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Abstract

Evidence for the existence of a non-baryonic dark matter can be found on all astrophysical
and cosmological scales in the Universe. From observations of the Cosmic Microwave
Background Radiation, the dark matter contribution to the total energy content of the
Universe is estimated to be 27%. A generic class of particles to solve the dark matter puzzle
is known as Weakly Interacting Massive Particles (WIMPs) with masses in the GeV-TeV
range and expected interaction rates with ordinary matter of the order of the weak scale
interaction. The aim of the EDELWEISS-III experiment is to detect the elastic scattering
of WIMPs from the galactic dark matter halo on germanium bolometers. At cryogenic
temperatures of ≈ 18 mK, the expected energy deposit of O(keV) from a WIMP-induced
nuclear recoil produces measurable heat and ionization signals. The main challenge of
such a direct detection experiment is the low expected rate of WIMP-nucleon scattering,
constrained by the latest results to be below a few events per year per 100 kg. Therefore,
multiple layers of external shielding protect the experiment from ambient radioactivity.
The remaining background coming from the radioactivity of elements inside the shields are
rejected by using a particle identification based on the recoil type. The most problematic
background arises from neutrons, which induce nuclear recoils indistinguishable from a
WIMP signal in the detectors. In particular, neutrons are produced by cosmic ray muons
and their shower. Therefore, the experiment is located in the underground laboratory of
Modane, where 4800 m w.e. of rock attenuate the cosmic muon flux by a factor 106 down to
5µ/m2/day. The remaining muons are tagged using an active µ-veto system surrounding
the experiment, which is made of 46 plastic scintillator modules.

This thesis was performed in the context of the EDELWEISS-III experiment, whose goal is
to probe WIMP-nucleon cross-sections at least one order of magnitude smaller compared
to EDELWEISS-II, down to 10−9 pb. To reach this goal, many improvements were applied
to the experimental setup in order to reduce the residual background level to less than 1
event for one year of data taking. Particular attention was paid to previously negligible
backgrounds, such as µ-induced neutrons. A careful monitoring of the µ-veto system
was performed in the context of this thesis, to ensure a maximum efficiency. For a precise
estimation of the remaining µ-induced background, new GEANT4 Monte Carlo simulations
had to be performed, which included the new bolometer configuration inside the cryostat
as well as the newly implemented polyethylene shielding. In parallel, data taken during
the 8 months of WIMP search of Run308, with 24 bolometers of FID800 type, was studied
in the framework of this thesis.

With a selected subset of this data, a dedicated analysis was performed to study coinci-
dences between the µ-veto system and the bolometers. Characteristics of the µ-induced
events were studied and compared with simulations. In particular, the rates were found to
be consistent within uncertainties. For an accumulated fiducial exposure of 1603 kg · days,
no WIMP-like event (single nuclear recoil) was seen in coincidence with the µ-veto. This
result is consistent with the rate of WIMP-like events expected from simulations.
Knowing the signatures of µ-induced bolometer events, a lower limit on the µ-veto effi-
ciency was derived by identifying a sample of µ-induced bolometer events and verifying
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that they were seen in coincidence with the µ-veto. A sample of 32 bolometer events was
selected, all seen by the µ-veto, leading to a lower limit on the tagging efficiency of:

εµ-veto > 93% (90% C.L.)

This efficiency can also be derived from simulation. In the previous EDELWEISS-II ex-
periment, the determination of this efficiency was limited by the lack of knowledge of
the module response at low energies. Therefore, a new method was set up to derive the
position-dependent trigger threshold of individual µ-veto modules. The method is based
on the comparison of the measured energy spectrum of an AmBe source with the simu-
lated spectrum, which is folded with the parametrized module response function. The set
of function parameters giving the best match between the two spectra is derived with a
likelihood analysis, while the uncertainties on the parameters are estimated using a Monte
Carlo Markov Chain. By repeating this procedure for several positions of the source along
the module axis, the position-dependent trigger threshold is extracted. To finally derive
the muon detection efficiency of a module, its position-dependent response is applied on
the simulated energy spectrum of muon interactions. The method was successfully applied
on a test module and gave an efficiency of (95.0± 0.5)%, where the error is dominated by
the uncertainty on the source activity. From here on, it is possible to calculate the overall
µ-veto efficiency, by applying the method to the remaining modules.

An estimation of the expected µ-induced neutron background was performed for the WIMP
search analysis of EDELWEISS-III data. An analysis for WIMPs in the standard mass
range [10,1000] GeV was performed for an accumulated exposure of 600 kg · days and re-
vealed an excess of neutrons. Two dedicated studies performed in the framework of this
thesis showed that this background cannot be induced by untagged muons and must thus
be of radiogenic origin. An additional low mass WIMP analysis with 8 selected bolome-
ters and a similar fiducial exposure was performed for the mass range [3,30] GeV. For both
analyses, the expected µ-induced neutron background was calculated to be � 1 events,
even before vetoing and thus negligible. A coincidence analysis confirmed that there are
no events in the signal region in coincidence with the µ-veto.

The initial design goal of EDELWEISS-III was to reach a background free exposure of first
3000 kg · days and then 12000 kg · days, after which background is expected to appear. A
projection of the µ-induced neutron background for these two exposures, extrapolated from
Run308 results, was performed. A conservative estimation showed that the remaining
background after vetoing is below 1 event, even in the extended exposure scenario. In
conclusion, the µ-induced neutron background is not a limiting factor for WIMP search
with EDELWEISS-III.
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Résumé

L’existence de la matière noire, une matière qui n’asborbe, ni n’émet de lumière, se mani-
feste par ses effets gravitationnels à toutes les échelles de l’Univers, aussi bien astrophysique
que cosmologique. À partir de l’observation du fond diffus cosmologique, il a été estimé
que cette matière noire, dont la nature est inconnue, représente 26% du contenu total en
énergie de l’Univers, tandis que la contribution de la matière baryonique n’est que de 5%.
Les 69% restant constituent une forme d’énergie inconnue responsable de l’expansion de
l’Univers, appelée énergie noire. La quasi-totalité de l’Univers nous étant inconnue, de
nombreuses expériences ont été mises en place, notamment pour détecter et déterminer
la nature de la matière noire. Une classe de particules particulièrement privilégiée pour
constituer la matière noire est connue sous le nom de Weakly Interacting Massive Particle
(WIMP) : ces particules sont massives, non-relativistes et interagissent faiblement avec la
matière baryonique. Le but de l’expérience EDELWEISS (Expérience pour détecter les
WIMPs en site souterrain) est la détection directe de WIMPs, par leur diffusion élastique
sur les noyaux de germanium constituant les détecteurs bolométriques. À des tempéra-
tures cryogéniques avoisinant 18 mK, le dépôt d’énergie attendu, de l’ordre du keV, induit
des signaux chaleur et ionisation mesurables.
Le principal challenge d’une telle expérience de détection directe de matière noire est le
taux de diffusion WIMP-nucléon attendu, contraint par les observations les plus récentes à
moins de quelques événements par an par centaines de kilogrammes. Ce taux d’événement
est bien plus faible que celui attendu de la radioactivité ambiante et dans la même gamme
d’énergie. Des couches successives de blindage sont donc utilisées afin de réduire la quan-
tité de bruit de fond atteignant les détecteurs. Grâce à la double mesure de l’énergie
déposée, les reculs électroniques induits par les γ et β issus de la radioactivité peuvent être
distingués des reculs nucléaires induits par les WIMPs. Le plus problématique des bruits
de fond provient donc des neutrons qui interagissent dans un seul détecteur, indiscern-
ables des reculs nucléaires induits par des WIMPs. Ces neutrons sont notamment induits
par les muons cosmiques et les gerbes qu’ils produisent. C’est pourquoi EDELWEISS est
située dans le Laboratoire Souterrain de Modane (LSM), dans le tunnel du Fréjus, sous
une couverture rocheuse de 1800 m. Le flux de muons atteignant le laboratoire est ainsi
atténué d’un facteur 106, avec un flux résiduel de 5µ/m2/jour. Ces muons résiduels sont
détectés par un système veto muon (veto-µ) composé de 46 modules de scintillateur plas-
tique entourant l’expérience, permettant de rejeter une grande partie du bruit de fond
interagissant dans les bolomètres inhérent aux muons.

Cette thèse s’inscrit dans le cadre de la troisième phase de l’expérience (EDELWEISS-III),
dont le but est de sonder une section efficace d’interaction WIMP-nucléon au moins 10
fois plus faible qu’avec EDELWEISS-II, atteignant 10−9 pb. Pour ce faire, de nombreuses
modifications ont été apportées au dispositif expérimental de la seconde phase, afin de
réduire le taux de bruit de fond résiduel total à moins d’un événement pour une année de
prise de données. Ainsi, les bruits de fond autrefois négligeables, tels que celui induit par
les muons, ont dû être contrôlés avec attention et précisément estimés.
Dans le cadre de cette thèse, un monitoring quotidien du veto-µ a été réalisé afin d’assurer
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une efficacité maximale du système à rejeter les événements induits par les muons dans les
détecteurs Ge. Dans ce but, les outils de monitoring ont été considérablement améliorés
afin de contrôler le fonctionnement des 46 modules du veto-µ. Afin d’estimer précisement
le bruit de fond résiduel induit par les muons, essentiel pour l’identification des WIMPs,
l’efficacité de rejet du veto-µ ainsi que le taux d’événement indistinguable des WIMPs
ont été déterminés. Ce taux de cöıncidence dépend en particulier de la géométrie de
l’expérience ainsi que des matériaux utilisés, qui ont subi d’importantes modifications
dans le cadre de la 3ème phase de l’expérience. On peut notamment citer une plus grande
granularité et densité du groupe de détecteurs Ge, augmentant la probabilité de diffusion
multiple des particules induites par les muons, qui peuvent ainsi être rejetées. De plus,
de nouveaux blindages de polyéthylène, installés pour atténuer les neutrons issus de la
radioactivité ambiante, atténuent également les neutrons induits par les muons dans le
blindage de plomb. Pour quantifier l’effet de ces changements sur le bruit de fond neutron
induit par les muons, il est indispensable d’effectuer des simulations et d’analyser les
cöıncidences entre le veto-µ et les détecteurs Ge dans les données.

Les huit mois de données accumulés avec 24 détecteurs Ge de 800 g durant le run cryo-
génique Run308 ont été analysés en terme de cöıncidence dans le cadre de cette thèse.
Dans le but de comparer les résultats avec la simulation, des coupures strictes ont été ap-
pliquées sur les données veto-µ et bolomètre, aboutissant à une sélection de (133.6± 2.7)
jours. Chaque événement veto-µ a été associé à l’événement bolomètre le plus proche.
La différence en temps ∆t = tbolo − tveto attendue pour des cöıncidences induites par des
muons a été extraite et est incluse dans une fenêtre en temps ∆t = ±12µs. Un total de
190 cöıncidences a été mesuré dans cette fenêtre, comprenant (32.1 ± 0.4) cöıncidences
accidentelles. Le taux d’événement bolomètre en cöıncidence avec la détection d’un muon
par le veto-µ (au moins 1 module avec un dépôt d’énergie) est donc de :

ΓµMveto≥1 = 1.18± 0.10 (stat) +0.03
−0.02 (sys) événements/jour

Parmi ces cöıncidences, seuls les événements fiduciels dans la bande de recul nucléaire
à 90%, ayant un seul bolomètre avec un dépôt d’énergie Erec = [10, 200] keV limite la
sensibilité de l’expérience. Aucun événement de ce type n’a été mesuré en cöıncidence
avec le veto-µ durant les (133.6 ± 2.7) jours sélectionnés, aboutissant à la détermination
d’une limite inférieure sur le taux d’événement similaire à des WIMPs induit par les muons
qui vaut :

ΓWIMP-like
Mveto≥1 < (1.7× 10−2) événements/jour (90% C.L.)

Ces résultats ont été comparés avec ceux obtenus à partir de simulations Monte Carlo
GEANT4 du passage des muons dans le dispositif expérimental, réalisées avec le logiciel
existant mis à jour avec la nouvelle géométrie. À partir de ces simulations, le taux de
cöıncidence entre les détecteurs Ge et le veto-µ ainsi que leur topologie ont été extraits.
La simulation prédit un taux de cöıncidence pour un veto-µ 100% efficace de :

Γµsimu = 1.09± 0.01 (stat) +0.24
−0.00 (sys) événements/jour

Le taux d’événement indistinguable de WIMP a également été déterminé en sélectionnant
les événements fiduciels dans la bande de recul nucléaire à 90%, ayant un seul bolomètre
avec un dépôt d’énergie avec Erec = [10, 200] keV. Ce taux, pour εveto-µ = 100%, est de :

ΓWIMP−like
simu = (7.6± 0.1 (stat) +2.6

−1.7 (sys))× 10−3 événements/jour

Ainsi, les taux simulés et mesurés sont en accord dans la limite des incertitudes. La
comparaison des deux taux ne permet pas de conclure sur l’efficacité du veto-µ à cause
des incertitudes élevées.
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L’analyse des cöıncidences entre le veto-µ et les detecteurs Ge a également montré que
les événements induits par les muons dans les bolomètres peuvent être distingués d’autres
bruits de fond en appliquant des coupures sur le nombre de bolomètre ayant mesurés un
dépôt d’énergie et sur l’énergie totale déposée. Une limite inférieure sur l’efficacité du
veto-µ a pu être établie en sélectionnant un jeu d’événements explicitement induits par
des muons, en vérifiant s’ils ont été détectés par le veto-µ. 32 événements ont ainsi été
sélectionnés, tous mesurés en cöıncidence avec le veto-µ dans une fenêtre de temps de
±12µ. Considérant la statistique limitée, une limite inférieure sur l’efficacité de rejection
du veto-µ est extraite :

εveto-µ > 93% (90% C.L.)

L’efficacité du système veto muon peut également être calculée à partir de simulations des
muons dans le dispositif expérimental. Pour ce faire, la réponse de chacun des 46 modules
de scintillateur, notamment leur seuil de déclenchement, doit être extraite et implémentée
dans la simulation. La contrepartie de se protéger des muons par un épais blindage de
roche est qu’ils ne sont plus assez nombreux pour être utilisés afin de déterminer la réponse
des modules. C’est pourquoi une nouvelle méthode, basée sur l’utilisation d’une source
radioactive d’AmBe, a été mise au point dans le cadre de cette thèse. Elle permet de
déterminer la réponse des modules en fonction de la position de l’interaction qui varie
fortement à cause de l’absorption des photons de scintillation dans ces modules de 2 à
4 m de longueur. Cela peut être réalisé en comparant le spectre AmBe mesuré avec le
spectre simulé, auquel a été préalablement appliqué la réponse du module paramétrée
par 4 inconnues. Une analyse de maximum de vraisemblance a été mise en place pour
déterminer ces paramètres et répétée pour différentes positions de la source le long de
l’axe du module. L’incertitude sur ces paramètres a été déterminée à l’aide d’une analyse
par Markov Chain Monte Carlo. Le seuil de déclenchement en fonction de la position peut
ainsi être extrapolé, permettant de déterminer l’efficacité individuelle de chaque module à
détecter le passage d’un muon à partir de la simulation. Cette méthode a été appliquée
avec succès sur un module test (module M42) et donne une efficacité de :

εM42 = (95.0± 0.5)%

où l’erreur est dominée par l’incertitude sur l’activité de la source d’AmBe. En appli-
quant cette méthode sur les autres modules, il est donc possible de déterminer précisément
l’efficacité du système veto muon à partir de la simulation.

À partir des études décrites ci-dessus, le bruit de fond neutron induit par les muons a été
estimé pour les deux analyses du Run308 en terme de matière noire. Une analyse dédiée à
la recherche de WIMPs de masse standard, comprise entre 10 et 100 GeV, a été effectuée
pour une exposition totale de 600 kg · j basée sur une sélection de 17 bolomètres. Cinq
reculs nucléaires simples ont été observés dans la région d’intérêt, ce qui révèle la présence
d’une source de neutron inconnue. Deux analyses effectuées dans le cadre de cette thèse
ont montré que ce bruit de fond n’est pas d’origine cosmogénique mais radiogénique. Tout
d’abord, le bruit de fond neutron induit par les muons attendu pour cette configuration a
été simulé en prenant en considération la réponse moyenne des bolomètres, et est estimé
avant rejet par le veto-µ à :

NWIMP-like
simu = 0.36± 0.02 (stat) +0.12

−0.08 (sys) événements

En considérant la limite inférieure sur l’efficacité de rejet du veto-µ et les 6% du temps ac-
cumulé pendant lequel un dysfonctionnement du veto-µ a été détecté, une limite supérieure
sur le nombre d’événements similaires à des WIMPs attendus dans les données a été ex-
traite :

Nµ
WIMP-like < 0.06 events (90% C.L.)

5
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Ainsi, même en négligeant le veto-µ, le bruit de fond neutron induit par les muons attendu
ne peut pas expliquer les reculs nucléaires observés. Une autre preuve de l’origine radio-
génique de ce bruit de fond provient de la comparaison de la topologie des événements
neutrons mesurés avec celle des événements neutrons induits par les muons.
Une estimation du bruit de fond induit par les muons a également été réalisée pour la
recherche de WIMPs de basse masse entre 3 et 30 GeV, montrant que le bruit de fond
attendu est négligeable.
Pour ces deux analyses, aucun événement similaire à un WIMP n’a été mesuré en cöınci-
dence avec le veto-µ, conformément aux prédictions issues de la simulation. Ainsi, le bruit
de fond neutron induit par les muons ne limite pas la sensibilité actuelle de l’expérience.

Le but initial d’EDELWEISS-III était d’atteindre dans un premier temps une exposition
de 3000 kg · j sans bruit de fond, puis une exposition de 12000 kg · j pour laquelle le bruit
de fond devrait apparaitre. Une projection du bruit de fond neutron induit par les muons
attendu pour ces deux expositions a été réalisée en extrapolant les résultats du Run308.
Bien qu’aucun événement similaire à un WIMP n’ait été mesuré en cöıncidence avec le
système veto lors du Run308, il est indispensable de garantir le bon fonctionnement du
système veto pour une exposition plus large. En effet, pour 3000 kg · j et un seuil d’analyse
de 10 keV, 2.07+0.71

−0.40 événements indistinguables d’un WIMP sont attendus. Considérant la
limite inférieure sur l’efficacité du système veto muon de 93% et un dysfonctionnement du
veto-µ pendant 6% du temps d’acquisition, la limite supérieure sur le bruit de fond neutron
irréductible est de 0.24+0.08

−0.05 événement. Le bruit de fond irréductible reste inférieur à 1
événement, même pour une exposition prolongée de 12000 kg · j.

Ainsi, même si le bruit de fond neutron induit par les muons pourrait constituer un bruit
de fond irréductible limitant la sensibilité de l’expérience à la recherche de matière noire, il
peut être efficacement rejeté par l’utilisation d’un système veto-µ. Pour conclure, le bruit
de fond neutron induit par les muons n’est pas un facteur limitant pour la recherche de
matière noire, lorsqu’il est bien géré.
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1. The case of dark matter

Nowadays, it is established knowledge that the well-known baryonic matter makes up
only 5% of the total energy content of the Universe. According to the standard model of
cosmology, 69% is made of the so-called dark energy, responsible for the expansion of the
Universe, and 26% of an invisible cold non-baryonic so-called dark matter. This picture of
the Universe is well supported by observations on all scales of the Universe. Cosmological
observations provide notably a precise and full description of the Universe, as will be shown
in section 1.1. The implications of these observations on the nature of dark matter will be
described in section 1.2. The focus will be put on Weakly Interacting Massive Particles
(WIMPs), as the EDELWEISS experiment was designed to search for this generic class of
particles. Other strategies to detect dark matter will be lastly summarized in section 1.3.

1.1. Observational evidences at cosmological scales

The first hints of the existence of dark matter were found by the study of the local neigh-
bourhood of the Milky Way in 1922 and of nearby galaxy clusters in 1933 [1]. F.Zwicky
first introduced the concept of cold dark matter to explain the radial velocity dispersion
of galaxies inside the Coma cluster. However, nearly 40 years were needed for his idea to
be universally recognized by the scientific community [2].
Since then, numerous observations at all scales in the Universe strengthened this idea. A
non-exhaustive selection of the most striking evidences at cosmological scales is presented
in the following, after a review of the founding principles of modern cosmology.

1.1.1. Cosmological framework

The ΛCDM model is the simplest parametrization of the Big-Bang cosmological model and
particularly successful to reproduce cosmological observations [2]. It is often referred to as
the ”standard model of cosmology”. Some alternative models exist, the most well-known
being the model of Modified Newtonian Dynamics (MOND) [3]. MOND was originally
introduced to explain the abnormal rotation curves of stars in galaxies, but although it
successfully explained galactic dynamics, it failed to explain observations at the scale of
galaxy clusters and at cosmological scales.
Three elements are used to construct the ΛCDM model: Einstein’s equations of general
relativity, which relate the geometry of the Universe with its matter and energy content;
a metric to describe the symmetries; and last an equation of state describing the physical
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8 1. The case of dark matter

properties of the matter and energy content [4]. The ΛCDM model is based on the so-
called cosmological principle, which states that the Universe is isotrope at any point and
therefore homogeneous at large scale. No observation until now shows any disagreement
with this postulate. Consequently, the Universe at large scales can be described by the
Friedmann-Lemâıtre-Robertson-Walker (FLRW) metric, which describes an isotropic ex-
panding Universe with uniform density and a curvature. The element of space-time ds is
related to the element of time dt and the element of space as follows (here written in the
Robertson-Walker form following [5]):

ds2 = −dt2 + a2(t)R(t0)2

[
dr2

1− kr2
+ r2dΩ2

]
(1.1)

where dΩ2 is equal to dΩ2 = dθ2 + sin2(θ)dφ2 with θ the zenith angle and φ the azimuth
angle. The parameter k is the curvature parameter and takes on the values +1, 0 or −1
for a curved, flat or negatively curved Universe, respectively. a(t) is the scale factor: it
gives the relationship between the distance R(t0) between two objects at the present time
t0 and their distance R(t) at a time t as:

R(t) = R(t0)× a(t)

a(t0)
(1.2)

with a(t0) = 1 by normalization. The scale factor can therefore be written here in a
normalized form a(t) = R(t)/R(t0). Note that the redshift of electromagnetic radiation,
which is explained by a stretching of the wavelength due to the expansion of the Universe,
can be related to the scale factor at the time it was emitted.
Using the FLRW metric, the general relativity equations developed by Einstein for a static
Universe (ȧ = 0) are reduced to the two following Friedmann equations, which give the
dynamics of the Universe:

H2 ≡
(
ȧ

a

)2

=
8πG

3
ρ+

Λ

3
− k

a2R(t0)2
(1.3)

ä

a
= −4πG

3
(ρ+ 3p) +

Λ

3
(1.4)

where H ≡ ȧ/a is the so-called Hubble parameter, G the gravitational constant, ρ and p the
sum of all contributions to density and pressure in the Universe and k the space curvature.
Λ, the so-called cosmological constant, was added by Einstein to the formulation of general
relativity to allow a stable static solution to the equations [6]. It quantifies the energy
density of the vacuum. The effects of the cosmological constant can be taken into account
by including the vacuum energy density ρΛ in the total density of the Universe ρ. Then,
one can define from eq. 1.3 the critical energy density ρc as the total density for which the
Universe if flat (k = 0):

ρc ≡
3H2

8πG
(1.5)

The total density is often expressed in terms of the critical density by introducing:

Ωi =
ρ

ρc
=

(
8πG

3H2

)
ρi (1.6)

with i = m, r,Λ the individual contribution to the Universe total density from non-
relativistic matter, radiation and relativistic matter, and the cosmological constant, re-
spectively. If the Universe is flat, then Ωtot =

∑
i Ωi = 1. With this parametrization, there

is a direct link between the value of Ωtot and the curvature k of the Universe.
As the individual components can be described as perfect fluid with a simple equation of
state, the Friedmann equations have a simple solution. For a flat Universe, the dependence
of Ωi with the scale factor varies as follow [7]:
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1.1. Observational evidences at cosmological scales 9

Figure 1.1. – CMB full sky map of the temperature anisotropies as observed by the Planck
satellite. The color scale indicates the measured temperature fluctuations of
the order of the µK. Extracted from [8].

— for massive particles with negligible relative velocities, the energy density is given by
their number density times their rest mass. As the Universe expands, the number
density decreases with the volume, leading to Ωm ∝ a−3.

— for relativistic particles and photons, referred to as radiation in cosmology, the energy
density is given by their number density times their energy. As the Universe expand,
radiation is redshifted, decreasing its energy proportionally to a−1. Thus, Ωr ∝ a−4.

— only the vacuum energy density, referred to as dark energy, is independent from the
scale factor.

Thus, for low redshift, i.e. in the early Universe, radiation was dominating the energy
density and determined the expansion. At higher redshift, matter starts to dominate and
determines the expansion rate.
The component Ωm can be further divided in two sub-components Ωm = Ωb+Ωcdm, where
Ωb and Ωcdm are the baryonic and non-baryonic components of the non-relativistic matter,
respectively. From cosmological and astrophysical observations, the unknown parameters
characterizing the ΛCDM model can be extracted, giving a full picture of the Universe.
This can notably be achieved by studying the cosmic microwave background.

1.1.2. Cosmic microwave background

At the earliest age of the Universe, after quarks and gluons combined to form neutrons
and protons, matter and radiation were in equilibrium in a hot plasma. Electrons and
protons were prevented to combine by high energy photons, which were dominating the
energy content of the Universe. These photons were scattering off free electrons, with a
small mean free path between successive collisions due to the high density of the medium.
Their energy spectrum was therefore continuous and described by a black body spectrum.
With its expansion, the Universe cooled down, reaching a temperature of ∼ 3000 K around
380000 years after the Big-Bang. At this temperature, the mean energy of the photons
became too low to prevent the formation of neutral hydrogen. Photons were then able
to travel on large scales without being deflected and radiation decoupled from matter.
The relic of this radiation contains information about the last scattering surface, notably
on the matter density distribution. Due to the expansion of the Universe, these thermal
photons are red-shifted and nowadays measured with a black body spectrum at 2.725 K in
the microwave range. This Cosmic Microwave Background (CMB) was first accidentally
discovered by A. Penzias and R. Wilson in 1963 as they were studying the microwave

9



10 1. The case of dark matter

Figure 1.2. – Power spectrum of the temperature anisotropies in the CMB as measured by
Planck (red markers). The green band shows the spectrum for the ΛCDM
model adjusted to the data. Extracted from [8].

signal of the Milky Way. The COBE satellite mission later measured that the CMB is an
almost perfect black body radiation spectrum, but with small anisotropies of temperature
[9]. A better precision on the CMB was achieved with the WMAP satellite [10] and with
Planck satellite [8], which is currently still taking data.
The latest full sky map provided by the Planck satellite after subtraction of the foreground
is given in fig. 1.1. Temperature fluctuations of the order of the µK can be resolved and
correlations between two points can be calculated and expanded in spherical harmonics.
The power spectrum derived from these correlations is given in fig. 1.2. It shows the inten-
sity of the temperature anisotropies versus the angular scale l of the fluctuations, knowing
that small values of l indicate large structures and vice versa. The measured peaks can be
associated to acoustic oscillations in the plasma before the decoupling of matter and radia-
tion. The position of the first peak of highest amplitude gives information on the curvature
of the Universe. The density of baryonic and non-baryonic matter can be extracted from
the amplitude of the second and third peaks. Indeed, these acoustic waves were generated
from overdensities and underdensities of baryons in the primordial plasma, similarly to
sound waves. The origin of these fluctuations is postulated to arise from quantum fluc-
tuations in the inflaton fields after the Big-Bang, smeared by the exponential expansion.
The overdense regions gravitationally attracted the surrounding matter, whereas the ra-
diation pressure from photons and heat had the opposite effect. As baryons interact with
photons, they were sensitive to the radiation pressure and moved away from overdense
regions. Dark matter mainly interacts gravitationally and remained in overdense regions.
Thus, the density fluctuations of baryons did not grow but oscillated due to the balance
between radiation pressure from photons and heat and the gravitational attraction from
dark matter. At the time of the decoupling between baryons and photons, the acoustic
waves were frozen in the baryon distribution. These acoustic waves are referred to as
Baryonic Acoustic Oscillations (BAO).
By fitting the ΛCDM model to the CMB power spectrum extracted from the latest pub-
lished measurements of the Planck satellite data [11], the density of cold dark matter
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1.1. Observational evidences at cosmological scales 11

Ωcdmh
2 and of baryonic matter Ωbh

2 were estimated to be:

Ωcdmh
2 = 0.1188± 0.0010 (1.7)

Ωbh
2 = (0.02227± 0.00014) (1.8)

Ωm = (0.309± 0.006) with H = (67.7± 0.5) km/s/Mpc (1.9)

where h is the dimensionless Hubble parameter such that H = h × 100 km/(s · Mpc).
Thus, the contribution of cold dark matter to the total energy content of the Universe is
Ωcdm ≈ 27%.

In addition from the CMB measurement, independent measurements of the cosmological
parameters can be performed with other observations.

1.1.3. Type Ia supernovae

Supernovae are the brightest astrophysical objects in the Universe and can therefore be
detected from large distances and allow to probe the early Universe. They are classified
according to their optical properties, namely their light curve and the absorption lines
observed in their energy spectrum. Among them, one type is of interest to determine
the properties of the Universe: the type Ia supernovae (SNe) have the characteristic that
their luminosity is approximatively the same from one supernova to the other. Thus,
they can be used as a ”standard candle”. The special feature of such supernova is that
they are mostly produced from a binary system made of one white dwarf and a star. A
white dwarf is a highly dense star remnant, whose mass is not high enough for oxygen
and carbon to be fused. As there is no undergoing fusion reactions, gravitational collapse
is not balanced by radiation pressure but by electron degeneracy pressure, leading to a
highly dense object. Due to its high density, the white dwarf in a binary system accretes
matter from its companion star. The maximum mass for which equilibrium can be ensured
is the so-called Chandrasekhar mass, which is approximatively equal to 1.4 solar masses.
Before reaching this mass, the pressure and density in the white dwarf are high enough for
the carbon to fuse. As the electron degeneracy pressure restricts contraction, a significant
portion of carbon fuses at once, leading to an explosion, which releases matter into the
interstellar medium. Thus, because of the specific mass and composition of the white
dwarf before its explosion, the optical properties of SNe are similar.
Knowing the absolute magnitude M , constraints on the cosmological parameters can be
set. Indeed, supernovae are so bright that they allow to measure their distances accurately
even at large redshifts. The measured distance can then be related to the expansion rate
of the Universe H ≡ ȧ/a. By measuring a large set of SNe distributed in a large region of
redshift z, the cosmological parameters can be measured by studying the distance-redshift
relation, as shown in fig. 1.3. This so-called Hubble diagram shows the size of the variation
in the apparent magnitude (smaller magnitudes represent brighter objects) for two surveys
of SNe at low and high redshifts [12]. As can be seen, SNe at high redshift deviate from
the expected Hubble’s law: the SNe appear further away than predicted. This observation
can be explained by an acceleration of the expansion of the Universe [13], [12].
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12 1. The case of dark matter

Figure 1.3. – Hubble diagram for 42 high-redshift type Ia supernovae from the Supernova
Cosmology Project (red markers) and 18 low-redshift type Ia supernovae from
the Calán/Tololo Supernova Survey (yellow markers). The dashed curves dis-
play the expected relation for a range of flat cosmological models. The middle
solid curve shows the expected relation as given by the Hubble law. The upper
panel shows the residual magnitude relative to an open universe. Extracted
from [12].

1.1.4. Big-Bang nucleosynthesis

The Big-Bang nucleosynthesis (BBN) predicts the primordial abundance of light elements
(D, 3He, 4He and 8Li) in the Universe [14]. It allows to derive the density of baryonic
matter Ωb with precision. Together with the measurements of the total matter density
Ωm from other probes, it gives a proof of the existence of a non-baryonic matter of density
Ωcdm = Ωm − Ωb. These abundances are essentially governed by the physics during the
first few minutes after the Big-Bang [15]. They notably depend on the baryon density as
well as on the neutron-to-proton ratio at the time when nuclear reactions took place. As
the Universe expands and thus the baryon density decreases, the baryon-to-photon ratio
ηB/ηγ is used.
For a temperature 1 T & 3 MeV, neutrinos interacted frequently enough so that neutrons
and protons were in thermal equilibrium via the reaction:

p+ e− ↔ n+ νe (1.10)

The neutron-to-proton ratio at equilibrium was then fixed by the temperature of the
Universe n/p = e−Q/T , with Q the mass difference between proton and neutron (Q =
1.293 MeV). As the Universe expanded and cooled down, the rate of inter-conversion of
protons to neutrons became smaller than the expansion rate: neutrinos decoupled from

1. With 1 eV/kB = 11605 K, where kB is the Boltzmann constant
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1.1. Observational evidences at cosmological scales 13

baryons and the n/p ratio was frozen to ' 1/6. Free neutrons were unstable until τ ' 15
min and underwent β decay n → p + e + ν̄e, leading to a drop of the neutron fraction
to ∼ 1/7 at the time nuclear reactions started. A few minutes after the Big-Bang, at
temperatures of T ' 0.03 MeV, the mean energy of the photons was low enough so that
the deuterium formed by fusion of a proton and a neutron was not dissociated anymore.
Heavier elements such as helium, tritium, lithium and beryllium were then formed until
they were no more free neutrons in the plasma. As there was no stable nucleus made of 5
or 8 nucleons, the Big-Bang nucleosynthesis only produced nuclei up to beryllium because
of the high Coulomb barrier that has to be overcome to fuse two heavier elements. The
main reactions occurring were D(p,γ)3He and 3He(D,p)4He, i.e. most neutrons were fused
into 4He. As the temperature dropped below ∼ 30 keV, at a time of ∼ 20 minutes after
the Big-Bang, the nuclear reactions stopped because the Coulomb barrier was too high to
overcome. The abundances of light elements froze-out at that point.
The photon density - and therefore the neutron-to-proton ratio - set the time and duration
of the nucleosynthesis. For a given photon density, a higher baryon density leads to a faster
rate of 4He fusion and therefore less D and 3He. As the photon density is determined with
high precision from the CMB, the expected abundance of light elements can be calculated.
The experimental determination of the light element abundances is not trivial, as there is
another contribution from stellar nucleosynthesis. Contrary to primordial nucleosyntehsis,
stellar nucleosynthesis also produces heavy elements such as carbon, nitrogen, oxygen and
iron. Therefore directions in the sky where a low metal abundance is measured are used to
determine the light element abundances with a minimum bias from stellar nucleosynthesis.
The predictions from the BBN as well as the measured abundances are shown in fig. 1.4.
The abundances are spanning over 9 orders of magnitude. An overall concordance between
measurements and the model predictions is seen when taking into account the statistical
and systematic uncertainties. The measured abundances of D and 4He from BBN and
CMB are in agreement but the measured abundance of 7Li is at least a factor 2 away
from the expected abundance. This disagreement might be a hint of new physics. From
this measurement, limits on the baryon content were set to 0.017 6 Ωbh

2 6 0.024 at 95%
C.L.. Knowing the overall matter density of Ωm ≈ 0.3, this shows that the Universe is
dominated by non-baryonic matter.
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14 1. The case of dark matter

Figure 1.4. – Predicted abundances of 4He, D, 3He and 7Li from the Big-Bang nucleosyn-
thesis (coloured bands) at 95% C.L.. The boxes indicate the observed light
element abundances, the smaller boxes showing the ±2σ statistical errors and
the larger boxes showing the ±2σ statistical and systematic errors. The narrow
vertical band indicates the CMB measurement of the cosmic baryon density
Ωbh

2 and the wider band indicates the BBN concordance range for Ωbh
2 (both

at 95% C.L.). Extracted from [15].
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1.2. Dark matter candidates 15

1.2. Dark matter candidates

The observational evidences for dark matter existence at various scales in the Universe
lead to the following conclusions on its properties:

— it has to be electrically uncharged, i.e. neutral

— it is mostly collision-less, i.e. interacts only weakly with itself and with baryonic
matter, as well as gravitationally

— it is dominantly non-baryonic

— it can be either cold or warm but not hot, i.e. it had to be non-relativistic at the
time of structure formation, as required from the structure formation at large scales

— it must be stable or at least long-lived compared to the age of the Universe, as its
gravitational effects are seen nowadays.

No particle of the standard model satisfies all of the above requirements, not even weakly-
interacting neutrinos, as they would constitute hot dark matter which can be ruled out
due to the observations regarding structure formation. Beyond the standard model, a zoo
of potential candidates for dark matter exists and is depicted in fig. 1.5. Some of these
particles were postulated to solve the dark matter problem itself, others emerged naturally
as a by-product of theories to solve problems in particle physics such as strong CP violation.
While each of them has interesting properties and would deserve a full description, the
focus of this work is given on the particle candidate, for the EDELWEISS-III experiment
was designed to search for.

Weakly Interacting Massive Particles (WIMPs) are a generic class of hypothetical particles
and a prominent candidate for dark matter. A possible production mechanism out of a
thermal equilibrium could explain both their number density, and their interaction rate
with normal matter and is therefore a strong indication for their existence [17]. In this
framework, WIMPs were in thermal equilibrium with the hot plasma of standard model
particles in the early Universe after inflation. WIMPs were created from SM-particles and
annihilated into SM-particles constantly, as long as the temperature was larger than their
rest mass, i.e. kBT > mWIMPc

2. The number density of all particles, including dark matter
particles, was therefore roughly equal to the photon density. As the universe expanded
and cooled, the number density of WIMPs nWIMP decreased together with the photon
density. As seen in section 1.1.1, the decrease of the matter number density is ∝ a−3,
and consequently ∝ T−3. Therefore the notion of comoving number density Y ≡ nDM/T 3

is commonly introduced to encounter for changes in nWIMP which are not induced by
a temperature change. Once the temperature of the Universe reached the mass of the
WIMPs, only high energy photons on the tail of the thermal distribution would produce
them. Therefore, the number density of WIMPs nWIMP dropped exponentially due to
the annihilation following nWIMP ∝ e−mWIMP/T . The WIMPs dropped out of thermal
equilibrium once the reaction rate became smaller than the Hubble expansion rate of the
Universe. After this so called freeze-out, the relic density is essentially constant, and can
be approximated by

ΩWIMPh
2 ' const · T 3

0

m3
planck · 〈σAv〉

' 0.1 pb · c
〈σAv〉

(1.11)

where T0 is the current temperature of the CMB, mplanck the Planck mass and c the
speed of light in vacuum. Thermal averaging is assumed for the product 〈σAv〉 of total
annihilation cross section σA for a pair of WIMPs into SM-particles and their relative
velocity v to each other. Almost independently of the properties of WIMPs, this freeze-
out would happen at a temperature of TF ' mWIMP/20 as shown in fig. 1.6. The resulting
relic density that is produced by such a process, is in good agreement with observations
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16 1. The case of dark matter

Figure 1.5. – Scattering cross-section of hypothetical dark matter particles with baryonic
matter versus the mass of the particle (both in logarithmic scales) for several
well-motivared candidates. The red, pink and blue colors represent hot dark
matter, warm DM and cold DM, respectively. Extracted from [7]

for dark matter. The intriguing fact, that this is the case for weak scale interactions as
expected for WIMPs, is referred to as the WIMP miracle.

A natural candidate for a WIMP would be a supersymetric (SUSY) particle. SUSY is
a theoretical extension of the standard model predicting for each SM-particle a heavier
SUSY superpartner with a spin differing by a half-integer. In the framework of the Minimal
Supersymmetric Standard Model (MSSM), an additional symmetry, called the R-parity,
is postulated such that (−1)R = (−1)3B−L+2S , with B the baryon number, L the lepton
number and S the spin number [18]. If this symmetry is preserved, the lightest superpar-
ticle (LSP) of R-parity (-1) would be a prime candidate, as its decay into SM-particles
of R-parity (+1) would be forbidden. The most promising candidate for the LSP on the
other hand, is the so called neutralino, which would be a linear combination of the four
SUSY particles bino, wino and higgsinos [4].

While the total dark matter density can be derived in the case of WIMPs with a simple
thermal freeze-out process, what is interesting for dark matter search is the local density.
That is the density in our solar ”neighborhood” coming from the distribution of dark
matter in our own galaxy. Observations of the rotation curves of stars around the galactic
center suggest that dark matter is distributed in galaxies in the form of a spherical halo.
This halo would be O(10) times more massive than the visible stars that it envelopes.
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1.3. Dark matter detection techniques and current status. 17

Figure 1.6. – Comoving number density Y (left) and resulting relic density (right) for a
100 GeV WIMP as a function of temperature T (bottom) and time t (top).
The black line is for an annihilation cross section giving the measured relic
density of dark matter, while coloured bands give the uncertainty for cross
section differing by a factor of 10, 102 and 103. Extracted from [16].

The density of dark matter is expected to decrease with distance from the center. A
commonly used model to describe the spacial mass distribution of dark matter halos is the
Navarro-Frenk-White (NFW) profile[19], based on N-body simulations of cold dark matter
particles:

ρ(r) =
ρ0

r
Rs

(
1 + r

Rs

)2 (1.12)

where the density ρ0 and the scale radius Rs are parameters which vary from halo to
halo. The local dark matter density at the distance of the sun to the galactic center was
calculated to be

ρlocal
DM = 0.39± 0.03 GeV cm−3 (1.13)

for two different parametrizations of the dark halo density profile[20].

1.3. Dark matter detection techniques and current status.

There are three main ways to detect dark matter, as pictured in fig. 1.7: dark matter can
be produced at colliders by the collision of two standard model particles. It can be detected
indirectly, by measuring the standard model particles produced in the annihilation of two
dark matter particles. Lastly, it can be detected directly by measuring the recoil energy
induced by a dark matter particle scattering on a detector. All three detection strategies
will be reviewed briefly in the following.
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18 1. The case of dark matter

Figure 1.7. – Schematic summarizing the detection principles of dark matter. SM parti-
cle and W refers to as standard model particles and dark matter particles,
respectively.

1.3.1. Production at colliders

High energy colliders, such as the Large Hadron Collider at CERN, can produce heavier
particles beyond the standard model such as dark matter (DM) particles, and eventually
detect them. The advantage of collider experiments in comparison to other DM detection
techniques is that their sensitivity to low mass DM is not limited and the results are in-
dependent of unknown astrophysical parameters [21]. In addition, they provide a higher
sensitivity to spin-dependent interactions.
Many theoretical models developed to solve limitations of the standard model provide a
natural DM candidate which can be searched for at collider experiments. The most pop-
ular class of models is SuperSymmetry (SUSY), providing an extension of the standard
model by introducing a new symmetry between spin 1/2 fermions and integer spin bosons.
Several candidates for DM are provided by the minimal supersymmetric model (MSSSM).
The most motivated one is the lightest stable SUSY particle (LSP).
The main process generating DM is the direct production of a SUSY particle by the colli-
sion of two standard model particles, which then decays in the LSP. As DM is by definition
weakly interacting, it cannot be directly detected, in the same way as the neutrino which
thus becomes a background for DM search at colliders. The characteristic signature is
therefore missing energy. At LHC, only the missing transverse energy can be used, as the
longitudinal momentum fractions of the partons in the incoming hadrons are not known
[22]. What can be detected is radiation, e.g. a photon, a gluon or a weak gauge boson Z
and W, emitted either in the initial or in the final state, together with missing transverse
energy. Events with a single particle jet of high transverse energy and a large missing
transverse energy, referred to as monojets, are used to search for dark matter. DM candi-
dates such as the LSP can also be produced by the decay of heavier non-standard particles
into DM and jets.
In order to interpret the results independently from a specific model, the analysis of mono-
jets is performed in the general framework of the effective field theory. The interaction of
DM with standard model particles is then modelled with only two parameters, the mass
of the DM particle, and the so-called suppression scale related to the mass of the mediator
particle and therefore to the coupling between the two particles.
As of now, no excess of events has been measured in the monojet searches at LHC and
exclusion limits could be set on the coupling between DM and standard model particles.
In addition, no hints of SUSY were found at collider experiments.
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1.3.2. Indirect detection

If dark matter particles are of Majorana type, i.e. their own anti-particle, they can anni-
hilate into standard model particles. The principle of indirect DM detection is to measure
the products of this self-annihilation or their interaction with matter [22, 23]. As the an-
nihilation rate is proportional to the square of the DM density, the probability to detect
the annihilation products is enhanced in region with large density. DM particles are no-
tably trapped in high gravitational potential regions, and even slowed down in very dense
objects. The potential targets range from large scale structures such as galactic haloes,
substructures e.g. dwarf galaxies or massive objects such as the Sun or the Earth. Thus,
indirect DM detection experiments are more sensitive to the astrophysical properties of
DM such as its distribution. The limits on the DM mass and annihilation cross-section
are therefore significantly depending on the considered model.
Indirect dark matter experiments are either ground-based or located in space and can be
distinguished according to the type of annihilation products they can measure, i.e. neu-
trinos, gamma-rays, or anti-particles (positrons, anti-protons and anti-nuclei). Photons
and neutrinos are particularly useful as they allow to probe over-dense regions with low
luminosity and thus limit the contribution from background.
Gamma-rays are particularly adequate to probe the existence of DM as they do not loose
their directionality while crossing extragalactic distances. They can be produced by sec-
ondary interactions of the annihilation products of two DM particles, which gives a con-
tinuous energy spectrum. They can also be produced directly in the annihilation, giving
mono-energetic photons appearing as a clear line in the detectors, easily distinguishable
from the continuum backgrounds. A limitation to the observation of such line comes from
foregrounds and backgrounds which should be precisely estimated, before a potential signal
can be extracted. Several times in the past, an excess of γ-rays, which could be interpreted
as a signal for DM annihilation, has been measured.
As for charged particles, they are diffused in the galactic magnetic field and therefore
require good modelling. Positrons annihilate with electrons of the interstellar medium,
giving rise to an emission line at 511 keV. However, this detection channel is limited by
large background due to the e+ production by β-decay of unstable isotopes.
In the photon channel, two potential signals are often discussed. Data from the FER-
MI/LAT satellite shows an excess around 2 GeV in a search region around the galactic
center, after the contributions of all known point sources have been subtracted. This ex-
cess is compatible with various DM models and DM masses of the order of tens of GeV
[24]. However, the statistical significance of this signal varies from one analysis to the
other. The favoured hypothesis to explain this signal is the presence of unsolved sources
at the very center of the galaxies, whose contribution is not fully subtracted.
Another excess in the photon channel was found by an independent analysis of the public
FERMI data. A line from DM annihilation into 2 γ-rays was measured at 130 GeV. The
subsequent analysis performed by the FERMI collaboration led to a statistical significance
of the excess of only 1.5σ [24]. In addition, the width of the line was found to be smaller
than the expected resolution.
The highest statistics results in the antimatter channel have been extracted from the
space experiment AMS-02 [25], which is on the international space station. It confirmed
the excess in the positron-to-electron fraction Ne+/(Ne− +Ne+) of cosmic rays previously
reported by the PAMELA experiment [26], rising from 8 to 275 GeV. The origin of this
excess can be constrained using the measured energy spectrum. If this excess would be
induced by DM annihilation, a sharp cut-off would be expected at an energy corresponding
to the mass of the DM particle. In addition, a similar rise would be seen in the anti-proton
channel, which has not been measured. Therefore the dark matter hypothesis to explain
this signal is unfavoured. However, a clear origin was not found yet but it could be ex-
plained by one or several local pulsars.
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20 1. The case of dark matter

Figure 1.8. – Overview of different direct detection experiments in the parameter space
of spin-independent WIMP-nucleon cross section versus WIMP mass. Solid
curves give 90% C.L. exclusion limits of performed dark matter searches, while
dashed lines are projections of future experiment. Signal regions of dark mat-
ter claims are in coloured contours. Delimiting the parameter space is the
neutrino-floor, where signals from coherent scattering of solar and atmospheric
neutrinos could not be distinguished from a dark matter signal without addi-
tional directional information. Possible regions predicted by theoretical models
are shown as semi-transparent contours. Extracted from [22].

