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ABSTRACT

According to cosmological studies, there are hints for the existence of Dark Matter. Latest results from the

Planck satellite mission suggest that our universe consist of 4.9% baryonic matter, 26.8% Dark Matter and

68.3% Dark Energy. Many theories, such as a super symmetric extension (SUSY) of the standard model, pro-

vide a natural candidate for particle Dark Matter which has the following properties: It is charge-less and has

a mass but its interaction probability with baryonic matter is small. This particle is summarised as WIMP, a

weakly interacting massive particle.

In order to detect the WIMP, the XENON collaboration started in 2007 to build an experiment which is de-

signed for direct Dark Matter detection. The experimental setup is located at Laboratori Nazionali del Gran

Sasso (Italy). The detector is a two-phase Time Projection Chamber (TPC) filled with 161 kg of liquid xenon

that aims at observing Dark Matter by looking at nuclear recoils produces by WIMPs scattering off xenon

nucleons. The XENON collaboration archive the best limit in 2012 on the spin-independent WIMP-nucleon

cross-section with a minimum of σχ = 2×10−45 cm2 at a WIMP mass of mχ = 55 GeV/c2 (90% C.L.). In 2013,

using the same Dark Matter data, the XENON collaboration published a more stringent limit for the spin-

dependent cross-section minimum of σχ = 3.5× 10−40 cm2 at a WIMP mass of mχ = 45 GeV/c2 (90% C.L.)

for neutrons. Further Dark Matter candidates, such as axions or axion-like particles, are tested with electronic

recoil data obtained during the same Dark Matter data taking period. This lead in 2014 to the best upper limit

for axion-electron couplings in the 5−10 keV/c2 mass range, assuming that axion-like particles constitute all of

the galactic Dark Matter.

Thanks to the underground laboratory and a careful material selection, the XENON100 experiment archived

an ultra-low electro-magnetic background of 5.3× 10−3 events/kg/day in the region of interest. In order to

identify a WIMP event properly, it is important to understand the background. Therefore a set of calibration

sources is used: 241AmBe (Americium-Beryllium) as a neutron source and 60Co (Cobalt) and 232Th (Thorium)

as a gamma source (electronic recoil). The neutron source is used to understand how a WIMP signal would

look like in the detector and the gamma sources are used to understand the electronic recoil signal, similar to the

background one. Weekly photo multiplier-tube calibrations are used, in addition, to determine the gain values

and assure a stable read-out condition.

This work is dedicated to a subset of three data analysis topics. An alternative photo-multiplier tube calibration

is developed from raw LED data. This method is able to support the actual calibration technique by search-

ing for single photo-electron pulses with the same peak-finder algorithm which is used for Dark Matter data

reprocessing. This allows to determine the single photo-electron response directly. An already used method is

improved: The signal acceptance for the ionisation energy threshold is developed for the data taking periods

2011/12 and 2013/14. It is also tested with simulated neutrons and further uncertainties on the signal accep-

tance are discussed. Furthermore there is an alternative phenomenological electronic recoil background model

developed from 60Co and 232Th data. This model is compared to the already published model in 2012 and the

impact on the WIMP exclusion limit is evaluated.



ZUSAMMENFASSUNG

Kosmologische Beobachtungen bestätigen die Existenz von Dunkler Materie. Die neuesten Ergebnisse der

Planck Satelliten-Mission zeigen, dass unser Universum aus 4.9% baryonischer Materie, 26.8% Dunkler Ma-

terie und 68.3% Dunkler Energie besteht. Theorien, wie zum Beispiel die super-symmetrische Erweiterung des

Standard Modells der Kern- und Teilchenphysik, beinhalten ein geeignetes Teilchen. Es besitzt Masse, keine

Ladung und zeigt eine schwache Wechselwirkung mit baryonischer Materie.

Die XENON Kollaboration hat im Jahr 2007 mit der Suche nach Dunkler Materie begonnen. Hierfür wird

im Untergrundlabor des “Laboratori Nazionali del Gran Sasso” (Italien) eine Zwei-Phasen Zeit-Projektions-

Kammer (TPC), mit 161 kg flüssigem Xenon als Detektor verwendet. Das Ziel besteht im Nachweis eines

neuen Elementarteilchens: Das WIMP (Weakly Interacting Massive Particle). Die XENON Kollaboration

veröffentlichte im Jahre 2012 eine Ausschlussgrenze mit dem minimalen Wechselwirkungsquerschnitt von

σχ = 2× 10−45 cm2 bei einer WIMP-Masse von mχ = 55 GeV/c2 (90% C.L.) für spin-unababhängige WIMP-

Nukleon Wechselwirkungen. Im Jahr 2013 folgte mit dem gleichem Datensatz ein minimales Ausschlus-

slimit von σχ = 3.5× 10−40 cm2 bei eine WIMP-Masse von mχ = 45 GeV/c2 (90% C.L.) für spin-abhängige

WIMP-Nukleon Wechselwirkungen an Neutronen. Darüber hinaus wurden alternative Dunkle Materie Kandi-

daten, wie z.B. Axionen oder Axion-ähnliche Teilchen, an Elektronrückstößen von Xenonatomen untersucht.

Dies führte im Jahr 2014 zu einem Ausschlusslimit für Axion-Elektron Wechselwirkungen im Bereich von

mA = 5−10 keV/c2 unter der Annahme, dass die gesamte Dunkle Materie aus Axion-ähnlichen Teilchen besteht.

