminate between neutrons (which may scatter in more
than one detector) and WIMPs (which will only scatter once due to their small cross
section). This effect is taken into account in the simulation by segmenting the detector
into 3 x 3 x 3 pieces in software during analysis. For the wall strengths of the cryostat
and of the steel tank of the submarine design one rather small and one rather large value
are simulated, so that results for the true wall strength can be obtained by interpolation
between the four simulated combinations. In the version of the simulation with thin
wall strength the cryostat is approximated by a copper dewar with 3 mm outer wall
strength and 1 mm inner wall strength filled with 5 cm of liquid helium, while in the
version with thick wall strength the inner and outer wall strengths are 1 cm each. The
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Figure 5.18.: Detector and cryostat as implemented in the simulation

Element C O Mg Al Si
Weight % 6.56 | 48.6849 | 0.8856 | 4.7732 | 14.1776

Element S K Ca Mn Fe
Weight % || 0.4025 | 1.2504 | 20.4815 | 0.0953 | 2.6890

Table 5.12.: Elemental composition of Frejus rock as used in the simulations [Hor07,
Rho93|

size of the halls which in reality is planned to be about 42 x 11 x 6m? (see Figs. 5.19
and 5.20) is simplified to 13 x 13 x 13m?. For the submarine design the thickness of
the water is assumed to be 2 m, with a steel wall of 4 cm (thin version) or 40 cm (thick
version) thickness for the experimental hall. The pool design has an edge length of 7 m
corresponding to a water thickness of 3.146 m around the thin and 3.13 m around the
thick cryostat. The amount of rock taken into account in these simulations is 10 m. The
composition of the rock is given in Table 5.12.

The threshold of the muon veto has initially been calculated using a typical energy
deposition of 2MeV /(g - cm?) for the shortest possible path length of a through-going
muon in the veto. This corresponds to a threshold of 800 MeV for the submarine design
with 4 m of water (2 m around each side of the hall), 1260 MeV for the pool design with
roughly 2 x 3.15m of water and 16 MeV for the standard hall with 2 x 4 cm of plastic
scintillator. These values are also expected to be achievable in a real veto system: Super-
Kamiokande in its original configuration, for example, reaches in its inner water Cerenkov
detector (33.8 m radius, 36.2 m height, filled with 32 ktonnes of water, observed by 11146
50-inch PMTS) an energy threshold of 4.5 MeV with a PMT coverage of 40% [SK03]. The
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Figure 5.19.: Top view of the planned LSM extension hall B where the EURECA exper-
iment will be located (all sizes given in metres) [Lom07]

PMT coverage of the EURECA muon veto will be much lower. If it is assumed to be
1% the threshold is expected to go up by a factor of 40 leading to a value of 180 MeV,
and the possibility of geometric shading due to the experimental hall placed inside the
water tank may lower the veto efficieny even further. However, it has been found that
except for the standard hall, simulation results depend heavily on the veto threshold
(see below). For some of the design variants under study the background is so low
after applying the veto using these calculated veto thresholds that almost all background
events are vetoed and that it is not possible to simulate a reasonable number of relevant
background events in appropriate time. This is obviously good for the actual experiment,
but the low statistics makes the comparison of the shieldings more difficult. Therefore,
to highlight the differences between the shielding designs, the veto threshold has been
increased for the following analysis. The veto energy spectra for the different designs
are shown in figure 5.21. The muon peaks are clearly visible, its segmented structure
in the submarine design is a geometry effect due to the hall being inside the veto. The
veto threshold can now be selected below, inside or above the muon peak, depending on
the preferences regarding maximum veto efficiency or reliable muon identification. The
dependence of the results on the veto threshold is shown in Figs. 5.22, 5.23 and 5.24.

In the case of the submarine design, the largest jump is between 800 and 1000 MeV veto
threshold, therefore 1000 MeV is used as standard threshold in the following analysis.
Similarly, in the pool design 1660 MeV is taken as standard threshold. In reality the veto
thresholds are expected to be lower. In the case of the standard hall the influence of the
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Figure 5.20.: Side view of the planned LSM extension hall B where the EURECA exper-
iment will be located (all sizes given in metres) [Lom07]
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Figure 5.21.: Energy spectra of the veto detector in the submarine, pool and standard
designs (from top to bottom); all with thick cryostat, submarine with thin
steel wall. Position and shape of the peaks depend on the length of the
path the muons travel through the veto.
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Figure 5.22.: Veto threshold dependence of background rates in the submarine design.
Due to the steep increase between 800 and 1000 MeV, the latter value has
been chosen as veto threshold.