1.3.3. Direct detection

Direct detection of dark matter is attempted in laboratory-based experiments on Earth.
The goal of such experiments is to detect the scattering of a dark matter particle in a
detector. In the following, the discussion is focused on the direct detection of WIMPs.
As the solar system -and therefore the Earth- is moving through the dark matter halo in
which the Milky Way is embedded, a WIMP flux is passing through every object constantly.
Due to the extremely small scattering cross-section, the interaction rate is expected to
be smaller than 1 event per 100 kg per year, much lower than the usual backgrounds
from radioactivity. Therefore, direct dark matter detection experiments are generally
located in deep underground laboratories to shield the detectors from cosmic-rays, and
notably from cosmic muons. In addition, successive thick layers of shielding are used to
reduce background from radioactivity originating from outside the detectors, and a careful
selection of radio-pure materials making up the close vicinity of the detectors is performed.
The control of the various backgrounds is the prime difficulty for direct dark matter search,
as will be illustrated in the case of the EDELWEISS experiment in chapter 2.
The differential rate of nuclear recoils in a detector is proportional to the WIMP flux,
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the interaction probability with a nucleus and the number of target nuclei exposed to the
WIMP flux following [27]:

dR

dErec
= NT

ρW
mW

∫
dvf(v)

dσ

dErec
(v,Erec) (1.14)

with NT the number of target nuclei per unit of mass; mW and ρW the mass and mass
density of the WIMP, respectively; Erec the recoil energy and f(v) the normalized WIMP
velocity distribution. In the most simple models, the velocity distribution is described by
a Maxwell-Boltzmann distribution cut off at the escape velocity for which WIMPs can
leave the gravitational pull of the halo. From the unknown interaction cross section σ0 of
the WIMP, the differential scattering cross section for a dark matter particle on a nucleon
of mass mN can be calculated as follows:

dσ

dErec
=

σ0

Emaxrec

F 2(q) (1.15)

where F (q) is the nuclear form factor and q the momentum transfer q =
√

2mNErec and
Emaxrec is the maximum energy transferred.
The scattering process can be of different types: elastic or inelastic, coherent or incoherent
and, in the latter case, can dependent on the spin. Concerning the coherence, the con-
tribution of each nucleon making up a target nucleus has to be considered to derive the
WIMP-nucleus scattering. If the De Broglie wavelength of the WIMP is larger than the
diameter of the nucleus, the amplitudes of all nucleons add up coherently. Consequently,
the scattering amplitude is proportional to the number of nucleons A and the differential
rate to A2. On the contrary, if the wavelength is at the scale of the nucleus or below, wave
functions interfere and partially cancel. The computations of the scattering cross section
has to take into account constructive and destructive interferences from the individual
WIMP-nucleon scattering amplitudes.
The elastic scattering of the dark matter particle on a nucleus leads to a recoil energy in
the keV range, which can be discriminated from electronic recoils by a double measure-
ment of the energy deposit. An inelastic scattering leads to a nuclear recoil but leaves
the nucleus in an low-energy excited state and is therefore followed ∼ 1 ns later by the
emission of a decay photon in the range (10 − 100) keV [28]. The neutron and the γ are
both contributing to the total measured energy as both signatures cannot be distinguished,
making the discrimination difficult or even impossible.
In addition, WIMPs can couple differently to standard matter: either via a scalar cur-
rent leading to a spin-independent interaction, or via an axial-vector current leading to a
spin-dependent interaction. In the latter case, the interaction cross-section results from
the coupling to the total spin J of the target nucleus. As the interaction amplitudes of
opposite spins interfere destructively and cancel out, only unpaired spin contribute at first
order to the interaction cross section. There is no A2 enhancement of the cross section as
seen in the spin-independent case. Thus, heavy nuclei are not more suited to search for
spin-dependent interacting dark matter. As neutrons and protons of the target might con-
tribute differently to the total spin depending on the dark matter model, spin-dependent
cross section are given considering only the coupling for one or the other [29]. Target
nuclei with an odd number of neutrons or protons are needed in order to search for spin-
dependent interactions. Light nuclei are favoured in order to maximize the nuclear spin
per unit of mass, which is maximized in the case of 19F and 7Li.

Bolometric detectors

Bolometric detectors measure the energy deposited from a particle recoil via the rise of
temperature in an absorber in the form of phonons. If kept at cryogenic conditions, the
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22 1. The case of dark matter

increase of temperature is on the order of µK per keV of a particle recoil. Different tech-
nologies are used to measure this temperature increase, such as Neutron Transmutation
Doped (NTD) Ge-sensors, but also Transition Edge Sensor (TES) thermometers. Exper-
iments such as CDMS and EDELWEISS use Ge and Si-crystals as bolometers, materials
which are semi-conductors. A particle recoil thus creates charge carriers as well, which
are quenched depending on the recoil type and can thus be used for discrimination. The
working principle of the EDELWEISS Ge-bolometers will be explained in more detail in
section 2.

Crystal scintillators

Scintillation experiments, such as DAMA [30], rely on the measurement of the scintillation
light produced by a recoiling WIMP in a detector, read out by a photomultiplier or, after
transformation into phonons, a heat sensor (as is the case for the CRESST experiment
[31]). A partial discrimination between electronic and nuclear recoils can be achieved by
pulse shape analysis of the scintillation pulse. The DAMA experiment however does not
use the capacity to discriminate between electron and nuclear recoils. It was thus designed
to search for the expected annual modulation of the WIMP signal induced by the Earth’s
rotation around the Sun. Such a modulation has been observed for more than a decade
and interpreted as dark matter, claiming a signal (see fig. 1.8). However, the parameter
space for the possible signal(s) has been excluded for several years now by a multitude
of other direct detection experiments and different theories have been brought forward to
explain the modulation signal with a different origin.

Noble liquids

Detectors based on noble liquids are often designed as time projection chambers with both
a liquid and a gaseous phase, allowing the discrimination between nuclear and electronic
recoils. Such detectors have several advantages: first, the target material is itself a shield
against external radioactivity and enables the selection of an inner volume where the
contribution from external radioactivity is small or negligible. This is particularly true
in the case of xenon, as its atomic number Z = 54 is high. In addition, noble liquids
have a low intrinsic background and can be efficiently purified from radio-isotopes. In
the case of xenon, its high mass number A ∼ 131 makes it efficient to search for spin-
independent scatterings, while isotopes with an unpaired nucleon allow to also search for
spin-dependent scattering. The technology based on noble liquids is comparably easy to
scale to larger detector mass. Experiments based on xenon are currently providing the
most sensitive limit on the WIMP-nucleon cross section. Leading exclusion limits in direct
dark matter detection come from the LUX experiment (see fig. 1.8). Other experiments
with this technology are DarkSide (based on argon), XMASS (which uses only a single
phase medium) and the XENON-1T experiment, which is currently in the final phase of
construction.

The current limits of these experiments are given in fig. 1.8. Over the past years, several
experiments have observed an excess of events, which could be interpreted as a signal.
However, these signal claims are in strong disagreement with exclusion limits set by com-
peting experiment or even the successor experiments themselves.
The following chapter focuses on the EDELWEISS-III experiment, and the working prin-
ciple of the Ge-bolometers used to search for dark matter via heat and ionization signal
measurements.
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2. Dark matter detection with the
EDELWEISS-III experiment

The goal of the EDELWEISS experiment is to detect the scattering of WIMPs from the
galactic halo on a Germanium nucleus in the detectors. As all extremely rare event
searches, the main challenge is to distinguish a potential WIMP signal from recoils in-
duced by natural radioactivity and cosmic rays. Therefore both passive and active back-
ground rejection techniques are used and described in section 2.1. First, the background
level reaching the detectors is reduced using successive layers of shielding. The remaining
background interacting in the detectors can be mostly rejected by discriminating nuclear
recoils from electronic recoils using a detector technology based on double measurements
of the energy deposit.
In order to achieve the EDELWEISS-III original goal to probe WIMP-nucleon cross sec-
tions down to 10−9 pb with 12000 kg·days exposure (for which background should start to
appear), many upgrades were made to reduce the backgrounds measured in the second
phase of the experiment. In addition, the detector performance at low energy was im-
proved in order to increase the sensitivity to low mass WIMPs, which are motivated by
the absence of SUSY hints at LHC, cosmological observations and new theories as shown
in chapter 1. These improvements and their outcome will be detailed in section 2.2.

2.1. The EDELWEISS-III experiment

2.1.1. Experimental setup

In order to reduce the cosmic muon flux reaching the experiment, EDELWEISS is operated
in the Fréjus tunnel in the Alpes. It is located in the deepest active underground labora-
tory in Europe called Laboratoire Souterrain de Modane (LSM). Muons are particularly
dangerous for dark matter search as they induce high energy neutrons in the surrounding
rock or the materials of the experiment, mostly in high density materials such as the lead
shield. These neutrons can interact in the bolometers via nuclear recoils and mimic a
WIMP interaction. The mean rock thickness of 1780 m (equivalent to a water overburden
of 4800 m w.e.) allows to reduce the cosmic muon flux by more than a factor 106, down to
5 muons/m2/day [32]. Remaining muons going through the experiment are tagged using
an active muon veto system (µ-veto) surrounding the whole experimental setup (green
panels in fig. 2.1, more details will be given in section 3.2.1). Muon-induced events in the
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24 2. Dark matter detection with the EDELWEISS-III experiment

Figure 2.1. – Schematic view of the EDELWEISS-III setup showing in the center the cryo-
stat hosting the germanium bolometers, surrounded by passive lead (Pb) and
polyethylene (PE) shields and an active muon veto in order to protect the
detectors from various backgrounds.

Ge detectors can therefore be rejected by a precise time analysis of coincidences with the
µ-veto (see chapter 5). With the 46 modules of plastic scintillator covering a surface of
100 m2, a geometric coverage of ' 98% for through-going muons is achieved [33]. The
determination of the muon detection efficiency in EDELWEISS-III is a key point of this
thesis and will be discussed in chapters 4 and 5.
A polyethylene (PE) shield of at least 50 cm thickness follows the µ-veto. It is used to
capture or at least moderate radiogenic neutrons from natural radioactivity present in the
cavern rock and materials of the experiment [34]. The neutron flux in the LSM cavern
below 4 MeV is dominated by spontaneous fission and (α,n) reactions of 238U, 232Th and
their daughters (U/Th natural decay chains can be found in appendix A) present in the
rock and concrete. The activities in 238U and 232Th have been measured to be respectively
of (1.9±0.2) ppm and (1.4±0.2) ppm in the rock and of (0.84±0.2) ppm and (2.45±0.2) ppm
in the concrete [35]. However, a factor 2.3 higher concentrations are required to fit the
neutron flux measurements performed in the vicinity of the EDELWEISS experiment and
detailed in [35]. This could be explained by an inhomogeneous rock composition, later
demonstrated in [36]. Using a proportional counter filled with 3He, studies of the flux
variation day by day and at various locations in the underground laboratory have been
performed [36]. It has been shown that the point-to-point thermal neutron flux varies by
more than a factor of two depending on the location inside the laboratory. The averaged
4π thermal neutron flux in the vicinity of the EDELWEISS experiment, outside the shields,
has been measured to be Φ = (3.57±0.05 (stat)±0.27 (sys))×10−6 neutrons/sec/cm2. The
PE castle reduces this neutron flux by 5 to 6 orders of magnitude [34]. The fast neutron
flux above 1 MeV outside the shields was evaluated to be of Φ = (1.1± 0.1 (stat))× 10−6

neutrons/sec/cm2 [37]. Only fast neutrons affect the sensitivity for dark matter search as
they produce recoils of similar energy than expected from WIMPs.

24



2.1. The EDELWEISS-III experiment 25

Figure 2.2. – Picture of the experimental setup with on the left and right the opened external
PE and Pb shields and at the center, the cryostat and the 300 K electronics
(bolometer boxes).

The inner part of the shielding is a 20 cm thick lead shield of 40 tonnes used to suppress
ambient γ background. Lead itself contains the long-lived radioactive isotopes 210Pb, 238U
and 232Th. Therefore the innermost 2 cm of the lead shield are made of Roman lead from
a sunken galley [38]. As the half-life of 210Pb is T1/2 = 22.3 years, its activity in 210Pb is
reduced by two order of magnitudes to less than 120 mBq/kg.
The upper part of the µ-veto as well as the PE and lead shields are located in a clean
room (class 10000) to avoid contamination from dust. They are mounted on a mild steel
structure with rails, which allows the opening of the shields in halves to access the cryostat
(as illustrated in fig. 2.2).
Another significant source of background arises from the radon isotope 222Rn. This ra-
dioactive gas with a half-life T1/2 = 3.8 days is a decay product of 238U present in the rock
and the contaminated materials. The radon level is controlled in the whole laboratory and
in the EDELWEISS clean room. By renewing the whole air on a daily basis, the radon
level is of ∼ 20 Bq/m3 in the laboratory and of ∼ 10 Bq/m3 in the EDELWEISS clean
room. The empty space between the lead shield and the outermost thermal screen of the
cryostat is flushed with radon depleted air with a residual activity less than 20 mBq/m3.
Thanks to these shields, the contribution from external background becomes negligible.
Materials inside the shields have been carefully selected by systematic radiopurity mea-
surements in order to minimize their contribution to the background.
The bolometers are installed in a home-designed reversed dilution cryostat with an effec-

tive volume of ∼ 50 l built with selected low-radioactivity materials. Its inverted geometry
makes the access to the detectors easier and decouples them from mechanical vibrations
induced by the cryogenic pumps (see fig. 2.2). This cryostat can be operated down to
10 mK with temperature fluctuations of ±10µK. It is enclosed by 5 consecutive thermal
screens at 10 mK, 1 K, 4 K, 40 K and 300 K. The experimental volume on top of the cryo-
stat is made of 4 copper plates to hold the bolometers, which are arranged in towers.
Each bolometer is fully surrounded by a copper casing to protect it from infrared radia-
tion and is held by Teflon clamps. Connection to the cold electronics at the bottom of
the cryostat (100 K stage) is made with in-house developed Kapton cables [39]. The cold
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26 2. Dark matter detection with the EDELWEISS-III experiment

electronics consists of Field Effect Transistors (FET) to pre-amplify the signals. The prox-
imity of these highly contaminated materials with the bolometers is needed to minimize
the electromagnetic noise. In addition, the cable length between the bolometers and the
amplification is shorter, which minimizes the signal loss due to parasitic capacitance.
The signal post-amplification and digitization as well as the control of the cold electronics is
done at room temperature by multi-channel electronics called bolometer boxes (see fig. 2.2).
The digitized data stream is then sent to the network via optical fibres to the acquisition
computers. A dedicated acquisition software controls the acquisition and incorporates the
filtering and triggering algorithms to detect and store events.

2.1.2. Working principle of the Ge bolometers

The EDELWEISS detectors are bolometers made of high-purity germanium mono-crystals.
They are covered by concentric aluminium ring electrodes and equipped with two Neutron
Transmutation Doped (NTD) Ge sensors used as thermistors. First, it will be shown
how the simultaneous measurement of heat and ionization signals makes it possible to
distinguish on an event-by-event basis electronic recoils (induced by γ’s or β’s) from nuclear
recoils (induced by WIMPs or neutrons). Afterwards follows a discussion on the electrode
configuration. It allows to reject surface events which, due to incomplete charge collection,
can be mistaken for nuclear recoils.

2.1.2.1. Discrimination of the recoil type

Ionization measurement

Germanium is a semi-conductor which exhibits one of the lowest band gap energy of
0.67 eV at 300 K. Only 2.96 eV are needed in average to create a pair of charge carriers
[40], making the conversion of an energy deposit highly efficient. By applying a bias voltage
to the surface electrodes, the created electron/hole pairs are drifted across the bolometer
and collected. The density of charged impurities in the crystal is therefore kept to less
than 1010 per cm3 to minimize charge trapping, which is a leading factor for the worsening
of the energy resolution and detector threshold.
The measured ionization signal following an energy deposit by a particle p is proportional
to the number of charge carriers Np induced by the particle:

Epion = εcNp (2.1)

with εc being the calibration coefficient. The advantage of the ionization measurement is
that the number of charge carriers induced by a recoil energy Erec depends on the recoil
type:

Np =
Erec

εp
(2.2)

with εp the energy deposit required from a particle p to create an electron/hole pair [41].
While γ’s and β’s scatter off electrons, WIMPs and neutrons scatter off nuclei. Therefore
an average energy of εγ = 3 eV is needed for an electronic recoil to produce a pair of
charge carrier whereas an average of εn = 9 eV is required for a nuclear recoil. More
generally, this ionization quenching Q depends on the contribution from the electronic and
nuclear stopping powers with the energy. A semi-empirical parametrization of Q(Erec) was
deduced by Lindhard from the study of energy losses of low energy ionizing particles in
matter, including screening effects from electrons [42, 43].
The ionization energy measured for an electron recoil (Eγion) and a nuclear recoil (Enion)

26



2.1. The EDELWEISS-III experiment 27

can then be written as:

Eγion = εcNγ = εc
Erec

εγ
= QγErec (2.3)

Enion = εcNn = εc
Erec

εn
= QnErec (2.4)

The calibration coefficient εc is determined from γ calibration data obtained with a ra-
dioactive 133Ba source. It produces γ’s from 53 keV up to 384 keV energy, with a main
contribution at 356 keV (62%). At these energies, γ’s mostly deposit energy via photo-
electric effect, leading to recognizable photopeaks in the energy spectrum, which are used
for the energy calibration. A usual practice is to rescale the calibration coefficient so that
〈Qγ〉 = 1. Consequently, the average ionization quenching of a nuclear recoil Qn for Erec

in keV can be written:
〈Qn〉 =

εγ
εn
∼ 0.3 (2.5)

In EDELWEISS, the energy dependence of the neutron quenching factor was determined
by a fit to the neutron calibration data [44] and gives good agreement with the Lindhard
theory:

〈Qn〉 = 0.16 · Erec
0.18 (2.6)

Heat measurement

The measurement of the energy deposit using the temperature rise allows to probe the full
energy of an interaction regardless of the recoil type. The principle of the bolometer is used
to measure heat: the Ge crystal is the absorbing element coupled with a resistive sensor and
connected by a thermal link (gold wires between the detector and the casing) to a thermal
reservoir (the cryostat). A particle interaction within the crystal induces vibrations of the
lattice, described in quantum mechanics as quasiparticles called phonons. The phonon
signal corresponding to the temperature rise is measured via the change of resistance in
two NTD Ge sensors glued on the top and bottom surfaces of the crystal. The fastest
thermal sensors, based on Transition Edge Sensors (TES) technology, are able to measure
non-equilibrium phonons and therefore allow eventually to reconstruct the position of the
energy deposits. This technology is notably used in the CDMS collaboration to reject
surface events suffering from incomplete charge collection [45]. As for the EDELWEISS
thermal sensors, they are made to measure thermalized phonons, for which the signal
amplitude is proportional to the heat increase. The small temperature rise ∆T following
an energy deposit Erec can be written as [46]:

∆T =
Erec

C(T )
(2.7)

with C(T ) being the combined heat capacity of the germanium crystal and the NTD
sensors. To optimize the detection efficiency of low energy deposits, the combined heat ca-
pacity of the Ge bolometer and thermometers should be as low as possible. At low temper-
atures, the heat capacity of the germanium crystal follows the Debye law i.e. C(T ) ∝ ( T

TD
)3

with TD being the Debye temperature (TD ∼ 360 K for germanium). As for the NTD sen-
sors and the glue, they have an equivalent contribution to the heat capacity despite their
small contribution to the total mass.
NTD sensors are produced by irradiation of a Ge wafer with a high neutron flux from a
nuclear reactor in order to dope it p-type. This is done via capture of thermal neutrons
by 70Ge, 74Ge and 76Ge isotopes which decay with short life-times to both donors and
acceptors (Ga, As and Se) [47]. Therefore the exposition to the neutron flux should be
carefully controlled depending on the isotopic composition of the Ge wafer in order to ob-
tain a thermal sensor with good conducting performance. Moreover, high energy neutrons
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from the reactor can damage the lattice structure of the crystal, leading to a loss of the
number of charge carriers available [48]. However, this method has the advantage of giving
a uniform doping for large pieces as the neutron mean free path in Ge is O(cm).
In EDELWEISS, the Ge wafer is then cut in rectangular pieces of ∼ 7 mm3 which are glued
on the crystal. They are designed to have a similar heat capacity as the detector. The
electrons are able to hop between the valence and the conduction bands via intermediate
energy levels due to impurities, allowing the conduction. However the conduction is highly
dependent on the electron temperature: the NTDs are operated in the resistive transition
where the dependence of the resistance R with temperature T is given by [46]:

R = R0 exp

√
T0

T
(2.8)

with R0 (few Ω) and T0 (few Kelvins) being characteristic for the NTD type and production
process. At an operating temperature of 20 mK, the resistance is a few MΩ. The NTDs
are biased with a constant current and the change of resistance is obtained by measuring
the change of voltage of ∼ 50 nV. The bolometer then slowly returns to its equilibrium
state with a time constant of (100-500) ms as it is weakly coupled to the cryostat thermal
bath via thin gold wires.
It should be noted that the measured heat energy does not give directly access to the
recoil energy. There is an additional contribution to the measured heat from scattering
of the drifted charge carriers on the crystal electrons. This phenomenon is known as the
Luke-Neganov signal amplification [49, 50]. Thus, the total heat energy Etot measured by
the NTD sensors is equal to:

Etot = Erec + ELuke where ELuke = N · e · V (2.9)

with N the number of charge carriers, e the fundamental charge and V the voltage applied
between the upper and lower collecting electrodes evaporated on the detector. It was
shown (eq. 2.2) that N can be expressed as a function of the recoil energy and the average
energy to create an electron/hole pair. Re-normalizing εp to contain the elementary charge
e, the Luke-Neganov energy can be written as:

ELuke =
Erec V

εp
(2.10)

Using the ionization quenching Q introduced in eq. 2.5, the energies measured via the heat
channel for an electron recoil (Eγtot) and for a nuclear recoil (Entot) are respectively:

Eγtot = Erec

(
1 +

V

εγ

)
(2.11)

Entot = Erec

(
1 +

Q× V
εγ

)
(2.12)

In practice, the total energy measured in heat is re-scaled by calibration so that, for a γ,
the measured heat energy is equal to the recoil energy, leading to:

Eγheat = Erec (2.13)

Enheat = Erec

(
1 +Q V

εγ

1 + V
εγ

)
(2.14)

Conclusion on the double measurement

To summarize, by combining eq. 2.4 and eq. 2.14, the double measurement of the energy
deposit via heat and ionization provides the recoil energy and the recoil type via the
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estimation of the ionization yield Q:

Erec = Eheat (1 +
V

εγ
)− Eion

V

εγ
(2.15)

Q =
Eion

Erec
(2.16)

The electronic recoil discrimination power of the detectors is illustrated in fig. 2.3. It
shows the ionization yield Q versus the recoil energy Erec for neutron calibration data,
obtained using an AmBe source. This source emits neutrons up to 11 MeV, inducing
nuclear recoils which appear gaussian distributed around 〈Q〉 ∼ 0.3. It emits also high-
energy γ’s at 4.4 MeV which loose energy via Compton scattering on the electrons, leading
to the population of events gaussian distributed around 〈Q〉 = 1. Events between the
electronic and nuclear recoil bands arise from the inelastic scattering of a neutron on a
73Ge isotope, which is brought in its first (13.3 keV) or second (66.8 keV) excited state.
Both states are short-lived (T1/2 = 2.95µs and T1/2 = 0.49 s respectively) and decay by
emitting a γ, which can be measured in coincidence with a neutron from the AmBe source.
The resulting measured quenching is the weighting of the neutron and γ contribution to
the total energy deposit.

Figure 2.3. – Ionization yield versus recoil energy for a large statistics of events of a neutron
calibration using an AmBe source. The red band represents the 90% C.L.
nuclear recoil band. The solid and dashed blue lines delimit respectively the
90% and 99% electronic recoil bands. See text for more details.

2.1.2.2. Discrimination of surface events

Events occurring in the first 20-100µm underneath the electrodes (mostly from β’s or X-
rays) suffer from a deficit in charge collection which degrades the discrimination efficiency
[51]. Indeed, charges are trapped and recombined in the electrodes because of the electric
field screening induced by mobile charge carriers. In conventional detectors, the surface is
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30 2. Dark matter detection with the EDELWEISS-III experiment

passivated using a slightly doped amorphous layer of Ge or Si. In cryogenic detectors, the
addition of a passive layer over a thickness of several hundreds of µm is not acceptable as
it induces a large additional heat capacity [52]. Nevertheless, deposition of a thin layer of
the order of 10µm [53] just underneath the aluminium electrodes still leads to a strong
passive rejection, even if surface events are not completely suppressed. The physics behind
these structures is not yet known with certainty but one of the common hypotheses is that
the amorphous layer of Ge/Si introduces a potential barrier as its effective band gap is
nearly twice as large as the band gap of the Ge from the bulk [54]. Thus, the free charge
carriers are not lost by diffusion to the electrodes, but are reflected by this blocking layer
and driven across the detector by the electric field.
Different strategies have been developed to discriminate the remaining surface events.
The CDMS collaboration is using non-equilibrium phonons to reconstruct the position
of the interaction [45]. An alternative solution has been chosen within the EDELWEISS
collaboration [55] based on the co-planar grid technique for event localization [56],[57].
The concentric electrodes, which can be seen in fig. 2.4 left, are alternatively biased and
connected by ultra-sonic bonding. Electrodes A and B on the upper part of the detector
(fig. 2.4, right) are biased with −1.5 V and +4 V respectively, whereas the electrodes C
and D from the bottom part are biased with +1.5 V and −4 V. The calculation of field
lines shows different volumes of the detector where the charge collection differs (fig. 2.4,
right): a fiducial volume for which the charge collection is complete and a surface volume
for which it may not. The electric field lines in the bulk are perpendicular to the detector
surface and charges are drifted to the electrodes with the highest bias, namely B and D,
at the top and bottom of the detector. These electrodes are therefore called fiducial or
collecting electrodes. At the surface, the field lines are parallel to the detector surface and
charges are drifted to both electrodes on one side, namely (A and B) or (C and D). As
a surface event can suffer from incomplete charge collection, events with a signal on the
veto electrodes (A and C) are rejected.

Figure 2.4. – Left: Photo of a FID800 detector with concentric ring electrodes and one of
the two NTD sensors glued on the top surface. Right: Simulation of the
electric field lines for a cross section of a FID800 detector from r = 0 to
r = rmax. The color code indicates the electric potential, the electric field lines
being drawn in black. Charges induced by fiducial events are collected by the
B and D electrodes only, whereas charges induced by surface events are partly
collected by at least one of the veto electrodes A and C.

2.1.3. Acquisition of WIMP search data with EDELWEISS-III

In the framework of this thesis, the WIMP search data taken during the cryogenic cool-
down labelled Run308 is studied. The configuration of this run as well as the data pro-
cessing will be introduced in the following.
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2.1.3.1. Configuration of Run308

During the Run308, 36 FID detectors as well as 3 ZnMoO detectors from the LUMINEU
collaboration [58] were installed in the EDELWEISS cryostat. Due to a technical defect of
part of the cabling, 24 FIDs were actually cabled and readout. The arrangement of these
24 bolometers in the cryostat towers is shown in fig. 2.5. The detectors with read-out are
installed in 6 towers, containing 4 bolometers each. Note that the number of bolometers as
well as the geometry and the compactness of the array significantly influence the multiplic-
ity of µ-induced events and thus the µ-induced background for dark matter search. Some
detectors could not be used for dark matter search due to specific problems (see chapter
6) but all could be used to determine the multiplicity of an event and thus reject single
events more efficiently. Three independent Mac computers of the DAQ system labelled S1,
S2 and S3 are used to control and store the data of 8, 4 and 12 bolometers respectively
(see color code in fig. 2.5).
The Run308 started the 22nd of July 2014 and ended the 3rd of April 2015. During that
time, data taking was focused on WIMP search, with frequent calibrations and several tests
in between as shown in fig. 2.6. Gamma calibration were regularly performed with a 133Ba
source to monitor the energy calibration and the γ rejection performance over time. One
neutron calibration of 3.2 days was performed to cross-check the empirical parametrization
of the nuclear recoil band (see eq. 2.6). In addition, some tests were performed to improve
the bolometer performance or for R&D purposes. The WIMP search data was used to
search for both standard mass and low mass WIMPs. The results of these analyses are
summarized in chapter 6, when the expected µ-induced background is discussed. From
the 5th of January 2015, once the performance of the detectors and the background level
had been checked, the data was blinded for the standard WIMP analysis: single nuclear
recoils in the region of interest (ROI), which could be induced by WIMPs, were excluded
from the data set. The low mass analysis is a fully-blind analysis as side bands were used
to estimate the background.

Figure 2.5. – Configuration of the 24 readout EDELWEISS FIDs and the 3 LUMINEU Zn-
MoO detectors (orange) during the Run308. The color code indicates by which
acquisition Mac each bolometer is readout.
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Figure 2.6. – Accumulated live-time versus the number of days accumulated since the 22nd

of July 2014.

2.1.3.2. Triggering and data processing

Both triggering and processing of the bolometer data are optimized for low energy nuclear
recoils expected from WIMPs. The DAQ system is therefore not adapted to high energy
deposits as typically induced by muons, which can saturate the ADCs. To understand the
associated limitations for the coincidence analysis between the µ-veto and the bolometers,
the triggering procedure and the trigger time determination are described below.
Each detector is equipped with 4 ionization channels (2 veto and 2 collecting) and 2 heat
channels, all sampled at a frequency of 100 kHz. The triggering is done simultaneously on
all 48 heat channels (24 detectors). The choice of triggering on heat instead of ionization is
mostly motivated by the ionization quenching, i.e. the fact that a larger heat signal than
ionization is expected for nuclear recoils from WIMPs. This trigger is performed after
a demodulation procedure to eliminate the square wave excitation due to the alternative
polarisation of the NTDs. Consequently, the sampling frequency is reduced down to 500 Hz.
A high-pass Butterworth filter is then continuously applied on the data to remove low
frequency noise. High frequency noise is eliminated when the signal is convoluted with a
template on which the same filter was previously applied. This template is constructed
by selecting clear 356 keV events from 133Ba calibration and fitting the heat pulse shape
by a rise and two exponential decays. The pulse shape of the heat signal varies with
the operation temperature of the NTDs. The template is therefore redone whenever the
temperature of the bolometers changes. From the fit of the heat pulse, a first estimation of
the timing tonline and of the energy deposit is done. The trigger decision is taken whenever
the output of the cross-correlation is above a fixed threshold. The threshold value is
adjusted depending on the noise level to keep a constant rate (adaptive trigger).
Once a bolometer has triggered, the signal traces for all its 6 channels (4 ionizations, 2

heats) as well as the ones from its two nearest neighbours are stored to disk. Among the

32



2.1. The EDELWEISS-III experiment 33

(a)

(b)

(c)

Figure 2.7. – Example of pulse traces recorded for a random high energy fiducial event (black
traces). The green curves show the fit applied to determine the heat and ioniza-
tion baseline resolutions, whereas the red curves show the fit applied to derive
the pulse amplitude and timing (a) heat trace after filtering, fitted by the heat
pulse template determine from 133Ba calibration (red curve). (b) 1 kHz ioniza-
tion trace of the veto channel C after filtering, fitted with a Heaviside function
on which the same filter was applied (red curve). (c) 100 kHz ionization trace
of the channel combination C-D (used to minimize the combined noise for a
more precise determination of the hit timing) without filtering, which can be
described as a Heaviside function.

6 heat channels fitted, the heat pulse with the highest amplitude is used to perform the
first estimate of the trigger time tonline, which is then used as the center of the recorded
traces. A trace of 1024 sample points of the demodulated heat signal (500 Hz) is recorded
around tonline, corresponding to a width of 1.024 sec. An example of a heat trace is given
in fig. 2.7a. Each ionization trace is recorded twice. One is registered with a sampling
frequency of 100 kHz for a precise determination of the bolometer trigger time. This is
needed to reconstruct the coincidences between the µ-veto and the bolometers or between
the bolometers themselves. Due to the limited storage space available, only a small fraction
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of the 100 kHz ionization traces is registered. Before the 4th of October 2014, the width of
the recorded trace was of 20.48 ms but was increased afterwards to 40.96 ms (see fig. 2.7c for
an example of unfiltered 100 kHz pulse). The same ionization trace is recorded a second
time but down-sampled to 1 kHz over a larger window width of 1.024 sec (fig. 2.7b for
an example of filtered 1 kHz pulse). This second trace is necessary in case the pulse is
not included in the 100 kHz window. That happens when the estimation of the trigger
time from the heat pulse fit is off tens of milliseconds because the pulse shape cannot be
described by the template, e.g. in case of large energy deposit saturating the ADC or
of pile-up. Finally, 2 heat and 8 ionization traces are recorded per bolometer in case of
trigger, for 3 neighbouring bolometers. The raw traces are re-processed offline in order to
derive a better estimation of the energy deposit and trigger time.
An accurate determination of the trigger time is crucial for the offline reconstruction of
the coincidences between the µ-veto and the bolometers. If the bolometer time resolution
is large, the time window used to veto bolometer events needs to be large. Consequently,
the probability to reject a bolometer event only because of background in the µ-veto
becomes higher. The first estimate of the trigger time is done online by the fit of the heat
pulse. A more precise estimation is done in the offline analysis, after all traces have been
pre-processed (the baseline is subtracted and the residual slope is corrected), filtered and
fitted with the heat and ionization pulse templates. The final trigger timing tfinal is then
determined according to these following steps: first, the two heat pulses are searched ±6 ms
around the window center and fitted with the heat pulse template, giving an estimate of
the energy Eheat and trigger time theat. If Eheat is inferior to 5 times the heat baseline, the
final trigger time is fixed at tfinal = theat, with a precision on the time of O(ms). In the
opposite case, theat is used to search for the pulse in the 1 kHz ionization traces. The traces
were previously down-sampled to 0.5 kHz to improve the search speed and avoid pattern
removal. The precision on the time estimate t1 kHz is inversely proportional to the energy
deposit. From t1 kHz, it is deduced whether or not there is a pulse in the 100 kHz ionization
window. If not, the final trigger time is fixed to tfinal = t1 kHz. In the opposite case, the
fast ionization is used to determine the final timing of the hit tfinal = t100 kHz. Despite
a sampling point of 10µs, a µs precision on the time determination can be achieved by
fitting the filtered 100 kHz pulse. As the ionization rise time is short (a few µs) before
the sampling time, the shape of ionization pulse before filtering is known and described
by a Heaviside function, as shown in fig. 2.7c. By applying the same filter on the pulse
template as on the data, the pulse rise of the filtered 100 kHz pulse can be fitted and the
trigger time is extracted with a µs precision.
To conclude, the resolution on the trigger time depends on the energy deposit: it is of the
order of 1 ms for low energy deposits below few keV, between the ms and the µs depending
on the pulse amplitude for high energy deposits saturating the electronics (which happens
around few MeV), and of 1µs for energy deposits in between. The proportion of events
with a µs precision is bolometer dependent, since some bolometers saturate more easily
than others. For the most saturating detector, 99% of the hits have a timing determined
from the 100 kHz window. Thus, this issue of energy-dependent time resolution concerns
a negligible number of events. The question arising is how many of these events are µ-
induced events. This smearing in time should be studied during the determination of the
time window used to veto bolometer events in coincidence with the µ-veto, as discussed in
chapter 5.

2.1.4. Updates of the electronics and cryogenics systems

With the goal of improving the detection efficiency for low mass WIMPs, the electronics
and cryogenics systems have been upgraded to improve the energy resolutions and subse-
quently decrease the energy threshold.
In EDELWEISS-II, the energy threshold was limited by the ionization channel read-out
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Figure 2.8. – Mechanical drawing of the cryogenic system designed for EDELWEISS-III
with, on the left, the thermal machines connected to the cryostat via a cryoline.

scheme [59]. The active feedback system needed to reset the bolometers’ ADC was there-
fore replaced by a DAC-controlled relay system. Resistors not needed any more were
removed to avoid Johnson noise and thus improve the noise level at low energies. This
new design enables long decay time constants for pulses and therefore improves the signal
to noise ratio as most of the signal lies in the low frequency part of the power spectrum. It
is also compatible with a full 100 K setup on the contrary to the EDELWEISS-II read-out
scheme, where the passive RC components were placed at the 1 K stage. This has two
advantages. Firstly, it prevents the numerous cables going up to the 1 K stage where the
available space is limited. Secondly, it allows to further take away the cold electronics
from the bolometers. Indeed, the printed circuit boards (PCBs) are particularly danger-
ous for rare event search. They are contaminated with radioactive isotopes and contain
components with high (α,n) cross-sections. Another upgrade is the installation of an inte-
grated DAQ system developed at the Institute of Data Processing and Electronics (IPE) of
Karlsruhe [60] improving the reliability of the data taking and the event building: all the
individual bolometer data are processed through a single crate which provides a common
clock for the bolometer data acquisition and the muon veto. This DAQ system is also able
to do a real time processing of the data stream (e.g. take a trigger decision) in parallel for
all channels. Based on this fast trigger decision, it allows to extend the ionization read-out
bandwidth to several MHz needed to develop a time-resolved acquisition of the ionization
signal. The rising edge of the ionization signal contains information about the localization
of the energy deposit inside the crystal and the charge transport [51, 55]. Data with MHz
sampling is available in EDELWEISS-III for a test bolometer and is under analysis.
In addition, a new cryogenic system was set up to reduce microphonic noise and mechanical
vibrations. They can couple to the read-out cables, which decrease the heat and ionization
resolutions. Notably, the pulse tubes below the cryostat used to cool down the 40 K and
100 K thermal screens were replaced by Gifford-McMahon thermal machines outside the
shields, connected to the cryostat using a ∼2 m long cryoline (see fig. 2.8).
Upgrades on both the electronic and cryogenic systems led to the improvement of the av-
erage FWHM of the heat baselines from 1.2 keV to 1.0 keV and of the ionization baselines
from 900 eV to 600 eV. Thanks to these improvements, a lower analysis threshold can be
achieved as well as a sensitivity down to 1 keV necessary for the detection of low mass
WIMPs.
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2.2. Backgrounds in EDELWEISS-III

Many improvements had to be made to the setup of the EDELWEISS experiment in order
to reach the final goals of EDELWEISS-III. The first goal was to reach a background free
exposure of 3000 kg · days and then increase the exposure to 12000 kg · days, which might
be background free depending on the actual contamination levels of materials for which
only upper limits could be derived. These improvements were motivated by the outcome
of the EDELWEISS-II phase, during which 5 events had been observed in the energy
range Erec = [20, 200] keV for the accumulated fiducial exposure of 384 kg · days. These
events were compatible with an upper fluctuation of the 3 expected background events and
exclusion limits on the WIMP-nucleon were set [61]. A strong background reduction was
therefore required for EDELWEISS-III by improving both active (see section 2.2.1) and
passive (see section 2.2.2) background rejection. More detection mass was also required
to reach a WIMP-nucleon cross section of 10−9 pb with EDELWEISS-III in a time scale
of a couple of years. In addition, the EDELWEISS-II low mass WIMP [62] and axion [63]
analyses showed the necessity to improve energy resolutions and lower the thresholds to
increase the detection efficiency. The subsequent upgrades performed on the electronics
and cryogenics systems have been described in section 2.1.4.

2.2.1. Active rejection of backgrounds

The detector technology was significantly improved between the two phases of the experi-
ment. In EDELWEISS-II, the detectors used were so-called Inter-digitized (ID) detectors,
covered with ring electrodes on the top and bottom surfaces and with a planar electrode on
the side. Their total mass was of ∼ 400 g and their fiducial volume approximately 40% of
the total detector volume [61]. The bolometers used in EDELWEISS-III are so called Fully
Inter-Digitized (FID) detectors of ∼ 800 g each [55]. The total detector mass was doubled
by increasing the height of the detector from 2 to 4 cm, with the diameter remaining at
7 cm. All the faces of the detectors are now covered with interleaved electrodes, leading
to the electric field line configuration shown in fig. 2.4 right. Consequently, the fiducial
volume of the detector is larger, up to ∼75% of the detector volume, and the rejection
capabilities of γ’s and surface events have been improved.

Misidentified γ’s

It was observed in EDELWEISS-II during extensive γ calibration of the ID detectors
with a 133Ba source, that 6 γ’s above 20 keV had a reduced charge signal which could
mimic a nuclear recoil. The probability of misidentification was therefore calculated to be
(3±1)×10−5 [61]. These events were understood later using simulations of charge migration
to be due to the large low field guard region of the EDELWEISS-II detector design. The
misidentified γ’s could be reproduced by unrejected multiple scatterings of γ’s in the bulk
(full charge collection) and near the planar electrode on the side of the detector (incomplete
charge collection). It could happen that the signal on the veto electrode is compatible
with the noise because of bad charge collection. Thus, the event could not be rejected by
applying a cut on the veto signal and the ionization quenching Q was underestimated. The
expected background from γ-ray leakage for the accumulated exposure in EDELWEISS-II
was estimated to be 0.9 events [61].
The active rejection of misidentified γ’s was shown to also be considerably improved with
the FID detector design. By replacing the planar electrode on the side by interleaved
electrodes, the multiple scattering events described can now be efficiently rejected. The
rejection power of γ’s was measured using a 133Ba source and determined to be more than 5
times better than in EDELWEISS-II. As shown in fig. 2.9, none of the 4.11×105 measured
gammas leaked into the 90% nuclear recoil band above 20 keV, leading to a rejection factor
< 6× 10−6 nuclear recoil/γ [65].
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Figure 2.9. – Ionization yield as a function of the recoil energy for events from γ calibration
in FID detectors using a 133Ba source. The dashed and continuous blue lines
are respectively the 90% C.L. and the 99.98% C.L. electronic recoil bands
whereas the continuous red lines corresponds to the 90% C.L. nuclear recoil
band. There is no single event leaking in the nuclear recoil band over the 411
000 measured. Extracted from [64].

Surface events

As discussed in section 2.1.2.2, events occurring at the detector surfaces are dangerous
for dark matter search. They suffer from incomplete charge collection, which leads to an
underestimation of the ionization yield Q. The main source of surface events is 222Ra,
which is deposited on the detector surface and the copper housing. 222Ra quickly decays
into 210Pb, which itself decays with a half-life T1/2 = 22 years into the stable 206Pb isotope
by emitting both low and high energy β’s, as well as an α of 5.3 MeV and a 100 keV
recoiling 206Pb nucleus (see scheme in fig. 2.10 left and appendix A). To measure the
rejection capabilities of surface events, some ID and FID detectors were equipped with
210Pb sources fabricated by exposing copper adhesive tape to a radon source. These
sources were placed on the copper housing of the detector facing one of the detector
surfaces. Depending on the particle type and its energy, the 210Pb daughter penetrates
more or less deep into the detector volume as illustrated in fig. 2.10. The charge collection
is therefore more or less complete. Most of these events should be rejected by requiring no
signal on the veto electrodes. By counting the number of remaining events after applying
a cut on the veto electrodes, the number of misidentified surface event can be determined.
For the ID design, one event was measured above 20 keV in the 90% C.L. nuclear recoil
band after applying a cut on the veto electrodes for an exposure of 6 × 104 α’s [55]. A
corresponding surface rejection factor of 6×10−5 events/alpha at 90% C.L. was obtained for
an energy threshold of 20 keV. Consequently, the number of expected misidentified surface
events in the EDELWEISS-II WIMP search data was estimated to be 0.3 events [61]. As
for the FID design, one event is remaining at 15 keV in the 90% nuclear recoil band after
applying a cut on the veto electrodes for an exposure of 105 α’s (see fig. 2.10 right). Thus,
a surface rejection factor of 4 × 10−5 events/alpha at 90% C.L. is derived for an energy
threshold of 15 keV [61]. To conclude, despite the extension of the interleaved design at the
non-flat surfaces, the rejection is not degraded and even improved by a factor 1.5 despite
a lower threshold of 15 keV compared to the ID technology used in EDELWEISS-II [65].
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Figure 2.10. – Left: Schematic of the surface calibration with a 210Pb source, which decays
in β and α emitters of various energies. Right: Ionization yield as a function
of the recoil energy in two FID detectors for events from surface calibration
using a 210Pb source (top). The same data is shown after rejection of all
events with significant signals on the surface veto electrodes and differences
between both fiducial electrodes (bottom). The red dot-dashed lines represent
the 90% C.L. nuclear recoil band. The solid and dashed blue lines show the
90% and 99% C.L. electronic recoil bands. The green dashed hyperbola
indicates the 2 keV ionization threshold cut. The coloured contours delimit
the various populations accordingly to the color code use in the schematic
on the left. One event is remaining at 15 keV for an exposure of 105 decays
from 210Pb decays. Extracted from [65].