92



5. Results

1000

H Seen m detector

BB Inooly one segment
Hadronses sin detecios
Hadromses am only ome segment

H Oaly hadeonics

Crly hadsonics ik degment

100

10

event rate [counts/(ton*year)]

0.1

0.01 | | | |
1260 1460 1660 1860 2060

veto threshold [MeV]

Figure 5.23.: Veto threshold dependence of background rates in the pool design. To
include hadronic events seen in only one segment of the detector, the veto
threshold has been set to 1660 MeV.
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Figure 5.24.: Veto threshold dependence of background rates in the standard design. As
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2 x 4 cm of plasic scintillator) has been used.
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5. Results

steel wall thin thick
cryostat thin ‘ thick thin ‘ thick
simulated time [years]| | 874 | 16 || 1098 | 9.36
seen in detector 4951.66 | 2841.56 || 4793.66 | 2773.39
in detector but not in veto 256.22 | 217.11 513.76 | 352.83
in only one segment 3411.68 | 1632.26 || 3292.29 | 1587.3
in one seg but not in veto 117.47 75.61 308.48 | 171.63
hadronics seen in det 39.39 36.26 151.98 | 128.63
had in det but nothing in veto 2.78 3.7 12.04 12.45
had in det in only one seg 7.06 4.57 53.86 39.66
had in one seg but not in veto 0 0.11 3.33 3.06
only hadronics in det 8.16 5.82 97.73 75.51
only had but nothing in veto 0 0.11 6.97 5.67
only had in only one seg 5.77 2.99 49.1 35.2
only had in one seg not in veto 0 0.05 3.17 2.51

Table 5.13.: Simulation results for the different variants of the submarine design, in units
of counts/(tonne - year)

veto threshold on the result is rather small, therefore the calculated value of 16 MeV is
kept.

5.2.2. Submarine

In the submarine design the complete experimental hall is submerged in water. The
results for the different variants of this design described in the previous section are
given in Figs. 5.25 and 5.26 and Table 5.13. There are clear differences depending on the
thicknesses of the cryostat and the steel wall. To understand the origin of these differences
it is studied at which distances to the centre of the detector the muons responsible
for the different types of event described on page 69 pass. This distance can be seen
as an indication of how far from the detector the respective energy deposition takes
place. To this end the cumulative sum of muons generating background as a function of
distance is plotted. The muon trajectory is assumed to be a straight line, which is a good
approximation at these high muon energies. The influence of the cryostat thickness is
shown in Fig. 5.25. The steel wall is 4 cm thick in these simulations, while the cryostat is
simulated once in its thinner and once in its thicker variant. The amount of background
coming from the vicinity of the detector is only very slightly increased in the case of
the thick cryostat as compared to the thin one; the amount of background coming from
farther away, however, is much higher with the thin cryostat. This suggests that the
copper of the cryostat acts as a shielding against events coming from outside. With
respect to muon-induced background a thicker cryostat therefore even is an advantage.

The total number of background events is almost independent of the thickness of the steel
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Figure 5.25.: Influence of cryostat thickness on the background in the submarine design
with a thin steel wall. The version with the thin cryostat is shown in blue,
the one with the thick cryostat in red. Shown is the cumulative sum of
muons generating background depending on their closest distance d to the
centre of the detector. From top to bottom: seen in detector; seen in detec-
tor but not in veto; only hadronics in only one segment. The background
coming from the vicinity of the detector is only very slightly increased in
the case of the thick cryostat compared to the thin one; on the other hand,
the background coming from farther away is actually considerably lower
with the thick cryostat, suggesting that it acts as a shielding against events
coming from outside.
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5. Results

’ cryostat ‘ thin ‘ thick ‘
’ simulated time |years] ‘ 43.87 ‘ 20.14 ‘
seen in detector 1247.04 | 1192.53
in detector but not in veto 171.46 197.7
in only one segment 405.82 | 337.28
in one seg but not in veto 25.66 26.56
hadronics seen in det 21.27 25.78
had in det but nothing in veto 2.72 4.4
had in det in only one seg 0.22 0.43
had in one seg but not in veto 0.02 0.04
only hadronics in det 0.18 0.22
only had but nothing in veto 0 0
only had in only one seg 0.1 0.13
only had in one seg not in veto 0 0

Table 5.14.: Simulation results for the different variants of the pool design, in units of
counts/(tonne - year)

wall (see Fig. 5.26). However, the number of events not seen in the veto as well as the
number of dangerous events with only hadronic energy deposition in only one segment
is significantly increased in the case of the thicker steel wall. Of all cases considered in
the present work this is the only one in which the design background goal of one count
per tonne and year cannot be reached without taking the veto into account. The situa-
tion is even aggravated by the fact that the thicker steel wall lowers the veto efficiency.
Therefore, in the submarine design it is of utmost importance to keep the thickness of
the steel wall down to an absolute minimum.