2.2.2. Passive rejection of backgrounds

2.2.2.1. Gamma background

Due to incomplete charge collection in the detectors, there is a small but non-negligible
probability that an electronic recoil induced by a γ is misidentified as a nuclear recoil.
Therefore the γ background in the experiment has to be reduced, controlled and well
understood. Extensive GEANT4 Monte Carlo simulations [66] based on radiopurity mea-
surements have been performed to determine the γ background induced by radioactive
decays in the setup materials.
Firstly, the EDELWEISS-II γ background estimation as published in [34] is reviewed in the
view of understanding the upgrades made for EDELWEISS-III. Decays from 226Ra, 228Ra,
60Co, 40K, 54Mn and 210Pb isotopes present in the cryostats copper structures and screens,
connectors and cables, detector casings and holders as well as in the lead shields have been
simulated. Intrinsic γ background from cosmic activation of the germanium isotopes was
also simulated and normalized to the data using the associated measured cosmogenic lines.
These so-called 10 keV lines arise mainly from 65Zn (8.98 keV), 68Ga (9.66 keV) and 68Ge
(10.37 keV). The γ rate in the energy range Erec = [20, 200] keV in the fiducial volume
was then compared between simulation and data. A good agreement was found in both
the shape of the energy spectra and the count rate: 82 events/(kg · days) were measured
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whereas from 79 to 82 events/(kg · days) were expected from simulation, depending on the
retrieved contamination for the oxygen free copper Cu-OF (containing less than 1 ppm of
oxygen and a purity of 99.95%, also referred as CuC1 copper). The biggest contribution to
the γ background (from 39% to 52%) was found to come from the U/Th contamination of
the thermal screens and the 100 mK vacuum chamber. The second most important source
(between 27% and 37%) arose from radium isotopes in some parts at the 300 K stage.
This pollution has to be assumed in order to fit the measured energy spectrum but its
exact origin is unknown. It could be explained by radioactive impurities in the cryogenic
pipes, uncontrolled contamination of the 300 K thermal screen or the warm electronics, or
by a higher radon concentration than expected in the air between the lead shield and the
cryostat. The third most intense γ source arose from the 210Pb decay coming from the
radon decay on the detector surface and on the surface of the casing.
Thus the EDELWEISS-II simulations showed that few materials or components inside
the shields were mostly responsible for the γ background. For this reason, parts of the
copper structures of the cryostat were replaced by new ones made of more radiopure cop-
per in EDELWEISS-III. The thermal screens as well as the experimental chamber of the
cryostat (bolometer plates and holders) were replaced with pieces made of low activity
copper (NOSV from Norddeutsche Affinerie, Germany). The associated radiopurity mea-
surements performed at the Gran Sasso Underground Laboratory [67] showed that the
contaminations were reduced by at least a factor 2 compared to CUC2 (with a concen-
tration of oxygen limited to 5 ppm and a high purity of 99.99%, also referred as Cu-OFE
copper) and at least a factor 100 compared to CuC1 copper [34]. The 10 mK stage of the
cryostat above the 1K internal lead shield is now made of NOSV copper. In addition,
the gasket between the two movable parts of the shields was redesigned to guarantee no
leak of the laboratory air in the space between the lead shield and the cryostat, which is
continuously flushed with de-radonized air.
The contribution of the various components and materials of the EDELWEISS-II setup
after these improvements have been simulated using the GEANT4 v9.6.3 software, with
the Shielding physics list [68], which was optimized for shielding simulations for high
energy or underground detectors. The relevant materials and components as well as their
activity in mBq/kg are listed in table 2.1. The preliminary results presented hereafter
have been published in [69].
The interaction of γ’s from ambient radioactivity dominates the event rate in the detec-
tors. Due to the external lead shield, most of the observed γ’s arise from contaminated
materials inside the shields. Efforts have been done to describe and simulate small mass of
materials particularly contaminated inside the cryostat, such as connectors or screws. The
comparison of the measured energy spectrum with the simulated one was first performed
outside the ROI for dark matter search, in the range Erec = [0.1, 4] MeV. The contribution
of each simulated decay chain was fitted to match the measured fiducial energy spectrum.
The best fit gives an additional scaling for the following radioactive chains: 0.45 for 60Co,
0.405 for 40K, 0.54 for 238U and 0.9 for 232Th. These additional scaling factors are needed
as upper limits on the contamination have been used as input of the simulation when not
measured long enough. The simulated energy spectrum normalized to the experimental
livetime is compared to the measured one in fig. 2.11a. The comparison is shown for the
total detector volume on the left plot and for the fiducial volume on the right one, for an
accumulated exposure of 544 kg · days and 380 kg · days respectively. Due to the excellent
energy resolution of the bolometers, the following features are recognizable in the energy
spectra: the backscattering peak at ∼200 keV and the photo-peaks from 60Co, 40K, and
from the 238U and 232Th chains. Looking at the fiducial energy spectrum (fig. 2.11a right),
a good agreement in shape between simulation and data is found, with a slight overesti-
mation of the simulated spectrum. A comparably good agreement remains for the total
detector volume although the scaling factors were fixed using the fiducial spectrum (see
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Table 2.1. – The sources of background radiation and their mass used in the simulations. Individual contaminations for each radioactive isotope considered
are given in the other columns. All values are in mBq/kg. Limits are given at 90% C.L.. All measurements were performed with HPGe detector
in 2011, if not denoted otherwise. ((1) ICP-MS 2015 @ENS-Lyon; (2) M.Laubenstein (GEMPI)). Extracted from [69].

Element Mass (kg) 238U series 232Th series 40K 60Co 137Cs
210Pb 238U

10 mK connectors
Delrin PTFE 0.04 <26 <16 1.5±1 ± <43 <2.3 <2

Pins Brass 0.007 (1.1 ± 0.1)·104 <62(1) <20(1) 675± 221 <36 <47

Sockets Brass 0.009 (2.6± 0.4)·104 <62(1) <20(1) <2645 <129 <132

Press-Fit Contacts 0.002 (1.2± 0.2)·104(1) 980 ±196(1)

Kapton Connectors 0.09 187 14± 7 67± 31 150±98

PTFE Contacts 0.06 10±5 20±7
Brass FID Casings 0.4 524± 102 <16 <15 <75 5±3 3 ± 2
Cu Kapton Cabling 10 mK 0.505 549±111 8±6 15±10 66±26 3 ±2 <4
Brass Screws 10 mK area 2 620±254 3.5± 0.9 <19 <3 2.6±1.5

NOSV Copper(2) 294.7 <0.016 <0.012 <0.11
EDWII Copper 328.0 <3 <2 <25 <2
Internal PE 151.4 <3 0.65±0.08 0.3±0.07 <1 <0.06 <0.06
1K Axon Cabling 3.5 138±53 4 ± <3 5±2 177±22 <5 <2
Connectors 1K-100K axon 0.428 (6.0±0.5)·103 (2.6± 0.4)·103 450±44 <571 <36 <39
Stainless Steel cryostat 1236 <1 <1
Cold/warm electronics + cabling
PCB FET Boxes 100 K 0.55 (1.4±0.3)·104 (7.5±0.2)·103 (10.1±0.1)·103 (11.5±0.6)·103

PCB FID Boxes 300 K 10.4 <1660 <1215
Al FID Boxes 300 K 27.8 88± 36 4±3 <2 65±34 5±3 2.0±1.3
Axon Cabling 100 K-300 K 6.3 182±70 13.0±2.5
External shields
Mild Steel Structure 8.6 (t) 1.0 1.0
Polyethylene 40 (t) 12 0.4 16±2 <3
Lead 39 (t) 1.0 1.0
Rock 1.0 1.0
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2.2. Backgrounds in EDELWEISS-III 41

agreement between measured and simulated spectra in fig. 2.11b left).
The γ background in the ROI for WIMP search can be derived by integrating the simulated
and measured fiducial spectra in the energy range Erec = [20, 200] keV. The comparison
of the γ rate in events/(kg · days) are shown for the fiducial and total volume in table
2.2. The contribution of each decay chain and material after scaling is shown fig. 2.11a
and summarized in table 2.2 for materials with a contribution > 3%. Thus, the total γ
background was measured to be of 70 events/(kg · days) that is a reduction of 12% com-
pared to the EDELWEISS-II background. The γ background is dominated by the close
environment of the detector, notably by the connectors used to read-out the detectors and
the brass screws maintaining the Teflon holders. Taking into account the improved gamma
rejection capabilities of the FID design (see 2.2.1) of < 6 × 10−6 at 90% C.L., an upper
limit of 1.26 events above a 20 keV threshold is expected for a 3000 kg · days exposure.
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42 2. Dark matter detection with the EDELWEISS-III experiment

(a)

(b)

Figure 2.11. – (a) Comparison of the simulated and measured γ backgrounds. Left:
comparison for the total detector volume for an accumulated exposure of
554 kg · d. Right: comparison for the fiducial volume for an accumulated
exposure of 380 kg · d. (b) Simulated γ background energy spectra in the
fiducial volume for a total exposure of 380 kg · days (in black). Left: energy
spectra for different materials as quoted in the legend. Right: energy spectra
for different contaminants as quoted in the legend. Extracted from [69].

Table 2.2. – Gamma event rate in events/(kg · days) in the total and fiducial volume, in the
ROI 20-200 keV. Only materials with a contribution larger than 3% have been
listed. Extracted from [69].

Rate
evts/(kg · days)

Volume Data MC Copper Brass Brass in Cu PE Teflon Connectors

Fiducial 70 78 7.3(10%) 14.7(20%) 6.9(9.4%) 2.6(3.5%) 2.2(3%) 39.7(54%)
Total 125 128 12.8(10%) 22.9(18%) 10.3(8%) 4.6(3.6%) 4.0(3%) 63.1(50%)
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2.2. Backgrounds in EDELWEISS-III 43

2.2.2.2. Radiogenic neutron background

The radiogenic neutron background arises from spontaneous fissions of 238U and 232Th
decay chains (see appendix A) and (α,n) reactions in light materials. As a nuclear recoil
in a single detector induced by a radiogenic neutron cannot be distinguished from a nu-
clear recoil induced by a WIMP, radiogenic neutrons are an irreducible background for
dark matter search. This background is reduced by using PE shields and by a careful
selection of materials based on radiopurity measurements. The residual background is
estimated by simulations of spontaneous fissions and (α,n) reactions. The energy spec-
trum and neutron yield for each material were generated using the software SOURCES4A
[70, 71, 72, 73, 74]. The propagation of the neutrons in the experimental setup was simu-
lated using the GEANT4 software.
Firstly, the neutron background sources in EDELWEISS-II [34] are briefly reviewed to
understand the motivation behind the shielding improvements in EDELWEISS-III. The
GEANT4 v4.9.2 version with the low energy electromagnetic interactions physics
list [75] was used to propagate the neutrons. The contribution of the following parts or
materials have been simulated: the cavern walls (rock and concrete), the lead and PE
shieldings, the stainless and mild steel support structures, the copper of the cryostat and
detector housing, the electronic components at 300 K, the cables and the connectors. The
contribution from small components close to the detectors, such as the crystal holders
or the aluminium electrodes, has also been simulated: they can significantly contribute
to the neutron background because of high (α,n) cross sections. The U/Th concentra-
tions of the corresponding materials have been measured using HPGe γ-spectroscopy or
mass-spectroscopy, assuming secular equilibrium of the U/Th chains. As the measured
contaminations were mostly 90% C.L. upper limits, the neutron rate was also quoted as
an upper limit: the radiogenic neutron rate estimate gave 1.0-3.1 events at 90% C.L. in
the recoil energy range Erec = [20, 200] keV in the EDELWEISS-II data. The contribution
from the cavern, the external shields and the mounting structures were efficiently reduced
by the external PE, leading to less than 0.25 events expected. The neutron background
was highly dominated by (α,n) reactions in materials inside the shields. The main contri-
butions came from the cable connectors at 1K (with an expected contribution of 0.5±0.2
neutrons) and from the PCB of the warm electronics below the detectors (with a contri-
bution of 1.0±0.5 neutron).
The outcome of the EDELWEISS-II simulations led to the following improvements: first,
materials showing a high contribution to the neutron background were replaced. The coax-
ial cables from Axon going from a bolometer to the bottom of the cryostat were replaced
by in-house designed radiopure copper-Kapton cables [39]. Indeed, Axon cables contain
Teflon (PTFE) as insulator, which can be highly contaminated in U/Th. The aluminium
connectors at the 10 mK stage were replaced by Delrin body (Teflon) and Millmax pins.
From the bottom of the cryostat at 10 mK to the 300 K stage, the same Axon cables and
connectors as in EDELWEISS-II are used. In addition, new PE shields were installed in-
side and around the cryostat to further attenuate the neutron background (see fig. 2.12). A
new PE shield of ∼10 cm thickness was installed above the internal lead plate to attenuate
neutrons from the 1 K and 100 K electronics. The new PE around the cryostat is made of
several pieces: one is placed above the rack containing the warm electronics and the other
around the cryostat, lying on the helium can, both pieces being of ∼13 cm thickness. And
last, a ring of 2 cm thickness surrounds the 300 K screen.
All the upgrades of the experimental setup (including other upgrades described in section

2.2.2.1) have been implemented in the simulation software. Most changes concern the
10 mK and 1 K stage. Due to the higher number of detectors and of electronic channels
per detector, a larger number of electronic components were installed (FET boxes at 1 K,
bolometer boxes at 300 K, cabling and connectors as described in section 2.1.1). They
significantly contribute to the neutron background as they are made of PCB, copper and
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44 2. Dark matter detection with the EDELWEISS-III experiment

Figure 2.12. – Picture of the external (left) and internal (right) PE shields added in
EDELWEISS-III.

aluminium particularly contaminated in uranium and thorium. A more realistic and up-
dated description of these components was included in the EDELWEISS-III simulation.
The geometry and contaminated materials of the warm electronics (300 K) were newly im-
plemented (its contribution was only roughly estimated in EDELWEISS-II). Consequently,
a more reliable and complete description of the contaminated materials was performed in
the EDELWEISS-III simulation software.
The relevant materials and components of the EDELWEISS-III setup listed in table 2.1
were simulated. The attenuation of the neutron background from the new internal and
external PE shields was extracted from simulations, by comparing the rate of neutrons
interacting in the bolometers with and without the new shields [76]. This estimation is
given for two values of the analysis threshold (10 and 20 keV) and for two threshold values
used to distinguish a single hit from a multiple one (3 keV and 10 keV). Depending on the
energy range and threshold considered, the following attenuation factors were obtained:
from 16 to 17 for the 1 K connectors below the internal PE plate; from 34 to 35 for the
100 K FET boxes, the connectors and the cabling from the 100 K to 300 K stages; from 28
to 29 for the bolometer boxes and connectors at 300 K.
The total and single event rates in the 90% C.L. nuclear recoil band and in the fiducial
volume (approximated to be 620 g) are summarized in table 2.3, for the Run308 configura-
tion (24 FIDs), for one year of data taking. The estimated radiogenic neutron background
is reduced by at least a factor 10 compared to the EDELWEISS-II estimation.
A large contribution to the neutron background (35%) arises from the sockets of the Delrin
connectors, which contain CuBe spring contacts [77]. These so-called press-fit are made
of 98.1% Cu and 1.9% Be to ensure the elasticity necessary for the contact between the
pin and the socket. However, 9Be has a high (α,n) cross section and is often contaminated
by U/Th chains involving α emitters. Together with the bolometer holders in Teflon, the
contribution of these components in contact with the bolometers amounts to 51% of the
radiogenic neutron background; 22% are due to the warm electronics at 100 and 300 K
stages; 16% to the external shields and the rock and 11% to the 10 mK stage. Thus, the
neutron background in EDELWEISS-III is mostly dominated by components close to the
bolometers and by the electronics.

44
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Table 2.3. – Total and single simulated neutron event rate, in the 90% C.L. nuclear recoil
band, in the ROI (< 200 keV), in the fiducial volume (ionization energy on veto
electrodes <1 keV) considering a fiducial detector mass of 620 g and for one
year of data acquisition. The estimation was performed for two values of the
recoil energy threshold at 10 (1st and 2nd columns) and 20 keV (3rd and 4th

columns). In the 1st and 2nd columns, an event is considered in coincidence if
there is more than 3 keV recoil energy in any other detector of the 24 detector
array. In the last two columns, this threshold is raised to 10 keV. Extracted
from [69].

Number Ge Eth > 10 keV: 2nd hit > 3 keV Eth > 20 keV: 2nd > 10 keV
detectors kg · days Total Single Total Single

24 5431 4.8 1.4 3.2 1.1

2.2.2.3. Muon-induced neutron background

The µ-veto was designed such that it can detect most muons crossing the experimental
setup. However, some of them travelling through the veto volume remain undetected be-
cause of gaps in the structure or because the amount of energy they deposit in a module
is below the module trigger threshold. In these rare cases, the eventual neutrons induced
by the muon or its showers which interact in a bolometer cannot be rejected. Therefore
a precise estimation of the µ-veto efficiency is required, as well as the rate of µ-induced
events which can be confused with WIMPs i.e. single nuclear recoils in the ROI.
The µ-induced neutron background in EDELWEISS-II was estimated in [78, 32]. The
µ-veto detection efficiency was derived using two independent methods giving consistent
results: either using data from high energy bolometer events induced by muons; or using
a detailed MC simulation of the experimental setup including the modular trigger efficien-
cies. Both methods will be explained in more details in section 3.2.4.1, after introduction
of the µ-veto. The efficiency of detecting muons that may produce secondaries near or
inside the cryostat was extracted from both methods. The first one gave a lower limit of
93.5%, entirely limited by statistical uncertainties, whereas the second method provided
an efficiency of 97.7%±1.5%. The rate of WIMP-like events depends on the configuration
of the detector array and was measured for the EDELWEISS-II dark matter Run12 to be:

Γµ−nEDW-II = (0.008+0.005
−0.004) events/(kg · days) (2.17)

By multiplying it with the accumulated exposure of 384 kg · days and a conservative µ-
veto inefficiency (1− εtot), the associated µ-induced background was extracted. During a
total exposure of (38 ± 11) kg · d, the µ-veto was not taking data or the synchronization
between the bolometers and the µ-veto was faulty. Considering this time period during
which µ-induced bolometer events could not be rejected, the number of expected unvetoed
µ-induced events was calculated to be 0.40 events. Taking into account all uncertainties
on the Γµ−n, εtot and the exposure, an upper limit of 0.72 (at 90% C.L.) muon-induced
WIMP-like events in bolometers was derived, corresponding to less than 20% of the total
background contribution [32].
In 2010, as part of the upgrades towards EDELWEISS-III, four modules of plastic scin-
tillator were added to cover the gap between the two parts of the shielding (see fig. 2.1).
This upgrade was motivated by the exchange of the pulse tube with a cryoline of bigger
diameter, linked to the thermal machines outside of the shields. Since then, the two parts
of the shielding cannot be closed as tight as before. This gap is particularly dangerous
as it is located just above the cryostat and could induce a significant loss of µ detection
efficiency.
An estimation of the µ-induced background in EDELWEISS-III was performed by extrap-
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46 2. Dark matter detection with the EDELWEISS-III experiment

olating the results obtained for the EDELWEISS-II phase in [32]. It was performed for the
initial goal of EDELWEISS-III to reach an exposure of 3000 kg · days in 6 months with 40
FID detectors, scaling the measured rate of µ-induced WIMP-like events in EDELWEISS-
II Γµ−nEDW-II = (0.008+0.005

−0.004) events/(kg · days), with the expected exposure, considering the
derived µ-veto efficiency of 97.7% [78]. The expected background in EDELWEISS-III is
then:

Nµ−n = Γµ−nEDW-II · 3000 kg · days · (1− εµ−veto) = (0.6+0.7
−0.6) events (2.18)

However, only a full modelling of the EDELWEISS-III specific geometry can give a precise
estimation of the µ-induced neutron background. Indeed, the granularity and the density
of the bolometer array increased, leading to a higher probability of multiple scatterings.
Additionally, the installation of internal PE shields to moderate radiogenic neutrons also
attenuates µ-induced neutrons produced in the lead. As 24 FID were actually read-out
in Run308, the time required to reach the 3000 kg · days is longer, leading to a higher
µ-induced background. Thus, the extrapolation from EDELWEISS-II results represents
only a first estimate which calls for a complete re-analysis of the expected µ-induced
background.
The simulation and measurement of the µ-induced neutron background in EDELWEISS-III
are the goals of this thesis and will be described in the following chapters.
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3. Simulation and detection of muons in
EDELWEISS-III

With increasing sensitivity of dark matter search experiments such as EDELWEISS, at-
tention should be payed that negligible backgrounds do not become the limiting factor.
One of the most dangerous background are neutrons induced by cosmic ray muons. The
origin of cosmic rays muons and their interaction in matter, in particular the production of
neutrons, are discussed in section 3.1. To shield against muons, the experiment is located
in the deep underground laboratory of Modane, where the rock overburden attenuates the
muon flux by a factor of 106. The neutrons produced by the remaining high energy muons,
have a hard spectrum up to GeV-energies, which cannot be moderated with the PE shield.
Therefore, remaining muons are tagged with an active µ-veto surrounding the experiment,
allowing to reject µ-induced bolometer events. The working principle of this system is
detailed in section 3.2. To understand and model the µ-induced neutron background, a
full Monte Carlo (MC) simulation of muons in the experiment based on the GEANT4
package is used and presented in section 3.4.

3.1. Muon interactions and propagation

3.1.1. Parametrization of the muon flux at sea level

Muons are second generation leptons with a mass of 105.7 MeV and a mean life-time of
2.2µs [17]. There were discovered in 1936 by C. Anderson and S. Neddermeyer who com-
pared cosmic radiation at sea level and at 4300 m altitude using a cloud chamber [79]. At
this altitude, they observed cosmic ray showers and bursts occurring more frequently and
generally made of more tracks than the ones observed at sea level. In addition, the num-
ber of bursts and showers increased more rapidly with altitude than the total radiation.
From this, they concluded of the presence of a strongly ionizing particle deposing so much
energy, that its source had to be in cosmic rays.
It was later on discovered that muons are produced in the atmosphere at ∼15 km height,
mostly by the decay of charged pions π± (mπ = 139.6 MeV) and kaons K± (mK =
493.7 MeV) [17]. Muons produced by heavier flavoured mesons containing charmed quarks
are negligible due to the energy threshold of the process. π± and K± are themselves pro-
duced by fragmentation of nuclei in the atmosphere induced by high energy cosmic protons
of energy up to ∼1 PeV. These protons make up about 79% of the primary cosmic rays,
the rest being mostly helium nuclei (∼ 10%), electrons and heavier nuclei such as carbon
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48 3. Simulation and detection of muons in EDELWEISS-III

or oxygen [17]. Below ∼1 PeV, they mostly originate from our galaxy and are therefore
isotropic because of the diffuse propagation in the galactic magnetic field. Above this
energy, they are postulated to come from extragalactic regions but their sources are still
unknown. The cosmic ray flux below 15 GeV is modulated by the solar wind with a cycle
of 11 years, inducing a modulation of the muon production.
The differential energy spectrum of primary nucleons including protons can be parametrized
by a steeply falling power law in the energy range from a few GeV up to ∼100 TeV, as
shown in fig. 3.1:

dN

dE
∝ E−γ (3.1)

with γ ' 2.8 for energies below the so-called knee at 1015 eV, and γ ' 3.2 up to the so-
called ankle at ∼ 1018 eV, measured by several experiments in the light nuclei component
[80].

Figure 3.1. – Cosmic ray differential energy spectrum from air shower measurement, multi-
plied by E2.6 in order to show the features of the spectrum. Extracted from
[17].

Each cosmic-ray particle entering the atmosphere induces a cascade of ionized particles.
The electromagnetic component is made of electrons, positrons and photons produced
either by the decay of neutral mesons produced from the interaction of primary cosmic
rays with the atmosphere, or by the muon decay and interaction in the atmosphere. The
shower has a hadronic core due to spallation interaction with nuclei in the atmosphere,
producing knock-on and evaporation neutrons and protons. The hadronic shower breeds
itself an electromagnetic sub-shower, mostly by the decay of neutral pions. The muon
component is called the penetrating component of the cosmic ray shower: despite their
short life-time, muons can reach the Earth’s surface and even underground laboratories
as they mostly travel at relativistic speeds, leading to time-dilation effects. Additionally,
they have relatively small interaction cross section with matter and loose less energy than
electrons via emission of Bremsstrahlung photons due to their greater mass.
The energy and angular distributions of muons at the Earth’s surface are the convolution
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3.1. Muon interactions and propagation 49

Figure 3.2. – Stopping power 〈−dE/dX〉 for positive muons in copper as a function of the
muon kinetic energy T . Vertical bands indicate boundaries between different
theoretical approximations or dominant physical processes. For more details,
see [85].

of the production spectrum in the high atmosphere, the energy loss in the atmosphere (∼
2 GeV [17]) and the muon decay. The energy spectrum of light mesons decaying into muons
has approximatively the same spectral index as the primary cosmic ray spectrum. Their
angular distribution is also similar to the one from primary cosmic rays and is therefore
isotropic. When the muon decay is negligible (for Eµ > (100/ cos θ) GeV and θ < 70◦) as
well as the Earth’s curvature, the differential energy distribution is well described by the
Gaisser parametrization [81], given here in its numerical form:

dNµ

dEµdΩ
≈

0.14E−2.7
µ

cm2 s sr GeV
×

{
1

1 +
1.1Eµ cos θ
115 GeV

+
0.054

1 +
1.1Eµ cos θ
850 GeV

}
(3.2)

where the left term in the brackets is the contribution of pions and the right term the
contribution from kaons. The contribution from the muon flux of charm and heavier
flavour particles is neglected here.
The energy spectrum of muons at sea level is given by a power law following the primary
spectrum except at low energies when muon decay is non negligible. It is approximatively
flat below 1 GeV, increases at 10−100 GeV following the primary spectrum, with a further
steep increase above due to the interaction of π in the atmosphere before they decay [17].
Their mean energy at ground level is ≈ 4 GeV, with an average muon flux of about
1 muon/cm2/min through an horizontal surface. As for the angular dependence, the
distribution of muons at sea level follows a cos2 θ for muons with energy ∼ 3 GeV [17].
At large zenith angles, muons have a longer path to the surface and therefore a higher
probability to decay before reaching the surface. In addition, high energy pions interact
before they decay, which leads to a flatter angular distribution.
Note, that the muon charge ratio µ+/µ− is larger than 1 and increases with energy due to
the excess of π+ (K+) over π− (K−) [82]. To reach the LSM underground laboratory, the
minimal energy required for a muon is 2.5 TeV [83, 81]. For this energy, this ratio between
muons and antimuons is [84]:

Nµ+

Nµ−
' 1.37 (3.3)
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3.1.2. Energy loss of muons in matter

Muons loose energy according to four basic processes, either continuously via electronic
losses (ionization, excitation and knock-on electrons), or via discrete radiative processes
(namely e+/e− pair production, bremsstrahlung γ and muon nuclear interaction) [86]. The
total stopping power in copper over kinetic energies in a large range from the keV to the
TeV is shown in fig. 3.2 [85]. Several phenomenological models and theories are used to
describe the muon stopping power depending on the muon kinetic energy. As only high
energy muons with Eµ > 2.5 TeV at sea level are reaching LSM, with an average energy
〈Eµ〉 = 260 GeV, the description of the muon stopping below the GeV-range will not be
reviewed here. A detailed description can be found in [85] and references therein. Never-
theless, it can be noted that in the keV range, the stopping power of muons is described by
the Lindhard theory [42, 43], as for nuclear recoils in the germanium bolometers described
in section 2.1.2.1.
The stopping power of energetic muons depends on the individual contributions of con-
tinuous and discrete processes with the muon kinetic energy, noted a(E) and b(E). The
energy loss via radiative processes increases linearly with the muon kinetic energy up to
O(TeV). The mean muon energy loss in a path length in matter X is therefore usually
parametrized as [87] :

〈−dE/dX〉 = a(E) + b(E)E (3.4)

where b(E) is the sum of energy loss via radiative processes b ≡ bbrems+ bpair + bnucl. a(E)
and b(E) both slowly vary with the muon energy, mostly when the energy loss is dominated
by discrete processes: the contribution from radiative processes b(E)E is less than 1% of
a(E) for E ≤ 100 GeV for most materials [85]. The energy at which the continuous and
radiative stopping powers are equal is called the critical energy ε = a(E)/b(E). Both
a(E) and b(E) are depending on the material which is crossed. For muon energy loss in
standard rock 1, ε is equal to 500 GeV.
If the mild energy dependence of a(E) and b(E) is neglected, the average path length a
muon can cross, also called the continuous-slowing-down-approximation (CSDA) range,
can be calculated by integrating eq. 3.4:

R(E) =

∫ E

E0

[
a(E′) + b(E′)E′

]−1
dE′ (3.5)

Thus, the relation between the energy of a muon at the Earth’s surface Eµ,0 and the
average energy Eµ,X after traversing a rock of thickness X can be written:

〈Eµ,X〉 = (Eµ,0 + ε)e−bX − ε (3.6)

The minimum energy needed in average for a muon to pass through the rock is given for
Eµ,0:

〈E0,min(X)〉 = ε(eXb − 1) (3.7)

Fluctuations from this parametrization are especially significant at high energies, when
energy loss via radiative processes dominates. Monte Carlo (MC) simulations are then
used for an accurate calculation of the total energy loss. A precise parametrization of the
cross section of each of the four processes described above is needed as input for these
simulations.

Energy loss via ionization

The stopping power of moderately relativistic heavy charged particles such as muons for in-
termediate Z materials is well described, with few percent accuracy, by the Bethe equation

1. defined by a density of ρ = 2.65 g/cm3, an atomic mass A = 22 and a charge Z = 11
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[88]:

−
〈
dE

dX

〉
= 4πNAV r

2
emec

2Z

A

z2

β2

[
1

2
ln

(
2mec

2β2γ2Emax
I2

)
− β2 − corrections

]
(3.8)

with the Avogadro number NA, re the classical electron radius, me the electron rest mass,
Z and A the atomic and mass numbers of the absorber, z the charge of the incoming
particle (z = zµ = 1 here), and I the excitation energy of the medium. The maximum
kinetic energy transfer in one collision is given by:

Emax =
2mec

2β2γ2

1 + 2γme
mµ

+
(
me
mµ

)2 (3.9)

A number of corrections are added at both low and high energies, e.g. to take into account
the polarization of the medium δ at high energies. These corrections are described in
details in [85]. For standard rock, the muon stopping power for muon energies above
10 GeV can be approximated with an accuracy of ∼ 5% by [81]:

−
〈
dEµ
dX

〉
≈ 1.9 + 0.08 · ln

(
Eµ
GeV

)
MeV

g/cm2 (3.10)

For a minimum ionizing particle, i.e. a particle whose mean energy loss through matter is
close to the minimum (see fig. 3.2), it can be approximated to:

−
〈
dEµ
dX

〉
≈ 2

MeV

g/cm2 (3.11)

Energy loss via Bremsstrahlung

The emission of a so-called bremsstrahlung photon occurs when the muon is deflected in
the Coulomb field of a nucleus or an electron. A significant part of the muon energy can
be emitted as one or two photons. Thus, the energy loss via bremsstrahlung cannot be
described continuously as the fluctuations in energy loss are large. It is the dominant
process of energy loss for electrons and positrons in most material at O(MeV). For muons,
it becomes significant at an energy of O(GeV), as they are harder to deflect due to their
higher mass.
At first approximation, the interaction cross section of muons via bremsstrahlung can
be obtained from the Bethe-Heitler formula for the electron bremsstrahlung [89]. It was
corrected for muons by Petrukhin-Shestakov [90], taking into account the finite size of the
nucleus and the screening of the Coulomb nucleus field by the electron cloud with the
energy of the projectile. Several extensions of this model co-exist, notably to describe the
process cross section in case of large energy transfer, e.g. for cosmic muons. Among these
extensions, the model of Kelner, Kokoulin and Petrukhi [91] is often used, which includes
the bremsstrahlung contribution from the atomic electrons. Note that the cross section
is approximatively proportional to Z2 for nuclear bremsstrahlung and to Z for electronic
bremsstrahlung.

Energy loss via pair production

The direct production of an e−/e+ pair arises from the conversion of a virtual photon
emitted by a muon while deflected in the Coulomb field of a nucleus or an electron. It is
the dominant process for high energy muons in the TeV range. An overview of the models
describing the cross section via pair production can be found in [92, 93].
The formula of Kokoulin and Petrukhin is the most widely used for muon transport cal-
culations. It includes a simple parametrization of the screening functions. Similarly to
the emission of a real photon via bremsstrahlung, the cross section for pair production is
proportional to Z2 in the field of a nucleus and to Z in the field of an atomic electron.
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Energy loss via muon nuclear interaction

The muon nuclear interactions can be modelled with the absorption of a virtual photon
by the nucleus as shown in fig. 3.3, and is therefore also referred to as photonuclear muon
interaction. For a large energy transfer between the muon and the nucleus, the high energy
virtual photon interacts with a single nucleon rather than with the whole nucleus. The
process is then similar to photodisintegration, described by the absorption of high energy
γ by a nucleus which is brought to an excited state. Thus, muon nuclear interaction is
also referred to as muon spallation in analogy to nuclear spallation. Muon nuclear inter-
actions have a significant contribution to the muon stopping power at high muon energies
Eµ > O(GeV) and relatively high fractional energy transfers ν/Eµ > O(10−2), especially
for light materials [85]. The contribution from this process should be known precisely
for the simulation of muon propagation through matter. Indeed, muons interacting via
nuclear interaction can loose a significant part of their energy and scatter at large angles.
In addition, this process is the main source of nuclear showers and therefore strongly con-
tributes to the hadron (and thus to the neutron) background.
A combination of models is needed to describe the muon nuclear interaction, which depends
on the nucleon structure functions, as well as on the energy and four-momentum transfer ν
and Q2, respectively. Most of the interactions are characterized by low Q2 ≤ 0.1 GeV2, for
which perturbative QCD cannot be applied for the calculation of nuclear structure func-
tions [94]. Instead, non-perturbative phenomenological models have to be used, in which
the parametrization of the nucleon structure function is a free parameter, determined by
fitting experimental data [95]. The most widely used model to calculate the muon nuclear
interaction is based on the Weizsäcker-Williams approximation as formulated by Bezrukov
and Bugaev, which gives consistent results with other calculations within 30%. Virtual
photons are treated according to the Weizsäcker-Williams approximation [96], namely the
passage of a charge particle in matter is considered to have the same effect as a beam of
quasi-real photons. In this model, it is assumed that the γ-N cross section is the same for
real and virtual photons. This approximation breaks down at low muon energies, when the
virtuality of the photon can not be neglected any more. In addition, at low energy trans-
fers <0.3 GeV [97], the virtual photon does not interact any more with a single nucleon
but induces collective excitation of nucleons. The interaction cross section is therefore en-
hanced by several resonances, depending on the energy transfer i.e. the wavelength of the
virtual photon. The contribution to the neutron yield of these resonances is still negligible
compared to neutrons produced by the electromagnetic showers, and consequently adds
only a minor contribution to the total neutron yield [98].
In the range of large four-momentum transfer between the muon and the nucleon, Q2 ≥
3 GeV2, the nucleon structure functions can be derived from pertubative QCD [94].

Figure 3.3. – Feyman diagram of the muon photonuclear interaction. Extracted from [98].
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3.1.3. Production of neutrons by muons

Neutrons produced by cosmic muons have two origins: they are either directly induced
by muon interactions with matter (negative muon capture or muon nuclear interactions),
or indirectly in the interaction of the µ-induced electromagnetic or hadronic showers. A
hadronic shower is dominantly generated by pions produced in photonuclear interactions
of a muon with a nucleus. The individual contribution of direct and indirect processes
depends on the mean energy of muons at the studied depth. In terms of neutron produc-
tion in underground laboratories, the production of secondary neutrons by the hadronic
shower outnumbers the direct production of neutrons by muon-nuclear interaction [33].

Negative muon capture on nuclei

Low energy negative muons gradually loose their energy via scattering on electrons until
being captured by an atomic nucleus in a high atomic orbit, forming a muonic atom.
Because of its large mass, the muon undergoes a cascade through the electron cloud to the
innermost electron orbit, ejecting Auger electrons and emitting electromagnetic radiation
[99]. In light nuclei, the muon mostly decays into an electron and two neutrinos: µ− →
e− + ν̄e + νµ. In heavy nuclei, it is usually captured by the nucleus: µ− + p → n + νµ.
The mass of the muon appears in nuclear excitation and in neutrino kinetic energy. The
excited nucleus then emits one or two evaporation neutrons of kinetic energy ∼ 8 MeV.
This process can be written as:

µ− +A
Z X −→ νµ +A

Z−1 X and A
Z−1X −→A−M

Z−1 X +Mn (3.12)

where the number of evaporated neutrons M does not exceed 2.
The muon capture cross section strongly varies with the energy of the muon: it steeply
decreases for kinetic energies greater than the binding energy of an electron in the atomic
nucleus. This process is dominant at shallow depths of about 80 m w.e. (at which 〈Eµ〉 ∼
30 GeV), where it contributes to ∼ 50% to the total neutron yield [97]. Its contribution at
large depths e.g. at the LSM depth of 1800 m w.e. is less than 1%.

Muon nuclear interactions

On a short time scale after the nucleus spallation (10−22 − 10−21 s), nucleons are knocked
out of the nucleus with various energies, depending on ν and Q2 [97]. The nucleus releases
later on its residual excitation energy by emitting photons or evaporation nucleons, with
kinetic energies of approximatively the binding energy of a nucleon. For Eµ > 1 GeV and
a high energy transfer ν > 0.3 GeV, pion photonuclear production starts via ∆ resonance
and leads to the creation of hadronic showers, which then generate neutrons [97].

In the electromagnetic and hadronic showers

Hadronic showers are mostly initiated by pions produced via muon photonuclear inter-
action. Neutrons are notably produced by intranuclear cascades with a large angular
distribution with respect to the muon track. These neutrons themselves induce intranu-
clear cascades and produce more neutrons. Evaporated neutrons are also produced during
intranuclear cascades and emitted isotropically. On the contrary to cascade neutrons, they
are not able to breed because of their low energy. The dependence of the total number of
neutrons produced in hadronic showers on the muon energy was measured to be ∝ E0.7

µ

[98].
Electromagnetic showers are initiated by the decay of uncharged mesons, δ-electrons,
e−/e+ pairs and burst of bremsstrahlung photons from muon interaction with matter
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which have enough energy to trigger the cascade mechanism. At large depths greater than
2000 m.w.e., muons loose energy pre-dominantly via pair-production and bremstrahlung
photons, dominating the electromagnetic showers. Neutrons are mostly produced in pho-
tonuclear reactions similar to muon photonuclear reactions but involving a real photon.
In the same way, a dominant contribution to the neutron production comes from the low
energy transfer resonances, leading to neutron evaporation.
Another smaller contribution to the neutron background arises from inelastic charge ex-
change reactions of real photons γp→ nπ+ and γA→ (A− 1)nπ+ and pion photoproduc-
tion reactions γA→ Aπ+π− followed by the capture process π−A→ (A− 2)np. Because
of their high energy threshold of ∼ 140 MeV, these reactions do not contribute much to
the total neutron background but make the neutron energy spectrum harder.
The neutron yield from electromagnetic showers is larger than the neutron yield from
hadronic showers. But the hadronic showers induce neutrons with a harder energy spec-
trum because of the energy thresholds [97].

3.2. Detection of muons at LSM with the muon-veto system

Despite the muon flux at LSM is reduced by a factor 106 compared to the flux at the Earth’s
surface, the rare remaining muons should be tagged to reject the potential µ-induced
neutrons interacting in the bolometers. The µ-veto system installed for this purpose is
described in this section.

3.2.1. Description of the setup

General setup

The µ-veto is made of 46 plastic scintillator modules, which acts as an active shield to
reject bolometer events which can be attributed to the passage of a muon. As shown in
fig. 3.4, the µ-veto is divided into two levels: an upper level (Level 1 ) made up of 30
modules which surrounds the external shield in the clean room and a lower level called
Level 0 composed of 16 modules. Each module is labelled with a number, from 1 for the
easternmost module of the top to 48 2 for the southernmost module of the bottom. Each
wall of the muon veto system is labelled according to the geographical orientation.
The modules M7, M8, M15 and M16 were added in July 2010 as part of the upgrades
towards EDELWEISS-III. They cover the empty space in the junction of the two movable
parts, and will be referred as extra-top modules hereafter. They are equipped with LEDs
along their axis 3 to monitor more easily the ageing of the modules. Note that the lateral
modules M15 and M16 are ∼ 1.041 m long and therefore cover only the upper ∼ 1/3 of the
lateral gap between the two parts of the shielding. However, the probability that a muon
crosses the setup via the two lateral gaps is negligible as muons with such high zenith
angle are rare.
For the cryostat to remain easily accessible, the upper level is positioned on rails and can
be opened into two symmetric parts. Two lasers are used to monitor the position of the
muon veto wagons, as the µ-veto efficiency is reduced when the system is open. Since the
installation of the extra-top modules, one laser measures the distance between the west-
ern wall of the clean room and the near edge of M6 while another measures the distance
between the western wall and the near edge of M8. By subtracting the two, the relative
gap size can be derived. Both distances are measured five times every 15 minutes, and the
measurements are written in a log file. In the offline analysis, the average position and its

2. There is no module labelled 23 and 24.
3. M7 and M8 are 2.1 m long and equipped with three LEDs: one at the center and the other two at

0.45 m distance from either of the two ends, all at the center of the module width. As for M15 and M16,
they are 1.041 m and 1.033 m long. Both are equipped with one LED at the very center of the module.
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Figure 3.4. – Schematic view of the muon-veto, divided into a lower and an upper part,
called Level 0 and Level 1, respectively.

uncertainty (< 1 mm) are calculated from the five measurements.
The plastic scintillator modules were previously used as muon-veto in the KARMEN ex-
periment [100]. They have a width of 65 cm and a thickness of 5 cm, with a length that
varies from 2 m up to 4 m (see fig. 3.5). At each module end, a group of four 2 inch Pho-
tomultiplier Tubes (PMT) collects the scintillation photons. As can be seen in fig. 3.5,
6 cm thick scintillator bars are used as light guides at both module ends in order to fix
the PMTs on the inside of the module. Thus, there is no loss of detection volume at the
junctions once the modules are combined to make up the µ-veto. Each group of PMTs
is individually biased by a high voltage (HV). Individual HV settings were fixed for each
group during the module calibration using muons at the Earth’s surface [101]. The HV
values are around -1500 V and have been tuned slightly since their installation at the LSM
in order to reduce sparks on the PMTs or to compensate ageing effects of the modules
[102]. This has been made before the start of bolometer data taking in EDELWEISS-III.
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56 3. Simulation and detection of muons in EDELWEISS-III

Figure 3.5. – Schematic view of a µ-veto module with its readout by two groups of 4 PMTs
at both module ends.

Geometric efficiency

Despite the efforts to enclose the experimental setup almost hermetically, some gaps re-
main: a module on the north side of Level 0 was left out to enable the passage of pipes
needed for the operation of the cryogenic system. The module M40 is a 3.75 m long module
which was used as no more 4 m module was remaining. Additionally, the modules M44
and M48 are shorter as there are the steel pillars of the EDELWEISS clean room. On the
Level 1, in the east and west directions, a space was left below the modules M28 and M32
because of the rails on which the upper parts move. Lastly, a notch of 75 cm2 was cut in
the module M20 to enable the passage of the cryoline. Due to these gaps, the geometrical
efficiencies from one side to the other vary from 99.7% for the top side down to 65.7% for
the north side of Level 0 [33]. However, due to the enclosed geometry, an overall geometric
efficiency of ∼ 98% is achieved requiring a muon to be detected in at least one module
[103, 33, 32], as the detection of the muon is redundant. The remaining ∼ 2% of muons
going through gaps can still partly be detected by measuring their electromagnetic and
hadronic showers. Requiring that two modules are hit decreases the efficiency to 81%.

Muon energy deposit in a module

High energy muons at LSM with 〈Eµ〉LSM ≈ 280 GeV deposit approximatively 2 MeV/cm
in the µ-veto modules of density ρ ' 1 g/cm3 (eq. 3.11). It allows separation of muons
(deposing an energy typically above 10 MeV) from background events arising from natural
radioactivity (deposing energy mostly below 4 MeV), which enables to reduce the dead-
time induced by vetoing bolometer events. The fluctuations in energy loss for a given
path length of a muon in a µ-veto module are described by a Landau-Vavilov distribution
[88, 104, 105]. The width of the Landau depends on the detector thickness and material as
well as on the energy of the incoming particle [88]. This distribution is recognizable by its
long tail arising from rare but existing collisions with a large energy transfer up to Emax
(defined in eq. 3.9). The mean energy loss as formulated by Bethe (eq. 3.8) is therefore
less technically adapted to describe the distribution, as most energy deposits are below the
mean deposit. To avoid taking into account large energy deposits from the tail, it is more
relevant to use the most probable value (MPV) to characterize the distribution. The mean
µ track length in a module and its spread depend on the geometrical orientation of the
module as well as on the angular distribution of the muon flux induced by the mountain
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profile. Different groups of modules can be distinguished according to their orientation.
The energy deposit is minimal in the horizontal modules from the bottom and top of the
µ-veto, where a mean energy deposit 4 of 〈Edep〉 = 12.2 MeV and 〈Edep〉 = 11.8 MeV, re-
spectively, are expected from simulation [33]. Indeed, as muons reaching the laboratory
mostly have a small zenith angle, the average track length in a module is of the order of
the module thickness. The other modules are oriented vertically along their length or their
width, leading to a higher mean energy deposit for low zenith angle muons as they have a
longer path length. As the mountain axis is approximatively in the east/west direction, the
muon flux with high zenith angle is higher for the north/south direction. Consequently,
an average energy deposit of 〈Edep〉 ' 20 MeV in the north and south groups of modules
is expected from the simulation, whereas an average of 〈Edep〉 ' 24 MeV is expected for
the east and west. However, if a muon goes through a module at its extremity (so-called
grazing muons), it does not cross the entire thickness of scintillator and deposits an energy
well below the MPV.
To conclude, most muons deposit energy in the µ-veto modules well above the radioactive
background, at the exception of muons going through gaps and of grazing muons. In the
latter cases, low energy deposits from the muon itself or from its showers should be de-
tected in order to tag the muon, and veto the eventual bolometer events it induced. The
efficiency to detect small energy deposits is determined by the trigger threshold value of
each µ-veto module.

Threshold

As will be explained in section 3.2.2.2, a trigger threshold of 150 mV on the amplitude of
the pulses is set for all PMT groups to control the dead-time of the system. The effective
trigger threshold in MeV depends on the individual gain of the PMT groups and the
position of the interaction (see section 3.2.2.3). The modules were calibrated individually
before the installation of the µ-veto in 2006 to ensure approximatively a uniform gain
[101]. However, they aged significantly and inhomogeneously so that by now, the trigger
threshold strongly varies from one PMT group to the other.
The trigger threshold value on the pulse amplitude was chosen to be much below the
expected amplitude for an MPV in the plastic scintillators, mainly to detect grazing muons
and muons passing through gaps by detecting their shower. A high detection efficiency
at low energies also allows to extend the efficiency of the µ-veto to muons passing by
the system via the detection of their showers. Consequently, the µ-veto overall rate in
EDELWEISS-III is of ∼1.5 Hz whereas the expected rate of through-going muons hitting
at least one module of the upper and lower levels is ∼ 3.5× 10−4 Hz [32].

3.2.2. Working principle of the muon-veto modules

3.2.2.1. Production of scintillation light

The scintillators used for the µ-veto are organic plastic scintillator of type BC-412 chosen
for their long attenuation length. The base of the BC-412 scintillator is the polyvinyl-
toluene (PVT), an organic polymer containing benzenic rings responsible of the lumines-
cence [106]. To further increase the light output, the PVT is additionally doped with
aromatic rings of anthracene C14H10. The luminescence arises for given configurations of
the valence electrons shared between two carbon atoms. In case of simple bound, the two
shared electrons are participating to a strong σ bound (axial overlap of the orbitals). In
the case of a double or triple bound, two of the valence electrons occupy a σ molecular

4. Despite the MPV is more relevant to characterize a Landau distribution, the mean value of the
simulated energy deposit in each group of module is given in [33].
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orbital whereas the others occupy one or two π molecular orbitals respectively. The π
orbitals extend outside the axial region, leading to the delocalization of the electrons, as
they are no more associated to a particular atom. Transitions of these π electrons from the
first excited state to the ground state are responsible for the production of UV scintillation
photons.
Because of the overlap between emitted and absorbed energy spectra, the attenuation
length of the primary scintillation photons is short (few mm). Organic fluors are therefore
added in high concentration to the PVT base to shift the scintillation light to a more
convenient wavelength where the attenuation is less significant [17]. The mechanism re-
sponsible of the shift in wavelength is shown in fig. 3.6. First, the energy is transferred
from the base to the fluor by non-radiative dipole-dipole resonance, also called Förster
energy transfer [107]. This type of energy transfer is possible if the distance between two
molecules is small and if there is an overlap between the emission spectrum of the base
and the absorption spectrum of the fluor. It partly excites the electrons of the π bounds
between carbon molecules from the ground state S0 to the base state or a vibrational state
of S1, S2 or S3, on a time scale of O(10−14 s). In the case of electrons on the S1 state, they
decay radiation-less to the base state S10 by thermal equilibration in O(10−10 s). Once in
the base state S10, two decays can take place: either the electron decays back with a short
decay time (10−9−10−8 s) to one of the vibrational states of S0 by emitting a so-called flu-
orescence photon; or it undergoes a spin flip and passes non-radiatively to a triplet excited
state [108]. After this intersystem crossing process, the excited electron is no longer paired
with the ground state electron as required from the Pauli principle. When an electron in a
triplet state decays back to the ground state, it emits a so-called phosphorescence photon
with a much longer decay time than the fluorescence photon [109]. To conclude, because
the photons emitted by fluorescence and phosphorescence have a lower energy than the
minimum required for exciting electrons, scintillators are mostly self-transparent. The
wavelength difference between the emitted and absorbed photons is the so-called Stokes
shift.
Despite the doping, only a few % of the energy deposit in the module are actually con-

verted into scintillation. The remaining energy is dissipated via non radiative processes,
mainly via vibrations or heat. If the ionization density dE/dx is small, the relation be-
tween the number of scintillation photons L and the energy deposit E by the ionizing
particle in the scintillator is linear [110]. However, if the ionization density is large, the
excited π-electrons are quenched i.e. the fast component is reduced because of overlapping
excitations interfering with each other. Consequently, the energy response is non-linear
with energy:

L = S(E −Q) (3.13)

where Q includes the ionization quenching and S is the absolute light output. Due to the
light quenching for heavy particles with a high ionisation density, pulse shape discrimi-
nation is possible by comparing the fast and the slow components. More details on the
quenching will be given in section 4.3.2 when its implementation on simulated data will
be discussed.
The scintillation photons propagate within the module via reflections on a highly reflective
aluminium foil in which the modules are wrapped and are guided to the PMTs. Depend-
ing on the quantum efficiency of each PMT, a fraction of these photons are converted
into electrons at the photo-cathode, which are then amplified by a system of dynodes.
The electric signal at the output of each PMT group is then sent to be processed by the
acquisition chain.

3.2.2.2. Electronic chain for the scintillation light readout

The acquisition of the µ-veto is totally independent from the bolometer data acquisition.
It runs continuously, even when no bolometer data is acquired. The HV applied on the
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Figure 3.6. – Energy levels of π electrons in an organic molecule. Extracted from [110].

PMTs are switched off rarely, when some operations are ongoing in the clean room, for
the safety of the people working there but also to protect the µ-veto from disturbances.
Indeed, a strong increase of the rate can be seen when the light and the air conditioning
in the clean room are turned on or when the µ-veto wagons are opened.
A chart of the electronic chain used for the µ-veto data acquisition is given in fig. 3.7. First,
the signal coming from each PMT group is split in a so-called splitter card. One copy is
sent to an Analog-to-Digital Converter (ADC) card. When a trigger decision is taken,
it integrates the signal to estimate the energy deposit in the module (in units of ADC
channels). The other copy is sent to a discriminator card, which further spreads the signal
if its amplitude is higher than a trigger threshold, set to 150 mV for all the discriminator
cards. This value was chosen to ensure the best compromise between dead-time and
detection efficiency of low energy deposits, expected from electromagnetic and hadronic
showers induced by muons or by muons crossing only a fraction of the module thickness.
If the signal amplitude is above the threshold, three copies of the logical signal are made.
One is sent to a scaler card which simply counts the number of signals per channel per 15
min, and records it in a scalar data file used to monitor the system. Another copy of the
logical signal is sent to a Time-to-Digital Converter (TDC) card, which stores the arrival
time of the signal. This information is used in the offline analysis to reconstruct the mean
position of the energy deposit along the module axis. And finally, a third copy is sent to a
Logical Unit (LU) card: if there is a coincidence between the 2 PMT groups on each end of
a module within a 100 ns time window, it sends a command to the central veto logic card to
store all non-zero signals in all µ-veto modules. The veto card sends a gate window to all
the ADC cards for the signal integration, as well as a special TDC channel (common stop)
which triggers back all TDC cards. It also makes the interface with the external clock,
adding a timing with a 10µs precision from the bolometer DAQ to the µ-veto event to
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Figure 3.7. – Schematic of the electronic chain of the muon-veto. The logical signals from
both module ends are checked to be in coincidence within a 100 ns time window
by the logic unit cards (LU). If it is the case, the analogue data is recorded as
one event.

reconstruct coincidences between the µ-veto and the bolometer array offline. Considerable
improvements have been made between the EDELWEISS-II and EDELWEISS-III phases
to ensure the delivery of a reliable and precise clock to all the systems. In the former
system, each of the three acquisition computers had its own clock, which was reset at
each run independently from the others. Only one of these clocks was connected to the
veto time board. Therefore, considerable work had to be performed offline to reconstruct
a common time basis for the bolometers and the µ-veto [102]. In EDELWEISS-III, the
10µs clock signal is attached to the bolometer data in the IPE crate (introduced in section
2.1.4), which redistributes it to the acquisition computers. In parallel, the clock signal is
delivered via optical fibre to the µ-veto central card. A reliable reconstruction of muon-
induced events is thus achievable, as will be shown in chapter 5.
Whenever a module triggers the acquisition, all non-zero TDC and ADC information of
every group of PMTs, as well as the timing of the event (a 10µs precision clock delivered
by the DAQ crate and the local computer time) are stored as one event. A dead-time
follows the trigger during which no energy deposit can be detected. It was measured in
EDELWEISS-III to be τ = (0.161 ± 0.002) ms with a spread σ = (0.020 ± 0.001) ms and
checked to be independent of the number of modules triggering [111].
The events are stored in an event data file lasting for a period of 8 hours per file. These
files are grouped together in so-called Runs, each Run made of up to 99 event files. The
entire data taken during a Run is converted in a single ROOT [112] file for an easy analysis
of the data using the ROOT structure. In addition, it is converted in a single so-called
KData file. KData is a data structure and analysis framework developed at KIT, notably
designed to hold in a single event-based structure both the bolometer and µ-veto events
[113]. It allows to automatize the data management (e.g. data backups and transfers)
and create an interface with all the metadata stored in CouchDB databases collecting e.g.
the radon level in the clean room, the µ-veto wagon position or the µ-veto HV settings.
In addition, it provides tools for the analysis of the bolometer data [32]. For the work
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detailed in this thesis, KData was not used as an analysis pipeline but as a data format to
hold the µ-veto data. As the KData pipeline was not approved by the collaboration, the
joint event builder of bolometer and µ-veto events was not implemented.

3.2.2.3. Position-dependent light output

For large scintillators, longer or of the order of the spectral attenuation length, the light
output is dominated by the light attenuation from self-absorption. In the µ-veto mod-
ules, the scintillation light must be transported up to 4 m from the interaction point to
the furthest PMT group. Consequently, the light output depends on the position of the
interaction along the module axis. The light yield measured by a PMT group decreases
exponentially with the path length d of the photons between the interaction and the PMTs
and can be approximated by the empirical Beer-Lambert formula:

I(d) = I0 × e
−
d

Λeff (3.14)

with Λeff the effective attenuation length in meters. This Λeff should not be mistaken
with the wavelength-dependent spectral attenuation length Λ(λ), which gives a measure
of the transparency of the scintillator and therefore only depends on the material. As for
Λeff, it gives the scintillator transparency for a given geometry and is therefore detector
specific. A better description of the light output than the one introduced in eq. 3.14 can
be achieved by using a sum of exponential functions with different values of Λeff [114]. In-
deed, the scintillation photons are either directly detected by the PMT group or indirectly
after further reflections on the module boundaries. Note that Λeff actually depends on the
emission wavelength, described with a broad spectrum.
Earlier measurements of Λeff are briefly reviewed below as this parameter will be needed
to determine the µ-veto module response in chapter 4. The light output and the self-
absorption of the µ-veto modules were originally optimized by the KARMEN collabora-
tion with respect to the detector geometry using MC simulations [100]. Λeff was then first
measured using two independent methods. One, called the muon paddles method, follows
the principle of a muon telescope using two scintillator paddles. The paddles are located
on the top and the bottom of the module to select muons with a given interaction position
in the module. The other method is the so-called free running method : data is taken with
the internal coincidence between the two PMT groups as trigger. Muons going through the
whole module surface are thus measured and their position is selected offline by using the
difference in arrival time of the photons at each module ends. The two methods showed
consistent results on a test module, with an effective attenuation length Λeff ∼ 600 cm in
agreement with the specification of the provider BICRON [100]. The µ − γ separation
of the 136 KARMEN µ-veto modules was then checked using the free running method,
deriving a Λeff for each PMT group of a module. Indeed, due to inhomogeneities in the
quantum efficiency of the PMTs or their gluing, the Λeff value is not necessary the same
for both PMT groups. A gaussian distribution with a maximum at (595 ± 10) cm was
found.
However, these measurements were performed in 1997/1998 and the modules have con-
siderably aged since then. They were first transported from England to KIT, responsible
for setting up the µ-veto, and stored above the freezing temperature [101]. Before the
installation in Modane, every module has been checked by eye for possible damages. The
module surfaces were cleaned with cotton gloves in order to remove oil from fingerprints
which can cause micro-cracks on the module surface. Most of the PMTs were not glued on
the light guide any more and were re-glued using the optical cement BC-600. Lastly, cracks
in the aluminium foil were repaired. The modules were then transported to LSM. Since
then, the modules aged further, leading to several effects [115]: first, the primary light
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yield is reduced because of radiation damages from near UV and ionizing particles, which
notably destroy double bounds between carbon atoms. Additionally, a decrease of the
self-transparency is observed: plastic scintillators as well as crystals containing anthracene
become yellow when exposed to radiation and to oxygen. The light propagation to the
PMT can also degrade because of micro-cracks on the module surface which deteriorate
the light reflection at the module boundaries. Lastly, the light detection may change due
to the new coupling of the PMTs to the light guide.
These effects led to a decrease of the effective attenuation length. Two 4 m long modules
were measured in 2003/2004 using the two methods described above and in [101]. The
effective attenuation length of module M5 was measured using the free running method.
The measured light yields for the individual PMT group and for the sum of both for this
module are displayed in fig. 3.8. The total light output is minimal at the center and rises
exponentially towards the module ends according to the effective attenuation length. By
fitting the individual yields with an exponential, Λeff was found to be (343±1.5) cm for the
south side and (330± 1.4) cm for the north side [101]. For another module (M1) measured
using the muon paddle method, Λeff was found to be (189± 0.8) cm for the south side and
(204±0.2) cm for the north side, where the uncertainties denote the statistical uncertainty
on the exponential fit [101]. Another more recent measurement was performed in 2010
using a spare module available at KIT. An effective attenuation length Λeff = 324 cm was
measured according to [83]. From these three measurements, a significant decrease of Λeff,
dependent on the PMT group, can be apprehended compared to the initial values measured
in 1997/1998. A smaller effective attenuation length means worse µ-γ discrimination and
more importantly, less detection efficiency at low energies near the threshold, especially
towards the module ends.

Figure 3.8. – Light yield curves for the north PMT group (5N, rising) and for the south
PMT group (5S, decreasing) of the module M5 with exponential fits and the
sum of the light yield curves. Extracted from [101].

3.2.3. Comparison of the module response to low and high energy de-
posits

The influence of the interaction position along the module axis can be significant or neg-
ligible depending on the amount of energy deposited in a module. This can notably be
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illustrated by comparing the distributions of energy and position for muons and ambient
background. As explained in section 3.2.2.2, the following information is stored for each
energy deposit in a module (see fig. 3.5) of the µ-veto: the energy measured by each group
of PMTs E1 and E2 in units of ADC channels, and the arrival time of the signal at each
PMT group t1 and t2 in TDC units. The position of an energy deposit along the axis of a
module can be reconstructed using the difference in arrival time ∆t = t1 −t2 . The energy
and position distributions in the top modules of the µ-veto are plotted in fig. 3.9 for am-
bient background and for muon candidates. Muon candidates were selected by requiring
a coincidence between the top module and at least one other module with full TDC and
ADC information to reduce the probability of accidental coincidences.
As shown in fig. 3.9a, the energy spectrum of muons, fitted by a Landau distribution, is
mostly above the energy distribution from ambient background. The separation is even
more pronounced in the lateral modules as the mean energy deposit of muons in the top
modules, together with the bottom modules, is lowest. The small tail towards lower ener-
gies either arises from fake muon candidates (random coincidence of backgrounds fulfilling
the muon candidate selection), or from muons crossing only a fraction of the module thick-
ness. Energy calibration of the modules is performed by comparing the MPV from the
fit of the data with the expected MPV from simulation. A mean calibration coefficient of
5.44 keV/ADC channel was calculated in EDELWEISS-II.
Similarly, the interaction position distributions are shown in fig. 3.9b for ambient back-
ground and muon candidates. The distribution of muons is flat within statistical uncer-
tainties and ends sharply at the module ends at around ±40 TDC channels, equivalent to
32 ns. Such a distribution can also be used to calibrate the event position along the module
axis. Indeed, all interaction positions are equally probable to happen and to trigger the
acquisition as the energy deposit is far above the threshold. As for ambient background,
the distribution strongly varies with the position. It is the highest for the center and
decreases towards the extremities. The two bumps on each side arise from the double
thickness of scintillator on the module extremities on which the PMT groups are glued.
Events with a larger, unphysical |∆t| > 30 ns are due to low energy deposits with a worse
time resolution.
It was shown in section 3.2.2.3 that the light yield measured by a PMT group is ex-
ponentially decreasing with the distance to the energy deposit due to light absorption.
Consequently, the total light output is smallest at the center and rises exponentially to-
wards the module extremities (see fig. 3.8). However, due to the trigger condition requiring
that both PMT groups have a time signal amplitude above threshold, low energy deposits
at the center are more likely to trigger. Indeed, the distance the scintillation photons have
to cross is minimal at the center. The longer the distance to the further PMT group is,
the less probable is the trigger as the absorption increases exponentially with the distance.
Consequently, the effective threshold is the lowest for the center and exponentially rises
towards the extremities. The PMT group the furthest from the energy deposit is the one
responsible for the trigger.
To conclude, a muon fully crossing the scintillator will in general trigger the acquisition
regardless of the position of the interaction. However, a muon crossing only a fraction of
the module thickness and therefore depositing an energy close to the threshold (grazing
muons) will be sensitive to the position dependence of the trigger. The detection of the
electromagnetic and hadronic showers, used to improve the detection efficiency of missed
muons, is also affected. In additional rare cases, a high energy neutron produced in the
rock can reach the Ge bolometers and the muon passing next to the µ-veto. The detection
will then only be possible via the showers. Therefore the determination of the position-
dependent effective threshold is a key to determine the efficiency to detect low energy
muons. The new method set up to extract it will be presented in chapter 4.
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(a)

(b)

Figure 3.9. – Comparison of the energy and time distributions in a module from the top
of the µ-veto between the muon candidates, selected by requiring full non-
zero ADC and TDC information in another module of the µ-veto (red data
points), and the background events recorded for a standard trigger condition
(solid black histograms). (a) Distribution of energy deposits. The background
distribution is scaled by 0.01 for visibility. The energy distribution of muon
candidates are fitted by a Landau distribution (red dotted line). (b) Time
difference between the two PMT signals for a module from the top. Extracted
from [32].
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3.2.4. Muon detection in EDELWEISS-II

The part of the µ-veto data analysis performed in EDELWEISS-II [78, 32], of interest in
the framework of this thesis, is summarized in the following. First, the methods applied to
derive the µ-veto efficiency and their limitations are explained. Secondly, the determination
of the muon flux, useful for the normalization of the simulation, is described.

3.2.4.1. Determination of the muon-veto efficiency

The definition of the µ-veto efficiency varies with the context. One can define the µ-veto
efficiency to be the probability of detecting a muon entering the volume enclosed by the µ-
veto system. It includes muons going through the outermost corners of the µ-veto, which
are not likely to produce secondaries interacting in the bolometers. These muons have
a higher probability to be missed because of the gaps in the mounting structure in the
corners or because they might deposit an energy below threshold. It therefore provides
a lower limit of the actual efficiency of the µ-veto to trigger µ-induced events. A more
realistic estimate can be done by determining the probability of detecting muons passing
in the external lead shield where most of µ-induced neutrons are produced. This efficiency
can be derived either from MC simulations or from a bolometer data sample by selecting
events clearly induced by muons. The µ-veto efficiency definition can also be extended
to the detection of muons passing outside the veto volume but detectable through their
secondaries. Indeed, there is an extremely rare but existing probability that a neutron
created in the rock reaches the bolometers without the muon crossing the µ-veto system.
Two different methods were used in EDELWEISS-II to extract the µ-veto efficiency. One
is based on a detailed MC simulation of muons in the experimental setup including the
individual module trigger responses. The other is based on a sample of bolometer data
clearly induced by muons. Both methods will be reviewed here.

µ-veto efficiency from the MC simulations

In order to determine the detection efficiency of a given simulated energy deposit in a
module, the trigger thresholds of all individual modules were extracted using low energy µ-
veto data. Although the trigger threshold depends on the position of the interaction along
the module axis, only an averaged efficiency over all hit positions could be measured.
Indeed, the cosmic muon flux is so low that the methods used to derive the position-
dependent response described in section 3.2.2.3 cannot be applied in situ at LSM. Once a
single module triggered the acquisition, all non-zero ADC and TDC values of all modules
of the µ-veto were stored to disk. To derive the trigger efficiency of a module, events in
this module for which an energy deposit were measured (non-zero measured ADC values)
but which were not responsible of the trigger are selected. If one or both TDC signals
in this module were equal to zero, then the energy deposit would not have triggered the
acquisition itself and would have been missed. The fraction of potential triggers over all
events versus the uncalibrated energy gives the energy dependent trigger efficiency εi(E)
of a module i. To derive the trigger efficiency in MeV, the µ-veto modules were calibrated
by comparing the MPV from the data fit (in ADC units) with the one extracted from
simulations (in MeV). However, the accuracy of the data fit was estimated to be 20%
because of the limited number of muon candidates. This accuracy depends on the module
as the muon flux varies with the orientation of the module. In addition, it is worse for
the lateral modules, in which the spread of muon path length is large due to the muon
angular distribution. Consequently, the measured energy distribution is a sum of Landau
distributions spread over a large energy range.
By averaging the modular detection efficiencies derived from this method, a mean efficiency
of 〈εµi 〉 = 95% was found with a standard deviation of σ(εµi ) = 4%. The modular detection
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efficiency was then implemented in the simulated data to derive the overall µ-veto efficiency
to detect muons. The error on the efficiency was determined by shifting the individual
calibration coefficients by±20% and extracting the corresponding efficiency. Consequently,
the µ-veto efficiency to detect a muon entering the veto volume was estimated to be:

εtot, MC veto-volume = (93.6± 1.5)% (3.15)

Over the 6.4% undetected muons, 2.4% passed through gaps in the structure; 0.9% were
missed because of a malfunctioning module during a small part of the data taking, for which
the trigger efficiency was set to zero for the appropriated amount of time; the remaining
3.1% were missed due to the module inefficiencies. Additionally, the µ-veto efficiency to
detect muons passing within a 1 m distance from the center of the cryostat was derived
from simulation to be:

εtot, MC central-sphere = (97.7± 1.5)% (3.16)

As explained earlier, this value gives a better estimate of the µ-veto efficiency to tag
muon-induced bolometer events. The selection bias to muons passing close to the cryostat
was shown to be negligible, using both measured and simulated data. Among the 234
coincidence events between the µ-veto and the bolometers measured in EDELWEISS-II,
the tracks of 109 muons could be reconstructed unambiguously as information on the
position of the muon interaction was recorded in two modules. It was found that more
than 90% of these µ-induced bolometer events are induced by muons passing within a
distance of less than 1 m from the cryostat’s center. It was also shown from simulations
[33] that 90% of the neutrons depositing an energy Erec > 1 keV in the bolometers are
produced in the lead shield and in the cryostat. Even for neutrons produced in the rock
outside the shielding, it is possible though rare that they reach the bolometers due to their
high penetration depth. This contribution was estimated from simulation to be ∼ 0.05%.
To conclude, most µ-induced bolometer events in EDELWEISS-II were caused by muons
crossing the cryostat or the lead shield and could therefore potentially be vetoed with the
µ-veto system.

µ-veto efficiency derived from a sample of bolometer data

Another, fully independent, method to derive the µ-veto efficiency relies on the selection
of a bolometer data sample, which is unambiguously induced by muons. The efficiency
is then derived by checking how many bolometer events are seen in coincidence with the
µ-veto. The advantage of this method is that it avoids uncertainties on the calibration
and on the simulations. However, it is limited by statistics as strict requirements are
applied to select a pure sample of µ-induced events excluding all ambient radioactivity.
With a selection of events satisfying Eheat > 7 MeV and a bolometer multiplicity mbolo >
2, 34 muon candidate events were extracted from the bolometer data. All were found in
coincidence with the µ-veto in a time window of [-15,+1] ms, leading to a best estimate of
the efficiency of 100%. The lower limit at 90% C.L. on the efficiency was derived according
to binomial statistics as follows:

P (k, n, εµ-veto) = 10% with P (k, n, εµ-veto) =

(
n

k

)
εkµ-veto(1− εµ-veto)n−k (3.17)

where n is the number of µ-induced bolometer events selected (n = 34), k the number of
events tagged by the µ-veto (k = 34) and εµ-veto the probability of a µ-induced bolometer
to be detected in the µ-veto. Consequently, the µ-veto efficiency was derived to be:

εµ-veto ≥ 34
√

0.1 = 93.5% at 90% C.L. (3.18)

The systematic uncertainty on this efficiency calculation was estimated to be less than 1%.
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3.2.4.2. Determination of the muon flux at LSM

The muon flux through a horizontal surface was determined using the EDELWEISS-II data
and the corresponding MC simulations. This work is only summarized below, more details
can be found in [78, 32]. Considering the complex geometry of the experiment, there is
no straightforward way to determine the muon flux. First, muon-candidates were selected
from the data by requiring at least one module of two distinct surfaces of the µ-veto to be
hit, leading to a rate of muon candidate of Γµ−cand = (108.7 ± 0.8)/day. The simulation
including the individual trigger responses was then used to translate the measured muon
rate in flux. By applying the same muon selection criteria on the simulated data, the
proportion of these muons crossing a virtual horizontal surface at the center of the µ-veto
gives an acceptance of aMC = (20± 0.4) candidates/(µ/m2). Consequently, the muon flux
at LSM through a horizontal surface was estimated to be:

Φhorizontal
µ = Γµ−cand/aMC = 5.4± 0.2 (stat)+0.5

−0.9 (syst) µ/m2/day (3.19)

The systematic uncertainties can be explained by three contributions. Firstly, the muon-
candidate sample is not pure i.e. background events can contaminate the selection, notably
in case of energy deposits in the corner of the µ-veto. Their influence was checked by
deriving the efficiency excluding adjacent surfaces. It led to a reduction of the muon
flux of 10%. Secondly, the uncertainties of ±20% on the individual module calibration
described above led to another 10% uncertainty on the µ flux. Lastly, the contribution of
muon bundles to the total muon flux, measured by the Fréjus experiment to be of 5% of
the total muon flux [116] was not simulated. This flux will be compared with an earlier
measurement performed by the Fréjus experiment in section 3.4.2.2 when the normalization
of the muon simulations will be discussed.

3.3. Online monitoring of the muon-veto system

A central task to minimize the µ-induced background for dark matter search is to ensure
that the µ-veto system is continuously running and that the recorded data is of good
quality. Therefore daily shifts were performed in the framework of this thesis to detect as
early as possible problems with the µ-veto system or with individual modules. This mon-
itoring gets even more important with time because the system is suffering from ageing.
The current electronic chain was also in use to read-out the KARMEN µ-veto but some
electronic components are even older.
To detect problems as early as possible, the online monitoring of the µ-veto was signifi-
cantly improved. Until the end of EDELWEISS-II, the monitoring of the µ-veto was done
using raw data from the scaler cards. These cards basically count the number of hits
per PMT group without any requirement of coincidence within the same module. In the
framework of this thesis, the scripts to monitor the data used for the analysis were devel-
oped. This data gives a more complete overview of the proper functioning of the overall
µ-veto and of single modules, and allows to better identify the source of problems. Several
monitoring plots are produced by these scripts for each µ-veto run, every couple of hours
and uploaded to an html webpage. The overall µ-veto functioning is controlled by plotting
the overall event rate, which is approximatively of 1.5 Hz. The time distribution between
two consecutive events is also displayed to monitor the dead-time of the system. Indeed, it
happened that the dead-time increased without any obvious reason. This problem could
be solved by simply restarting the acquisition. In addition, the ratio of single over total
number of events in each module is calculated as it gives an estimate of the trigger thresh-
old. Four plots are displayed per module: an illustration for a well-working module is
given in fig. 3.10, and for a malfunctioning module in fig. 3.11. The plot on top left corner
displays the event rate in the module per hour. In case of stable run condition, this rate is
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approximatively flat. A drop of the rate would indicate a malfunctioning of the electronics
whereas a strong increase is due to noise and should be monitored to ensure an acceptable
dead-time. The plot on the top right shows the position distribution relative to the center
∆t versus time without condition on the TDCs. The projection of this distribution is
shown on the bottom right plot for events satisfying the trigger condition (both TDC’s
>0). As for the distribution on the bottom left, it shows the sum of the energies measured
by the two PMT groups versus time. Together, these plots give a good overview of the
module stability. As can be seen in fig. 3.10, the module M18 was working perfectly during
Run115 with a stable rate and energy distribution, and a symmetric response from both
PMT groups. As for the module M30 (fig. 3.11), its event rate increased by a factor ∼ 2 on
the 13th of October 2014. From the energy and position distributions, it can be attributed
to some low energy noise able to trigger the module at the center, where the threshold is
the lowest. In addition, this module was strongly asymmetric: the south PMT group had
such a high threshold that only rare events of high energy (e.g. muons) interacting on the
north side of the module can be detected. The HV applied to the south PMT group was
increased by steps, but no improvements could be achieved for this module.
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Figure 3.10. – Example of monitoring plots for a well functioning module (M18) during the
µ-veto Run115: (a) event rate versus time per hour bin; (b) position distri-
bution ∆t versus time; (c) total measured energy versus time; (d) position
distribution ∆t for events satisfying the trigger condition.
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Figure 3.11. – Example of monitoring plots for a malfunctioning module (M30) during the
µ-veto Run115: (a) event rate versus time per hour bin; (b) position distri-
bution ∆t versus time; (c) total measured energy versus time; (d) position
distribution ∆t for events satisfying the trigger condition.
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3.4. Simulation of muons at LSM with the GEANT4 software

The GEANT4-based simulation software further developed for EDELWEISS-III simula-
tions is presented here. A special emphasis is placed on the muon simulations, which will
be used in the following chapters.

3.4.1. The GEANT4 simulation software used in EDELWEISS-III

GEANT4 is an object-oriented toolkit to simulate the passage of particles through matter
using a Monte Carlo algorithm [66]. It was designed in a modular way so it can be adapted
to a wide range of applications from the simulation of particles in a complex detector
geometry to medical or military purposes. It is based on an object-oriented structure,
made of a set of classes and libraries, which can be used independently from each other.
As it is designed as a toolkit, the user must define its own main program as well as three
mandatory classes:

— the physics list describing the physics processes and their modelling for the particles
of interest, chosen according to the application of the simulation code. Each physics
process is defined by its cross section and a model defining its final state. Which
model describes the best the data depends on the energy range and the type of particle
studied. Therefore different models should be combined to cover a large energy range.
This is described in the physics list, which is set up carefully by the user to describe
the best his application. Some pre-defined reference physics lists are developed by the
GEANT4 collaboration but recommended only for specific tasks.

— the geometry of the experimental setup, implemented with the help of visual-
ization tools. For the simulations in EDELWEISS, the full setup including the experi-
mental hall with its concrete walls and the rock surrounding the laboratory have been
implemented. This is especially needed for a precise simulation of the muon shower
development in the rock and shielding of the setup. A high level of details is also
required to simulate the radiogenic and gamma backgrounds. Even, small components
close to the detectors such as connectors are described.

— a primary particle generator defining the energy, position and angular distribution
of the initial simulated particles, e.g. a muon generator.

In the past years, independent simulation codes have been developed within the EDEL-
WEISS collaboration, either optimized for radioactive background or muon-induced back-
ground simulations. Towards EDELWEISS-III, the different codes were merged to provide
a common framework for all EDELWEISS-III simulations. Significant work has been done
to set up a coding convention, unify the geometry and physics list, provide a single output,
and clean the code from useless classes. In addition, the code has been implemented such
that so-called macro files can be used as input of the simulation to change the particle
generator without recompiling the code. These macro files are typically text files including
a list of commands, which are given as input of the simulation code and interpreted by
GEANT4. This makes it easy to change between neutron-, γ- and muon- sources and
change the parameters of the initial particles without any modification of the code and
compilation.
The simulation code for EDELWEISS-III was updated to run with the GEANT 4.9.6
version [117] (in comparison to GEANT 4.9.2 used in EDELWEISS-II simulations). Im-
portant changes were made between the two versions on the physics processes and models
involving neutrons at all energy scales. The complete list of standard evaluated neutron
data libraries is now accessible. Concerning the hadronic physics, the changes implemented
lead to a lateral profile of hadronic showers narrower in heavier absorbers such as lead.
The detailed list of updates can be found in [117].
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Figure 3.12. – Visualization of the EDELWEISS-III geometry as implemented in the simula-
tion code. The µ-veto system, with the newly implemented modules covering
the gap between the two chariots, and the cryostat together with the warm
electronics are shown.

In addition to the upgrade to GEANT 4.9.6, the physics list was changed. In EDELWEISS-
II, the low energy electromagnetic interactions physics list [75] was used for ra-
dioactive background simulations, whereas a custom physics list has been developed for
the muon simulations. For the EDELWEISS-III simulations, the Shielding physics list
[68], recommended by the GEANT4 collaboration for shielding applications, is now in use.
The implications of the change in physics list in terms of µ-induced neutron background
will be discussed in the next section.
Aside from the new code, the new version of GEANT4 and the new physics list, significant
modifications have been made to the implemented geometry to include the EDELWEISS-
III upgrades detailed in chapter 2.1. The main changes concern the addition of the new
internal and external PE shields; the 1 K and 10 mK areas with the new structure of the
experimental chamber of the cryostat, the cabling, the new shape of the 1 K copper cryo-
genic screen and the electronics; the FID800 geometry with its casing, PTFE clamps and
connectors; and the electronics at 300 K. In the framework of this thesis, the µ-veto ge-
ometry was implemented with the 4 additional modules installed at the junction between
the two part of the shields. Part of these changes are illustrated in fig. 3.12.
The debugging and tests of the new simulation code for muon simulation were performed
in the context of this thesis.
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3.4.1.1. Physics list for hadronic interactions

The description of hadronic interactions in the simulation software has a significant in-
fluence on the simulated neutron yield. Indeed, the physics of muon-nuclear interactions
and the production of secondary neutrons in the hadronic shower are not yet understood;
numerous models co-exist, which are valid in specific energy ranges. Depending on the
models used, large variations of the simulated neutron yield in lead have been observed,
with a discrepancy up to a factor 2 between different MC codes [118].
For the EDELWEISS-II simulations of µ-induced neutron background, a custom physics
list was developed especially for a high precision modelling of µ-induced neutron produc-
tion by M.Horn [33]. This physics list has been replaced by the reference Shielding

physics list recommended since 2012 by the GEANT4 collaboration for shielding applica-
tion, high energy physics and space physics. The list used in EDELWEISS-III is based on
the FTFP_BERT_HP reference list with improved neutron cross sections from the Japanese
Evaluated Nuclear Data Library (JENDL) [119] and better description of ion interactions.
The high precision (HP) low energy neutron transport package describes neutron inter-
action below 20 MeV using data-driven models. The hadronic interactions are modelled
using the Bertini-style cascade (BERT) for hadrons below 5 GeV and using the FriTioF
string model (FTF) at high energies above 4 GeV together with the Precompound model
to handle the fragmentation of the excited nucleus. It also contains the description of
all standard electromagnetic processes and includes neutron capture. As illustrated in
fig. 3.13 for inelastic neutron scattering, this list significantly differs from the one used in
EDELWEISS-II: at high energies, the quark-gluon string model (QGS) was used, together
with the Precompound model for nuclear fragmentation (the combination is known as the
QGSP model). The intra-nuclear binary cascade (BiC) model was used for low energies.
The intermediate gap was covered by the low energy parametrization model (LEP). This
physics list was based on the reference physics list QGSP_BIC_HP provided by the GEANT4
collaboration: only the energy ranges in which each model was used varied.
A detailed study of the implications of these changes in terms of µ-induced neutron back-
ground was beyond the scope of this work. Therefore, the associated uncertainties on
the µ-induced neutron background have been evaluated from literature. Most neutrons
scattering in the Ge bolometers are produced by interactions of the electromagnetic or
hadronic showers induced by a muon in the external lead shield surrounding the experi-
ment. The uncertainty on the simulated neutron background in EDELWEISS-III is largely
dominated by the uncertainty on the simulated neutron yield in lead.
A comparison of the µ-induced neutron yield for different versions of GEANT4 and physics
lists has been done in [118] using a mono-energetic µ-beam at 260 GeV directed on a lead
block. It was notably shown, using the GEANT version 4.9.5p01, that the Shielding list
produces a higher neutron yield of about 15% compared to the QGSP_BIC_HP list. More
generally, the Shielding list exhibits the largest neutron yield compared to the other lists
and shows the biggest increase in yield going from the GEANT4 v9.4 to v9.5. The increase
is mainly due to the increased of neutrons produced in inelastic scattering of hadrons and
in particular neutrons. This is also explained by the muon-nucleus interaction model: the
scattering cross sections in both cases are the same but the π+/π− produced in the final
state in earlier versions of GEANT4 is now replaced by a π0 interacting further via Bertini
intra-nuclear cascade. From these results, one expects a higher neutron yield produced in
lead in the EDELWEISS-III simulation compared to the EDELWEISS-II one, leading to
a higher µ-induced neutron background.
The question arises which physics list describes the data better. Several studied have been
performed to assess the accuracy of the GEANT4 simulation to estimate the neutron yield
in lead (see [83] for a review and references herein). Two recent measurements have been
performed at a large slant depth, for the mean muon energies, which are of interest for
this work. Firstly, a long-term measurement campaign of the neutron yield in lead using
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Figure 3.13. – Comparison of the models used to describe neutron inelastic scattering be-
tween the custom physics list used in EDELWEISS-II and the reference
Shielding physics list used in EDELWEISS-III. The models used are: data
driven high precision model HP; Bertini cascade BERT; FriTioF string model
(FTF) using the Precompound (PC) model for nuclear deexcitation FTFP; Bi-
nary cascade BIC; low energy parametrization model LEP; quark-gluon string
model (QGS) using the Precompound QGSP. Based on [83].

a dedicated neutron detector was performed at LSM, in the context of the EDELWEISS
experiment [83]. The GEANT4 version 4.9.2p01 and the custom physics list defined in [33]
were used to simulate the neutron yield. A deficit of 16% of the measured yield compared
to the simulated one was obtained. Another comparison between simulated and measured
data was performed using the ZEPLIN-III dark matter detector, located at the Boulby
Underground Laboratory at a depth of 2850 m w.e.. The mean muon energy of 260 GeV
[120] is similar to the mean energy of muons at LSM. The GEANT4 version 4.9.5p01 to-
gether with this Shielding physics list were used in [118] to compare the neutron yield in
lead measured with the simulated one. An excess of 26% of the measured neutron yield
compared to the simulated one was derived. In the following, these two values will be used

as systematic uncertainty
(

+26%
−16%

)
on the simulated neutron yield in EDELWEISS-III.

3.4.2. Simulations of muons in the EDELWEISS-III experiment

3.4.2.1. The muon generator

The role of the muon generator is to provide the starting position −→rs , direction −→ws and
energy Es of the simulated muons. In the case of EDELWEISS, a custom generator devel-
oped in [33] and improved in [83] is used and will be briefly reviewed here.
The muon generation follows three steps. Firstly, the local muon flux is parametrized con-
sidering the energy loss in the rock and the angular distortion due to the Earth’s curvature.
Secondly, the probability density function associated with the muon flux parametrization
are constructed and sampled. In a third step, the actual position −→r , direction −→w and
energy E of the muon are chosen. The muon is then started from a hemisphere H of
h0 = 30 m radius centred on the LSM hall (see fig. 3.14) and propagated through the rock
and the experimental setup using GEANT4. Each of these steps is briefly described below.
The parametrization of the muon flux on the hemisphere dΦr/dErdΩ (where the index r
stands for rock) can be related to the muon flux dΦ0/dE0dΩ0 at the Earth’s surface via
the coordinate transformation:

dΦr

dErdΩ
=

dΦ0

dE0dΩ0

dE0

dEr

dΩ0

dΩ
(3.20)

As input of the simulations, the energy range of muons at their starting position on the
hemisphere H and a number of energy bins to be considered have to be provided. For
each local energy bin Er, the corresponding energy at the Earth’s surface is calculated by
applying the CSDA approximation introduced in eq. 3.6. The validity of such approxi-
mation has been shown in [83] by comparing the results of the muon generator with the
Fréjus measurement [116]. The rock thickness crossed by a muon with a given direction is
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Figure 3.14. – Illustration of the muon generator in the y−z plane. The implemented rock is
shown as a light gray shaded area and the LSM hall in white shaded area. The
muons are started on a plane disk D lying on an hemisphere H of radius h0.
As example, 3 muons are shown (red lines) for three directions w1, w2 and w3

(red shaded areas). The intersections of all muons illuminate homogeneously
a ball B in which the µ-veto system is included. At the exception of the
illustrative mountain profile, the dimensions are to scale. Extracted from
[83].

derived from the mountain profile map h(θ, φ) with 1◦ angular resolution provided by the
Fréjus collaboration [121]. As muons reaching the LSM are relativistic, the deflection of a
muon in the rock is neglected and the muon direction at the Earth’s surface is considered
to be the same as the direction at LSM. Knowing E0 and dΩ0, the differential muon flux
at the Earth’s surface dΦ0/dE0dΩ0 can be described using the Gaisser parametrization
introduced in eq. 3.2, corrected for the Earth’s curvature by introducing the zenith angle
θ∗ of primary particles on the top of the atmosphere. θ∗ transfers to a zenith angle θ
on Earth by considering the Earth’s curvature following sin(θ) = sin(θ∗)RE+Hint

RE
with the

Earth’s radius RE = 6600 km and the mean interaction height of primary particles in the
atmosphere of Hint = 18.6 km. The subsequent correction in the element of solid angle
dΩ0 = sin θ0dθ0dφ is implemented in the local muon flux parametrization.
Once the muon flux has been parametrized, a probability density map is constructed by
integrating the differential muon flux over each energy and angular bin, their binning pa-
rameter defined as input by the user.
Lastly, the start parameters of the muon Es, Φs and of zenith angle Θs are derived ran-
domly according to the probability density distribution. To increase the efficiency of the
simulation, the volume homogeneously illuminated by the incident muons is restricted
from the LSM experimental hall to a ball B of radius d = 5 m centred on the setup, as can
be seen in fig. 3.14.
The correctness of the muon generator has been verified in [83] by comparing the data of

the Fréjus experiment [116] and the output of the generator folded with the Fréjus detector
response. As can be seen fig. 3.15, the zenith and azimuthal angular distributions obtained
from both show good agreement. These distributions reflects the profile of the mountain

74



3.4. Simulation of muons at LSM with the GEANT4 software 75

above the LSM, which is located inside the Fréjus tunnel crossing the Alps almost from
north to south. The maximum of the zenith angle distribution at Θ = 35◦ corresponds
to the smallest rock overburden at the mountain flanks. The azimuthal distribution is ex-
pressed in the coordinate system of the laboratory, corresponding to an offset of Φ = 16◦

to the north direction. As can be seen, more muons reach the lab from the north-south
direction i.e. from the valleys, where the rock thickness is minimal. Along the mountain
range in the east-west axis, the muon flux is the smallest. Note that an additional cross-
check of the muon generator output using the EDELWEISS-II data was performed in [32]
and also showed a good agreement between the two.

(a)

(b)

Figure 3.15. – Differential muon flux (a) versus the zenith angle Θ and (b) versus the az-
imuthal angle Φ, as simulated with GEANT4 with the muon generator de-
scribed in [33, 83] (black) and as measured by the Fréjus experiment (red)
[116]. See text for more details. Extracted from [83].
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Figure 3.16. – Local energy spectrum of muons at LSM normalized to unity. Extracted from
[33].

3.4.2.2. Simulation of the local muon flux and its normalization

The method applied to simulate the local muon flux in the framework on this thesis follows
the method described in [83].

Local muon flux at LSM

As explained in section 3.1.3, µ-induced neutrons can be both produced by low energy
muons via capture of µ− on a nucleus, as well as by high energy muons interacting with
matter via muon-nuclear interactions. The simulated muon spectrum should therefore
cover a wide range of energies to ensure a proper estimation of the µ-induced neutron
background. However, the energy spectrum of muons underground is a steeply falling
spectrum (see fig. 3.16) following the energy distribution of primary cosmic rays. To
ensure enough statistics over the whole energy range, the simulation of muons is split into
4 sub-ranges from 2 GeV up to 20 TeV as listed in table 3.1. Muons below 2 GeV do not
contribute to the muon spectrum at LSM as they get captured in the rock or decay before
reaching the experimental hall. The contribution of muons above 20 TeV is well below
0.01% and is therefore neglected. Note that the initial energy of muons given as input of
the simulation, is the energy range of muons at their starting point, i.e. on the hemisphere
of 30 m radius centred on the LSM hall.
For each sub-range of energies, both µ+ and µ− are simulated as the neutron production
via muon capture on nuclei depends on the charge of the muon. A ratio µ+/µ− = 1.37 is
considered at the depth of LSM, as it is the measured ratio for atmospheric muons with a
minimal energy of 2.5 TeV, necessary for a muon to reach the LSM [84].
The contribution of each sub-range of energies and each muon type to the muon flux at
LSM was derived in [83]. It was calculated by multiplying the contribution of each energy
range to the total energy spectrum, with the muon charge ratio and the muon transmission
probability from the hemisphere to the LSM cavern. The results of these calculations are
listed in table 3.1.
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Table 3.1. – Partition of the initial energy spectrum of muons into 4 energy sub-ranges. The
contribution of each energy range to the total muon flux is given. Based on
[83].

Muon type Energy range Contribution
(in GeV) to the µ flux (in %)

µ−

2− 20 2.0
20− 200 24
200− 2× 103 15.7
2× 103 − 2× 104 0.4

µ+

2− 20 2.7
20− 200 33.0
200− 2× 103 21.5
2× 103 − 2× 104 0.5

Normalization of the simulation

For each simulation, the measurement time corresponding to the number of simulated
muons should be derived. This is possible by counting the number of muons through a
surface and by dividing it with the expected muon flux at LSM. Two published measure-
ments of the muon flux at LSM exist: one derived using data from the Fréjus experiment
and the other using EDELWEISS-II data.
First, it should be noticed that several definition of a particle flux co-exist. One can cal-
culate it by counting the number of particles crossing a plane of either direction, per unit
area da and unit of time dt. On the other hand, the ICRU defines it as the quotient of
the number of particles dN incident on a sphere of cross section area da during the time
interval dt [122]. Using a sphere as reference is the simplest way to always consider an
area perpendicular to the direction of a particle independent of its incoming direction.
In addition, the effective detection area, which is equal to the sphere cross section da, is
the same for all zenith angles. This approach is equivalent to take a horizontal plane as
reference and project it on the incoming direction of the particle. In this case, the effective
detection surface decreases with increasing zenith angle θ.
Knowing that different definitions of the flux exist, we should be particularly careful when
comparing flux values of different experiments. The number of particles crossing a plane
is proportional to | cos(θ)| with θ the angle between the direction of the particle and the
direction perpendicular to the plane. Therefore, the muon flux through a sphere is higher
than the muon flux through a plane for all angular distributions of particles. In the case of
the muon flux determination at underground laboratories, choosing a sphere as reference
is more relevant as the angular distributions vary significantly according to the mountain
profile, as shown in fig. 3.15a and fig. 3.15b.
The first muon flux measurement at LSM was performed in 1989 by the Fréjus experiment
[123]. This proton decay experiment had the particularity that its horizontal surface of
6 m×12.3 m was bigger than the typical average distance of 3.3 m between a muon and its
shower axis. Due to a position resolution of 5 cm [123], it allowed separation of closed pack
muons and correction for detector size effects. A high statistic of 407 775 single muons
and 12 559 so-called muon bundles has been achieved. Muons with a zenith angle θ < 60◦

were cut from the data set as a precise knowledge of the mountain topography could not
be guaranteed above this angle [116]. The detector threshold of 300 MeV was excluding
most of secondary muons produced by the hadronic shower of the muon in the rock. Thus,
the measured rate of µ− event was:

φµ-event
Fréjus = 4.98µ-events/m2/day (3.21)
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This rate gives the number of triggers per day which can be attributed either to single
muons or to muon bundles, and can be distinguished due to the high spatial resolution of
the detector. The rate of single muons was derived to be 4.73µ/m2/day and the rate of all
muons, defined as φ̇ =

∑10
i=1mn×φn, was derived to be 5.31 µ/m2/day [116]. However, it

was not possible to state with certainty which reference surface was used to determine these
fluxes, despite discussions with former members of the Fréjus collaboration and attempts
of reverse engineering summarized in [83]. The favoured hypothesis is that the Fréjus flux
was derived through a sphere.
An additional estimation of the flux was done using the EDELWEISS-II µ-veto data, as
described in section 3.2.4.2, giving a muon flux through a horizontal surface of:

Φµ
EDW-II = 5.4± 0.2 (stat)+0.5

−0.9 (syst) µ/m2/day (3.22)

A comparison of the EDELWEISS-II measured flux with the Fréjus value was performed
in [32]. As it is not possible to distinguish between single and multiple muons with
EDELWEISS-II, the measured flux has to be compared with the rate of µ-events measured
by the Fréjus experiment. Simulations were performed to correct the Fréjus measurement
for the zenith angle cut θ < 60◦. The correction for the energy threshold of 300 MeV
was not necessary as the probability that a secondary muon of such low energy satisfies
the muon selection criteria used in EDELWEISS-II is low. Assuming the Fréjus result
was derived for a horizontal surface, the correction for the zenith angle cut increases the
total µ-event rate 5.2 µ-events/m2/day, to be compared with the value given in eq. 3.22.
The EDELWEISS-II flux is 3.7% higher than the Fréjus flux but the two values agree
within uncertainties. Now, assuming that the Fréjus flux of 5.2 µ-events/m2/day was ob-
tained using a sphere, it can be converted in a flux through a horizontal surface using a
conversion factor derived in [32] from simulations. The flux then decreases down to 4.13
µ-events/m2/day. The muon flux measured in EDELWEISS-II exceeds the Fréjus flux by
23.5%. Considering the strong indications that the Fréjus flux was derived using a sphere
as reference surface [83], the discrepancy between the two values remains and is considered
as a systematic uncertainty.
For the simulations performed in the framework of this thesis, the Fréjus rate of µ-event
given in eq. 3.21 was chosen to normalize the simulations. Indeed, the Fréjus result is
based on a high statistics of muons and the detector response has been extensively studied
to correct its effects on the measured flux. As explained in section 3.2.4.2, large system-
atic uncertainties on the EDELWEISS-II flux arise from the uncertainties on the detector
response and the selection criteria, as the experiment was less adapted for the study of the
muon flux.