5.2.3. Pool

In the pool design the cryostat is directly submerged in water; in the version considered
in this work there is no steel hall around the setup. The results for the two versions with
the thin and the thick cryostat are given in Table 5.14. The selected cryostat thickness
has almost no influence on the background. The shielding effect of the thicker cryostat
which has been observed in the submarine design is only slightly seen in all events as
well as in events seen in only one segment of the detector, while the number of events
not seen in the veto as well as the number of hadronic events is slightly increased. All in
all, however, this design is remarkably stable against changes in cryostat thickness.

5.2.4. Standard Hall

In the present work the standard hall is simulated for comparison to demonstrate the
effect of the different types of integrated water shield. It is therefore treated only rudi-
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Figure 5.26.: Influence of steel wall thickness on the background in the submarine design
with a thick croystat. The version with the thin steel wall is shown in red,
the one with the thick steel wall in blue. Shown is the cumulative sum
of muons generating background depending on their closest distance d to
the centre of the detector. From top to bottom: seen in detector; seen in
detector but not in veto; only hadronics in only one segment. While the
total number of events seen in the detector is almost independent of the
thickness of the steel wall, the number of events not seen in the veto and
the number of dangerous events with only hadronic energy deposition in
only one segment is significantly increased in case of the thick steel wall.
Therefore the steel wall should be kept as thin as possible.
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5. Results

’ cryostat ‘ thin ‘ thick ‘
’ simulated time |years] ‘ 13.31 ‘ 17 ‘
seen in detector 3176.66 | 2020.33
in detector but not in veto 2185.2 | 1020.73
in only one segment 1988.21 | 987.02
in one seg but not in veto 1748.16 | 755.33
hadronics seen in det 30.65 30.13
had in det but nothing in veto 9.41 7.72
had in det in only one seg 3.01 2.35
had in one seg but not in veto 2.55 1.84
only hadronics in det 3.2 3.48
only had but nothing in veto 2.94 3.17
only had in only one seg 1.9 1.69
only had in one seg not in veto 1.7 1.48

Table 5.15.: Simulation results for the different variants of the standard hall design, in
units of counts/(tonne - year)

mentary in the sense that it contains no shielding around the cryostat, which of course
would be required in any real experiment to protect against local radioactivity. The
muon veto is a 4 cm thick plastic scintillator located directly around the cryostat. Re-
sults for the two different cryostat thicknesses are given in Table 5.15. With respect to
all events the thick cryostat serves as a good shielding, whether veto or segmentation is
taken into account or not; for hadronic events the thickness of the cryostat almost makes
no difference (see Fig. 5.27).

5.2.5. Comparison

Realistically it can be assumed that the amount of material used in construction of
the cryostat is closer to the “thick” cryostat, while the wall thickness of the steel tank
in the case of the submarine is expected to be closer to the “thin” steel wall of the
simplified design (except for the girder structure). Therefore, only these variants are
considered further. Events with purely hadronic energy deposition in only one segment
of the detector are the most dangerous background. Without taking the muon veto into
account, there are 2.99 counts/(tonne - year) of this background in the submarine design
but only 0.13 counts/(tonne - year)in the pool design. The origin of this background
in the submarine and pool designs is examined in Fig. 5.28. The background coming
from the vicinity of the detector is almost the same for both designs, but in the case
of the submarine there is a substantial amount of additional background coming from
farther distances which is generated in the steel wall of the submarine. Although most
of it will be seen by the muon veto, reducing the above numbers to 0.05 counts/(tonne -
year)in the submarine design and zero events in about 20 years running time in the
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Figure 5.27.: Influence of cryostat thickness on the background in the standard design.
The version with the thin cryostat is shown in red, the one with the thick
cryostat in blue. Shown is the cumulative sum of muons generating back-
ground depending on their closest distance d to the centre of the detector.
From top to bottom: seen in detector; seen in detector but not in veto;
only hadronics in only one segment. The thick cryostat serves as a good
shielding with respect to the total number of events seen in the detector;
for hadronic events the difference is less pronounced.
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Figure 5.28.: Comparison of submarine (red) and pool (blue) designs. Shown is the cu-
mulative sum of muons generating background depending on their closest
distance d to the centre of the detector. From top to bottom: seen in detec-
tor; seen in detector but not in veto; only hadronics in only one segment.
The background coming from the vicinity of the detector is almost the same
for both designs, but in the case of the submarine a lot of additional back-
ground is coming from farther distances. Therefore the pool design clearly
is the better option with respect to muon-induced background
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5. Results

pool design, it is still a disadvantage having to rely on the veto for reaching the design
background, as the efficiency of any real veto system will be less than 100% and the
veto may also have holes due to the details of the geometry (e.g. cable and cryogenic
feedthroughs). Therefore, with respect to muon-induced background the pool design
clearly is the better option. Fortunately this is also true with respect to the background
from local radioactivity [Tom09|, therefore it has been decided to construct EURECA
using a pool design [EUR12]|.