3.4.2.3. Implementation of the bolometer response

The output of each simulation is written in a ROOT file [112] containing information
about each single interaction in a sensitive volume, i.e. in the µ-veto system and in the Ge
detectors. However, the responses of the detectors are not included in the simulation and
have to be applied afterwards. The implementation of the position-dependent response of
the µ-veto modules will be described in chapter 4. Therefore only the implementation of
the bolometer response is discussed in the following.
GEANT4 splits each particle track in multiple steps, the step length depending on the
particle type and its cross section in the crossed material. For each single energy deposit
by a particle, the following information is recorded: the 3D position of the single energy
deposit; the name of the bolometer in which the particle interacted; the type of particle
interacting; the process responsible for the energy loss; and the relative time compared to
the beginning of the event. This information is then used to build the total energy deposit
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Table 3.2. – Number of simulated muons for each energy sub-range and type of muons and
corresponding simulated time in years using the Fréjus as reference for the
normalization of the simulation.

Muon type Energy range Nb simulated µ Simulated time
(in GeV) (in 106 events) (in years)

µ−

2− 20 3 380.9
20− 200 4 109.0
200− 2× 103 6 249.7
2× 103 − 2× 104 0.59 971.1

µ+

2− 20 3 259.2
20− 200 4 79.4
200− 2× 103 5.95 180.9
2× 103 − 2× 104 0.6 721.4

in the bolometer, distinguishing between electronic and nuclear recoils. To compare the
simulated data with the measurement, the output of the simulation needs to be modified
to imitate the bolometer response: first, the single energy deposits in each bolometer
are summed according to their recoil type. Then, the heat and ionization energies are
calculated taking into account the ionization quenching (parametrized as in eq. 2.6) and
the Neganov-Luke effect (defined in eq. 2.9) induced by the applied electric potential, as
well as random fluctuations with the energy-dependent resolution of each channel. Another
key point needed to compare the simulation with measurement is the fiducialization of the
detector volume. As the electrodes and the electric field configuration are not implemented
in the GEANT4 simulation 5, a geometric definition of the fiducial volume is used to classify
an event. For this, the fiducial volume is approximated by a cylinder, whose size can be
chosen independently for each detector as input of the event building software. While the
mass of a detector varies between 820 g and 889 g, all the bolometers have been simulated
with the same mass of 817 g. The size of the cylinder delimiting the fiducial volume was
adapted to the measured fiducial mass, which varies from 68% to 89% of the total detector
volume.
An energy deposit in a bolometer is considered to trigger when the total heat energy is
above the average trigger threshold 〈Eth〉.

The EDELWEISS-III simulation package presented here will be used to derive the results
described in this thesis: first, to extract the individual responses of the µ-veto modules
using an AmBe source, by comparing the simulated and measured energy spectra (chapter
4); secondly, to compare the topology of µ-induced bolometer events between data and
simulation, as well as the rate of coincidences between the µ-veto and the bolometer array
(chapter 5); lastly to estimate the µ-induced background for dark matter search in the
standard and low mass WIMP analyses (chapter 6).

5. The simulation of charge migration, from which fig. 2.4 was derived, is performed independently
using a custom MATLAB-based simulation software.
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4. Determination of the muon-veto
efficiency using an AmBe source

To estimate the untagged muon-induced background for dark matter search, the efficiency
of the µ-veto has to be derived accurately. This estimation relies on the detailed knowledge
of the trigger threshold of the 46 individual modules making up the µ-veto. These modules
have been calibrated at the Earth’s surface using cosmic muons in 2003 [101]. Since then,
the plastic scintillator as well as the signal read-out electronics have aged significantly. De-
spite attempts to correct for ageing effects, the individual trigger thresholds may worsen
inhomogeneously with time and have to be monitored. One of the drawbacks of going
underground to shield the experiment against cosmic rays is that muons cannot be used
for monitoring anymore, as their flux is too low to give sufficient statistics. Therefore new
alternative methods had to be developed.
In EDELWEISS-II, the module response was extracted from low energy µ-veto data, mostly
arising from radioactive backgrounds in the µ-veto [32]. Although the response strongly
depends on the position of the interaction along the module axis, this method only gives
an average over all hit positions. In addition, it is limited by 20% systematic uncertainties
assumed on the energy calibration (see section 3.2.4.1). Therefore a new method using an
AmBe source was set-up in the framework of this thesis to derive the position-dependent
trigger threshold. The goal of this method is to extract the unknown parameters char-
acterising the module response for a given position along the module axis. This can be
achieved by comparing the measured energy spectrum obtained with the AmBe source,
with the simulated spectrum convoluted with the module response. A maximum likelihood
analysis is used to derive the set of parameters giving the best match between the two.
By repeating it for several positions along the module axis, the trigger threshold can be
extrapolated. The modular muon detection efficiency can then be derived by applying the
position-dependent response on the simulated energy spectrum of muons.
The first section of this chapter (4.1) is dedicated to the measurement campaign of the
µ-veto modules at LSM using an AmBe source. The strong position-dependent response of
the modules to AmBe data is illustrated in particular. In the second section 4.2, the work
performed to accurately simulate the AmBe measurements using the GEANT4 software is
described. The modelling of the module response applied on the simulated data is detailed
in section 4.3. The binned maximum likelihood analysis performed to derive the set of
parameters describing the best the data is explained in section 4.4. To estimate the un-
certainty on these parameters, a Monte Carlo Markov Chain was used and is described in
section 4.4.6. The modular detection efficiency and its uncertainty are then derived. The
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complete method is illustrated with one module of the µ-veto system. An outlook on how
this method could be used to extrapolate the total µ-veto efficiency from the efficiencies
of individual modules concludes this chapter.

4.1. Measurement of the AmBe data

4.1.1. Measurement campaign at LSM

The source used to probe the individual trigger thresholds is an AmBe source at disposal
at LSM. It is usually used as a neutron source to study the response of Ge detectors to
nuclear recoils, but is used in the context of this study for its high-energy γ’s. A neutron
is produced when an α produced by the 241Am decay is captured by a 9Be nucleus. The
resulting 13C is produced in an excited state such that a neutron is always evaporated.
Depending on the energy carried out by the evaporated neutron, the resulting 12C isotope
is produced either in its ground state or in its first excited state. In the later case, a high
energy γ of 4.4 MeV energy is emitted by the 12C during the transition to its ground state.
More details about the working principle of the AmBe source will be given in section 4.2.1
when discussing its implementation in the simulation.
The AmBe γ’s are particularly suited to probe the trigger threshold, as its average over
the module length was estimated in EDELWEISS-II to be around 4 to 5 MeV (position-
dependence described in section 3.2.2.3 and 3.2.3). Note that the neutron contribution
and the rather limited energy resolution of the plastic scintillator allow the detection of
the source even if the γ-peak is below the threshold.
The weak point of the EDELWEISS source is its low activity, chosen on purpose not to ac-
tivate the Ge crystals in a calibration measurement. It was measured with γ-spectroscopy
using a NaI(Tl) detector [124]. The activity of the source was deduced by integration of
the 4.4 MeV γ photopeak and the two escape peaks, and compared with simulation of the
experimental setup to include the detection acceptance. Assuming a γ-ray to neutron ratio
of 59.1±2.6% [125], the activity of the source was calculated to be:

Aγ = 12± 2 γ/s, and An = 21± 4 neutrons/s (4.1)

Note that the uncertainty on the γ-ray to neutron ratio is large considering the difficulty
to measure low energy neutrons. The ratio used to derive the activity of the EDELWEISS
source is in reasonable agreement with the results obtained by other groups and with the
calculated ratio (56.6±5.7%) using cross section and stopping power data [125].
To determine the position-dependent module response, the source was mounted on three
positions along the longer axis of the module: at the center and at 50 cm distance from each
of the module ends, always in the center along the width of the module. The calibration at
the central position requires ∼ 2 days of measurement and the calibrations near the ends
∼ 6 days, with significant variations from one module to another depending on the trigger
threshold. The number of calibrated positions per module is limited by the long measure-
ment time required and by the isotropy of the source. Some attempts were nevertheless
made to collimate the source with a hollow lead cylinder of 4 cm thickness, open on the side
facing the module and closed on the other, in which the source was placed. However, both
the simulation and the test measurement showed that it does not significantly improve the
collimation whereas it significantly prolongs the needed measurement time. For practical
reasons, the final measurements were performed with the source placed inside a hollow
stainless steel cylinder of 2 cm thickness. The cylinder was fixed on a camera tripod, with
the opening facing the module. With this installation, all modules could thus be reached,
including those on the top of the µ-veto. In addition, it allowed approximately the same
source orientation for all measurements. Note that for the calibration of the modules of
the top of the µ-veto, the cylinder was placed lying on its side.
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The calibration campaign took place from the end of the year 2012 until the end of July
2015. Despite this long campaign, calibration data could not be acquired for all modules
of the µ-veto for several reasons. First, due to the low activity of the source, two weeks are
needed in average to calibrate one of the 46 modules of the µ-veto. It was attempted to buy
a more active source (with a higher activity in α’s) but its transportation to LSM as well
as its storage would have been problematic. Moreover, for an underground laboratory like
the LSM, the limitation on the α activity is too strict to allow a significantly more active
source than the one in use: in case of fire, the 241Am of the source could be evaporated
in the laboratory air and would present a danger for the fire brigades. A second reason
is linked to constraints associated to operations in the special environment of the LSM,
which explains in part why the calibration time on some modules was extended to ∼ 3
weeks. And lastly, calibration with a neutron source in the vicinity of the cryostat is of
course not possible while WIMP search data is acquired. Therefore not all modules close
to the cryostat have been calibrated (Level 1 of the µ-veto system). These constraints
on the calibration planning led to the following outcome: 23 out of the 46 modules of
the µ-veto have been fully calibrated. The remaining modules were not calibrated at all
or only partly for various reasons: four out of the five modules making up the floor of
the µ-veto were not accessible. Three modules had such a high trigger threshold that the
source could not be detected. Due to a lack of time, seven modules in the clean room
could not be calibrated and nine modules only partly.

4.1.2. Module response to the AmBe source

To show why measurements with an AmBe source are suited to determine the effective
trigger thresholds, the energy spectra measured for the three positions of the source are
compared below. For illustration, the data taken with the module M42 (long side of the
module along the north-south axis) is studied. This module shows a homogeneous response
of both its PMTs groups and a low trigger threshold, and is therefore used as illustration.
The source was placed at the center of the module for ∼ 2 days and at 50 cm from the
north and south ends for ∼ 6 days each. The side positions will be called hereafter north
(south) position for simplification. The arrival time of the PMT pulse and the energy
measured by each group of PMTs will be hereafter denoted according to the geographic
orientation of the PMT group i.e. tN (tS) and ADCN (ADCS) respectively.
First, the distributions of the difference in arrival time of the signal ∆t = tN − tS for the

three positions of the source are shown in fig. 4.1. A TDC channel, corresponding to 0.8 ns,
has been measured to be equivalent to (5.6± 0.1) cm [101]. The distributions for the side
positions are normalized to the measurement time for the center position. Note that the
center of the module does not coincide with ∆t = 0. There is a shift of 6 TDC channels
(corresponding to 4.8 ns) which can be explained by a systematic delay of the signal from
the north PMT group in the electronics chain. The contribution of background particles
to the ∆t spectrum is negligible.
The number of measured events strongly varies with the position of the source. For the
same measurement time, it is 9 (7) times larger for the center position than for the north
(south) position. This behaviour is due to the position-dependent effective threshold, dis-
cussed in section 3.2.3. Due to the trigger conditions, the count rate is highest for the
center position where the threshold is lowest, and decreases towards the module ends as
the threshold rises exponentially. As the energy of the AmBe γ’s is close to the trigger
threshold, a slight variation of the threshold induces a strong variation in the number of
triggered events. As for the difference in trigger number between the two module ends, it
reflects the inhomogeneity of the response from one PMT group to the other. As explained
in section 3.2.3, the PMT group which is the furthest away from the energy deposit is re-
sponsible for the trigger. One can then deduce that the PMT group on the north side
has a lower threshold or a worse energy resolution than the PMT group at the south side.
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84 4. Determination of the muon-veto efficiency using an AmBe source

Figure 4.1. – Distributions of the difference in arrival time of the two PMT signals ∆t =
tN − tS for the source at the center (blue histogram), at the south end (green
histogram) and at the north end (red histogram) of the module M42. The
distributions for the side positions are scaled to the measurement time at the
center (2 days). For each position, the spread of the source is fitted with a
gaussian distribution. Errors on the fit parameters are <1% and therefore not
quoted.

To conclude, the number of events triggering the acquisition is a strong indicator of the
effective trigger threshold.
Concerning the shape of the ∆t spectrum shown in fig. 4.1, each distribution is made of a
Gaussian component centred at the source position, with a width of σ ' 6 TDC channels
corresponding to 33 cm [101]. For the side positions, there is an additional shoulder of
events going towards the furthest PMT group. Despite fewer particles deposit energy that
far, the trigger probability is higher as the distance to the furthest PMT group (which is
leading the acquisition) is smaller. This effect is not seen for the center source position:
the probability to trigger is highest at the center (as the distance to both PMT groups is
minimal) and diminishes exponentially with the distance to the furthest PMT group. In
addition, the threshold curve is steeper at the module ends than at the center, leading to
larger threshold variations for the side positions of the source.
To derive the effective trigger threshold for a given position of the source, the energy dis-
tribution of AmBe events in the module will be fitted and therefore need to be understood
beforehand. Fig. 4.2a shows the energy distributions ADCN, ADCS and ADCN + ADCS

for the data taken with the AmBe source at the module center. The peak structure of
the energy distributions should not be mistaken with the 4.4 MeV photopeak. As will
be illustrated in section 4.3, it arises from the convolution of the smeared AmBe energy
spectrum with the trigger threshold. The difference in shape between ADCN and ADCS

distributions shows once more the inhomogeneities of the PMT group responses. The dis-
tribution of ADCN + ADCS exhibits a low energy tail down to ∼ 1200 ADC channels, a
gaussian-like peak structure centred on ∼ 1500 ADC channels and a high energy tail. This
shape can be understood by plotting the total measured energy ADCN + ADCS versus
the position of the interaction along the module axis, as shown fig. 4.2b. The clear peak
at ∼ 1500 ADC channels mostly arises from energy deposits of the source at the center of
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4.1. Measurement of the AmBe data 85

the module, with a spread for a given ∆t driven by fluctuations of the energy deposit and
energy resolution effects. The high energy tail is due to energy deposits closer to one of the
PMT group, where the light output is larger. One can notably perceive the exponential
rise in energy towards the PMT groups. Events with unphysical ∆t outside of the physical
boundaries of the module (∆t . −40 TDC channels or ∆t & 50 TDC channels including
reflections) are mostly due to low energy background events with limited time resolution.
The event population with ∆t ∼ 45 TDC channels is also arising from noise in the south
PMT group.
Similar spectra are shown for the source positioned at the north end (fig. 4.3) and at the
south end (fig. 4.4) of the module. As shown on the ∆t distribution fig. 4.1, a burst of events
at the source position and a tail towards the furthest PMT group can be distinguished.
To understand their contribution to the energy distribution, the energy deposit measured
by each PMT group individually is plotted versus the mean position of the interaction in
figures fig. 4.3 and fig. 4.4 (see (b) and (c) for both figures). For both source positions,
the energy distribution measured by the furthest PMT group (fig. 4.3a south and fig. 4.4a
north) shows a peak structure at E ∼ 700 ADC channels similarly to what was seen at the
center. It arises from localized energy deposits at the source position, but also from energy
deposits towards the center of the module. The spread in energy mostly characterizes the
energy resolution of the PMT group. As for the high energy tail, it is clearly induced by
rare events depositing energy close to the PMT group. The energy distributions measured
by the PMT groups the closest from the source differ significantly. The spread in energy
deposit at the source location is large (from ∼ 1000 up to ∼ 4000 ADC channels). This is
due to the exponential decrease of the light output with the distance to the PMT group,
plus the fluctuations in the path length of the light and energy resolution effects. Energy
deposits towards the center suffer more from absorption and therefore contribute to the
lower energy part of the spectrum. To conclude, the scintillation and collection efficiency
are dominating the measured energy when an energy deposit occurs close to a PMT group,
whereas the absorption is leading in the opposite case.
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Figure 4.2. – AmBe data taken at the center of the module M42: (a) Distributions of the
energy measured by the north PMT group (red), by the south PMT group
(orange) and the sum of energies event by event (blue); (b) Total measured
energy versus the mean position of the interaction along the module axis.
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Figure 4.3. – AmBe data taken at 50 cm from the north end of the module M42: (a) Distri-
butions of the energy measured by the north PMT group (red), by the south
PMT group (orange) and the sum of energies event by event (blue); (b) Energy
measured by the north PMT group versus the mean position of the interaction
along the module axis; (c) Energy measured by the south PMT group versus
the mean position of the interaction along the module axis.
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Figure 4.4. – AmBe data taken at 50 cm from the south end of the module M42: (a) Distri-
butions of the energy measured by the north PMT group (red), by the south
PMT group (orange) and the sum of energies event by event (blue); (b) Energy
measured by the north PMT group versus the mean position of the interaction
along the module axis; (c) Energy measured by the south PMT group versus
the mean position of the interaction along the module axis.
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4.1.3. Selection of data

The first step of this method is to derive an energy distribution characteristic of the position
of the source. For this purpose, a cut is applied on the ∆t distribution to remove energy
deposits occurring away from the source position. This step is particularly important for
the side positions, where the contribution from energy deposits towards the module center
is significant. The spread of the uncollimated source is derived from the ∆t distribution and
can be approximated by a gaussian distribution centred on the source position. Events
occurring outside of a ±2σ interval from the source position are cut from the energy
distribution.
Background and noise events also contribute to the measured energy spectrum with the
AmBe source. They notably induce structures at low energies which can not be fitted by
the simulated spectrum. The background energy distribution is extracted using a time
period before or after the calibration, generally twice longer than the calibration time.
It is then scaled to the measurement time and subtracted from the energy distribution
measured with the AmBe source.

4.2. Simulation of the AmBe measurements

4.2.1. Implementation of the source in the simulation

The neutrons and γ’s emitted by the AmBe source are correlated in time and energy. A
simplified description of the source was already implemented in the EDELWEISS simu-
lation package. Within this simulation, neutrons are created isotropically with energies
between 0 and 11 MeV, and in 59.1% of the cases accompanied by a 4.4 MeV γ without
restriction on the neutron energy. That means that a γ could be emitted in coincidence
with a high energy neutron even if the sum of both energies violates the principle of en-
ergy and momentum conservation. This simplification is sufficient when the probability to
measure a neutron and a γ in the studied detector is negligible. However, with the µ-veto,
there is a significant probability to measure both as a large solid angle is covered by a
scintillator panel. Consequently, the high energy tail of the simulated energy spectrum is
not well reproduced. It is particularly important in this study as only high energies above
the trigger threshold are measured. Therefore, a more accurate description of the AmBe
decays has been implemented as part of this work. As various, and sometimes contra-
dicting, descriptions of the AmBe source can be found in the literature, it is described in
details in the following.

Description of the AmBe source

The AmBe source is an example of a 9Be(α, n) neutron source which is based on a mixture
of a radioactive isotope decaying via α emission and a low Z material with a high α capture
cross section. The nature and properties of such sources have been widely studied since
the early 1930’s, mainly for two reasons. Firstly, the second excited state of 12C plays a
key role in the nucleosynthesis in stars via multi-body breakup processes [128]. Secondly,
these sources are widely employed as neutron sources, notably for detector calibration.
241Am is an α emitter with a half-life T1/2 = (432.7± 0.5) years [129]. The α of 5.48 MeV
kinetic energy is captured in approximately 1/104 cases by a 9Be nucleus forming a 13C
nucleus in an excited state [130]:

α+9 Be→13 C∗ (4.2)

The energy available in the final state is the sum of the Q-value of the capture process
(Q = 10.65 MeV) and the remaining kinetic energy of the incoming α. Depending on this
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90 4. Determination of the muon-veto efficiency using an AmBe source

Figure 4.5. – Excited nuclear states in the 9Be(α, n) reaction. Extracted from [126].

Figure 4.6. – Energy level diagram for 12C indicating electromagnetic transitions. Extracted
from [125], based on [127].
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4.2. Simulation of the AmBe measurements 91

energy, the 13C nucleus is produced in an excited state with energies from 10.77 MeV to
15.22 MeV [126], as shown in fig. 4.5. As the excitation energy of the 13C nucleus is always
higher than the binding energy per nucleon (Eb=7.47 MeV), a neutron is emitted:

13C∗ →12 C(∗) + n (4.3)

Depending on the excited state of 13C, the neutron production reaction will populate
either the ground state, the first excited state (4.439 MeV) or the second excited state
(7.654 MeV) of the residual 12C nucleus [125]. Note that populating the third state (9.641
MeV) requires an α energy of at least 5.690 MeV, and therefore cannot be reached in
case of the AmBe source. Consequently, 3 discrete neutron groups n0, n1 and n2 can be
distinguished, populating the ground state, the first excited state or the second excited
state of the 12C nucleus respectively (see fig. 4.5). The group of neutrons n1 is always
accompanied at a time t = 61 fs later, by a γ-ray of 4.4 MeV arising from the transition
of the 12C nucleus from its first excited state to its ground state (see fig. 4.6). The
12C nucleus in the second excited state goes back to the ground state either directly via
internal conversion, or by a cascade of two γ’s at 3.2 and 4.4 MeV. However, it undergoes
in ∼99.96% of the cases a multi-body breakup [128]: the carbon nucleus decays into a 8Be
nucleus, a neutron (referred to as group nb hereafter) and an α particle [131, 132].

9Be(α, α
′
)9Be*→ 8Be + n (4.4)

The energy distribution of each of the neutron groups n0, n1, n2 and nb is displayed in
fig. 4.7 for several 9Be(α, n) sources. The breakup neutrons nb mainly contribute below
1.5 MeV. The importance of the multi-body breakup process is due to the fact that the
direct transition between the second excited state and the ground state of the 12C nucleus
is forbidden because of spin conservation (both states are 0+). The excited 12C nucleus
still has a low probability of (4.06 ± 0.01) × 10−2% to decay to the ground state via
the first excited state by emitting a cascade of two γ’s of 3.2 and 4.4 MeV (see fig. 4.6.
Additionally, it has a (6.08 ± 0.07) × 10−4% probability to return to the ground state
by internal conversion [127]. These rare but existing de-excitation processes explain why
carbon is the fourth most abundant element in the Universe [128]. To explain the formation
of carbon in stars, the astronomer F.Hoyle predicted the existence of resonances of the
triple α process leading to the second excited state of the 12C nucleus, also called the
Hoyle state. Due to these de-excitation processes, the excited 12C nucleus can decay to its
ground state in ∼0.04% of all cases instead of undergoing multi-body breakup reactions
[128].
The neutron-alpha and neutron-gamma angular correlations in X(α,n)Y reactions have
been studied to distinguish between different modelling of such interactions. They can
notably be described by the compound nucleus model, or by stripping of the incident α-
particle considered as a combination of a 3He and a neutron, or stripping of a neutron of
the target nucleus or by knock-on collision of the incident α on a loosely bound neutron
of the target nucleus [133].

Implementation in the simulation

Within the framework of this thesis, an improved version of the AmBe source was imple-
mented in the simulation. In the earlier simplified description of the source, the simulated
energy was overestimated when a neutron n0 was emitted in coincidence with a γ and
underestimated when a neutron n1 was not. Now, the neutron group of highest energy n0

is never simulated in coincidence with a γ. On the contrary, the group of neutrons n1 is
always simulated in coincidence with a 4.4 MeV γ. For simplification, the angular correla-
tion between the two is neglected here. The effect of this simplification might be small as
neutrons scatter in the extended source of 3 cm long or in the surrounding materials, e.g.
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92 4. Determination of the muon-veto efficiency using an AmBe source

Figure 4.7. – Energy spectrum of neutrons from various 9Be(α, n) sources with the contri-
bution from individual neutron groups. Extracted from [134].

in the lead capsule or in the steel cylinder holding the source, before being detected in the
module.
The decay from the second excited state of the 12C nucleus to the ground state via emis-
sion of a γ cascade and a low energy neutron n2 is negligible in comparison to multi-body
breakup reactions [135, 136, 137]. Therefore this decay was not implemented in the simu-
lation for simplification.
References giving the individual energy distributions of the neutron groups were difficult
to find in literature, whereas it is easy to find the overall energy distribution. For this
study, it was estimated that a graphical extraction from [132] of the energy ranges in which
each neutron group is dominant is sufficient. The energy range boundaries for neutrons
n1 in coincidence with the γ were adjusted for the γ/n ratio of 59.1±2.6% [125], used to
determine the activity of the EDELWEISS source in [124]. The n1 neutrons were therefore
simulated between 1.8 and 6.2 MeV and the n0 neutrons between 6.2 MeV and 11 MeV.
This is summarized in fig. 4.8 showing the normalized energy spectrum of the simulated
neutrons.

4.2.2. Simulation procedure

The AmBe source is simulated as a point source as its dimensions are small compared to
the size of the module, isotropically emitting γ’s and neutrons according to the description
in section 4.2.1. The source is placed at the center of the hollow steel cylinder which is
used to hold it during the measurements. The simulation source code was implemented
to allow the 3D positioning of the source using an external macro file, simplifying the
simulation of the hundred different possible positions of the source.
Each position of the source is simulated to derive the corresponding energy spectrum. In
order to reduce computation time, the conversion of the energy deposit into scintillation
light, as well as the light propagation until the module ends and the PMT response are not
implemented in the simulation. Therefore the effects of the module response need to be
modelled and applied to the simulated data (see section 4.3). Thus, no module response
is taken into consideration in the simulation. The simulated energy in a module is only
the sum of all energy deposits. Consequently, there is no significant difference between
the energy spectra obtained at different positions along the module axis. The only factor
of difference is the proximity of a material near the module which gets activated by the
source. This is notably the case for the steel mounting structures.
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4.2. Simulation of the AmBe measurements 93

Figure 4.8. – Normalized energy distribution of AmBe neutrons as implemented in the sim-
ulation, with in red the energy range where a γ and a neutron are simulated
in coincidence and in blue a neutron only.

The number of simulated neutrons and γ’s is calculated for each position of the source
from the known measurement time, the source activity in neutrons given eq. 4.1 and the
branching ratio. As the measurement time is of few days, the number of simulated γ’s
and neutrons is of few million per position of the source. The dead-time associated to a
particle trigger is neglected as only few per cents of the emitted particles actually trigger
the acquisition.

4.2.3. Simulated energy spectrum without module response

An example of energy spectrum of total energy deposit (γ and neutron), obtained by
simulating the AmBe source at the center of module M42, is shown fig. 4.9. Features of
both γ and neutron energy deposits are visible. As illustration, fig. 4.10 gives the measured
and calculated total cross sections for photon interactions on carbon with contributions
from individual processes such as photoelectric effect, incoherent and coherent Compton
scattering or pair production. In the MeV range and in light materials, the energy loss of
γ’s is dominated by incoherent Compton scattering, contributing to a continuous spectrum
from 0 up to 4.4 MeV. As can be seen in fig. 4.10, photoelectric effect on carbon is negligible
in the MeV range. More generally, the photoelectric effect cross section increases for
high Z materials and rapidly decreases with the energy of the γ. Therefore, organic
scintillator panels are particularly inefficient to stop high energy γ’s from the AmBe source
via photoelectric effect. However, as the module has a 5 cm thickness, there is still a
high probability that a γ loses all its energy in the scintillator via successive Compton
scatterings. It shows up as a pronounced shoulder at E ' 4.4 MeV in fig. 4.9. On the top
of this shoulder, a peak at E ' 4.15 MeV can be distinguished, arising from backscattered
γ’s (Compton edge). The maximal energy loss of a γ of energy E = 4.4 MeV interacting
with the medium occurs for a scattering angle of 180◦and is given by the following formula:

E′ =
E

1 + 2E/mec2
' 241.5 keV (4.5)
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Figure 4.9. – Distribution of the total energy deposit in module M42 at the output of the
simulation for the AmBe source at the center of the module, summing all
energy deposits of an event. See text for more details.

where E′ is the energy of the scattered γ and mec
2 the electron energy at rest. As can be

seen in fig. 4.11 bottom, a significant part of the interactions occurs close to the module
boundary. In this case, the scattered γ can escape the detection and total measured energy
is of 4.15 MeV.
Another feature in the energy spectrum fig. 4.9 is a narrow peak at 3.417 MeV. This energy
is typical of a proton capture by a 58Ni, producing a 59Cu in an excited state, which decays
by emitting a 3.417 MeV prompt γ [138]. This isotope is present in the steel of the cylinder
holding the source and in the mounting structure of the µ-veto modules. However, the
cross section of such process is extremely low and therefore cannot explain the observed
peak. In addition, such a narrow peak is not expected from γ’s. As the initial energy
of the neutrons responsible of this feature is below the experimental threshold, the exact
origin of this feature was not further investigated. It could be due to an unsolved issue in
the GEANT4 package.
The contribution from neutrons of the AmBe shows up on all the energy range of energy
deposits but dominate at high energies. Fast neutrons mainly lose energy by a succession of
elastic scatterings on the nuclei of the scintillator until they are thermalized and eventually
captured. Organic scintillators are particularly efficient to thermalize fast neutrons as they
contain mainly light elements like hydrogen, carbon and oxygen. Hydrogen is the most
efficient moderator because neutrons can lose up to all their energy in a single collision,
as the mass of the two particles are almost identical. In addition, hydrogen exhibits the
highest neutron scattering cross section. Once fast neutrons have kinetic energies below
1 MeV, the energy transfer per scattering becomes smaller and few hundreds of nanosec-
onds are needed until they reach thermal equilibrium with the medium. Thermalized
neutrons finally get captured by a proton of the scintillator, accompanied with a γ of 2.2
MeV. The single energy deposit at 11.8 MeV arises from the sum of a high energy neutron
fully thermalized in the module and of the 2.2 MeV γ induced by its capture.

94



4.2. Simulation of the AmBe measurements 95

Figure 4.10. – Contributions of atomic photo-electric effect τ ; coherent scattering σCOH;
incoherent (Compton) scattering σINCOH; nuclear-field pair production κn;
electron-field pair production κe; and nuclear photoabsorption σPH.N. to the
total measured cross section σTOT (circles) in carbon over the photon energy
range 10 eV to 100 GeV. The measured σTOT points, taken from 90 indepen-
dent literature references, are not all shown in regions of high measurement
density. Extracted from [139].

Figure 4.11. – Distribution of the interaction positions inside the module of γ’s and neutrons
from the AmBe source, placed at the module center. The top plot gives the
position along the module width (Z axis in the simulation) versus the position
along the module length (X axis). The bottom plot shows the position along
the module thickness (Y axis in the simulation) versus the position along the
module length.
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96 4. Determination of the muon-veto efficiency using an AmBe source

4.3. Modelling of the module response

Before fitting the measured energy spectrum with the simulated one, the module response
has to be implemented on the simulated data. As explained above, the simulation only
gives the energy deposit in a module without conversion in scintillation photons, their
propagation towards the module ends and their detection by the electronics chain. The
implementation of these effects is discussed below and illustrated using the simulated
energy spectrum for the AmBe source at the center of module M42.

4.3.1. Acquisition time window

The data acquisition chain was designed such that the total energy deposit in a module is
measured by integrating the two pulses from both PMT groups over a 100 ns time window
after the trigger. The width of the integration window was chosen to ensure a full collection
of the scintillation light including reflections. A dead-time of τ = (0.157± 0.001) ms [111]
follows each trigger, during which the electronic chain is reset and the event stored to disk.

When measuring AmBe data, the integration time window is not wide enough to sum
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Figure 4.12. – Distribution of the total energy deposit in module M42 without (blue his-
togram) and with (red histogram) the acquisition time window.

all energy deposits. As explained in section 4.2.3, γ’s deposit their energy in only a few
ns via Compton scattering. But neutrons, once quickly slowed down by hydrogen, take
time to be thermalized and captured. Consequently, part of energy deposits from neutrons
is not measured, notably the 2.2 MeV γ which is emitted during the neutron capture by
hydrogen. The acquisition window width was therefore implemented in the simulation by
summing the energy deposits which occur in a 100 ns time window after the first hit. The
comparison between the energy spectrum with time cut and without time cut is shown in
fig. 4.12. The distribution with time cut ends more sharply at the highest neutron energy
produced by the source (∼11 MeV), as there is no more coincidence with the associated
2.2 MeV γ produced by neutron capture. In overall, there is a slight reduction of the high
energy neutron tail as well as the 2.2 MeV γ peak, accompanied with a slight increase
of the low energy below 1.5 MeV. As expected, the γ peaks at 4.2 and 4.4 MeV are not
affected by this time cut because γ′s deposit their energy in few ns.
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4.3. Modelling of the module response 97

4.3.2. Quenching of the energy deposit

It is well known that the response of organic scintillator depends on the incoming particle:
for a given energy deposit, the light output arising from nuclear recoils is significantly
diminished compared to the light output induced by electronic recoils. This effect is
similar to the ionization quenching of nuclear recoils in the Ge detectors described in section
2.1.2.1. In scintillators, the quenching arises from the non-linear response of the material to
the ionization density dE/dx. Various theories exist to explain this non-linear behaviour,
all based on the assumption that a high ionization density along the particle track results
in a quenching of the primary fluorescence process [140]. This non-linear response has
been attributed by J.B.Birks to damaged molecules dissipating their excitation via non
radiative processes instead of primary scintillation light [110]. By assuming that the light
output is proportional to the energy loss excluding this quenching mechanism, he derived
the following semi-empirical model giving the light output per unit of path length:

dL

dx
=

AdE
dx

1 + kB dE
dx

(4.6)

where A is the absolute scintillation factor, dE/dx the ionization density, B dE
dx the density

of damaged molecules and k the fraction of scintillation light which is quenched. kB is
treated as a single parameter which is adjusted to fit the experimental data for a specific
scintillator. The scintillation quenching factor Q can then be expressed as the ratio of the
light yield produced by nuclear recoils Ln and by electronic recoil Lγ :

Q =
Ln(E)

Lγ(E)
=

∫ E
0

dE
1+kB( dEdx )

γ∫ E
0

dE
1+kB( dEdx )

n

(4.7)

Various other parametrizations co-exist in the absence of theory describing the scintillation
quenching. Some work has been undertaken to better describe the quenching at low
energies in [141] and [142]. Indeed, Birks’ assumption that the light yield is proportional to
the energy deposit is true for high energy deposits but large deviations have been measured
at lower energies [143]. It was shown in [144] that Birks’ parametrization describes well
the light output for (dE/dx) < 100 MeV/(g · cm). As it is mostly the case of the energy
deposits from AmBe in the µ-veto plastic scintillator, Birks’ parametrization will be used
to quench the simulated energy deposits.
Many studies on the non-linear response of plastic scintillator have been done using general
purpose plastic scintillator of type NE-102 (equivalent to BC-400), for different particles of
different energies. Most of the results agree with a kB value of 10 mg/(cm·MeV) [144]. No
reference could be found for the plastic scintillator used in the EDELWEISS experiment
(Bicron BC-412, equivalent to NE-110) as its usage is more specific (long strips or large
areas of detectors). Nevertheless, they both have the same base and only differ by the
type of wavelength shifter and their concentration [106]. Consequently, the ionization
density dE/dx is approximatively the same in both scintillators. In addition, the Birks’
parametrization concerns the quenching of the primary scintillation, so that the type or
the concentration of the wavelength shifter should not matter, except for a slight change
in the average dE/dx. Therefore the average kB value of 10 mg/(cm·MeV) [144] obtained
for the NE-102 scintillators will be used to parametrize the scintillation quenching.
As information about single energy deposits Eh are stored in the output of the simulation,
the quenching of the energy deposit can be implemented a posteriori. The total energy
deposit in a 100 ns window is now calculated as the sum of single energy deposits quenched
individually:

Etot =
N∑
h=1

Eh ×
1

1 + kB
ρ ·

dEh
dxh

with
kB

ρ
= 9.69× 10−2 MeV−1 (4.8)
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98 4. Determination of the muon-veto efficiency using an AmBe source

Fig. 4.13 shows the average scintillation quenching 〈Q〉 versus the total energy deposit
in the module M42 in a 100 ns time window. The population with 〈Q〉 ' 1 arises from
electromagnetic interactions induced by γ’s from the AmBe source and from neutron cap-
ture by hydrogen. Neutrons show up with 0.1 < 〈Q〉 < 0.5, where two populations can
be distinguished. The prominent line at higher 〈Q〉 is due to neutrons depositing their
energy via one scattering on a hydrogen atom. The lower distribution is due to neutrons
depositing their energy via multiple scatterings, leading to a lower average 〈Q〉 value. The
events between the γ and the neutron populations arise when part or all the energy of the
4.4 MeV γ is summed with a neutron. The dropping parabolic population from 4.4 MeV
up to 10 MeV can notably be distinguished. It corresponds to the coincidence of a neutron
depositing part of its energy with a low quenching and the 4.4 MeV γ depositing all its en-
ergy with a quenching ' 1. The average quenching factor over the time window decreases
when the neutron contribution to the total energy deposit increases. The population at
low energies with 〈Q〉 ' 0 is inherent to the energy production thresholds implemented in
GEANT4. Below this threshold, no secondary particle will be generated to avoid infrared
divergence of some electromagnetic processes and the energy will be locally deposited.
The total energy spectrum is compared in fig. 4.14 before and after the implementation
of the energy quenching. The neutron contribution is strongly reduced, emphasizing the
characteristics of the Compton spectrum. The high energy tail is reduced and ends more
sharply around ∼ 7 MeV. These high energy neutrons as well as the γ’s from the photo-
peak allow to probe the trigger threshold as they will trigger the acquisition. Extracting
the quenched energy spectrum of fig. 4.14 is time consuming as a loop over each single
energy deposit in the module from the simulated particle and its secondaries is required.
However, as the kB value is fixed, the energy spectrum including the acquisition window
and the quenching of the scintillation light is produced once and stored on disk for further
use.
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Figure 4.13. – Average scintillation quenching 〈Q〉 in a 100 ns time window after the first
hit versus the total energy deposit in module M42 during this time window.
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Figure 4.14. – Distribution of the total energy deposit in module M42 without (blue his-
togram) and with (red histogram) the scintillation quenching.

4.3.3. Energy resolution

The total energy deposit in the module is additionally smeared to take into account the
statistical fluctuations in the production of scintillation photons, their absorption on their
way to the PMT groups, and their detection (depending on the quantum efficiency) and
amplification by the PMTs. The baseline resolution is negligible compared to the statistical
fluctuations of the energy deposit. In order to reduce the computation time, the smearing
is not performed event-by-event: the energy spectrum including the acquisition window
and scintillation quenching effects is convoluted bin per bin with a gaussian distribution,
centred on the bin i and of width σi = σE

√
Ei with σE being the width of the gaussian at

1 MeV. σE is an unknown parameter which should be determined by fitting the measured
energy spectrum. Note that the energy resolution of the two PMT groups is not the same,
notably because of inhomogeneous ageing effects. Consequently, the energy distributions
of both PMT groups should be fitted independently.
A comparison of the energy spectrum before and after energy smearing is given in fig. 4.15
for σE = 0.37 MeV, close to the best fit value once the module response is completely
implemented. The photopeak is smeared, leading to a rise of the high energy tail of the
distribution above the trigger threshold. Consequently, σE is constrained by the shape of
the high energy tail.

4.3.4. Effective trigger threshold

As explained in section 3.2.2.2, a hardware threshold of 150 mV is applied on the pulse
amplitude of the two PMT groups for the acquisition to be triggered. For a given position
of the energy deposit, the effective trigger threshold in MeV units depends on the gain
of the PMT group. It can therefore vary significantly from one module to another due
to inhomogeneous ageing of the plastic scintillator and the electronics. In addition, the
effective threshold varies for a given energy deposit as the pulse shape fluctuates depending
on the location of the energy deposition, the light propagation and collection. This shape
depends on the path of the scintillation photons and notably on their reflections on the
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Figure 4.15. – Distribution of the total energy deposit in module M42 without (blue his-
togram) and with (red histogram) energy smearing. An energy smearing of
σE = 0.37 MeV is used here for illustration.

module boundaries and in the light guides. Consequently, the height of the pulse measured
for a given energy deposit can be below or above the trigger threshold of 150 mV. The
trigger efficiency as a function of energy is thus not a step function but a smooth curve.
It is well described by a so-called error function erf(x) = 2

π

∫ X
0 e−t

2
dt, which is equivalent

to a Heaviside function Θ(E − Ethr) at the energy Ethr, convoluted with a gaussian of
resolution σ0. The effective trigger threshold Ethr is defined as the energy for which the
module efficiency is 50%. Ethr and σ0 are both unknown and will be derived from the fit
of the measured energy spectrum.
The implementation of the trigger threshold is illustrated in fig. 4.16 for a threshold value
of Ethr = 3.6 MeV and σ0 = 0.25 MeV, given by the best fit once the module response is
completely implemented. As it was shown in section 4.1.2, a slight increase of the effective
threshold induces a strong variation in the number of events triggering the acquisition.
Consequently, the threshold value Ethr is strongly constrained by the number of measured
events. Note that, of the 1.5× 106 simulated γ’s and neutrons interacting in the module,
only 6.4×104 remain after implementation of the module response, corresponding to 4.3%
survival probability. As for trigger width σ0, this is well constrained by the rise of the
measured energy spectrum.

4.3.5. Energy calibration

The last unknown parameter is the calibration coefficient Ccal to convert, event by event,
the measured energy in ADC channels into MeV units given as output of the simulation.
Contrary to common practice, the scaling is not applied on the model (simulation) but on
the measured energy and this for practical reasons: the binned energy spectrum including
the scintillation quenching is used as input of the maximum likelihood method. Hence,
information about single energy deposits is lost. Scaling the simulated spectrum would
imply to calculate how the content of each bin is distributed over a range of bins. It is
therefore easier, faster and more accurate to scale each of the measured events.
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Figure 4.16. – Distribution of the total energy deposit in module M42 without (blue his-
togram) and with (red histogram) effective trigger threshold. The trigger
efficiency function is displayed in orange and was scaled for visibility by a
factor ∼ 400.

To conclude, the module response is modelled with 4 unknown parameters: the energy
smearing σE, the effective trigger threshold Ethr, the smearing of the threshold σ0 and
the scaling in energy Ccal. The set of parameters ~θ = {σE, Ethr, σ0, Ccal} characterizes the
response of a module for a given position of the AmBe source.

4.4. Efficiency determination of individual module using a
likelihood analysis

The set of parameters ~θ = {σE, Ethr, σ0, Ccal} giving the best match between the measured
and simulated energy spectra has to be extracted for the three positions of the source along
the module axis. By extrapolation between the three positions, the position-dependent
trigger threshold can be derived and implemented in the simulation to finally derive the
µ-veto efficiency.
The best set of parameters is extracted using a binned maximum likelihood analysis: a
4D likelihood function is defined and maximized according to the Bayes’ inference. In
the following, the method will be introduced and the likelihood function derived including
statistical uncertainties on the simulated spectrum. It will then be illustrated using a
simplified example before being applied to the full problem.

4.4.1. Bayes’ theorem

Given the measured energy spectrum, the probability that a set of parameters ~θ describes
the measured spectrum is the so-called conditional or posterior probability P (~θ|data). It
is given by the Bayes theorem, which relates the a priori probability distribution (PDF) of
a parameter set before the data taking P (~θ) with the a posteriori probability distribution
P (~θ|data) as follows:

P (~θ|data) =
P (data|~θ)P (~θ)

P (data)
(4.9)
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102 4. Determination of the muon-veto efficiency using an AmBe source

P (data|~θ) is the conditional PDF of the data given the input parameters ~θ and is also
called the likelihood function L(data|~θ).
P (~θ) is the best estimate of the probability of ~θ prior to data taking. It combines all the
information gathered from past experiments or intuition. Multiplying it with the likelihood
function gives information about the posterior PDF of the unknown parameters ~θ. The
choice of the prior PDF is a key part of Bayesian inference. It can be informative i.e.
give specific information which impacts the posterior distribution and dominates over the
likelihood; or it can be uninformative, that means have minor effects on the posterior PDF
of the unknown parameters.
As for P (data), it is the a priori PDF to observe the data. It is independent from the
unknown parameters ~θ and is therefore a normalization factor for the posterior distribution
P (~θ|data) to be a valid PDF. In order to calculate it, the parameter space available for
the fitting should be integrated. It is necessary to calculate if the likelihood needs to be
normalized to the accessible parameter space, e.g. to compare different models.
As P (~θ) is considered uniform, the posterior PDF can be rewritten as follows for fixed
P (data) and P (~θ):

P (~θ|data) ∝ L(data|~θ) (4.10)

Consequently, the parameter set ~θ for which the posterior PDF is maximal can be deter-
mined by maximizing the likelihood function L(data|~θ):

dP (~θ,data)

d~θ
=
dL(data|~θ)

d~θ
= 0 (4.11)

4.4.2. Determination of the binned logarithmic likelihood function

The likelihood function is defined as the conditional probability to measure the data know-
ing the set of parameters ~θ. It can be constructed using binned or unbinned data. To
reduce the computation time, a binned likelihood function was chosen for this work: the
time needed for the likelihood maximization is then proportional to the number of bins
rather than to the number of events. The binned likelihood function was constructed tak-
ing into account systematic uncertainties on the simulation. First, the following variables
are introduced:

— Ni
D(Ccal) the number of measured events in bin i after energy scaling

— Ni
S(σE) the number of events actually simulated in bin i after smearing in energy

— µi(σE) the expected number of simulated events in bin i after smearing in energy

— µ̃i(Ethr, σ0) the expected number of simulated events in bin i after the implementa-
tion of the module response.

For better readability, the dependence of these variables on the parameters are left out in
the following.
The likelihood function can be written as the product of the probability for each bin i to
observe Ni

D events whereas µ̃i events are expected from simulation after implementation
of the module response. To take into account the systematic uncertainty due to the limited
number of simulated events Ni

S in bin i, the probability to simulate Ni
S events whereas

µi were expected is added as an extra factor to the likelihood. Both probabilities follow
a Poisson distribution of mean value µ̃i and µi respectively. Consequently, the likelihood
can be written:

L(data|~θ) =
N∏
i=1

P (Ni
D | µ̃i)× P (Ni

S | µi) (4.12)

=

N∏
i=1

(µ̃i)
Ni

D

exp (−µ̃i)
Ni

D!
× (µi)

Ni
S

exp (−µi)
Ni

S !
(4.13)
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The µ̃i can be related to µi and to the trigger efficiency εi for this bin via the following
expression:

µ̃i = µi × εi with εi =
1

∆Ebin

∫ i+

i−
erf(Ethr, σ0)dEi (4.14)

with ∆Ebin the width of a bin in MeV units and erf(Ethr, σ0) the trigger efficiency function
as defined in section 4.3.
As it is more convenient to work with the natural logarithm, the likelihood in eq. 4.13 can
be rewritten:

logL(data|~θ) =
N∑
i=1

Ni
D log µ̃i +Ni

S logµi − µ̃i − µi − log(Ni
S !)− log(Ni

D!) (4.15)

Using the Stirling formula at the first order approximation:

log x! ≈ x · log(x)− x (4.16)

and assuming Ni
D > 0 and Ni

S > 0, logL(data|~θ) (eq. 4.15) can be approximated by:

logL(data|~θ) =
N∑
i=1

Ni
D(log µ̃i− logNi

D + 1) +Ni
S(logµi− logNi

S + 1)−µi− µ̃i (4.17)

where µi is chosen to maximize the logarithmic likelihood function:

d logL(data|~θ)
dµi

=
Ni

D

µi
+
Ni

S

µi
− εi − 1 = 0 (4.18)

and is therefore derived to be:

µi =
Ni

D +Ni
S

1 + εi
(4.19)

The likelihood function can be derived even more generally including cases where Ni
S or

Ni
D are equal to 0.

logL =



if Ni
S = 0,

∑N
i=1Ni

D(log µ̃i − logNi
D + 1)− µi − µ̃i

if Ni
D = 0,

∑N
i=1Ni

S(logµi − logNi
S + 1)− µi − µ̃i

else,
∑N

i=1Ni
D(log µ̃i − logNi

D + 1) +Ni
S(logµi − logNi

S + 1)− µi − µ̃i
(4.20)

4.4.3. Application to a simplified problem

The performance of the maximum likelihood analysis is illustrated here using a simplified
problem with two unknown parameters ~θ = {Ethr, σ0}. Fake simulated and measured
energy spectra are generated using the parameters derived for the center of module M42,
namely Ethr = 3.6 MeV and σ0 = 0.25. A binning of 100 keV per bin and a number
of entries per bin of 1000 are first chosen. The measured energy spectrum is randomly
generated from the trigger efficiency function introduced in section 4.3, characterized by
~θ. The simulated energy spectrum is generated flat, each bin being filled by a random
number drawn from a Poisson distribution with a mean value of 1000. An example of the
resulting histograms is displayed fig. 4.17.
Due to the fast convergence of this likelihood analysis, this simplified example is used to
test if the likelihood function gives the expected results and to study the variations of the
standard deviation σ of each parameter with the number of entries per bin. This study
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Figure 4.17. – Histograms of the fake simulated energy spectrum (blue) and fake measured
energy spectrum (red), generated from the trigger efficiency function (or-
ange).

is impossible to perform on the full problem as few hours are needed for the likelihood
function to converge. Following the frequentist approach, 2 × 104 sets of measured and
simulated data have been generated (as described above) including statistical fluctuations,
for a binning of 100 keV/bin and 1000 entries per bin. For each set, the parameter set ~θ
maximizing the likelihood is derived and plotted in fig. 4.18. Firstly, one can deduce from
this test that there is no systematic bias of the likelihood function: the mean value of each
parameter is equal to the input value as expected. Secondly, the two variables Ethr and
σ0 are correlated: if the effective threshold Ethr increases, the smearing of the threshold
should also increase to match the number of entries in the measured energy spectrum. The
parameter Ethr is more constrained than σ0 with a measured variance of 0.3% and 1.9%
of their input value respectively. This test shows that the likelihood function has been
correctly defined and implemented.
Fig. 4.19 shows the standard deviation (expressed in % of the input values Ethr = 3.6 MeV
and σ0 = 0.25 MeV) versus the number of entries per bin, for a binning fixed at 100 keV
per bin. Each value of σ was derived using 5000 sets of fake simulated and measured
data. Two contributions to the uncertainties on the two parameters can be distinguished:
at low number of entries per bin, the statistical uncertainty on the number of measured
events dominates. This contribution decreases with the number of entries per bin but
does not approach zero: for large number of entries per bin, the parameters uncertainty
is dominated by the systematic uncertainty on the simulation arising from the limited
statistics. Indeed, the second term in the likelihood function in eq. 4.12 was included to
take into account the systematic uncertainty on the model. It is then not worth further
increasing the statistics of the measured spectrum as the parameter uncertainty stagnates
at σ = σsys., with σsys.(σ0) = 1.8% and σsys.(Ethr) = 0.3%.
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0.25 MeV) of the two fit parameters versus the number of entries per bin in
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4.4.4. Application to the module response determination

In this section, the parameter set maximizing the likelihood function defined in eq. 4.20
is derived for each position of the source. For the center position, the energy spectrum
measured by each PMT group can be used to extract the best set of parameters. For the
side positions, only the energy spectrum measured by the PMT group which is the furthest
away from the source can be used. Indeed, it was shown in section 4.1.2 that the large
spread in energy measured by the PMT group the closest from the source is not only due
to energy resolution effects: the position-dependent light collection and the propagation
of the scintillation photons need to be implemented in the response parametrization or in
the simulation to describe this energy spectrum. On the contrary, the energy spectrum
measured by the furthest PMT group is dominated by the light absorption and varies
weakly with the position of the interaction (see section 3.2.2.3).
As explained in sections 3.2.3 and 4.1.2, the PMT group the furthest from the energy de-
posit is responsible for the trigger, which requires both PMT groups to measure a signal.
As the light absorption increases exponentially with the distance to the PMT, the furthest
PMT group dominates the acquisition. Thus, the parameter set derived from the data
taken on the north end PMT group of the module gives the response of the south PMT
group and vice versa. For the center position calibration, both PMT groups participate
to the trigger if the module response is rather symmetric.
The simulated energy spectrum convoluted with the module response is shown together
with the measured spectrum for the set of parameters given by the best fit in fig. 4.20a
and fig. 4.20b for the source at the center of the module, in fig. 4.21a for the source at the
north end and in fig. 4.21b for the source at the south end. The fit parameters derived
for each of the source positions are summarized in table 4.1. First of all, a good agree-
ment between the simulated spectrum with module response and the measured spectrum
is achieved: the simple response parametrization described in section 4.3 is shown to de-
scribe the data well. The agreement is less good for the side than for the center position.
There are two reasons for this: first, the number of 9000 measured events is much lower,
than the 6 × 104 measured in the center. Secondly, it was shown in section 4.1.2 that
for the side positions, not only events occurring at the location of the source trigger the
acquisition, but also events depositing energy towards the center. Indeed, despite fewer
particles depositing energy that far, the trigger probability is higher as the distance to the
furthest PMT group is smaller. In addition, the threshold curve is steeper at the module
ends than at the center, leading to larger threshold variations for the side positions of the
source. These events were partly cut by selecting only energy deposits occurring within
±2σ around the source location (see section 4.1.3), but they still contribute to the energy
spectrum.
From the values in table 4.1, it can be deduced that the module has a symmetric position-

dependent threshold. As a reminder, a slight asymmetry between the two PMT groups
was seen in fig. 4.1: for a given measurement time, more triggers were seen when the

Table 4.1. – Overview of the sets of parameters characterising the best fit for the three
position of the sources (the uncertainties on the parameters will be derived in
the next section using a Monte Carlo Markov Chain analysis).

source position North Center South
PMT group ADC[south] ADC[south] ADC[north] ADC[north]

Ethr (MeV) 5.70 3.6 3.6 5.75
σ0 (MeV) 0.60 0.30 0.26 0.59
σE (MeV) 0.26 0.33 0.35 0.42
Ccal (keV/ADC ch.) 8.1 5.1 5.9 8.1
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4.4. Efficiency determination of individual module using a likelihood analysis 107

source was placed at the south side compared to the north side. This is consistent with
the energy smearing values given in table 4.1, showing that the energy resolution at 1 MeV
of the north PMT group 1 is worse by a factor 1.6 compared to the south PMT group, for
a similar threshold. The value of σ0 increases from the center to the side positions, with
the distance between the energy deposition and the PMT group. Indeed, the dispersion of
the path length for longer distances stretches the measured pulse shape.

Using the threshold values extracted for the three positions of the source, the parameter
of interest in this analysis, i.e. the position-dependent effective threshold curve, can be
extrapolated. This is possible knowing the light yield dependence with the position of the
interaction. As explained in section 3.2.2.3, the light yield measured by a PMT group
decreases exponentially with the path length d of the photons between the interaction and
the PMTs according to the empirical Beer-Lambert formula, characterized by the effective
attenuation length Λeff. As the threshold variation reflects the position-dependent light
output, the threshold dependence with the mean position x of the interaction along the
module length, relative to one of the module end, is extrapolated following:

Ethr(x) = A exp(−x/ΛS1
eff ) +B exp((L− x)/ΛS2

eff ) (4.21)

with L the length of the module, ΛS1
eff and ΛS2

eff the effective attenuation length for each
group of PMTs. As the module M42 studied here shows a symmetric behavior, one at-
tenuation length is used as free parameter Λeff = ΛS1

eff = ΛS2
eff . By extrapolating be-

tween the three measured threshold values (see fig. 4.22), an effective attenuation length
of Λeff = (134.4± 13) cm can be derived for this module. This value is consistent with the
latest measurement of Λeff performed on two modules before the installation of the µ-veto
system (see section 3.2.2.3), considering the variations between modules and the ageing of
the system since these measurements in 2007. Using the threshold curve together with the
energy smearing, the response of module M42 can be implemented in the simulation and
the muon detection efficiency can be derived.

1. measured when the source was located at the south end of the module
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Figure 4.20. – Energy distributions of the AmBe source located at the center of module
M42. The red markers shows the measured energy spectrum. The black his-
togram shows the simulated energy spectrum including the module response,
obtained using the set of parameters giving the best match with the measured
spectrum (written in the right bottom corner).
(a) source at the center measured by the south PMT group;
(b) source at the center measured by the north PMT group.
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Figure 4.21. – Energy distributions of the AmBe source located at different ends of the
module M42. The red markers shows the measured energy spectrum. The
black histogram shows the simulated energy spectrum including the module
response, obtained using the set of parameters giving the best match with
the measured spectrum (written in the right bottom corner).
(a) source at the north end measured by the south PMT group;
(b) source at the south end measured by the north PMT group.
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Figure 4.22. – Effective trigger threshold versus the distance from the north PMT group in
module M42. The black markers show the threshold values extracted for the
best fit for each position of the source. The horizontal error bars represent
the uncertainty of ±10 cm considered on the positioning of the source. The
vertical error bars represent the uncertainty of ±0.2 MeV considered on the
threshold values. The red curve shows the fit function used for extrapolation
defined as Ethr(x) = A exp(−x/Λeff) +B exp((L− x)/Λeff).

4.4.5. Determination of the module efficiency

The muon detection efficiency of a module can be derived by implementing the module
response on simulated data. The simulations of muons in the experimental setup described
in section 3.4 are used to extract, for each simulated muon interacting in module M42,
the total energy deposit by the muon and its shower and the mean location of the energy
deposit 2. Then, the module response described in section 4.3 is applied on the simulated
data, knowing the unknown parameter values from the likelihood analysis. First, each
energy deposit is smeared with a gaussian distribution of width σi = σE

√
Ei. The effective

trigger threshold at the mean location of the energy deposit is then derived using the
extrapolated threshold curve shown in fig. 4.22. As explained in section 4.3.4, the trigger
efficiency function is modelled using an error function, equivalent to a Heaviside function at
Θ(E−Ethr(x)), convoluted with a gaussian of width σ0. The value given by the threshold
curve is the threshold value for which an efficiency of 50% is reached. For each energy
deposit, the corresponding detection efficiency is derived. To make the decision if the
energy deposit actually triggers, a random number r is generated uniformly between 0
and 1. If r < ε(x,Ethr(x)), the energy deposit is considered to be detected. The muon
detection efficiency of the module is then derived by doing the ratio of the number of
simulated events which are considered to be detected over the total number of simulated
events.
The question arises which values of the parameters σ0 and σE should be applied on the
simulated data. Contrary to the effective threshold, no obvious extrapolation between
the σ0 and σE values derived for the three positions of the source can be performed.
In theory, 50% of the energy deposit is collected by each PMT group, such that the
simulated energy deposit should be divided in two and smeared according to the parameters
measured for each PMT group. However, the variation in efficiency derived by using

2. Note that the mean position of the energy deposit is calculated by weighting the position of each
single energy deposit by the amount of energy deposit.
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different combinations of these parameters was determined to be less than 0.1%. Therefore
average values of these parameters are used to modify the simulation.
Applying this method, the muon detection efficiency of the module M42 including the
position dependent response is found to be:

εM42 = 95.0% (4.22)

This value can be compared with the efficiency derived in EDELWEISS-II using the average
threshold value over the module length as described in section 3.2.4.1. Averaging over the
module detection efficiencies, a mean value of 95% was derived with a spread of σ = 4%
[32]. Thus, the efficiency extracted using the method developed in the framework of this
thesis is consistent with the average module response in EDELWEISS-II.
One of the limitations of the method used in EDELWEIS-II was the large uncertainties of
±20% on the module calibration and the lack of knowledge of the module response at low
energy, leading to an uncertainty on the total efficiency of the µ-veto of ±1.5%. To evaluate
the gain of the method developed here, a precise calculation of the systematic uncertainty
on the module detection efficiency is needed. This is performed in the following section
using a Monte Carlo Markov Chain analysis.

4.4.6. Uncertainty determination using a Monte Carlo Markov Chain

In the previous section, the set of parameters maximizing the likelihood function was
derived and the detection efficiency extracted. To derive the uncertainty on this efficiency,
the uncertainty on each parameter of the fit should be determined. For this purpose, a grid
calculation of the likelihood function around the best set of parameters could be performed.
However, this technique is time consuming as it scales with x the number of points to
sample for each parameter and D the number of parameters following xD. Moreover, this
method is particularly inefficient as the parameter space of interest represents only a small
fraction of the total tested parameter space. A Monte Carlo Markov Chain (MCMC)
analysis is a faster and more efficient alternative to the grid calculation, as the likelihood
function is randomly sampled only in the region of interest. In addition, a batch of MCMC
can be calculated in parallel as the independent data sets can be added together to get a
more accurate description on the posterior distribution.
First, a general description of the working principle of a MCMC is given based on [145,
146, 147]. This method is then used to derive the uncertainty on the muon detection
efficiency of the µ-veto module M42.

4.4.6.1. Principle of a Monte Carlo Markov Chain

Let’s consider a parameter set of n dimensions ~θ ≡ {θ(1), θ(2), ..., θ(n)} describing the mea-
sured data. In order to derive the uncertainties on each parameter θ(λ), the probability
density distribution P (θ(λ)|data) of each of them has to be sampled. According to the
Bayesian approach, the posterior PDF of each parameter θ(λ) can be calculated by inte-
grating P (~θ|data) over the other parameters, so-called marginalization:

P (θ(λ)|data) =

∫
Ωβ ,∀β∈[1,m]\{λ}

P (~θ|data)dθ(β) (4.23)

As seen in section 4.4, P (~θ|data) is given by the Bayes’ theorem 4.9 and can be written as
follows as P (data) is considered as a normalization factor:

P (~θ|data) ∝ L(data|~θ)P (~θ) (4.24)

The mean value and the confidence intervals of each parameter are then extracted from
the 1 dimension PDF. This implies to derive with precision the posterior PDF P (~θ,data),
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112 4. Determination of the muon-veto efficiency using an AmBe source

which will be noted P (~θ) in the following for simplification. For this purpose, a MCMC
was used to generate random points in the n dimension space where the posterior PDF is
evaluated.
The Metropolis-Hastings sampling algorithm is one possible choice to generate a Markov
chain with a sequence of points {~θi}i=1,...,n ≡ {~θ1, ~θ2, ..., ~θn} in the n dimension space,
converging towards the posterior distribution. A Markov chain is defined as a sequence of
independent points i.e. ~θj+1 is sampled from a distribution p(~θ, ~θj) which only depends on

the current parameter ~θj . It requires a starting value, which should be chosen as a feasible
~θ in the parameter space, e.g at the parameter sets given by the best fit derived from the
likelihood method previously described. The step ~θj+1 is deduced from the previous step
~θj according to the following procedure:

1. a new step ~θtrial is proposed given the current step ~θj according to a proposal function

q(~θtrial|~θj). The choice of the proposal distribution is crucial. It should be as close as

possible from the target distribution P (~θ). If it is too wide, the acceptance will be low
and the chain will stagnate. If the proposal function is too narrow, the correlation
between consecutive steps is large.

2. the new step ~θtrial is accepted or rejected by calculating the acceptance probability
a(~θtrial|~θj) defined as:

a = a(~θtrial|~θj) = min

(
1,

P (~θj)

P (~θtrial)

q(~θtrial|~θj)
q(~θj |~θtrial)

)
(4.25)

If the proposal distribution is symmetric, q(~θtrial|~θj) = q(~θj |~θtrial), the expression of
the acceptance probability is simplified, as given by the Metropolis algorithm (1953).
The extension to non-symmetric proposal function was introduced by Hasting in 1970
[146]. This condition ensures the convergence of the random walk towards the target
distribution.

3. if a = 1, the point is accepted i.e. ~θj+1 = ~θtrial

4. if a < 1, there is a probability a for the point to be accepted. Otherwise, the chain
stagnate at the same point i.e. ~θj+1 = ~θj

As explained earlier, the goal of the Monte Carlo Markov Chain is to generate random
variables according to the posterior distribution. However, the sequence of n points in
the parameter space generated with the Metropolis-Hastings algorithm are not all inde-
pendent: the parameter set ~θj+1 is by definition strongly correlated to the previous set
~θj . When the chain stagnates, the same set of parameters is stored until the chain finally
moves. All these correlated sets should be cut to ensure a relevant MCMC. For this pur-
pose, the following characteristics are studied:

— The burn-in length b, which corresponds to the number of iterations at the beginning of
the chain which should be excluded as depending on the starting value ~θ0. If the chain
converges towards p(~θ), the dependence between ~θj and ~θ0 diminishes as j increases.

The burn-in length is defined as the first iteration b for which p(~θb) reaches the average
value of the posterior distribution:

p(~θb) >
1

N

N∑
i=0

p(~θi) (4.26)

— The correlation length l(α), calculated for each parameter θ(λ), which is the minimal
distance in number of iterations between two sets of the chain for them to be considered
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independent. The degree of correction is estimated using the auto-correlation function

c
(λ)
j between the step θ

(λ)
i and θ

(λ)
i+j , which is defined as [145]:

c
(λ)
j =

E
[
θ

(λ)
i θ

(λ)
i+j

]
−
(
E
[
θ

(λ)
i

])2

E

[(
θ

(λ)
i

)2
]
−
(
E
[
θ

(λ)
i

])2
(4.27)

These values are calculated using a fast Fourier transformation [145, 148]. The l(λ) are

defined as the smallest value of j satisfying the condition c
(λ)

j=l(λ)
< 1/2. The choice

of this auto-correlation value is arbitrary and follows [145, 149]. The total correlation
length l is defined as the longest length among l(1), l(2), ..., l(n).

— The convergence of all the MCMC chains, to ensure that all chains are sampling the
same target distribution p(~θ). The probability that a chain converge increases with the
length of the chain, together with the precision on the target distribution.

For a batch of chains obtained using the Metropolis-Hastings, the chains which did not
converge are excluded and the remaining chains are sub-sampled by keeping the set of
parameters satisfying ~θsub-sample = ~θi=b+kl. To reject a minimum of parameter sets, the
correlation and burn-in lengths should be as small as possible. To do so, the proposal
function should be as close as possible from the target distribution p(~θ).

4.4.6.2. Uncertainty on the module detection efficiency

Determination of the uncertainty at one position of the source

Applying the method described before, a batch of MCMC was produced to estimate the
uncertainty of the module detection efficiency due to the best fit determination. It was
performed for the center position of the source using the energy spectrum measured by
the north PMT group.
Positive and uniform priors were used for the 4 parameters of the model. The proposal
function was chosen to be a multivariate gaussian based on the covariance matrix:

~θtrial = ~θi + PC~x (4.28)

where C is the matrix of eigenvalues of the covariance matrix and P the matrix of eigen-
vectors, and ~x is a vector of n random variables between 0 and 1. The covariance matrix
was given by the minimizer algorithm used to minimize the −log(L).
A batch of 120 chains of length n = 1.2× 105 were started around the best fit parameters
given in section 4.4.4, taking into account small gaussian fluctuations around these values
to generate independent chains. Consequently, the burn-in length varies from 78 to 261
iterations. As for the correlation length, it varies between 34 and 880 iterations. An ex-
ample of the correlation functions derived for each fit parameter is given in fig. 4.24, where
the correlation length varies from l = 22 for σE to l = 52 for Ccal. In most cases, the
correlation length is maximal for the calibration coefficient parameter Ccal. This can be
explained as the marginal distribution of this parameter is not smooth but peaked at given
values. Each chain has been sub-sampled according to its burn-in and correlation lengths
and the remaining 19990 independent sets have been added together. The distribution
of the log(L) of these independent parameter sets is plotted in fig. 4.25. Three distinct
log(L)-peaks can be distinguished: a clear global maximum at log(L) ' 750 and two local
maxima at log(L) ' 450 and log(L) ' 540. This shows that the sampling algorithm maps
the parameter space in a wide enough region around the best fit. Despite the existence of
multi-maxima, there is a clear global maximum for which the likelihood value is 5.3 times
higher than for the next highest local maximum. Chains which did not converge towards
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Figure 4.23. – Marginal distributions (diagonal) and 2D correlations (off-diagonal) of the 4 fit parameters describing the response of the µ-veto module M42
after MCMC analysis. The pink markers and the vertical dashed lines display the best fit values obtained from the maximum likelihood
analysis performed in section 4.4.4.
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the global maximum are cut. Thus, out of the 1.44 × 106 generated parameter sets, only
14155 are kept, corresponding to a sampling efficiency of 1%.
Using these independent parameter sets, the marginal distributions of each of the 4 fit
parameters as well as the 2D correlations were derived and are plotted in fig. 4.23. From
the marginal distributions, the median values as well as the 68% C.L. uncertainty on each
parameter were found to be:

Ethr = 3.5770+0.0044
−0.0044 MeV (68% C.L.) (4.29)

σ0 = 0.2921+0.0035
−0.0037 MeV (68% C.L.) (4.30)

σE = 0.3383+0.0037
−0.0036 MeV (68% C.L.) (4.31)

Ccal = 5.1439+0.0012
−0.0035 keV/ADC ch. (68% C.L.) (4.32)

The relative uncertainty on each parameter varies from ≈ 0.1% for the calibration coeffi-
cient Ccal up to ≈ 1% for the energy deposit and threshold smearing parameters σ0 and σE.
Using the method described in section 4.4.5, the muon detection efficiency at the center of
the module is calculated for each of the parameter sets of the sub-sampled MCMC. The
distribution of efficiencies is plotted in fig. 4.26. The median efficiency a the module center
and its uncertainty at 68% C.L. was derived to be:

εcenter = 96.56+0.04
−0.04 (4.33)

Thus, the uncertainty on the module detection efficiency at the module center due to
the parameter uncertainties is less than 0.4%. This can be understood considering that
most muons deposit energies according to a Landau distribution of most probable value
EMPV = 19.8 MeV, which is well above the trigger threshold Ethr of the module.
In addition, the uncertainty on the AmBe source activity needs to be taken into account.
The source activity is used to calculate the number of γ’s and neutrons which should
be simulated for a given measurement time. It was measured in [124] to be of An =
21 ± 4 neutrons/s, corresponding to a relative uncertainty of ±20%. To determine the
associated uncertainty on the detection efficiency, a MCMC has been generated using the
lower and the upper limit on the activity to normalize the simulation. The median of each
of the 4 fit parameters as well as of the detection efficiency have been derived and are
listed in table 4.2:

Ethr = 3.58+0.19
−0.18 MeV (68% C.L.) (4.34)

σ0 = 0.29+0.05
−0.05 MeV (68% C.L.) (4.35)

σE = 0.34+0.02
−0.01 MeV (68% C.L.) (4.36)

Ccal = 5.14+0.19
−0.12 keV/ADC ch (68% C.L.) (4.37)

εcenter = 96.56+0.15
−0.20 % (4.38)

The uncertainty on the fit parameters is thus dominated by the lack of knowledge of the
AmBe source activity.

Extrapolation to the uncertainty on the module efficiency

The uncertainty on the muon detection efficiency of module M42 can be derived by scal-
ing the threshold curve displayed in fig. 4.22 to higher or lower values according to the
uncertainty measured on Ethr. It has been shown above that this uncertainty is largely
dominated by the unprecise source activity. Therefore, the uncertainty on Ethr from the
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Figure 4.24. – Example of the correlation functions of the 4 fit parameters using a mul-
tivariate gaussian distribution based on the covariance matrix as proposal
function. The horizontal dashed line indicates the correlation value chosen
to derive the correlation length.
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Figure 4.25. – Distribution of the log(L) values of the 19990 independent sub-sampled
MCMC. The largest peak, showing the global maximum, is populated by
14155 sets.
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Figure 4.26. – Distribution of the muon detection efficiency of module M42 obtained from
folding the simulated muon energy spectrum with the module response using
each of the 14155 independent parameter sets from the MCMC.

best fit determination is neglected.
Due to a lack of time, the uncertainties on Ethr for the side positions could not be deter-
mined. They are expected to be larger than at the center for two reasons: the number of
particles from the source triggering the acquisition is lower and the model is less adequate
to describe the measured energy spectrum (see section 4.1.2). To be conservative, the
uncertainty on the threshold value is considered twice larger than the one estimated for
the module center. As for the σ0 and σE, the values measured for the center are used, as
it was found that the detection efficiency only weakly depends on these parameters.
By scaling the threshold curve by ±0.4 MeV, the upper and lower limit on the efficiency
are derived. In addition, the contribution from the uncertainty on the attenuation length,
determined by fitting the three values of the threshold to be Λeff = (134.4±13) cm, was cal-
culated to be of ±0.1%. By adding quadratically both contributions, the muon detection
efficiency of module M42 and its uncertainty are estimated to be:

εM42 = 95.0± 0.5 % (4.39)

Thus, a good precision on the muon detection efficiency of individual modules can be
derived, the uncertainty will be largely dominated by the uncertainty of ±20% on the
source activity.

4.5. Outlook: extrapolation of the method to the muon-veto
efficiency

The method described above allows to extract the position-dependent response of individ-
ual µ-veto modules in situ at LSM, where muons are too rare to be used in this purpose.
In particular, the trigger threshold curve was extracted, allowing to precisely estimate the
detection efficiency of muons. By applying the position-dependent module response on the
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Table 4.2. – Median values and uncertainty at 68% C.L. for each of the fit parameter ob-
tained using either the lower limit (left), median value (center) or the upper
limit (right) of the AmBe source activity, for the source at the center of module
M42.

A in n/s 17 21 25

Ethr (MeV) 3.40+0.01
−0.01 3.58+0.01

−0.01 3.77+0.01
−0.01

σ0 (MeV) 0.237+0.004
−0.003 0.292+0.003

−0.004 0.337+0.004
−0.004

σE (MeV) 0.327+0.007
−0.006 0.338+0.004

−0.004 0.362+0.004
−0.004

Ccal (keV/ADC ch.) 5.025+0.021
−0.007 5.144+0.001

−0.004 5.326+0.002
−0.002

ε (%) 96.71± 0.04 96.56± 0.04 96.36± 0.04

simulated energy spectrum of muons and its shower, the modular detection efficiency can
be extracted.
In the context of this thesis, it was possible to estimate the responses of the modules
listed in table 4.3. The extrapolation from detection efficiencies of single modules to the
overall µ-veto efficiency could not be achieved due to time constraints. In addition, the
method presents several limitations: first, using a neutron source in the vicinity of the
bolometers is not compatible with dark matter search. Thus, considering the low activity
of the source at disposal, AmBe data was taken for 23 modules out of the 46 making up
the µ-veto modules. Secondly, the trigger threshold of the module on the side or even at
the center is sometimes too high for the source to be detectable. Another problem arising
for modules of the upper level of the µ-veto is that the amplitude of the measured signal
is below the ADC converter threshold. Consequently, the energy spectrum is sharply cut
at low energies. Depending how much is cut from the spectrum, it is then difficult or
even impossible to derive σ0 and Ethr. This problem could be solved by simply lowering
the ADC converter threshold. Lastly, the minimization of the − log(L) to derive the best
set of parameters for each position of the source is time consuming due to the presence
of multi-minima. The minimizer is sometimes stuck in a local minimum and a MCMC is
then necessary to provide a better starting value to the minimizer.
Apart from these limitations, the method which has to be applied to determine the µ-veto
efficiency is straightforward: for each simulated muons crossing the experimental setup,
one or two modules are crossed by a muon, whose shower might be additionally detected
in neighbouring modules. For each of the module with some energy deposit, the trigger
threshold associated to the mean position of the energy deposit is derived, knowing the
position-dependent threshold curve of each module. If the energy deposit is above this
threshold, it is then considered as triggering the module. Thus, the number of modules
which could trigger the acquisition is derived from each muon. By doing the ratio of ”de-
tected” muons over the total number of simulated muons crossing the veto volume, the
µ-veto efficiency to detect muons can be derived. As explained in section 3.2.4.1, this
efficiency represents a lower limit of the actual efficiency of the µ-veto to trigger µ-induced
events. It includes muons going through the outermost corner of the µ-veto , which are not
likely to produce secondaries in the bolometers. These muons are more likely to be missed
because of gaps in the mounting structure in the corners, or because they cross only a
fraction of the module thickness and might deposit an energy below the trigger threshold.
As most of µ-induced neutrons are produced in the external lead shield, a more realistic
estimate can be performed by extracting how many muons crossing a virtual sphere of 1 m
radius centred on the cryostat are actually detected.

118



4.5. Outlook: extrapolation of the method to the muon-veto efficiency 119

Table 4.3. – Summary of the parameters Ethr (upper line) and σ0 (lower line), given in MeV
units, extracted from AmBe data. The absence of value indicates that the value
was not yet extracted. The X mark indicates that the fit did not converge to a
global maximum.

module side 1 center ADC[1] center ADC[2] side 2

M5
6.5 6.7

1.32 1.5

M18
3.1 3.1

0.25 0.25

M21
5.0 4.8

0.86 0.93

M22 too high too high too high too high

M27
5.7 4.2 4.2 6.7

0.56 0.43 0.47 0.83

M29
4.7 4.9

0.34 0.43

M33 too high too high too high too high

M34 too high
5.8 4.7 6.5

1.08 0.24 1.18

M35
5.5 3.8 3.8 5.1

0.56 0.46 0.34 0.56

M36
6.0 X 4.45 5.70

1.13 X 1.29 1.04

M37
5.0 4.7 4.7 5.3

0.58 0.42 0.34 0.52

M39
5.4 5.4

0.89 0.94

M40 too high
5.4 5.5

too high
0.76 0.70

M41
7.4 3.9 3.9 7.40

0.97 0.56 0.47 0.40

M42
5.7 3.6 3.6 5.75

0.60 0.3 0.26 0.59

M44
3.8 3.9

0.35 0.24
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5. Analysis and simulation of
coincidences in Run308

In this chapter, the dedicated analysis performed to study coincidences between the µ-veto
system and the bolometers using the Run308 data is presented. A different approach is
used compared to the usual veto analysis, where the coincidences are reconstructed from
a selection of bolometer events by associating the closest µ-veto event. Here the opposite
is done, i.e. a selection of µ-veto events is associated to the closest bolometer hit. This
analysis has multiple goals: first, coincidences should be identified by deriving the typical
time difference between the energy deposit of a muon and/or its shower in the µ-veto
system and the potential bolometer hits it induces. This way, the time window used to veto
bolometer events in the WIMP search analysis is determined. Secondly, the coincidence
rate is sensitive to the synchronization between the different acquisition computers and
the µ-veto, as well as to the number of bolometers actually taking data. Thus, it serves as
a powerful tool to detect possible synchronization problems or data processing issues such
as missing data from a bolometer.
Once the coincidences will be identified, the signatures of µ-induced events in the Run308
configuration will be extracted. Knowing the topology of µ-induced bolometer events,
the µ-veto efficiency will be derived using a sample of bolometer data clearly induced by
muons.
The measured rate of coincidences and of WIMP-like events will be extracted and compared
to simulation results. For this purpose, strict cuts are applied on the µ-veto and bolometer
data to ensure stable experimental conditions, which can be reproduced in the simulations.

5.1. Nomenclature

The meaning of the words ”event” and ”hit” often varies depending on the context in which
it is used within the EDELWEISS collaboration. As these words will be used extensively
in this chapter, they are explicitly defined to avoid any misunderstanding:

A bolometer hit is defined as a physical interaction in a single bolometer, leading
to an energy deposit.

A bolometer event is the ensemble of bolometer hits within a given time window,
which can be attributed to the same physical origin (e.g. a muon or a multiple γ
scattering). In Run308, each hit which is less than 10 ms after the previous hit is
considered to be part of the same event. That means that the width of the time
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window is not fixed e.g. 6 hits each 9 ms after each other are considered as a single
event.

A muon-veto event is the ensemble of all interactions occurring in a time window
of 100 ns after a module triggered the µ-veto acquisition, which are read-out as a
single event.

The bolometer multiplicity is defined as the total number of bolometer hits which
make up one event.

The µ-veto multiplicity, as used in the framework of this thesis, is the number of
µ-veto modules with at least one non-zero time (TDC) or energy (ADC) information
(see section 3.2.2.2).

5.2. Data selection and live-time

As the acquisition chains of the µ-veto system and the bolometer array are independent,
it happens regularly that while one is taking data, the other is off for technical reasons.
Therefore the live-time for the combined analysis has to be calculated off-line. Before
the live-time determination, cuts are applied on the bolometer and µ-veto data to ensure
stable conditions of data taking which can then be reproduced in the simulation. These
cuts select time periods during which a full efficiency of both systems to detect µ-induced
coincidences is achieved. The set of cuts as well as the live-time calculation are detailed
in the following sections.

5.2.1. Selection of the µ-veto data

Time periods during which the upper part of the µ-veto was open were cut: if the system
is not hermetically closed, the muon detection efficiency decreases. Indeed, there is a
high probability to miss the muon exiting the veto volume in the lower part due to the
numerous gaps on the structure (see section 3.2.1). The position of the µ-veto wagons
is monitored using laser measurements performed every 15 min. Time periods during
which the deviation from the fully closed state is more than 3 cm or during which the
measurements failed were cut. This condition is strict but the µ-veto is often either widely
opened during interventions or in a close position. The acceptance of this cut is 93.2%
and is mostly reduced because the µ-veto was open at the beginning of the run after an
intervention on the cryostat.
As the coincidence analysis requires a precise timing determination of the µ-veto and
bolometer events, time periods were cut during which the clock delivered to both systems
was unreliable. These periods can be found by searching for timestamp values close to 0
or for positive or negative jumps of the timestamp of more than 1010 stamps between two
consecutive µ-veto events. In addition, there was an update of the DAQ crate delivering
the clock on the 10th of October 2014 which led to timing issues during 2.5 days. The
newly implemented timestamp, based on the unixtime, was too long to be always correctly
read by the µ-veto time board. The acceptance of this cut is of 98%.
Early September 2014, the upper part (Level 1) of the µ-veto was powered down during 2
days for safety reasons as work was ongoing in the clean room to install a PE shield around
the cryostat. Consequently, the µ-veto rate and detection efficiency dropped. These two
days were cut from the analysis as well.
In addition, time periods during which the µ-veto rate increased abnormally because of
noise in some modules were also cut. These increases of the rate are mostly correlated with
the opening or closing of the shields (mechanical stress) or electromagnetic interference
due to the light and the ventilation ON in the clean room. They are not problematic but
are cut for security as they might induce additional dead time and artificially increase the
accidental coincidence rate between the µ-veto and the bolometer array. Thus, 10 min bins

122



5.2. Data selection and live-time 123

Date
01/09/14 01/11/14 31/12/14 02/03/15

N
b 

of
 e

ve
nt

s 
pe

r 
10

 m
in

310

410

Figure 5.1. – Muon-veto event rate per 10 min bin versus time before (light blue) and after
(dark blue) quality cuts.

for which the averaged rate is above 2.5 Hz before the 12th of November 2014 and above
2 Hz after this date were cut.
In addition, there is a periodic increase of the µ-veto rate of ∼ 20% due to the LEDs inside
the 4 additional modules covering the gap between the two µ-veto wagons. They are fired
one after the other every 8 hours for 1 min each. These events are flagged in the data and
cut on an event-by-event basis, therefore not inducing any dead-time.
Finally, the live-time of the µ-veto was determined by plotting the overall event rate per 10
min bin, as can be seen in fig. 5.1. In the studied period of 253 days, the µ-veto was taking
data during 250.1 days i.e. 98.5% of the time. After applying the quality cuts described
above, the remaining live-time is 228.2 days i.e. 91.2% of the data taking period.
Note that these periods during which the µ-veto efficiency cannot be guaranteed are taken
into account in the determination of the µ-induced neutron background in chapter 6.

5.2.2. Selection of the bolometer data

The rate of coincidences between the µ-veto and the bolometer array varies with the num-
ber of bolometers taking data. As described in section 2.1.3.1, the acquisition is performed
using 3 independent Mac computers 1, on which the data acquisition is started indepen-
dently. Most of the time, the data taking is started on one Mac after the other within
a minute but it happens that for technical reasons, only a sub-set of these Macs is actu-
ally taking data. Similarly, it often happens that one or more bolometers are dismissed
because of energy saturation. This is not an issue for the WIMP search where we expect
single nuclear recoil events. However, it is problematic for comparing the measured and
simulated coincidence rate between the µ-veto and the bolometers. These time periods
are therefore identified and cut.
To derive the number of active bolometers versus time, the hit rate per bolometer per hour
is determined applying a 2 keV cut on the total ionization energy. This cut ensures that

1. Mac S1, S2 and S3 read out 8, 4 and 12 bolometers, respectively.
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Figure 5.2. – Distribution of the number of active bolometers during the studied period in
percent of the total live-time. A bolometer is considered active is there is at
least one hit per hour with Eion > 2 keV.

both heat (presence of a trigger) and ionization measurements are functioning and cuts
most of the noise-induced events. It means that physical data is taken, which can be used
to search for dark matter or for coincidences. With this condition, the measured hit rate
varies between 9 and 16 hits/hour/bolometer depending on the detector response at low
energy and the radiopurity of the materials in proximity of the bolometer.
However, the hourly binning does not allow to cut the so-called maintenance periods. Dur-
ing this procedure, the data taking is interrupted and the bias voltages on the bolometer
electrodes are set back to their default values. This operation is necessary to ensure a
constant electric field through the detector volume over time. Indeed, as the bolometers
have a floating voltage, the bias on the electrodes decreases due to the accumulated charge
carriers. A first maintenance is performed 100 s after the start of the run and repeated
automatically. It was done every 5000 s at a length of 174 s before the 1st of October 2014
(inducing a dead-time of 3.5%), and every 10000 s for 110 s afterwards with the aim to
reduce the associated dead-time down to 1.1%. As the bolometer data taking is started
independently on the 3 acquisition Macs, the maintenance periods are either overlapping
in time or totally desynchronized depending on how the run was started. The number of
bolometers actually taking data therefore varies depending on which Mac was in mainte-
nance.
To ensure a precise comparison between the measured and simulated coincidence rate,
the maintenance periods of individual Macs were identified and cut from the data. For
this purpose, the hit rate per Mac per 30 s has been extracted. The start and end of
the maintenance periods were derived by searching for at least 2 and up to 5 consecutive
empty bins. However, this technique is not applicable for Mac S2 which reads-out only 4
bolometers. Indeed, the probability to have two consecutive empty bins due to statistical
fluctuations of the rate is significant and would artificially decrease the live-time. There-
fore the 4 bolometers read out by Mac S2 were excluded from the coincidence analysis.
The expected decrease of the coincidence rate was estimated from simulations to be of
'8%.
Once the maintenance cut was applied, the number of active bolometers per hour in Mac
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S1 and S3 was derived. A bolometer is considered active if it measures at least one hit per
hour with Eion > 2 keV. As can be seen in fig. 5.2, for 88% of the studied time period, the
bolometer array is either entirely ON or OFF. The increase of live-time for 8 or 12 active
bolometers corresponds to hours during which only Mac S1 or Mac S3 were working. The
7% of live-time with 19 bolometers taking physical data is mostly due to two bolometers,
FID832 (11.1 days) and FID821 (3.8 days), whose electronics were suffering from energy
saturation. Typically, each hour bin with less than 20 active bolometers should be cut.
Nevertheless, in order to increase the live-time and consequently reduce the statistical un-
certainties on the coincidence rate, hour bins during which only FID821 or FID832 were
off are kept in the data selection. That implies that the simulated coincidence rate will be
determined by simulating 3 configurations (full array ON or FID821 OFF or FID832 OFF)
which will be scaled according to the contribution of each configuration to the live-time.
Note that the contribution of individual bolometers to the coincidence rate depends on its
position in the cryostat: a bolometer on the outer part of the array contributes more than
a bolometer inside it.
After the selection cuts have been applied, a precise live-time determination of the se-
lected data is required. The cut on the number of active bolometers per hour ensures
that at least one physical hit per bolometer has been registered. The contribution of each
remaining hour is then weighted by the number of minutes during which the acquisition
was ON. This is the case when there is at least one bolometer hit registered in one of the
20 studied bolometers without any requirement on the energy. In addition, time periods
were cut during which the µ-veto system was not running. Last, the dead-time induced
by the reset of the FET boxes needs to be implemented. During this time, the capacitors
contained in these pre-amplifiers are discharged to avoid saturation. It occurred every 32 s
for 2 s before the 1st of October 2014 (6.2%), and every 64 s for 2 s afterwards (3.1%), with
the aim to reduce the associated dead-time. The dead-time following an energy deposit is
neglected: most events triggering the acquisition are single events, meaning that the rest
of the bolometer array is sensitive to coincidences.
The effect on the live-time of each of the cut described above is detailed in table 5.1.
Concerning the systematic uncertainty on the live-time, a detailed study on the influence
of the bin size used to calculate the live-time was performed in [150]. Indeed, a large
time interval leads to an overestimation of the live-time as time periods during which the
acquisition was off are counted. On the contrary, a small time interval can lead to an
underestimation of the live-time if, due to the limited trigger rate, no event are observed
in the time interval. From this study, a conservative systematic uncertainty of ±5% was
derived for a bin size of one hour. In the coincidence analysis performed here, each hour
bin is weighted by the number of minutes during which the acquisition was on. Thus, the
associated uncertainty on the live-time is smaller. A conservative value of ±2% is consid-
ered hereafter. To summarize, the accumulated live-time for the coincidence analysis is:

tB+V = (133.6± 2.7) days (5.1)
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Table 5.1. – Live-time in days remaining after each cut. See text for more details.

cut live-time
(in days)

none 161.1
maintenances 157.8
nb of bolo ON 145.0
µ-veto 139.2
FET resets 133.6

5.3. Characteristics of coincidences between muon-veto and
bolometers

After selection of the bolometer and µ-veto data, each µ-veto event is associated to the
closest bolometer hit in time. Together, they form a potential physical coincidence, later
on referred to as candidate. To be considered a physical coincidence, the time difference
between the two, ∆t = tbolo− tveto, should be included within a certain range. Candidates
outside this window are considered to be accidental coincidences. The first step in this
analysis is to find the adapted time range for the coincidence region, which depends on the
goal of the analysis. With the view of comparing the measured and simulated coincidence
rate, the window should be as narrow as possible to maximize the signal to noise ratio and
therefore reduce the statistical uncertainties on the measured coincidence rate. On the
contrary, in the WIMP search, this window will be chosen wider to veto bolometer events
to conservatively reject potential µ-induced events.
The expected value of ∆t for real coincidences can be deduced as follows: from a physics
point of view, the µ-veto event comes earlier than the potential induced bolometers hits.
First, the muon deposits energy in the µ-veto system which is converted into an electric
signal within tens of nanoseconds. The two signals on each module end are then sent
to an electronic chain (described in section 3.2.2.2) which induces an additional delay of
O(100 ns) [101]. As the longest possible muon track in the setup is covered in 80 ns, the
energy deposit induced by the muon exiting the µ-veto will be registered in the same event.
Thus, the delay between the physical interaction in the µ-veto system and the event timing
is of the order of 100-200 ns. As for the bolometer timing, it is determined with respect to
the maximum of the ionization signal (see section 2.1.3.2). It is known from simulations
of charge migration that the ionization rise time for an FID800 detector varies between
a few hundreds of ns for surface events up to 1µs for bulk events [151]. Consequently, a
small positive time difference ∆t = tbolo − tveto ' 1µs is expected from physics point of
view. Nevertheless, the coincidence peak in EDELWEISS-II was measured at ∆t ' 50µs.
This delay was induced by the bolometer acquisition chain, notably by the pulse filtering
in the online processing. As this part of the acquisition was not updated, the same delay
is expected in the EDELWEISS-III phase. This shift is not an issue for the coincidence
analysis if it is constant over time.

With the aim of analysing the characteristics of the coincidence events, a cut on the
multiplicity of the µ-veto event was applied in favour of a good signal to noise ratio. As
the µ-veto system is a hermetically closed system, most of muons (∼ 85%) deposit energy
in at least 2 modules. Therefore the following cut is applied on the µ-veto multiplicity
Mveto:

Mveto ≥ 2 (5.2)

It requires at least a non-zero time (TDC) or energy (ADC) information in 2 distinct mod-
ules. It is thus less strict than requiring an energy deposit with full information in two
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modules. It reduces the number of µ-veto events selected for the analysis by two orders of
magnitude down to 2.4× 105 events.
Note that this requirement biases the determination of the coincidence rate as it excludes
muons crossing a single module. However, it is only used to determine the coincidence
window and study the characteristics of the µ-induced events without significant bias from
accidentals. It will be later discarded to determine the coincidence rate (see section 5.3.4).
The question may arise whether these selection criteria bias the shape of the ∆t distri-
bution, from which the coincidence window is determined. This would be the case if the
µ-veto multiplicity directly influences the bolometer multiplicity. Indeed, the probability
to miss a coincidence because ∆t is outside the coincidence window gets lower with in-
creasing bolometer multiplicity. However, no direct correlation between the µ-veto and
bolometer multiplicity was found.