102



6. Summary and Outlook

In the present work the fundamental design of the shielding of the future direct Dark
Matter search experiment EURECA against muon-induced neutrons is developed by way
of Monte Carlo simulations using the GEANT4 toolkit. In GEANT4 the physics processes
and models which are to be taken into account have to be selected by the user in a physics
list. As no suitable predefined list is available at the time of the beginning of this work
a suitable list is developed and verified. To better focus on the main features of the
shielding and to improve flexibility a toy geometry consisting of concentric cubes is used.
The usefulness of this type of geometry is shown by comparison with a more detailed
version of the GERDA geometry. The optimum thickness of the different materials in a
conventional shielding design is determined. The use of 20-30 c¢m of internal polyethylene
and an as small amount of lead as possible is recommended while the thickness of the
external polyethylene has only a small influence on the background rate.

As EURECA will be placed in a newly built underground laboratory it is possible to inte-
grate some of the shielding directly into the laboratory hall. The two options considered
are (1) a “submarine” design in which the entire laboratory hall is placed in water and (2)
a “pool” design in which only the cryostat is submerged in water. It is found that with
respect to muon-induced neutron background the pool design is greatly preferable as the
additional background from the steel wall of the submarine design nullifies the shielding
effects of the water. The goal background of one count/(tonne-year) of dangerous events
can be reached with the pool design already without the muon veto while in the case of
the submarine design the muon veto is needed.

The pool design has been shown to be the better option also with respect to local ra-
dioactivity [Tom09] and will therefore be used by EURECA [EUR12|. The currently
favoured design consists of one or two small pools inside a conventional hall. This geom-
etry deviates quite substantially from the version with one pool directly inside the rock
presented in this work and will have to be simulated in more detail in the future.
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A. A Geant4 Physics List for Dark
Matter Searches

The physics list developed in the course of this work contains the following particles,
processes and models (see also section 4.1.1):

® c

bremsstrahlung

— lonization

— multiple scattering

— synchrotron radiation (optional)

— electro nuclear reaction

— bremsstrahlung

— annihilation

— lonization

— multiple scattering

— synchrotron radiation (optional)

— electro nuclear reaction

— photo effect
— compton effect
— pair production

— gamma nuclear reaction (up to 3.5 GeV), at higher energies quark-gluon string
(QGS) model

[ ] M+
— lonization

— bremsstrahlung
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® T+,T

A. A Geant4 Physics List for Dark Matter Searches

pair production
multiple scattering

muon nuclear interaction for muon deep inelastic scattering above 1 GeV

ionization
bremsstrahlung
pair production
multiple scattering
capture at rest

muon nuclear interaction for muon deep inelastic scattering above 1 GeV

lonization

multiple scattering

elastic scattering: neutron high precision (NHP) and low energy parameterized

(LEP) model

inelastic scattering: NHP, binary cascade (BIC) or Bertini cascade (BERT),
LEP and QGS model

capture: NHP and LEP model
fission: NHP and LEP model

elastic scattering: LEP model
inelastic scattering: BIC (or BERT), LEP and QGS model
hadronic ionization

multiple scattering

° 7r+, KTt

elastic scattering: LEP model
inelastic scattering: LEP and QGS model
hadronic ionization

multiple scattering
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A. A Geant4 Physics List for Dark Matter Searches

e T, K~
— elastic scattering: LEP model
— inelastic scattering: LEP and QGS model
— absorption
— hadronic ionization

— multiple scattering
0 70
e K, Kg
— elastic scattering: LEP model

— inelastic scattering: LEP and QGS model

— elastic scattering

— inelastic scattering: low energy parameterized (LEP) and high energy param-
eterized (HEP) model

— annihilation
— hadronic ionization

— multiple scattering

— elastic scattering
— inelastic scattering: LEP and HEP model

— annihilation

«~ —0 =0
e AA =0 =

— elastic scattering
— inelastic scattering: LEP and HEP model
ey . Y wt ¥, =2, 0,0t

) )

— elastic scattering
— inelastic scattering: LEP and HEP model

— hadronic ionization

In Geant4 nomenclature, the antiparticle of the ¥, for example, is called “anti-sigma-minus”, although
it has of course a positive charge. According to the PDG [PDG10, p. 13| this is written as s* (and
not X or F), and this convention has been adopted in this work.
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A. A Geant4 Physics List for Dark Matter Searches

— multiple scattering
e generic ion, 3He

— elastic scattering

— lonization

— multiple scattering
e deuteron, triton, alpha

— elastic scattering
— inelastic scattering

— lonization

multiple scattering
e all unstable particles

— decay
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