5.3.1. Determination of the coincidence window

The distribution of the time differences ∆t between the closest bolometer hit and the
µ-veto event is plotted in fig. 5.3a. A peak at small positive ∆t arising from physical
coincidences is clearly distinguishable from the plateau of accidental coincidences. These
true coincidences are spread homogeneously in time, as can be seen in fig. 5.3b, showing the
∆t distribution versus real time. The interruptions of the continuous line arising from the
physical coincidences are due to interruptions of the µ-veto or bolometer data taking. A
zoom on the coincidence peak is displayed in fig. 5.3c: two coincidence peaks can actually be
distinguished, which are fitted by gaussian distributions. The black distribution shows the
∆t values for the 56 coincidences measured before the 11th November 2014. The gaussian
fit gives a mean value of 54.6±0.4µs as expected from the EDELWEISS-II coincidence
analysis. The red distribution shows the ∆t values for the 82 coincidences measured after
the 11th November 2014, for which the gaussian fit gives a mean value of 64.5±0.4µs.
This unexpected shift of one 10µs timestamp of the coincidence peak is correlated with
an update of the DAQ crate (described in section 2.1.4) delivering the common clock to
both bolometer and µ-veto system. After being identified, this shift can be taken into
account and does not pose an issue for the coincidence analysis. As its origin is not clear,
the shift is not corrected but two coincidence windows are defined as the ±3σ regions
centred on the Gaussian mean value obtained before or after the 11th November 2014. To
be conservative, the σ of the wider coincidence peak including uncertainty is used, namely
σ = 4µs. Thus, the coincidence regions are defined as follow:

∆t = 54 µs± 12 µs from 25th July 2014 to 11th November 2014 (5.3)

∆t = 64 µs± 12 µs from 11th November 2014 to 3rd April 2015 (5.4)

Thus, the width of the coincidence windows is ±3σ = 24µs. It is reduced in comparison to
the time window used in the EDELWEISS-II analysis of Run12, which was of 300µs width
due to a faulty time board in the µ-veto system, and of 60µs once this board was replaced
[78]. The consequence of a narrower window is a larger ratio of physical coincidences over
accidental ones. This progress is due to the installation of an integrated DAQ system
developed at the IPE, providing a reliable common clock for both bolometer and µ-veto
system.
Despite the flatness of the accidental event distribution outside the two peaks, there might
be missed coincidences due to a faulty time reconstruction of bolometer events with high
energy deposits. As described in section 2.1.3.2, a µs precision on the bolometer hit timing
is not always achievable, notably for high energy deposits saturating the bolometer ADC.
In most cases, a pulse is found in the 100 kHz window, from which the bolometer hit timing
is derived with a µs precision. However, in case of energy saturation or pile-up events,
the pulse might be missed in the short 100 kHz time window: the 1 kHz ionization trace
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Figure 5.3. – (a) Distribution of the time differences between the closest bolometer hit and
the µ-veto event ∆t. (b) ∆t versus the real time. (c) Zoom on the coincidence
peak in the ∆t distribution. The black data points arise from data taken before
the 11th of November 2014 whereas the red data points arise from data taken
after this date. Both distributions are fitted by a gaussian distribution.
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is then used to derive the timing, with a precision varying from ms to µs depending on
the pulse amplitude. Consequently, some coincidences might be missed because of a worse
time resolution. Nevertheless, a saturating µ-induced bolometer hit often comes along
with lower energy deposits in other bolometers, for which a precise timing reconstruction
is achieved. The narrow coincidence window of 24µs width defined in eq. 5.3 and eq. 5.4
is then sufficient to identify the coincidence. The problem arises for rare but existing
bolometer events including only saturated hits, that is mostly single saturating energy
deposits. The coincidence window is not chosen wider to include these potentially missed
coincidences, as it is necessary to achieve the best signal-to-noise ratio in order to study
µ-induced bolometer events. An estimation of their number is performed in the following
and will be used as systematic uncertainty on the number of measured coincidences.

First, the time window where the potential missed coincidences are expected should
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Figure 5.4. – Distribution of tfast − tslow for different cuts on the ionization energy deposit
for bolometer hits for which a trigger time could be derived both from the
100 kHz ionization trace (tfast) and from the 1 kHz ionization trace (tslow). See
text for more details.

be determined. The timing resolution of the 1 kHz channel depending on the bolometer
hit energy is therefore studied: bolometer hits with both 100 kHz timing tfast and 1 kHz
timing tslow are selected. The timing difference ∆treso = tfast − tslow is plotted in fig. 5.4
for different cuts on the hit ionization energy Eion. The features on this distribution are
related to the post-processing algorithm, which will not be detailed here. Without energy
cut, the time resolution of the 1 kHz channel varies between -4 ms and +3 ms, 75% of all
hits being included in a range ∆treso = [−10, 140]µs. The majority of the hits outside this
range arises from low energy deposits below 30 keV. By selecting bolometer hits with Eion

> 1 MeV, the number of hits included in a ∆treso = [−10, 140]µs range increases up to
91%. Indeed, the steeper the pulse rise is, the more precise is the timing determination. By
applying a cut Eion > 3.5 MeV to reject most γ’s, the proportion of µ-induced hits in the
selected events rises. 75% of them are included in a time window ∆treso = [−10, 140]µs.
The window should be extended to ∆treso = [−2.5, 3.0] ms to include all hits. In the follow-
ing, one considers the time resolution of µ-induced events to be included in this window.
Knowing the expected time resolution of the 1 kHz channel for high energy events, the
number of potential coincidences missed because of a worse time resolution can be es-
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Table 5.2. – Information about the 3 bolometer hits with a timing determined from the
1 kHz channel in the coincidence window ∆t = [−2.5, 3.0] ms. The parameters
given in the table are ∆t the time difference between the bolometer hit and
the µ-veto event, Eion the measured ionization energy, Erec the measured recoil
energy, the bolometer multiplicity, the name of the detector and the run and
event numbers characterising the hits.

∆t Eion Erec bolometer FID run event
(in µs) (in keV) (in keV) multiplicity number number

54.3 149.6 156.1 1 840 3052402 9586
168.4 257.4 235.4 1 810 1031800 17560
149.0 640.8 666.7 3 822 3082100 717

timated. For this purpose, bolometer hits in coincidence with a µ-veto event for which
tbolo − tveto is included in the time window [−2.5, 3.0 ms] have been selected. Out of the
588 bolometer hits in potential coincidence, 3 have their timing determined from the 1 kHz
channel and could be physical coincidences missed because of a worse timing resolution.
Information about these bolometer hits are given in table 5.2. Contrary to what was ex-
pected, the energy deposited is far from saturating the electronics. One hit is included in
the coincidence window of 24µs. Looking at the traces of these 3 hits, it can be deter-
mined that the online trigger time determined in the acquisition software is not properly
reconstructed despite clear and well shaped pulses. It could be due to a trigger on noise
shortly before the energy deposit. Even if these hits look like typical γ interaction, it
is not possible to determine with certainty whether these hits are µ-induced or not. To
be conservative, we consider that these hits are µ-induced events and that 2 are missed
because of a too narrow coincidence window.
To conclude, there is no indication that high energy events typically induced by muons
are affected by a worse timing resolution. For WIMP search, a conservative coincidence
window of ±1 ms is therefore considered wide enough.

5.3.2. Rate of coincidences with a multiplicity cut on the muon-veto

The rate of coincidences is determined by simply integrating the number of events in the
coincidence regions defined in eq. 5.3 and eq. 5.4. First, the coincidence rate is calculated
considering only µ-veto events with a multiplicity Mveto ≥ 2. A total of Ntot =138 events
are measured in the coincidence windows, which are made up of physical coincidences and
of accidental coincidences, whose contribution has to be subtracted.
The contribution of accidentals was estimated by selecting the same µ-veto events, but
searching for the closest bolometer hit a few seconds before or after: all reconstructed
coincidences are then accidentals. The number of accidentals is calculated using a reference
window and for a given live-time tB+V , and is averaged over the window width to extract
the number of accidentals per unit of µs of coincidence window. To minimize the statistical
uncertainties, a wider window than the one used for the coincidence analysis is used.
However, the window width should be carefully chosen such that the contribution from
accidentals can be considered uniform. Indeed, as each µ-veto event is associated to
closest bolometer hit in time, the number of accidental coincidences decreases exponentially
with the width of the coincidence window, the slope depending on the trigger rate of the
bolometers. A window of 230µs width is chosen here. To further reduce the statistical
uncertainties, the accidental coincidence estimation is performed for several positive and
negative delays of the µ-veto event.
By applying the method described above, the number of accidental coincidences per µs
is found to be Γacc = 0.081 ± 0.001 events/µs for a live-time tB+V = 133.6 ± 2.7 days
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(eq. 5.1), resulting in an expected number of accidentals in the coincidence regions of
Nacc = 1.94 ± 0.02 events. The number of physical coincidences can therefore be written
as:

Nµ
Mveto≥2 = Ntot −Nacc = 136.1± 11.7 (stat) +2.0

−0.0 (sys) events (5.5)

where Ntot = 138 events is the total number of events in the coincidence region, and
Nacc the expected number of accidental coincidences in the coincidence region, as defined
above. The statistical uncertainty on Nµ

Mveto≥2 is calculated by error propagation and is
dominated by the scarce number of coincidences. The systematic uncertainty is derived
conservatively by considering that the two coincidence candidates with a timing determined
from the 1 kHz ionization window are missed µ-induced events. With a signal-to-noise ratio
of Nµ

Mveto≥2/Nacc = 71, the coincidence selection is almost background free using the cut
on the µ-veto multiplicity.
Knowing the live-time of the analysis tB+V = 133.6 ± 2.7 days (eq. 5.1), the coincidence
rate can be derived:

ΓµMveto≥2 = 1.02± 0.09 (stat) +0.03
−0.02 (sys) events/day (5.6)

Note that no selection is applied on the bolometer data except a 2 keV cut on Eion. That
means that no distinction is made between single and multiple events, the type of recoil,
the location of the recoil energy deposit (surface or fiducial) and the amount of energy
deposited. Thus, only a small fraction of these measured µ-induced events are a potential
background for WIMP search.
The comparison of the measured coincidence rate given in eq. 5.6 with the simulated one
cannot be performed as the multiplicity cut applied on the data (either one ADC or TDC
value non-zero in two modules) is very specific to the electronic data acquisition and thus
cannot be reproduced straight forward in the simulation. Indeed, some electronic noise or
a background particle interacting simultaneously with the muon passage will artificially
bring up the event multiplicity. A more reliable comparison can be performed once the
multiplicity cut is discarded, as will be shown in section 5.3.4.

Coincidence rate using the KData analysis pipeline

Parallel to this work, an independent analysis of the coincidence rate between the µ-veto
and the bolometers was performed in [152], in the framework of a bachelor thesis. This
analysis is based on data files produced with a different analysis pipeline called KData,
shortly introduced in section 3.2.2.2. Both analyses share the same raw data but the
post-processing is independent and partly different, potentially leading to different recon-
structions of the energy and timing for a given bolometer hit.
This coincidence study was performed on the data taken between August 8th and Decem-
ber 1st, 2014. The accumulated live-time when both systems were running is tB+V =
(55.90± 0.02) days. This analysis has few specifics: first, the bolometer hits were not al-
ready merged into events using a given coincidence window, thus only data per bolometer
were available. Therefore the coincidence analysis was performed for each bolometer indi-
vidually, i.e. each selected µ-veto event was associated to the closest hit in each bolometer.
The ∆t distributions obtained for each bolometer were summed and the number of bolome-
ter hits in coincidence with the µ-veto determined. The number of coincidence events was
derived in a second step by studying the spread in time of the bolometer hits. Another
particularity of this analysis is that the timing with a µs precision determined from the
100 kHz ionization trace was available for only part of the data, taken before the 5th of
October 2014. At this date, the width of the recorded 100 kHz trace was increased from
20.48 ms to 40.96 ms. As the data processing algorithm was not updated with this change,
the timing derived from the 1 kHz ionization trace could only be used after this date.
Therefore the 1 kHz timing was used to perform the coincidence analysis. Note that for
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the data taken before the 5th of October, a coincidence peak was found at ∆t=51.7±0.8µs
using the 100 kHz timing. The slight difference compared to position of the peak position
found in fig. 5.3c before the 11th of November, is due to the fact that each hit of a bolome-
ter event contributes to the ∆t in the KData analysis, whereas only the closest bolometer
hit contributes to the distribution in fig. 5.3c.
The same multiplicity cut as in eq. 5.2 was used to select µ-veto events, which are then
associated to the closest hit of each bolometer. The ∆t distribution obtained using the
bolometer trigger time determined from the 1 kHz window is plotted in fig. 5.5. The origin
of the multiple coincidence peaks seen in the ∆t of the data taken before the 5th of October
could not be established in the framework of this bachelor thesis. It might be explained by
the different filters applied on the data. By studying the resolution of the 1 kHz channel
in a similar way as described in section 5.3.1, the coincidence window was determined
to be ∆t = [−430, 690]µs. Thus, because the timing of the bolometer hits could not be
derived with a µs precision, the coincidence window is much wider than the 24µs window
used in the analysis developed in this thesis (see eq. 5.3 and eq. 5.4). A total of 300 hits
are included within the wide coincidence window, distributed over 120 bolometer events
with an estimated number of accidentals of 63.6 events. With such a wide window, the
signal-to-noise ratio is of 0.9 i.e. the selection is dominated by accidental coincidences.
The following coincidence rate has been deduced:

ΓµMveto≥2 = 1.01± 0.24 (stat)± 0.01 (sys) events/day (5.7)

This rate is in good agreement with the results described in this thesis (eq. 5.6), obtained
with an independent analysis pipeline. It confirms that the number of coincidences poten-
tially missed by the narrow window of 24µs is negligible.

Figure 5.5. – Distribution of ∆t = tbolo − tveto for all bolometer hits in coincidence with a
µ-veto event satisfying Mveto ≥ 2, obtained using the KData analysis pipeline.
The bolometer trigger time used here was extracted from the 1 kHz ionization
channel. The vertical dashed lines indicate the boundaries of the coincidence
window as used in the KData analysis. The coincidence window defined using
the KData analysis pipeline is wider than the 24µs window derived with the
other analysis pipeline used in this thesis, as a µs precision on the bolometer
timing could not be achieved with the KData pipeline. Extracted from [152].

5.3.3. Signatures of muon-induced bolometer events

Due to the narrow coincidence window of 24µs (see eq. 5.3 and eq. 5.4) and the cut of the
µ-veto multiplicity, an almost background free selection of coincidences is achieved. Thus,
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the signatures of µ-induced bolometer events can be studied with only a negligible bias
from accidental coincidences.

Multiplicity distribution

Although only 20 bolometers are considered in this analysis, all the 24 read out bolome-
ters are used to determine the bolometer event multiplicity for a more efficient rejection
of single events. Note that the multiplicity condition Mveto ≥ 2 applied to select µ-veto
events does not influence the multiplicity distribution of the bolometer events.
The multiplicity distribution of events included in the coincidence windows (i.e. mostly
physical coincidences) is drawn in fig. 5.6, together with the multiplicity distribution for
accidental coincidences. For the latter one, a mean multiplicity of Macc

bolo = 1.2 is derived.
More precisely, 84.4% of the events are single and 99.6% have an interaction in 3 bolometers
or less. Large multiplicities are only occasionally reached when the bolometers collectively
trigger on electronic or mechanical noise. The mean multiplicity of physical coincidences
is significantly higher with Mµ

bolo = 4.6. Out of the 136 physical coincidences, (75±0.07)%
have multiple interactions within the bolometer array. The coincidence analysis performed
in [152] (summarized in the previous section) using the KData analysis pipeline gives a
similar mean multiplicity of Mµ

bolo = 4.2 for a reduced data set and with slightly stricter
cuts on the bolometer data 2. In addition, the time window used to determine if two
bolometer hits are considered as one event is not the same: whereas a variable window 3

is used in this analysis, a study of the spread in time of the coincident hits was performed
with KData, as it did not include any event building. Considering these differences, the
results are in good agreement.
The multiplicity distribution of events occurring in the 20 selected bolometers was also
derived from simulations of muons through the experimental setup, described in section
3.4. The multiplicity in the simulation is defined as the number of bolometer hits with
Eheat above the bolometer-dependent trigger threshold. Note that only average trigger
values over Run308 are applied on the simulated data, whereas the actual triggers are
adaptive in order to regulate the trigger rate. The measured and simulated multiplicity
distributions are compared in fig. 5.7. A lower multiplicity of 3.1 hits is expected from
simulations, with 60% of the µ-induced events inducing multiple scattering. There are 15%
more single scattering events in the simulation than were actually measured, and the mea-
sured spectrum at higher multiplicity is higher than the simulated one. Probable reasons
to explain the discrepancy are: first, the measured multiplicity is artificially increased due
to accidental coincidences between unrelated bolometer hits. Considering the averaged
trigger rate of the bolometer array of about few Hz and the variable coincidence window,
there is a probability of few percent that two unrelated bolometer hits are considered as
one event. This percentage significantly varies depending on the trigger threshold and the
noise conditions. Another reason is that the bolometer response implemented on the sim-
ulation is only the averaged one, although the detection of low energy deposits is strongly
sensitive to the bolometer threshold and energy resolutions at a given time. More on the
comparison between simulation and data will be given in section 5.3.4.2 where the two
coincidence rates will be compared.
Compared to the mean multiplicity of physical coincidences Mµ

bolo=4.6, the value mea-
sured in EDELWEISS-II with 12 detectors was significantly lower with Mµ

bolo=2.27 , where
(46.6±0.6)% of the coincidence events were multiple interactions [78]. In EDELWEISS-III,
75% of the µ-induced background can be rejected by requiring that a WIMP scattering
would produce a single recoil. Indeed, due to the higher granularity and density of the

2. In the analysis performed with KData, a cut of 2 keV on Eion and Eheat was applied whereas a single
cut of 2 keV applied on Eion is required in the analysis performed in this thesis

3. Each hit which is less than 10 ms after the previous hit is considered to be part of the same event i.e.
the coincidence window is a multiple of 10 ms
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Figure 5.6. – Bolometer multiplicity distribution for physical coincidences (red) and for ac-
cidental coincidences (blue). The distribution for accidental coincidences was
normalized to the number of measured physical coincidences. Vertical dashed
lines indicate the mean multiplicity of each distribution.
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bolometer array, the mean multiplicity of µ-induced events is higher. Note that it is fur-
ther reduced by requiring hits to occur in the fiducial volume, depositing energy only in a
ROI and in the 90% C.L. nuclear recoil band considered for WIMP search.

Recoil energy spectrum

To further study the characteristics of µ-induced events, the sum of the recoil energy
(derived as shown in section 2.1.2.1) of all bolometer hits in coincidence is plotted for
accidental coincidences in fig. 5.8 and for physical coincidences in fig. 5.9. Several features
can be recognized in the shape of the accidental energy spectrum, which extends mostly
up to 10 MeV. The steep decrease up to 3 MeV is due to γ′s from natural radioactivity
which dominate the trigger rate with 70 measured events/ (kg · day). They are produced
by the decays of 60Co, 40K and 238U/232Th daughter nuclei, and lose their energy via
photoelectric effect or Compton scattering in the bolometers. As shown in fig. 5.8, they
mostly interact in a single (86%) or in two bolometers (13.7%). The peak at 5.1 MeV is due
to the interaction of α-particles of energy Eα = 5.3 MeV produced by the decay of 210Po
(a radon daughter). As expected, 95% of α-particles are single scattering events. The
remaining 5% with multiplicity 2 are most probably due to accidental coincidences with
another bolometer hit. The high energy tail in the spectrum can be explained by several
contributions: first, by the interaction of high energy α’s from the decay of polonium
isotopes (produced by the U/Th decay chains, see appendix A) with a Q-value of 9.0 MeV
and 7.7 MeV, respectively. However, their contribution should be relatively small as no
clear α peak can be seen. Another possible explanation for the high energy tail with
Mbolo > 2 are accidental coincidences between an α and a high energy γ. But the most
probable explanation is the wrong estimation of the heat energy for large energy deposits
as the heat pulse is saturated. In this case, the pulse template used to determine the heat
energy does not describe the pulse well, which can lead to an overestimation of the heat
energy. The estimate of the ionization energy is therefore more reliable for large energy
deposits as the ionization pulse is a Heaviside function.
The summed energy spectra of accidental and real coincidences are compared in fig. 5.9.
The accidental spectrum has been scaled by a factor 1/(2 × 104) in comparison to its
actual contribution (Nacc = 1.94 events as derived in section 5.3.2). In comparison to the
accidental coincidences, the energy spectrum of real coincidences extends to much higher
energies, up to ∼70 MeV. Such large energy deposits occur when a muon crosses the
detector, depositing on average 10 MeV/cm. A broad peak centred at 35 MeV is expected
from simulations due to the favoured path length of muons inside the crystal induced by
the zenith angle distribution of the muon flux. However, due to the limited statistics, this
peak cannot be seen in the measured spectrum. Energy deposits at lower energies come
from the hadronic and electromagnetic showers induced by the muon in the materials of
the setup.
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Figure 5.8. – Distribution of the sum of the recoil energies in the bolometer array for ac-
cidental coincidences. The color code indicates the multiplicity of the event
following the legend.
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Distribution of the µ-veto multiplicity

The multiplicity of the µ-veto events M2TDCs
veto in coincidence with the bolometer array is

shown in fig. 5.10. Here it is required that each fired module has at least its 2 TDC signals
non-zero, i.e. satisfies the trigger condition. This cut is stricter than the Mveto ≥ 2 cut
applied to select µ-veto events, where only one ADC or TDC signal should be non-zero
for a module to be counted. It is more appropriate to reflect the real multiplicity of the
µ-veto event without influence of possible noise in one or several modules. In fig. 5.10,
the µ-veto multiplicity for physical coincidences is compared to the multiplicity of all µ-
veto events, which are mostly arising from ambient radioactivity and noise. The mean
multiplicity varies from M2TDCs

veto = 3.3 for physical coincidences down to M2TDCs
veto = 1.4

for all µ-veto events. 98.5% of the µ-veto events have a µ-veto multiplicity 1 or less.
Surprisingly, 7.5% of all events have a multiplicity 0, i.e. no module has both its TDC
non-zero, despite this condition should be required for the acquisition to be triggered.
Most probably, the discriminators responsible of the trigger decision are working correctly
but one of TDC cards, reading one discriminator output, is certainly malfunctioning (see
fig. 3.7). These events are characterized by one or more non-zero TDC values in different
modules. They do not represent an issue for the coincidence analysis as they are correctly
stamped. Note that none of the physical coincidences are of multiplicity 0. More than
90% have a multiplicity above 1 but this number will decrease once the cut on the µ-veto
multiplicity (eq. 5.2) will be discarded, as will be shown in the following section.

5.3.4. Comparison of the measured and simulated coincidence rates

In the previous section, the coincidence region has been determined by applying a cut on
the µ-veto multiplicity (eq. 5.2) minimizing the bias from accidental coincidences. This
cut is now discarded to additionally include coincidences for which only one module of the
µ-veto was hit and thus determine the total rate of µ-induced events.

5.3.4.1. Measured rate of muon-induced bolometer events

The ∆t distribution obtained after removing the cut on the µ-veto multiplicity is plotted in
fig. 5.11. The number of events included in the coincidence windows defined in equations
5.3 and 5.4 increases from N tot

Mveto≥2 = 138 with multiplicity cut to N tot = 190 events
without. The number of expected accidental coincidences per µs unit of the coincidence
window is calculated as described in section 5.3.2, using all µ-veto events. It increases by a
factor 16 up to Γacc = 1.34±0.06 events/µs for a live-time tB+V = 133.6±2.7 days (eq. 5.1).
The expected number of accidentals in the coincidence region is thus Nacc = 32.1 ± 1.4
events. The number of physical coincidences in the coincidence windows is:

Nµ
Mveto≥1 = Ntot −Nacc = 157.9± 14.0 (stat) +2.3

−0.0 (sys) events (5.8)

The statistical uncertainties are derived by error propagation on the number of measured
events in the coincidence windows and on the expected number of accidental coincidences.
The systematic uncertainty comes from the number of bolometer hits in coincidence with
the µ-veto, whose trigger time was determined using the 1 kHz time window (see section
5.3.1). It was extrapolated from the number of measured events with the multiplicity cut
on the µ-veto, considering that it scales with the live-time. Note that the signal-to-noise
ratio decreases from 71 to 5 by discarding the cut on the µ-veto multiplicity. Using the
live-time tB+V = 133.6±2.7 days, the overall rate of µ-induced events in the 20 bolometers
selected in this analysis is:

ΓµMveto≥1 = 1.18± 0.10 (stat) +0.03
−0.02 (sys) events/day (5.9)
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Figure 5.10. – Muon-veto multiplicity distribution for physical coincidences (red) and all
events in the µ-veto system (blue) normalized to the number of measured
physical coincidences, requiring each fired module to have at least 2 non-zero
TDC signals.

By comparing this rate with the one obtained with a multiplicity cut in eq. 5.6, one can
deduce that 15.7% of muons inducing a bolometer event deposit energy in only 1 module
of the µ-veto. This result can be compared with the simulated geometric efficiency of
the µ-veto to detect muons going through the lead shield calculated in [103], requiring
at least either one or two modules to be hit. Without taking into account any module
response (i.e. assuming the modules to be 100% efficient), an efficiency of ε ≥ 85.7% was
found by requiring at least two modules to be hit, whereas an efficiency of ε ≥ 99.7%
was achieved by requiring at least one module to be hit. As this simulation does not
include secondary particles produced by muons, the 15% increase in geometric efficiency
(and thus in coincidence rate) is an upper estimation of the expected rise. This rise should
be additionally lowered as some µ-veto events are artificially considered as multiplicity 2
because of noise simultaneous to the muon passage. However, this 15% difference expected
from the simulation is derived considering all modules to be 100% efficient. With more
realistic efficiencies, the contribution of events with multiplicity 1 will increase. Therefore,
the measured difference of 15.7% is in the range of expectation.
As explained earlier, the rate in eq. 5.9 includes nuclear recoils as well as electronic recoils
in the whole detector volume and without any condition on the deposited energy. The
rate of WIMP-like events limiting the sensitivity for dark matter search is determined
by selecting single nuclear recoils in the 90% C.L. nuclear recoil band occurring in the
fiducial volume and depositing energy in the region of interest. To estimate the number
of such events in the selected data set in this analysis, the ionization yield Q versus the
recoil energy is plotted in fig. 5.12 for all bolometer hits in coincidence with a µ-veto
event. Note that a dedicated analysis of the number of µ-induced WIMP-like events in the
standard and low mass WIMP analyses of the EDELWEISS-III data will be given in the
next chapter for the selected bolometers. For the data selected in this analysis, 4 single
nuclear recoil events with Q<0.6 are measured in Erec = [10, 200] keV and are listed in
table 5.3; 2 of them are located in the 90% nuclear recoil band of their respective detector,
defined using the average resolutions of each bolometer over the Run308. The cleaner
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Figure 5.11. – Distribution of ∆t = tbolo − tveto before (blue) and after (red) the 11th of
November 2014 without cut on the µ-veto multiplicity (all µ-veto events were
associated to the closest bolometer hit). The vertical dashed lines indicate
the coincidence region for each data taking period.

way to determine whether they are inside the nuclear recoil band is to use the hourly
resolutions of the individual bolometers. However, this information was not accessible in
the data files used in this analysis. It has not been further investigated, as all 4 hits have a
significant signal on the veto electrodes and are therefore clear surface events. In addition,
3 of them have been measured in detectors known to have issues, which are excluded from
dark matter search. They are therefore most probably wrongly reconstructed electronic
recoils. Thus, no WIMP-like event has been measured in the 20 bolometers selected for
the analysis live-time of tB+V = 133.6 ± 2.7 days. The 90% upper limit on the rate of
µ-induced WIMP-like events can then be deduced:

ΓWIMP-like
Mveto≥1 < 0.017 events/day at 90% C.L. (5.10)

The µ-induced bolometer event rate varies significantly with the geometry of the bolome-
ters inside the cryostat. It does not depend much on the volume occupied by the array but
more on the covered surface. Indeed, adding more detectors in a given volume increases
mostly the mean multiplicity but does not significantly increase the rate of coincidences
dominated by the muon flux. The latest coincidence analysis for EDELWEISS-II [78, 32]
was performed using 12 ID detectors installed in 4 towers holding 4 detectors each and
arranged cylindrically (towers T1, T2, T3, T8 in fig. 2.5). From the total accumulated
live-time of 307 days, a coincidence rate of ΓµMveto≥1(EDW-II) = 0.84 ± 0.06 events/day
was derived. The measured coincidence rate in EDELWEISS-III (eq. 5.9) is thus 40%
higher than in EDELWEISS-II for an increase of mass of about a factor 3.3. Indeed, the
20 selected FID detectors for the coincidence analysis are located in 5 towers, containing 4
detectors each and covering the total cross section of the cryostat (towers T2, T3, T4, T8
and T9 in fig. 2.5). As for the rate of WIMP-like events measured in EDELWEISS-II, it
was determined to be ΓµMveto≥1 = 0.013± 0.007 events/day before vetoing. The µ-induced
WIMP-like event rate in EDELWEISS-III could not be measured for the accumulated
live-time of this analysis. Only an upper limit as given on eq. 5.10 can be set. Two
upgrades performed on the setup indicate that this rate should indeed be smaller than
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FID Q Erec (keV) ∆t (in µs) remark

807 0.37 13.02 5.7 surface + leakage current
810 0.15 13.31 6.2 surface + unstable heat channel
845 0.41 24.47 7.4 surface
840 0.30 124.97 6.1 surface + missing ionization channel

Table 5.3. – Details on the 4 single nuclear recoils measured with Q < 0.6, with the name of
the detector, the ionization yield Q, the recoil energy Erec, the time difference
with the closest µ-veto event ∆t = tbolo − tveto. The first two hits are inside
the 90% nuclear recoil bands of their respective detector, defined using the
individual time-averaged detector response.
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Figure 5.12. – Ionization yield versus recoil energy for µ-induced bolometer hits. The full
lines represent the 90% electronic (blue) and nuclear (red) recoil bands. The
dashed blue lines represent the 99% electronic recoil band. These bands are
plotted using the average energy resolutions of the bolometer array.

the one measured in EDELWEISS-II. First, as the FID detectors are twice higher than
the ID detectors, the space between detectors is also reduced i.e. the array is of higher
density. Muon-induced neutrons are therefore more likely to scatter multiple times, which
makes them distinguishable from WIMPs. Secondly, it was derived from simulations that
the newly installed PE shields (see section 2.2.2.2) attenuate the µ-induced neutron back-
ground by a factor 2.7. To determine the WIMP-like event rate for the EDELWEISS-III
configuration, the simulation should be used.

5.3.4.2. Simulation of the coincidence rate

In order to derive the simulated coincidence rate, the simulations presented in section
3.4 are used. To briefly summarize, a total of 27.2 million of muons and antimuons with
initial energies between 2 GeV and 20 TeV has been simulated for the Run308 detector
configuration and setup. To make up for the steep fall of the differential energy spec-
trum, the muon initial energy range was split in 4 sub-ranges to ensure enough statistics
in each of them. The contribution of each energy range and each muon type to the co-
incidence rate was then weighted accordingly to its contribution to the total muon flux.
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The coincidence rate was calculated for the 20 selected bolometers, considering the time
periods during which either FID832 (11.1 days) or FID821 (3.8 days) were OFF. The
simulations were normalized using the muon flux measured by the Fréjus experiment of
4.98 µ-event/m2/day through a spherical surface 4. As explained in section 3.4.2.2, this
value is not in agreement with the muon flux measured in the EDELWEISS-II experiment
of 5.4 ± 0.2 (stat)+0.5

−0.9 (syst) µ/m2/day through an horizontal surface. This discrepancy
gives rise to a significant systematic uncertainty on the coincidence rate.
Note that all bolometers are simulated as a cylinder with fixed size (3.5 cm radius and 4 cm
height) and density (ρ = 5.31 g/cm3), corresponding to a fixed mass of 817 g. However,
the actual measured masses vary between 820 and 889 g, with an average of 872 g. As
the coincidence rate depends on the effective surface covered by the array, the increase of
bolometer size necessary to simulate the real mass gives an assessment of the error induced
by a fixed detector size. As germanium has a high density, the missing 55 g cover only a
volume of 10.3 cm3, achievable by increasing the radius or the height of the crystal of less
than 0.3 cm. Therefore the uncertainty on the simulated mass is considered negligible.
The multiplicity of a simulated event is determined by the number of bolometers in which
the deposited heat energy is above its average heat threshold. A single cut of 2 keV is
applied on the ionization energy Eion, to reproduce the cut applied on the data. This way,
the following simulated rate of µ-induced bolometer events has been extracted:

Γµsimu = 1.09± 0.01 (stat) +0.24
−0.00 (sys) events/day (5.11)

As the individual responses of the 46 µ-veto modules are not all known, this rate was
derived without any requirement on the energy deposited in the µ-veto module. That
means that the efficiency of the µ-veto is not taken into account. In theory, the comparison
between the measured and simulated rates could give an estimate of this efficiency. In
practice, the uncertainties on both rates are too large to conclude. The measured rate is
7.6% higher than the simulated one, but in agreement within uncertainties. The simulated
rate is dominated by the systematic uncertainty arising from the normalization of the
simulated muon flux. No systematic uncertainty on the total number of simulated events is
considered. The measured rate is dominated by the statistical uncertainties on the scarce
number of µ-induced bolometer events in the accumulated live-time of 133.6 days. No
conclusion can be drawn from this comparison in terms of efficiency. The higher measured
coincidence rate is a further indication that the muon flux measured with EDELWEISS
is indeed higher than the one measured by the Fréjus experiment. For indication, the
coincidence rate derived using the EDELWEISS-II muon flux would be Γµsimu = (1.33 ±
0.01 (stat) +0.12

−0.22 (sys)) events/day.
Using the simulation, the rate of WIMP-like events expected for the 20 selected bolometers
of this analysis can be extracted. Fiducial events were selected by requiring less than
1.5 keV deposited energy in the surface volume. Despite bolometers being simulated with
a fixed total mass, the size of the fiducial volume was chosen to match the measured fiducial
mass. The rate of single nuclear recoil in the 90% nuclear recoil band in the energy range
Erec =[10,200] keV was estimated to be:

ΓWIMP−like
simu = (7.6± 0.1 (stat) +2.6

−1.7 (sys))× 10−3 events/day (5.12)

The positive systematic uncertainty is calculated as the quadratic sum of the uncertainty
on the simulation normalization and on the neutron yield in lead estimated from [118]
to be 26%. The negative systematic uncertainty arises from the negative uncertainty on
the neutron yield in lead, estimated from [83] to be 16%, and considering the 15% excess
of single events in the simulation compared to the data, shown in fig. 5.7. Discussion on
the systematic uncertainties on the simulation normalization and on the neutron yield can

4. No statistical or systematic uncertainties are given on this flux in the publication [116]
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be found in section 3.4.1.1. Taken the rate in eq. 5.12 for the accumulated live-time of
tB+V = 133.6± 2.7 days, the expected number of WIMP-like events is:

NWIMP-like
simu = 1.02± 0.01 (stat) +0.34

−0.22 (sys) events (5.13)

This result is compatible with the fact that no event has been measured (see eq. 5.10)
considering statistical fluctuations.

5.4. Determination of the muon-veto efficiency

As shown in section 5.3.3, µ-induced bolometer events can be distinguished from other
backgrounds on the basis of their bolometer multiplicity and their total energy deposit in
the bolometer array. Thus, a sample of bolometer events clearly induced by muons can
be selected. By studying how many are seen in coincidence with the µ-veto within the
time window defined in eq. 5.3 and eq. 5.4, the µ-veto efficiency to detect muons passing
inside or close to the array can be extracted. As explained in section 3.2.4.1, this efficiency
is higher than the efficiency to detect muons entering the veto volume, which includes
muons going through the outermost corners of the µ-veto. These muons have a higher
probability to be missed because of the gaps in the mounting structure in the corners or
because they might deposit an energy below threshold. However, they are not likely to
produce secondaries interacting in the bolometers: it was shown using the EDELWEISS-II
µ-veto data that more than 90% of µ-induced bolometer events are induced by muons
passing within a distance of less than 1 m from the cryostat center [32]. Thus, extracting
the µ-veto efficiency from bolometer data gives a good estimate of the ability of the µ-veto
system to reject muons inducing background for dark matter search.
The difficulty of this analysis is to choose the proper cuts to select the sample of µ-
induced bolometer events. The cuts have to be strict enough such that all events from
natural radioactivity, including high energy α-particles, are rejected. At the same time, as
the number of µ-induced bolometer events is scarce, it should not be too strict to ensure
an acceptable statistics of µ-induced bolometer events. As shown in section 5.3.3, the
event multiplicity is an efficient selection criterion to select µ-induced bolometer events.
In addition, a cut on the energy should be applied with several choices, e.g. a cut can
be applied either on heat, ionization or recoil energy, on the total energy deposit in the
bolometer array or on the energy deposit per bolometer. From the findings obtained with
the coincidence analysis, it was chosen to apply a condition on the ionization energy. As
explained in section 2.1.3.2, the determination of the heat energy is not reliable for large
energy deposits saturating the ADC, characteristic of µ-induced events. Indeed, the pulse
template is not describing saturated pulses well, leading to either an overestimation or
underestimation of the energy deposit. The estimate of the ionization energy is more re-
liable as the ionization pulse is described by a Heaviside function: in case of saturation,
the steep rise is cut earlier leading to an underestimated energy estimation, but the shape
of the pulse can still be well fitted with the template. Events with a bad energy recon-
struction are partially cut by requiring the total recoil energy Etot

rec to be positive. Another
motivation to use the ionization energy is that the highest energy deposits from natural
radioactive decay chains arise from α particles, whose ionization energy is quenched in the
bolometers.
The cuts on the multiplicity and the energy deposit were chosen by studying the total ion-
ization energy deposit in the bolometer array versus the bolometer multiplicity displayed in
fig. 5.13, for bolometer events in accidental coincidence with a selection of µ-veto events.
As explained earlier, accidental coincidences are derived by delaying each µ-veto event
and associating it to the closest bolometer hit. It was ensured that all identified µ-induced
bolometer events were previously cut from the data such that they cannot be associated to
a µ-veto event and bias the cut determination. Once the cuts have been derived, they were
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Figure 5.13. – Total ionization energy deposited in the bolometer array versus the multi-
plicity of bolometer events forming an accidental coincidence with a µ-veto
event.

applied on the bolometer data to select a sample of µ-induced bolometer events. In order
to determine the cuts, three regions have been distinguished in fig. 5.13: first a region of
low multiplicity MBolo 5 4 where some rare coincidences between γ-rays extend the total
ionization energy up to 6.3 MeV; a region of intermediate multiplicity 5 5MBolo 5 6 ; and
a region of high multiplicity MBolo ≥ 7 where events are induced by noise and relatively
small energy deposit. The chosen cuts are the following:

1 5MBolo 5 4 Etot
rec > 0 MeV and Etot

ion > 7 MeV (5.14)

5 5MBolo 5 6 Etot
rec > 0 MeV and Etot

ion > 4 MeV (5.15)

MBolo ≥ 7 Etot
rec > 0 MeV and Etot

ion/MBolo > 200 keV (5.16)

The cut in eq. 5.16 on the mean ionization energy per bolometer was specifically chosen
to reject high multiplicity events in coincidence with spike of temperature or due to the
remainder of a reset pulse in one bolometer (maintenance procedure described in section
5.2.2). With this set of criteria, 32 µ-induced bolometer events have been selected. All
are seen in coincidence with the µ-veto within a coincidence window of ±12µs, as defined
in eq. 5.3 and eq. 5.4. A lower limit of the µ-veto efficiency at 90% C.L. can then be
determined, considering the probability for a muon to be detected to follow a binomial
distribution:

P (k, n, εµ-veto) = 10% with P (k, n, εµ-veto) =

(
n

k

)
εkµ-veto(1− εµ-veto)n−k (5.17)

where n is the number of µ-induced bolometer events selected (n = 32), k the number of
events tagged by the µ-veto (k = 32) and εµ-veto the probability of a µ-induced bolometer
event to be detected in the µ-veto :

εµ-veto ≥ n
√

0.1 = 93% at 90% C.L. (5.18)

This result is in agreement with the µ-veto efficiency of εµ-veto > 93.8% at 90% C.L.,
derived from EDELWEISS-II data using a similar method with different selection criteria
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144 5. Analysis and simulation of coincidences in Run308

[32]. This method has the advantage to be completely independent of the systematics on
the simulation or on the module responses, and is only limited by statistics. Concerning
the systematic uncertainties, the bias to close muon tracks is negligible as discussed above.
Thus, this method gives a reliable low boundary on the µ-veto efficiency to tag muons
inducing bolometer events.
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6. Muon-induced neutron background in
EDELWEISS-III

Using the data taken during the cryogenic run called Run308, new limits on the WIMP-
nucleon cross section have been derived by the EDELWEISS collaboration for both stan-
dard mass WIMPs in the mass range [10, 1000] GeV and so-called low mass WIMPs in
the mass range [3, 30] GeV. These analyses are reviewed below, as well as the expected
backgrounds in the region of interest. Particular attention is given to the estimation of the
µ-induced neutron background since that was performed in the framework of this thesis.
In comparison to the ±12µs coincidence window used in the previous chapter, a conser-
vative window of ±1 ms is used to veto µ-induced bolometer events in the dark matter
search analyses.

6.1. Results of the standard WIMP mass analysis

6.1.1. WIMP search in Run308

From the 22nd of July 2014 until the 3rd of April 2015, WIMP search data was taken with
the Run308 configuration shown in section 2.1.3.1. Data taken after the 5th of January
2015 was blinded, i.e. single bolometer events in the energy range Erec = [0, 200] keV, with
an ionization quenching 0 < Q < 0.5 were excluded from the data set. Data taken before
this blinding has been analysed in terms of dark matter search in the context of [150], in
order to confirm the detector performance and the background level. The analysis of the
data taken after the blinding has not yet been optimized, as priority was given to the low
mass analysis. Therefore, only the data taken before the 5th of January is presented here.
A subset of detectors, 17 out of the 24 which were read-out, was selected for the standard
WIMP search analysis. Of the rejected detectors, four were excluded because of unreliable
estimation of the energy deposit: two detectors had at least one missing ionization chan-
nel, leading to a partial charge collection, and the two others had unstable heat channels.
The three other rejected detectors could not be operated at the standard fiducial voltage
of 8 V, because of either leakage currents, or charge trapping or a failure of the electronics.
Consequently, a sufficient discrimination between electronic and nuclear recoils could not
be achieved for these 3 detectors.
From the available data, time periods were selected during which the baseline resolutions
of the different channels were considered to be sufficiently low for dark matter search. For
this purpose, a cut on the so-called magic point at 90% C.L. (denoted Mp[90%] in the fol-
lowing) was applied. Traditionally, the magic point is defined as the recoil energy Erec at
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146 6. Muon-induced neutron background in EDELWEISS-III

which, in the standard ionization yield plot, the nuclear recoil band at 90% C.L. intersects
with the electronic recoil band at 99.98%. The definition was extended in this analysis: if
the nuclear recoil band at 90% C.L. intersects the trigger efficiency curve at 99.87% or the
heat-only 1 cut at a higher recoil energy, then this energy is defined as the magic point.
Hence, by selecting events with Erec > Mp[90%], a trigger threshold of at least 99.87%
in the 90% C.L. nuclear recoil band is ensured as well as a discrimination of electronic
recoils above 99.98%. Mp[90%] is calculated on an hourly basis using the corresponding
baseline resolutions, detector per detector, requiring in addition Mp <20 keV. Note that
this single cut combines the cuts on the baseline resolutions of heat and fiducial ionization
channels, as well as on the trigger threshold, which were performed individually in the
EDELWEISS-II analysis [61]. By requiring in this analysis a magic point <20 keV, only
4.7% of the data is rejected. In overall, the mean trigger threshold was estimated to be
9 keV, with a non-zero detection efficiency down to 6.6 keV.
A fiducial cut was also applied to reject surface and mixed events which suffer from incom-
plete charge collection and can leak into the nuclear recoil band. For this purpose, cuts
were applied on the measured energy of the veto electrodes A and C, as well as on the
difference of the measured energies of the two collecting electrodes B and D. The fiducial
volume of each detector is determined by the fraction of cosmogenic events in the 10 keV
peaks (see section 2.2.2.1) passing the fiducial cut.
Lastly, pile-up events were rejected. These are two consecutive events following so close in
time, that their recorded pulse traces partially overlap. The determination of the energy
and timing of such a pile-up event is wrong as the pulse templates used for fitting the
heat and ionization traces do not describe well the overlapping signals. These events can
therefore be rejected by cutting on the normalized χ2 of the fit of each individual heat or
ionization channel.
The remaining exposure after quality cuts was calculated by summing all hours during
which each individual bolometer was taking physics data. A bolometer is considered to be
sensitive to WIMPs if there is at least one hit per hour, which satisfies the two require-
ments:

Efid > 2× FWHMfid (6.1)

Eheat > 1.5× FWHMheat (6.2)

with the fiducial ionization (heat) energy Efid (Eheat) and the corresponding baseline res-
olution FWHMfid (FWHMheat), respectively. The dead-time caused by the maintenance
procedures described in section 5.2.2 adds up to about 11% of the measurement time and
was subtracted from the live-time. Due to the magic point cut, the trigger efficiency is
always above 99.87%. Any efficiency loss due to the trigger is therefore neglected in the
exposure calculation. The inefficiency of the fiducial volume cut is already included in
the calculation of the fiducial mass. Considering a conservative fiducial mass of 600 g
per detector, an exposure of 772 kg · days was derived after quality cuts, for an analysis
threshold of 20 keV or lower. After implementation of the dead-time cut, it is lowered to
690 kg · days and finally to 600 kg · days when taking into account the acceptance of the
nuclear recoil band, estimated conservatively to be 86% [150].
In the following, the definition of ”hit” and ”event” follows the nomenclature presented in

section 5.1: a hit is an energy deposit in a single bolometer and an event is made up of
all bolometer hits in coincidence. Bolometer hits passing the quality cuts are displayed in
fig. 6.1, showing the ionization yieldQ versus recoil energy Erec of these events. The nuclear
and electronic recoil bands are displayed using the average resolutions of the 17 selected
detectors, but each hit is classified using the hourly resolutions. The nuclear recoil band
is surprisingly populated with 17 hits measured in the energy range Erec = [0, 200] keV.

1. Events for which the measured ionization signal arises from electronic noise.
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6.1. Results of the standard WIMP mass analysis 147

Figure 6.1. – Ionization yield Q versus recoil energy for WIMP search data from 17 selected
detectors passing all quality cuts. Solid lines indicate the 90% C.L. electronic
recoil band (blue), and nuclear recoil band (red), as well as the average trigger
threshold curve (green). The dashed blue lines show the 99.98% C.L. electronic
recoil band. These bands were calculated for the average energy resolutions of
the selected detectors. Dark and light blue points are outside the electronic
recoil band at 99.98% C.L. and the nuclear recoil band at 90% C.L., the hits
in coincidences with at least one other bolometer being shown in light blue.
Green points are hits in coincidence with the muon-veto system. Pink points
inside the nuclear recoil band show hits in coincidence with at least one other
bolometer. 5 remaining single nuclear recoils, which are potential WIMP can-
didates, are marked in red.
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148 6. Muon-induced neutron background in EDELWEISS-III

Figure 6.2. – Limit on the spin-independent WIMP-nucleon cross section for the
EDELWEISS-III standard mass analysis (red curves), using the data taken
until the 5th of January 2015. The exclusion limit labelled ”this work” is ex-
tracted from the analysis described in this section [150]. The exclusion curve
at low mass labelled ”Moriond 2014” shows the preliminary results of the low
mass analysis based on an exposure of 35 kg · days presented in [153]. Ex-
tracted from [150].

Five of them are in coincidence with the µ-veto in the conservative coincidence window
of ±1 ms used to veto bolometer events and also with several other detectors. Note that
these five events are still in coincidence with the µ-veto considering a more narrow window
of ±12µs width, as used in the previous chapter. Two hits among them are in coincidence
in time and can be attributed to a single muon. From the 12 remaining ones, 7 are seen
in coincidence with at least one other bolometer and will be referred as multiple nuclear
recoils hereafter. Note that 2 hits are in coincidence in time and can therefore be associ-
ated to the same bolometer event. The 5 remaining hits are considered as single events
and are thus potential candidates for dark matter.
As described in section 2.2.2.2, a total of 4.8 nuclear recoil events, including 1.4 single
events, is expected from simulations of the radiogenic background for one year of data
taking with 24 detectors (see table 2.3). Extrapolating to the accumulated exposure of
690 kg · days 2, about 0.6 nuclear recoil events (single or multiple) are expected from ra-
diogenic neutrons. Thus, the observed neutron background cannot be explained by the
known radiogenic neutron sources which have been simulated.
The exclusion limit on the spin-independent WIMP-nucleon cross section determined in
this analysis is shown in fig. 6.2. The method of optimum interval [154] was used to derive
this limit, giving a limit on the cross section of σ < 5.15×10−7 pb at 90% C.L. for a WIMP
mass of mWIMP = 60 GeV. As the origin of the measured background is unknown, it is not
possible to subtract it in order to improve the exclusion limit. Thus, this analysis revealed
the presence of an unknown neutron source, limiting the sensitivity of the EDELWEISS-III

2. The nuclear recoil band acceptance is not included in the calculation of the simulated exposure.
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6.1. Results of the standard WIMP mass analysis 149

experiment for standard mass WIMPs. However, this neutron background is less of a lim-
iting factor for the sensitivity to low mass WIMPs. Indeed, the spectral shape expected
from radiogenic neutrons differs significantly from the exponentially decreasing energy
spectrum expected from a WIMP signal. Together with the current context of direct dark
matter search, this result motivated a change of strategy towards low mass WIMPs. The
low mass WIMP analysis performed in this context will be presented in section 6.2.
Following this result, the question was raised whether these neutrons could have been in-
duced by untagged muons, due to a possible inefficiency of the µ-veto system. The analysis
described in chapter 5, which was performed to study coincidences between the µ-veto and
the bolometer array already indicates that this is not the case. It has notably been shown
that the measured and simulated coincidence rates are in agreement within uncertainties
in section 5.3.4; moreover, the expected rate of WIMP-like events obtained from simula-
tions for the 20 selected bolometers is low, of the order of 10−3 events/day before vetoing
(eq. 5.11 in section 5.3.4.2); and lastly a lower limit on the µ-veto efficiency of 93% at 90%
C.L was derived using bolometer data (section 5.4). Nevertheless, given the importance of
this subject, a dedicated study for the bolometers selected in the standard mass analysis
was performed in the framework of this thesis and is presented in the following section.

6.1.2. On the origin of the measured neutron background

Two studies were performed to find out whether the origin of the measured neutron back-
ground is radiogenic or cosmogenic. Firstly, a simulation was performed to estimate the
expected number of single and multiple nuclear recoils in the ROI for the 17 selected
bolometers with their average response. Secondly, the topology of the measured events is
compared with the topology of µ-induced events.

Simulation of the expected µ-induced background

The muon simulations giving the results presented here have been detailed in section
3.4.2.2 and will therefore only be summarized here. More information on the simulation
normalization and on the uncertainty calculation can be found in section 3.4.
In total, 27.2 million of muons and antimuons with initial energies between 2 GeV and
20 TeV have been simulated for the Run308 detector configuration and experimental setup.
The initial energy range was split in 4 sub-ranges to ensure sufficient statistics in each of
them despite the steeply falling muon differential energy spectrum. The equivalent simu-
lated time varies between t = 73.2 years for the energy range contributing the most (µ+ in
the energy range 20-200 GeV) and t = 898.5 years for the one contributing the least (µ−

in the energy range 2-20 TeV).
First, the output of the simulation was modified to reconstruct events: the single en-
ergy deposits in each bolometer were summed, quenched according to the recoil type and
smeared with the individual bolometer resolutions. The average heat and ionization res-
olutions determined for each detector, with the cuts described in section 6.1.1, were used
as input.
As a reminder, the bolometer multiplicity of an event (i.e. the number of bolometers with
an energy deposit in coincidence) is derived using all 24 read out bolometers. In the sim-
ulation, the multiplicity is defined in a similar way as the measured multiplicity: if the
simulated heat energy deposit in a detector is above its average heat threshold, the energy
deposit is considered to be detected. If the time between consecutive energy deposits is
less than 10 ms, they are considered to be part of the same event. Fiducial events were
selected in the simulation by requiring less than 1.5 keV deposited energy in the surface
volume.
The simulation is normalized to the number of measured live-days for the three analysis
thresholds (10, 15 and 20 keV) given in [150], assuming that all 17 detectors were taking
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150 6. Muon-induced neutron background in EDELWEISS-III

Table 6.1. – Rate of single ΓWIMP-like
simu and multiple Γµ−multiple

simu nuclear recoil hits in the
fiducial volume, in the 90% nuclear recoil band, expected from simulation for
an analysis threshold of 10, 15 and 20 keV, before vetoing. The rates are given
in 10−2 events/day.

Threshold live-time ΓWIMP-like
simu Γµ-multiple

simu

(keV) (days) (10−2 event/day) (10−2 event/day)

10 41.2 0.62 3.8
15 20.6 0.42 2.8
20 5.9 0.32 2.2

(weighted) sum 67.7 0.53 3.4

data simultaneously. As shown in section 5.2.2, this was the case for more than 90% of
the time. The calculated exposure chosen to normalize the simulation takes into account
period cuts from the hourly quality cuts and maintenance procedures, but excludes the
correction of the nuclear recoil band acceptance. Indeed, the µ-induced background is
proportional to the live-time and not to the number of kg · days.
The number of single and multiple nuclear recoils is then extracted from the simulation by
counting the number of events in the 90% C.L. nuclear recoil band (defined individually
for each bolometer using its average energy resolution), with energy deposits above the
analysis threshold and below 200 keV. To avoid any misunderstanding, a nuclear recoil is
considered single if there is only 1 bolometer among the 24 with a simulated heat energy
above the bolometer-dependent trigger threshold. If there is another bolometer with an
energy deposit, then the nuclear recoil is considered as multiple. If, for a given simulated
muon, two nuclear recoil hits occur, they are both counted as multiple nuclear recoils.
The total number of expected single or multiple nuclear recoils is calculated as follows:

Nµ−n
simu =

3∑
i=1

tiΓ
µ
i =

3∑
i=1

ti

8∑
j=1

nij
sj

(6.3)

with ti the accumulated livetime for a threshold i = {10, 15, 20} keV and Γµi the rate of µ-
induced single or multiple nuclear recoil events for this threshold i. This rate is calculated
for each of the 8 simulated data sets (4 energy ranges per muon type µ+/µ−) by calculating
the ratio of nij , the total number of single or multiple nuclear recoils in the 17 bolometers
in simulation j, for a given threshold i, in the 90% C.L. nuclear recoil band and in the ROI
(<200 keV), over the simulated time sj . The detailed results of the simulations with the
contribution from each analysis threshold before vetoing are given in table 6.1. The total
number of multiple nuclear recoils hits in the fiducial volume in the 90% nuclear recoil
band without requirement on the µ-veto trigger is thus:

Nµ−multiple
simu = 2.28± 0.04 (stat) +0.85

−0.37 (sys) (6.4)

and the number of single nuclear recoils is:

NWIMP-like
simu = 0.36± 0.02 (stat) +0.12

−0.08 (sys) (6.5)

The systematic uncertainties arise from three contributions: the uncertainty on the sim-
ulated µ-induced neutron yield in lead, estimated to be +26% [118] and -16% [83] (see
section 3.4.1.1); the reference muon flux used to normalize the simulation, estimated to be
+22%; and the 15% excess of simulated single events compared to the data as described
in section 5.3.3, considered as a negative systematic uncertainty for the rate of multiple
nuclear recoils and as positive systematic uncertainty for the rate of single nuclear recoils.
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6.1. Results of the standard WIMP mass analysis 151

The systematic uncertainty on the live-time determination is considered negligible.
Due to the low number of expected µ-induced WIMP-like events, it was decided that time
periods during which the µ-veto is off are not cut from the analysis in order to maximize
the exposure. The expected fraction of WIMP-like events actually limiting the sensitivity
to dark matter search is calculated according to:

NWIMP-like
simu = tB+V ΓWIMP-like

simu (1− εµ−veto) + tBΓWIMP-like
simu (6.6)

where tB+V is the live-time when both acquisition systems of the µ-veto and the bolometers
were running; ΓWIMP-like

simu the rate of WIMP-like events as determined in table 6.1; εµ−veto

the µ-veto efficiency (see eq. 5.18); and tB the accumulated live-time during which the
µ-veto was either off or not fully efficient. The conservative cuts applied to determine if
the µ-veto system is on were described in section 5.2.1. tB was derived by extracting,
for each hour with at least one bolometer hit, the number of minutes during which the
µ-veto is considered off. tB was estimated to be 3.9 days, corresponding to 5.8% of the
accumulated live-time. A lower limit on the µ-veto efficiency εµ−veto > 93% at 90% C.L. to
detect µ-induced bolometer events was derived in section 5.4. By plugging these numbers
in eq. 6.6 and taking into account the uncertainty on ΓWIMP-like

simu , an upper limit on the
number of expected unvetoed WIMP-like event in the standard WIMP mass analysis can
be derived:

NWIMP-like
simu < 0.06 events (6.7)

Thus, expected µ-induced neutron background is negligible in this analysis and is far from
explaining the observed neutron background. Even with neglecting the µ-veto (eq. 6.5),
µ-induced neutrons can not explain the observed single nuclear recoils.

Comparison of topology

Information about the 17 hits measured in the nuclear recoil band as shown in fig. 6.1 is
given in table 6.2, separately for nuclear recoils not tagged by the µ-veto and µ-induced
nuclear recoils. By comparing the experimental observables quoted in this table between
the 5 tagged hits and the 12 untagged ones (4 and 11 events respectively), knowing the
expected topology of µ-induced events (see section 5.3.3), an indication on the origin of
the neutron background can be deduced.
First, from what can be seen in table 6.2, there is no significant difference between the
energy deposit of the untagged nuclear recoils and the energy deposit of µ-induced nuclear
recoils. However, the energy of neutrons produced by (α,n) reactions on light nuclei or
by fission goes up to 10 MeV, whereas neutrons produced by muons have a harder energy
spectrum extending up to a few GeV. As fast neutrons transfer larger energies to the re-
coiling nucleus, one could think that the recoil energy spectrum of µ-induced neutrons is
harder. However, most of µ-induced neutrons interacting in the bolometers are produced
in the external lead shield. As the neutron flux below 20 MeV increases with the atomic
mass of the material following A0.8 [155], the average neutron energy for high-A materials
is lower than for low-A materials. In lead, the average energy of µ-induced neutrons for
a muon energy of 260 GeV 3 has been simulated to be 8.8 MeV [156]. Consequently, most
µ-induced neutrons have similar energies as radiogenic neutrons, leading to a similar recoil
spectrum.
In the data listed in table 6.2, the bolometer multiplicity of the 11 untagged nuclear recoil
events varies from 1 to 3 with an average of 1.7, whereas it varies from 3 to 13 with an
average of 8.5 for a limited statistics of 4 µ-induced events 4. Simulations of the radiogenic
background give an expected mean multiplicity varying between 1.4 and 1.9 depending on

3. similar to the mean muon energy at LSM
4. 2 hits among the 5 are in coincidence in time and are therefore induced by the same muon
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Table 6.2. – Overview of the 17 hits in the 90% C.L. nuclear recoil band with single hits in
blue and multiple hits in black, ordered by event timing. The hits in coincidence
with the µ-veto within a coincidence window of ±1 ms are displayed at the
bottom of the table in green, separately from the untagged neutrons. The
columns give respectively the name of the detector, the time when the event
occurred (in days since July, 1st 2014), the ionization yield Q, the recoil energy
Erec (in keV), the bolometer multiplicity Mbolo, the time difference between the
bolometer event and its closest µ-veto event tbolo− tveto (in ms) and the µ-veto
multiplicity Mveto.

FID Day Q Erec Mbolo tbolo − tveto Mveto

(keV) (ms)

823 40.3 0.34 14.90 1 299 1
842 43.0 0.35 37.68 2 62.2 1
838 45.2 0.42 128.8 1 196 1
828 48.4 0.24 13.96 3 2 1
839 50.4 0.27 20.97 1 133 1
823 61.6 0.21 16.68 2 159 1
824 91.6 0.14 10.06 1 -453 1
842 151.1 0.31 36.68 1 137 1
845 151.4 0.35 26.38 2 -86 1
828 152.3 0.30 21.71 3 270 1
821 185.8 0.23 14.99 2 -28 1
839 185.8 0.32 12.15 2 -28 1

846 54.9 0.25 22.07 12 0.055 2
841 122.9 0.26 35.68 6 0.056 2
841 128.4 0.34 41.87 3 0.058 7
823 128.4 0.29 11.3 3 0.058 7
823 157.6 0.32 46.94 13 0.060 6

the contaminated material and the decay chain. In comparison, it was shown in section
5.3.3 that the measured multiplicity of µ-induced bolometer events is 4.6 hits and that
75% of them are multiple events. Thus, the absence of single bolometer hits in coincidence
with the µ-veto is not surprising.
The ratio between single nuclear recoils and the number of multiple nuclear recoils, re-
ferred to as single-to-multiple ratio hereafter, is also a useful hint concerning the origin
of the background. The single-to-multiple ratio of nuclear recoil hits was calculated as
output of the radiogenic simulation, such that 2 nuclear recoils in two different bolometers
in coincidence in time are counted as 2 multiples. Following this definition, a single-to-
multiple ratio of 0.45 in the energy range Erec = [10, 100] keV, averaged over 8 bolometers,
was extracted from the simulations. Note that this ratio depends on the energy threshold
used as input of the simulation. The values quoted here were extracted using individual
averaged trigger thresholds for each bolometer, estimated using the Run308 data. This
ratio strongly varies of the order of (±20%) depending on the position of the bolometer
in the array. From one contaminated material to the other, the ratio varies from 0.33 for
neutrons produced by (α,n) reactions in the CuBe contained in the connector sockets up
to 0.48 for the contaminated Teflon isolation of the Axon cable. The single-to-multiple
ratio was estimated in a similar way for µ-induced nuclear recoils to be of ∼ 0.19, knowing
the simulations of µ-induced events seem to overestimate the number of single events by
∼ 15% as shown in section 5.3.4.2. These results have to be compared with the observed
ratio of single-to-multiple nuclear recoils of 5/7 ' 0.71. This is well above the expected ra-
tio from µ-induced events. However, it could be explained by an unknown neutron source,
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6.2. Results of the low mass WIMP analysis 153

either far away from the bolometer and highly energetic, or close to the bolometers and of
low energy.
The time difference ∆t = tbolo − tveto between a bolometer hit and its closest µ-induced
event gives an indication whether the observed background is unvetoed because of an in-
sufficiently wide coincidence window. The ∆t value for each bolometer event is displayed
in table 6.2. In case of multiple events, the coincidence search is not only performed using
the bolometer hit in the ROI but using each hit of the event: if one of them is less than
±1 ms away from a µ-veto event, the event is considered to be a µ-induced event. The ∆t
value quoted in the table is the smallest difference observed for a given bolometer event.
Note that the ±1 ms coincidence window is conservative compared to the ±12µs window
used in the previous chapter. Thus, it includes with certainty rare but existing events
when a high energy neutron is produced outside the external shields, but still deposits
energy in the bolometer array after a propagation of few µs through the shields. Looking
at table 6.2, large variations of the ∆t values can be seen for unvetoed hits whereas vetoed
hits are clearly included in the ±12µs coincidence windows defined in eq. 5.3 and eq. 5.4.
In addition, the µ-veto multiplicity, defined as the number of µ-veto modules satisfying the
trigger condition 5, significantly differs between vetoed and unvetoed bolometer hits. The
closest µ-veto events associated to each unvetoed bolometer hits all have a multiplicity
Mveto of 1, characteristics of noise and interaction of ambient background in the µ-veto.
On the contrary, the 4 µ-veto events in coincidence with a bolometer event have a mul-
tiplicity varying from 2 to 7 with an average of 4 modules. This value is coherent with
the mean multiplicity of 3 modules extracted from the coincidence analysis (section 5.3.3),
even if a comparison with such low statistics is difficult.
To conclude, each of the observables described above indicates that the measured neutron
background is of radiogenic origin. In an attempt to identify this unknown source, simu-
lations of neutron sources with various energy spectrum, placed at various distances from
the bolometer array, are planned to reproduce the single-to-multiple ratio observed in the
data.

6.2. Results of the low mass WIMP analysis

As LHC results more and more disfavour the existence of standard mass WIMPs within
the SUSY framework, interest for low mass WIMPS of O(GeV) masses is restored. This
is also partly motivated by measured excesses from several direct dark matter detection
experiments compatible with a low mass WIMP signal O(GeV) [157], [30] and the γ-ray
excess in the center of the galaxy which could be interpreted in term of O(GeV) dark
matter annihilation [158]. In parallel, theoretical frameworks for low mass dark matter
emerged [159].
Semi-conductor based experiments are natural candidates to search for low mass WIMPs
as cryogenic detectors can offer low detection thresholds and good energy resolutions. For
such low WIMP masses, the expected recoil energies from WIMP scattering in the EDEL-
WEISS Ge detectors are near to the experimental threshold of O(1 keV). At these energies,
new backgrounds may appear and the discrimination between nuclear and electronic recoils
becomes more challenging. Indeed, the WIMP signal starts to overlap with the regions
where various backgrounds are expected. More detailed models of these backgrounds as
well as stricter data selection are required to improve the sensitivity to low mass WIMPs
as well as a stricter data selection.
Two different low mass analyses were performed by the EDELWEISS collaboration using
the Run308 data, which allows a cross-check of the results. The official analysis is based
on a Boosted Decision Tree (BDT) [160] whereas a 2D profile maximum likelihood anal-
ysis was carried out in parallel. Only the official EDELWEISS analysis will be reviewed

5. Each module with its two TDC values non-zero is counted in the multiplicity
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hereafter. Results from the likelihood analysis were shown to be consistent with the BDT
analysis [161]. Note that the background models as well as most of the cuts applied to
select the data are common to both analyses. The estimation of the µ-induced neutron
background, performed in the framework of this thesis, will be detailed below.
After a brief description of the data selection cuts, the methods applied to extract the
background models will be explained. More technical details for one specific detector can
be found in [153]. The estimation of the µ-induced neutron background performed in the
framework of this thesis will be discussed in more details in section 6.2.3. Lastly, a brief
description of the BDT analysis and the results in terms of dark matter search will be
presented.

6.2.1. Data selection

The data was selected with the aim to reach the lowest WIMP mass achievable but still
aiming for a good sensitivity in the WIMP mass region ∼20 GeV. The experimental pa-
rameter dominating the sensitivity at low mass WIMPs is the online trigger threshold
Eth, monitored on an hourly basis. To select the bolometers used for the analysis, the
live-time in days for Eth ≤ 1.5 keV and Eth ≤ 1 keV was calculated for each detector. The
9 detectors with Eth always below 1.5 keV and a large fraction of the time below 1 keV
were pre-selected. One of them is FID826, which suffered from charge trapping at 8 V
of applied fiducial voltage and was therefore partly operated at 16 V. This bolometer was
discarded, because of indications that the electric field configuration was different from the
usual one. In addition, it had only a small contribution to the combined sensitivity. Con-
sequently, 8 detectors were finally selected for the low mass analysis. Four of them showed
good efficiency (∼80%) already at Eheat = 1 keV whereas the 4 others were mostly efficient
starting from Eheat = 1.5 keV. The region of interest (ROI) for low mass WIMP search is
defined as the fiducial energy Efid = [0, 8] keV and the heat energy Eheat = [1, 15] keV or
Eheat = [1.5, 15] keV depending on the detector.
Cuts on time periods were applied on the hourly determined baseline resolutions of the
combined heat channel, the fiducial ionization and the two veto electrodes. In addition,
event-based cuts were performed on the χ2 of the ionization and heat pulse fits of all
channels to remove poorly reconstructed and pile-up events. Fiducial events were selected
by requiring that the measured ionization energy of the veto electrodes, EA and EC , are
within 5σ of the baseline fluctuations.

6.2.2. Background models

With the exception of the neutron background, the models used in the low mass analysis
are data-driven, i.e. sidebands of the WIMP search data of Run308 were used to construct
them. The data was first blinded, i.e. fiducial single energy deposit with an ionization
quenching 0 < Q < 0.5 in the energy range Erec = [0, 200] keV were excluded from the
data set. Whenever possible, the model was cross-checked using calibration data.

Bulk gamma events

The bulk γ background is modelled by a Compton-like flat component and cosmogenic
lines by fitting the data in the range Eheat = [3, 15] keVee (keV electronic recoil equivalent)
and extrapolated down to 0 keVee. The biggest contribution arises from 65Zn (8.98 keV),
68Ga (9.66 keV) and 68Ge (10.37 keV) with corresponding L-shell lines near the threshold
at 1.10 keV, 1.19 keV and 1.30 keV, respectively. The L-shell cosmogenic line intensities
are derived from the K-shell lines, knowing the relative intensity ratio of ∼11%. There are
several other K-shell lines in the energy range 5− 7.7 keV which are not of importance for
WIMP search. Note that a similar work has been done for surface γ’s and 4 intermediate
categories such as triple events or double veto events.
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Events from β-decays and recoiling Pb nuclei

Using simulations, the main contribution to the β-background has been identified to come
from radon in the vicinity and on the surface of the detectors. This background can vary
significantly from one detector to the other. Simulations also showed that the shape of
the measured energy spectrum strongly depends on the position of the source and its
implementation depth. Considering the uncertainties on the simulations, sideband data
has been used to derive a model. Surface events were first selected by requiring a clear
signal on one of the veto electrodes (> 5σ). The β, 206Pb and γ populations were separated
according to their quenching for each detector, and their heat spectrum was extracted. The
β spectra were fitted with a spline function in the energy range Eheat = [4, 25] keVee and
further extrapolated down to 0 keVee, inducing some systematic uncertainty on the model.
As for the lead spectra, they are fitted by a gaussian peak at the energy corresponding to
the recoil energy of a lead nucleus of Erec = 103 keV with an underlying flat component
in the range Eheat = [10, 35] keVee and extrapolated down to 0 keVee. Surface calibration
data were used to cross-check the spectra derived from the WIMP-search data. This
calibration was performed in the so-called Run305 between November 2013 and February
2014 using a 210Pb source placed on the copper casing of two FID detectors. This data
was only used for comparison as the radon background is highly depending on the detector
and the run conditions. This comparison was performed for one detector (FID837) and a
good agreement between the surface β spectra extracted from calibration and from WIMP
search data was found [153].

Heat-only events

The dominating background at small recoil energies is the so-called heat-only background,
i.e. events for which there is a trigger on one or both heat channels but only noise is
reconstructed on each of the ionization channels. It is known from the EDELWEISS-II
experiment that part of the heat-only events arise from internal radioactivity in the NTD
sensor. These events can be easily rejected in EDELWEISS-III by applying a χ2 cut on the
heat pulse fit. Because of their distinctive pulse shape (due to a much faster decay time),
the template used to fit these heat pulses is not adapted, leading to a bad χ2 value of the
fit. In addition, one expects both heat signals from the 2 NTDs to be equal within their
respective resolutions. A cut on the difference of the measured heat energies can therefore
further reduce such events. However, there is a new population of heat-only events in
EDELWEISS-III which survive both cuts. Their origin is not yet understood and is under
investigation. This population cannot be explained by the contribution from lead recoils
in the collecting electrode, which would be of much lower intensity. Also, the rate of heat-
only events after cuts shows the same time-dependent behaviour for all detectors. A burst
of the rate followed by a slow exponential decrease was measured in coincidence with a
cryogenic and hardware intervention on the 4th of September 2014, whereas the rate was
low and approximatively flat before. Note that the measured decay time of 20 days cannot
be related to any radioactive decay. Up to now, the origin of the heat-only events is still
unknown. The hypothesis of mechanical noise such as friction between the crystals and
their Teflon holders is the most favoured one. New holders were therefore designed and
are currently under test at LSM.
The heat-only background for the low mass analysis was modelled by selecting events from
the heat-only sideband with Eion < 0 keV. Above the analysis threshold of Eheat equal to
1 or 1.5 keVee, the possible contribution from a WIMP signal due to underfluctuation of
ionization signal is negligible.
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Radiogenic neutrons

Single fiducial neutrons are a potential background for low mass dark matter search. The
energy spectrum of the radiogenic neutron background is derived from the simulation of all
known neutron sources described in section 2.2.2.2. The dominant contribution comes from
the Cu-Be sockets of the 10 mK connectors on the detector. A comparison of the simulated
energy spectra for all the sources showed no significant change in the spectral shape in
the range Erec = [2, 20] keV. Therefore a potential unknown neutron source should not
deviate from the model. The energy spectrum of all simulated fiducial neutrons is fitted
in the range Erec = [2, 20] keV using a double exponential function. The normalization
of the neutron spectrum is derived from the number of observed multiple scatterings in
the nuclear recoil band: 9 multiple events were found in Erec = [10, 100] keVNR (keV
nuclear recoil equivalent) for a fiducial exposure of 1309 kg · days (see section 6.1.2). Using
the expected single to multiple neutron ratio extracted from simulation, the number of
expected single fiducial neutron was derived and the energy distribution was scaled for
each bolometer.

6.2.3. Muon-induced neutrons

An estimation of the number of µ-induced neutrons in the low mass data was carried out
before the data unblinding to decide whether it was necessary to perform a veto analysis
before the data unblinding. The muon simulations used for this estimation were described
in section 3.4.2.2 and summarized in section 6.1.2.
The simulation of muons in the experimental setup was split in 8 sub-simulations of muons
and antimuons in 4 energy ranges. The output of each simulation is modified to take into
account individual bolometer responses. The average heat and ionization baseline resolu-
tions determined using the low mass data selection cuts were used here. In addition, the
average trigger thresholds for each bolometer over the selected data period were used to
determine whether an event is single or multiple. These parameters are summarized in
table 6.3 for the 8 selected low mass detectors. Then, single events were selected by requir-
ing only one bolometer with a simulated heat energy above the average trigger threshold.
Fiducial events were selected by requiring Erec <1.5 keV in the volume delimiting the sur-
face of the bolometer. A lower analysis threshold of 1 keVee or 1.5 keVee depending on the
detector, and an upper threshold of 15 keVee was applied on the simulated heat energy.
The number of single nuclear recoils expected in the data was calculated by deriving the
number of simulated events in the 99% nuclear recoil band: contrary to the standard
WIMP mass analysis, no 90% nuclear recoil band cut is applied on the data. An exact
estimation of the µ-induced neutron background would require to take into account the
BDT cut (described in the following section) which changes with the mass of the stud-
ied WIMP. Such level of precision is not necessary for a first estimation of the µ-induced
background. Thus, using the 99% nuclear recoil band gives an upper limit on the number
of expected µ-induced neutrons in the region of interest.
The total number of single nuclear recoils is calculated as follows:

NWIMP-like
simu =

8 (bolo)∑
i=1

ti

8 (simu)∑
j=1

nij
sj

 (6.8)

where ti is the livetime for bolometer i among the 8 selected bolometers given in table 6.3;
nj the number of single events in the 99% nuclear recoil band, in the region of interest,
in simulation j; and sj the simulated time for the simulation j. The number of expected
µ-induced single neutrons interacting in the fiducial volume before vetoing is:

NWIMP-like
simu = 0.45± 0.03 (stat) +0.14

−0.09 (sys) (6.9)
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Table 6.3. – Average bolometer heat 〈FWHMheat〉 and ionization 〈FWHMion〉 baseline res-
olutions as well as trigger threshold 〈Eth〉 for the 8 low mass detectors over the
selected time period tlive-time.

FID 824 825 827 837 838 839 841 842

tlive-time (in days) 109 117.7 121 118.1 118.3 114.6 133.4 95.1
〈FWHMheat〉 (in keV) 0.55 0.46 0.52 0.52 0.54 0.54 0.49 0.60
〈FWHMion〉 (in keV) 0.29 0.45 0.39 0.37 0.43 0.62 0.52 0.56

〈Eth〉 (in keV) 0.60 0.84 0.81 0.83 0.90 1.14 0.98 1.09

Analog to the simulation for standard WIMPs, the systematic uncertainties arise from
three contributions: the simulated µ-induced neutron yield in lead, estimated to be +26%
[118] and -16% [83] (see section 3.4.1.1); the reference muon flux used to normalize the
simulation, estimated to be +22% (see section 3.4.2.2); and the 15% excess of simulated
single events compared to the data observed in section 5.3.3, considered as a negative
systematic uncertainty for the rate of multiple nuclear recoils and as positive systematic
uncertainty for the rate of single nuclear recoils. The systematic uncertainty on the live-
time determination is considered negligible.
Considering the lower limit of the µ-veto efficiency of 93% (see eq. 5.18) and the uncertainty
on the number of simulated events, the following upper limit on the number of untagged
µ-induced WIMP-like events is calculated:

NWIMP-like, after µ-veto
simu < 0.04 events at 90% C.L. (6.10)

The number of expected µ-induced WIMP-like events in the region of interest is thus far
less than 1 event. It was therefore decided that time periods during which the veto was
off (few % of the total live-time) are not cut from the analysis. A coincidence analysis was
performed after the data unblinding, but none of the event in the WIMP box was seen in
coincidence with the µ-veto.

6.2.4. Output of the BDT analysis and exclusion limits

In the BDT analysis, the following six variables are used: the four ionization channels
of veto and collecting electrodes, the combined heat signal of the two NTD sensors and
the time-dependent rate of heat-only events. The BDT combines these variables into a
single discriminating variable called BDT score. Low BDT scores indicate that an event
is more likely to be background whereas a high value indicates a signal-like event. For
each detector and discrete WIMP mass values mWIMP ∈ {3, 4, 5, 6, 7, 10, 15, 20, 30} GeV,
a separate BDT was used. First, each BDT was trained to distinguish background events
from signals using toy MC events of known types. These toy events were generated from
the background models described above and from the standard halo WIMP model. At the
end of the training phase, the cut applied on the BDT output was chosen for each WIMP
mass and each detector to maximize the signal to background ratio. The BDT analysis
was then run over the unblinded WIMP search data. For illustration, the normalized
BDT score distributions for two FID detectors (FID824 and FID825) and two WIMP
masses (5 and 20 GeV) are plotted in fig. 6.3. The data points show good agreement with
the predicted total contribution from all background sources. Events with a BDT score
above the BDT cut are considered as WIMP candidates. For different WIMP masses, the
background dominating above the BDT cut differs: while the radiogenic neutrons dominate
at 20 GeV, the heat-only events and fiducial γ-events contribute most at 5 GeV. In both
cases, surface events are a negligible background for the WIMP search due to the good
rejection performance of the FID design. For the FID824 detector shown as illustration,

157
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Figure 6.3. – Examples of BDT output distributions for two detectors (FID824 and FID825)
and two WIMP masses (5 and 20 GeV). The data is displayed using black
markers. The coloured histograms are the expected backgrounds as quoted in
the legend whereas the black histogram shows the WIMP signal distribution
for a reference cross section. The vertical dashed line shows the BDT cut
optimized for each WIMP mass and detector. See text for more details.

no event was observed above the BDT cut. For FID825 however, 9 and 4 events were
measured for 5 and 20 GeV respectively, whereas the expected numbers of background
events are 6.14 and 1.35 events. However, this excess of observed events is not statistically
significant and is compatible with a background fluctuation.
The combined upper limit on the spin-independent WIMP-nucleon scattering cross section
was derived using the 8 detectors. For each WIMP mass, the 90% Poisson upper limit on
the number of measured events passing the BDT cut was calculated. The upper limit on the
cross section was then derived by comparison with the integrated WIMP signal above the
BDT cut for a reference cross section. As can be seen in fig. 6.4, the exclusion limit for the
spin-independent WIMP-nucleon cross section varies from 4.6× 10−4 pb at 5 GeV to 6.2×
10−8 pb at 30 GeV. EDELWEISS-III can therefore exclude the 90% C.L. CDMS-II silicon
signal region [157]. Some R&D is ongoing to understand the heat-only background and
further improve the energy resolutions and thresholds. It could be achieved by replacing
the FET with HEMT (High Electron Mobility Transistors) readout and as well as having
a better knowledge of the thermal model of the NTDs [46].
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Figure 6.4. – Parameter space of spin-independent WIMP-nucleon scattering cross section
versus WIMP mass, showing the exclusion limits and signal claims from various
dark matter experiments. The red curves show the EDELWEISS-II (dashed
line) and the EDELWEISS-III (solid line) low mass analysis results.

6.3. Expected muon-induced background for the initial goal
of EDELWEISS-III

The initial goal of the EDELWEISS experiment for standard WIMP mass was first to
obtain a background-free fiducial exposure of 3000 kg · days, and then reach a fiducial ex-
posure of 12000 kg · days for which background should start to appear. As shown in section
6.1.1, these goals are compromised due to the presence of an unknown radiogenic neutron
source. However, simulations are planned to find out the possible source of background
reproducing the high single-to-multiple hit ratio. In case this source would be identified
and could be removed, the expected µ-induced background for these initial goals would be
of interest. Therefore the rate is extrapolated from the Run308 results.
The 17 detectors selected in the standard WIMP mass analysis are considered with the
same average response as in Run308. The estimation was performed for 3 values of the
analysis threshold of 10, 15 and 20 keV. As measured in Run308, the µ-veto is considered
to be inefficient for 6% of the accumulated live-time. This accounts for technical problems
or interruptions of the data taking. The rest of the time, the conservative lower limit on
the µ-veto efficiency to detect µ-induced bolometer events εµ−veto = 93% is considered
(see section 5.4). The quoted exposures of 3000 kg · days and 12000 kg · days would be
reached in 0.9 and 3.7 years of effective data taking, respectively 6. Reaching an exposure
of 12000 kg · days with 17 detectors is therefore not conceivable. However, the extracted
number gives an upper limit on the number of expected background. Indeed, the µ-induced
background scales linearly with the measurement time and the effective surface covered
by the array but not with the detection mass. By increasing the number of bolometers,
the measured time decreases and the number of single events is additionally suppressed.
Thus, deriving the expected number of µ-induced WIMP-like events for 3.7 years with 17

6. Note that these exposures should be achieved after the acceptance of the nuclear recoils, estimated
conservatively to be 86% [150], has been taken into account. The live-time necessary to reach these values
is then 14% higher
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Table 6.4. – Upper limit on the number of expected µ-induced WIMP-like events in 17 detec-
tors before and after vetoing for 3000 and 12000 kg · days exposure, considering
a µ-veto efficiency εµ−veto > 93% at 90% C.L. during 94% of the live-time and
a µ-veto system off for 6% of the live-time to account for technical issues.

Analysis threshold (keV) 10 15 20

before vetoing
3000 kg · days 2.07+0.71

−0.40 1.41+0.48
−0.27 1.08+0.37

−0.21

12000 kg · days 8.29+2.82
−1.61 5.63+1.92

−1.09 4.34+1.48
−0.84

after vetoing
3000 kg · days 0.24+0.08

−0.05 0.16+0.06
−0.03 0.13+0.04

−0.02

12000 kg · days 0.97+0.33
−0.19 0.66+0.22

−0.13 0.51+0.17
−0.10

bolometers gives an upper limit on the expected background for this exposure.
Knowing the rate of µ-induced WIMP-like events ΓWIMP-like given in table 6.1, the up-
per limit on the number of expected µ-induced neutron background before vetoing and
after vetoing (using eq. 6.4) can be derived. The results are listed in table 6.4. Under
the assumptions described above, the residual µ-induced neutron background for an ac-
cumulated exposure of 3000 kg · days will not limit the sensitivity of EDELWEISS-III for
dark matter search. Muon-induced background might start to appear for an exposure of
12000 kg · days, depending on the actual number of bolometers taking data.
For a more precise estimation of the residual background, a better knowledge of the µ-veto
efficiency to tag muons inducing bolometer events is needed. This can be achieved with
a longer accumulated live-time and thus a larger number of clear µ-induced bolometer
events, used to obtain the efficiency following the method described in section 5.4. In
addition, the µ-veto efficiency could be derived from simulations knowing the response of
the individual modules, which could be extracted using two different methods: for mod-
ules with a low trigger threshold, the position dependent response can be extracted with
high precision using the method set up in the framework of this thesis (see chapter 4);
for modules with a high trigger threshold, the average response over the module length
can be extracted with a lower precision using low energy µ-veto data, in a similar way as
performed in EDELWEISS-II (see section 3.2.4.1). However, the key task to minimize the
µ-induced neutron background remains a daily monitoring of the µ-veto to immediately
identify and quickly solve technical issues and thus ensure a full efficiency of the µ-veto
system during the whole data taking period.
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Conclusions

This thesis was performed in the context of the EDELWEISS-III experiment, whose goal is
to probe WIMP-nucleon cross-sections at least one order of magnitude smaller compared
to EDELWEISS-II, down to 10−9 pb. To reach this objective, many improvements were
applied to the experimental setup in order to reduce the residual background level to less
than 1 event for one year of data taking. A total of 8 months of data with 24 FID800
detectors have been accumulated for WIMP search during Run308 and has been analysed
in terms of µ-induced neutron background.

The work performed in the context of this thesis had two goals: the first was to reduce
the dead-time of the µ-veto system to a minimum and ensure its full efficiency during
WIMP search. Therefore, daily shifts were performed to guarantee that the system was
running continuously and taking data of good quality. The existing monitoring tools were
significantly improved to give a complete overview of the proper functioning of the overall
µ-veto system and its 46 individual modules. Over the 253 days of Run308, the µ-veto
system was taking data for 98.5% of the time. After strict quality cuts requiring a full
efficiency of the system, the remaining live-time decreased down to 91.2%.
The second goal of this thesis was to give a precise estimation of the irreducible µ-induced
neutron background limiting the sensitivity for dark matter search. This required knowl-
edge of both the rate of µ-induced WIMP-like events, as well as the µ-veto efficiency to tag
µ-induced bolometer events. To determine these values, data taken during Run308 was
analysed and Geant4-based Monte Carlo simulations of muons in the experimental setup
were performed.

The existing EDELWEISS-II simulation software was further developed by the collabo-
ration to include changes to the experimental setup. The newly implemented simulation
code is now based on the Geant4 version 4.9.6 together with the Shielding physics list.
With this simulation software, muons were simulated in the EDELWEISS-III setup to de-
rive the µ-induced neutron background. As expected, the higher density and granularity
of the bolometer array suppress single scattering events. In addition, the new PE shields
inside and around the cryostat, installed to attenuate radiogenic neutrons, were found to
reduce the µ-induced background by a factor of 2.7.

A dedicated analysis was performed with the Run308 data to study coincidences between
the µ-veto system and the bolometers. For each selected µ-veto event, the closest bolometer
hit in time was associated. With the goal of comparing measurement with simulation, strict
cuts were applied to ensure stable data taking conditions which could be reproduced in the
simulation. Out of the 24 read-out detectors, 20 were selected for this analysis as well as
time periods during which the bolometer array and the µ-veto system were fully efficient.
An accumulated live-time of tB+V = (133.6± 2.7) days was derived and used to study the
characteristics and extract the rate of coincidence events.
With the aim of analysing the characteristics of these coincidence events, a cut on the
µ-veto multiplicity of Mveto ≥ 2 was first applied in favour of a good signal-to-noise ratio.
The time difference ∆t = tbolo − tveto expected from physical coincidences was estimated
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to be included in a time window ∆t = ±12µs. A total of 138 coincidences were measured,
with an expected number of accidental coincidences of (1.94 ± 0.01) events. Using this
sample of pure µ-induced bolometer events, the rate of coincidences was found to be:

ΓµMveto≥2 = 1.02± 0.09 (stat) +0.03
−0.02 (sys) events/day

This rate is in good agreement with the rate determined using an independent analysis
pipeline [152]. Signatures of µ-induced bolometer events were compared between simu-
lation and data, showing an excess of 15% of single bolometer events in the simulation,
which was taken into account as a negative uncertainty on the simulated rate.
The requirement on the µ-veto multiplicity was then discarded to additionally include co-
incidences for which only one module of the µ-veto was hit. For this scenario, a total of
190 coincidences were measured, with an expected number of accidental coincidences of
(32.1± 0.4) events. The coincidence rate between the µ-veto and the bolometer array was
found to be:

ΓµMveto≥1 = 1.18± 0.10 (stat) +0.03
−0.02 (sys) events/day

The rate of µ-induced WIMP-like events (single nuclear recoils) was also extracted by
selecting single fiducial events in the 90% C.L. nuclear recoil band with Erec =[10,200] keV.
No events were seen in coincidence with the µ-veto, leading to an upper limit of the
measured rate of WIMP-like events of:

ΓWIMP-like
Mveto≥1 < (1.7× 10−2) events/day (90% C.L.)

For comparison, these rates were estimated from simulations of muons in the EDELWEISS-
III setup by applying the same selection cuts and taking into account the average bolometer
response over the Run308. The rate of coincidences before vetoing was estimated to be:

Γµsimu = 1.09± 0.01 (stat) +0.24
−0.00 (sys) events/day

whereas the rate of WIMP-like events was found to be:

ΓWIMP−like
simu = (7.6± 0.1 (stat) +2.6

−1.7 (sys))× 10−3 events/day

Both simulation and measurement were shown to agree within uncertainties.

The coincidence analysis showed that µ-induced bolometer events can be distinguished
from other backgrounds on the basis of their bolometer multiplicity and their total energy
deposit in the bolometer array. A lower limit on the µ-veto efficiency was derived by
identifying a sample of µ-induced bolometer events and verifying that they were seen in
coincidence with the µ-veto. A sample of 32 bolometer events was selected from the full
data set, all seen by the µ-veto in a time window of ±12µs, leading to a lower limit on
the tagging efficiency of:

εµ-veto > 93% (90% C.L.)

This analysis gave a reliable lower boundary on the efficiency and is only limited by
statistical uncertainty. In the future, the uncertainty on this efficiency can be reduced
using the data taken during the second half of 2015 in the so-called Run309.

The efficiency can also be derived from simulation, knowing the response of the 46 individ-
ual scintillator modules. As the scintillator panels are up to 4 m long, the light attenuation
together with the trigger condition lead to a strong position-dependence of the module re-
sponse, in particular of the trigger threshold. One of the drawbacks of going underground
to shield the experiment against cosmic rays is that muons cannot be used for probing
this threshold anymore, as their flux is too low to give sufficient statistics. In the pre-
vious EDELWEISS-II experiment, the module response was extracted from low energy
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µ-veto data by averaging over the module length. Consequently, the determination of this
efficiency was limited by the lack of knowledge of the module response at low energies.
Therefore, a new method was set up to derive the position-dependent trigger threshold
of individual µ-veto modules. The method is based on the comparison of the measured
energy spectrum of an AmBe source with the simulated spectrum, which is folded with
the parametrized module response function. The module response is characterized using
4 parameters: a smearing of the energy deposit σE, a threshold efficiency curve described
by an error function with parameters Ethr and the σ0, and an energy scaling factor Ccal.
The set of parameters giving the best match between the two spectra was derived with a
likelihood analysis, while the systematic uncertainty on the parameters was estimated us-
ing a Monte Carlo Markov Chain. By repeating this procedure for several positions of the
source along the module axis, the position-dependent trigger threshold was extracted. To
finally derive the muon detection efficiency of a module, its position-dependent response
was applied on the simulated energy spectrum of muon interactions.
The method was successfully applied on test module M42 and gave an efficiency of:

εM42 = (95± 0.5)%

where the error is dominated by the uncertainty on the source activity of ±20%. From here
on, it is possible to calculate the overall µ-veto efficiency and its uncertainty by applying
the method to the remaining modules. However, this method has several limitations. The
most significant is that a neutron source cannot be used in the vicinity of the bolometers
during dark matter search. With this constraint and considering the low activity of the
AmBe source, only a fraction of the modules could be calibrated. In some cases, the trigger
threshold of the modules was too high for the source to be detected at all.
With a higher activity calibration source whose activity is more precisely determined, the
calibration could be performed for all modules in a reasonable time. For those modules
for which the trigger threshold was too high, the average response over the module length,
as extracted in EDELWEISS-II could be used in combination with the method shown in
this thesis.

An estimation of the expected µ-induced neutron background was performed for the WIMP
search analysis of EDELWEISS-III data. An analysis for WIMPs in the standard mass
range [10,1000] GeV was completed for an accumulated exposure of 600 kg · days based on a
the selection of 17 bolometers. Five single nuclear events have been observed in the region
of interest, revealing the presence of an unexpected neutron source. Two dedicated studies
performed in the framework of this thesis showed that this background cannot be induced
by untagged muons and must thus be of radiogenic origin. First, the expected µ-induced
neutron background before vetoing was derived. For the specific bolometer selection and
cuts of this analysis it was found to be:

NWIMP-like
simu = 0.36± 0.02 (stat) +0.12

−0.08 (sys) events

Considering the lower limit on the µ-veto efficiency and the accumulated live-time during
which the µ-veto was either off or not fully efficient, the following upper limit on the
irreducible µ-induced WIMP-like event was derived:

Nµ
WIMP-like < 0.06 events (90% C.L.)

Even neglecting the µ-veto, the expected µ-induced neutron background is far from ex-
plaining the observed single nuclear recoils. Further evidence for the radiogenic origin of
the observed neutron background was found by comparing the topology of the untagged
events with the expected signatures of µ-induced events, notably the bolometer and µ-veto
multiplicities as well as the ∆t value for the closest veto event. An estimation was also
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performed for the low mass WIMP analysis with 8 selected bolometers and a similar fidu-
cial exposure for the mass range [3,30] GeV. The expected µ-induced neutron background
after vetoing, above the analysis threshold and for Eheat < 15 keV, was calculated to be:

NWIMP-like, after µ-veto
simu < 0.04 events (90% C.L.)

and thus negligible.
A coincidence analysis performed for both standard and low mass WIMP search data
confirmed that there are no events in the signal region in coincidence with the µ-veto as
expected from these simulation results.

The initial design goal of EDELWEISS-III was to reach a background free exposure of first
3000 kg · days and then 12000 kg · days, after which background is expected to appear. A
projection of the µ-induced neutron background for these two exposures, extrapolated
from Run308 results, was performed as well. Whereas no WIMP-like event was mea-
sured in Run308, an efficient rejection of the µ-veto is necessary for larger exposure. For
3000 kg · days and an analysis threshold of 10 keV, 2.07+0.71

−0.40 WIMP-like events are ex-
pected before vetoing. Considering the lower boundary of the µ-veto efficiency of 93%
and a dead-time of the µ-veto during 6% of the bolometer data taking, an upper limit on
the irreducible µ-induced neutron background is estimated to be 0.24+0.08

−0.05. Even for the
extended exposure scenario, the remaining background after vetoing is below 1 event.

While µ-induced neutron background could be an irreducible background limiting the
sensitivity for direct dark matter search, it can be efficiently rejected using a µ-veto system.
In conclusion, it can be stated that µ-induced neutron background is not a limiting factor
for WIMP search with EDELWEISS-III. If well handled, µ-induced neutron background
is therefore not a show-stopper for future direct dark matter searches.
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Appendix

A. Radioactive decay chains

Figure A.1. – Radioactive decay chains of 232Th and 238U.
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