Dank des Untergrundlabors und einer geeigneten Materialauswahl erreicht das XENON100 Experiment einen

niedrigen elektro-maganetischen Untegrund von 5.3× 10−3 Ereignissen/kg/Tag. Ein detailliertes Verständnis

des Untergrunds ist notwendig um nach seltenen WIMP-Ereignissen zu suchen. Hierfür stehen verschiedene

Kalibrationsquellen zur Verfügung: 241AmBe (Americium-Beryllium) als Neutronenquelle und 60Co (Cobalt)

und 232Th (Thorium) als Gammaquelle. Die Neutronenquelle wird dazu verwendet, WIMP Wechselwirkungen

im Detektor zu verstehen. Die Gammaquelle wird zur Beschreibung von Elektronrückstößen verwendet, die

sich ähnlich dem elektro-maganetischen Untergrund verhalten. Wöchentliche Kalibrationen der Photoelektro-

nenvervielfacher geben Auskunft über ihren Funktionsstatus und deren zu erwartende Signale.

Die hier vorliegende Doktorarbeit fokusiert auf drei Analysethemen. Es wird eine alternative Methode vorgestellt

um einzelne Photo-Elektron Signale in den LED Rohdaten zu identifizieren. Diese Methode kann ebenfalls

dazu verwendet werden den Status der PMTs zwischen zwei PMT Kalibration zu überprüfen. Eine bereits

vorhandene Methode zur Signalakzeptanzbestimmung der unteren Energieschranke für Ionisationssignale wird

verbessert, einschließlich einer vollständigen Disukussion der eingehenden Unsicherheiten. Desweiteren wird

ein alternatives Modell zur Bestiummung des zu erwartenden γ induzierten Untergrunds mit 232Th und 60Co

Daten entwickelt. Dieses Modell wird im Weiteren mit dem bereits veröffentlichtem Modell aus dem Jahr 2012

verglichen und sein Einfluss auf die WIMP Ausschlusskurve bestimmt.
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2011/12 Refers to the Dark Matter data taking period of 2011/12 with the necessary
calibration data taking before and after.

2013/14 Refers to the Dark Matter data taking period of 2013/14 with the necessary
calibration data taking before and after.

ADC Analog-Digital Converter
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DAQ Data Acquisition

Discrimination space Y The usual data space which is used in the XENON100 data analysis.
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Parameter: Leff The relative scintillation efficiency.
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SPE Single Photo-Electron

SUSY Super Symmetry. An discussed extension the standard model of particle physics
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WIMP Weakly Interacting Massive Particle

ZLE Zero Length Encoding
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<value> If nothing else is mention in the text, the arrow brackets indicate the mean value.
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"If it’s so massive, why aren’t we being crushed by the
gravity?
Well, we would be if it were normal matter, but it’s not.
Scanners can’t make heads or tails of it. Its atomic
structure is damn near impenetrable to our science.
Amazing. Dark Matter."

Crew members of the merchant transport vessel Nestor,
The Outer Limits, "Dark Matters"

1. Motivation

3





The search for Dark Matter is an ongoing business for over 80 years. Several earth-bound experiments

have searched for new types of particles which interact with baryonic matter weakly. These investi-

gations were triggered by cosmological studies which found out that there are unknown gravitational

potentials in the universe which are necessary to describe our nowadays observed structures in, for ex-

ample, galaxy clusters. The actual observations can be explained by an additional type of matter which

is not yet observed directly. Furthermore, this Dark Matter is already important in the early universe

where the additional gravitational potentials cluster baryonic matter to form our universe as we see it

today. This process refers to structure formation. Another picture of the early universe is the Cosmic

Microwave Background (CMB) which refers to 380,000 years after the Big Bang. Observations with

the Planck satellite suggest that our universe consist of 4.9% baryonic matter, 26.8% Dark Matter and

68.3% Dark Energy. Baryonic matter is investigated in accelerator facilities nowadays. From these

studies, the standard model of particle physics has been developed which is used to explain physical

processes in particle physics. Nevertheless, there are processes which are not fully understood yet and

Dark Matter is one of these unsolved mysteries and a hint for physics beyond the standard model.

The favoured explanation is a new particle type: The WIMP. According common theories (e.g. the

supersymmetric extension of the Standard Model, SUSY), these Weakly Interacting Massive Particles

are created during the big bang such as baryonic matter. Duo to the expansion of the universe and the

involved cooling process, the interaction probability with baryonic matter has decreased up to nowa-

days. Nevertheless, such Dark Matter particles interact by gravitation. Ongoing experiments for direct

Dark Matter detection wait for a weak interaction of a WIMP with the chosen target material. Up

to now, there haven not been any WIMPs detected and hence the WIMP mass mχ and cross-section

σχ are still unknown. Depending on the WIMP model, there are mass ranges suggested from some

keV up to TeV. Experiments such as DAMA/LIBRA have claimed to observed Dark Matter in annual

modulation. This hypothesis is still discussed by the Dark Matter community. Their claimed WIMP

mass and cross-section is already excluded by different Dark Matter experiments.

Another approach in the Dark Matter search are axions and axion-like particles. Their theory is based

on Peccei, Quinn, Weinberg and Wilcze who introduced another broken symmetry to explain the ob-

served CP invariance in particle physics. This leads to a new particle with a mass of a few keV which

could also explain the missing mass in the universe. Experiments such as CAST use the Primakoff

effect to search for that kind of Dark Matter.

In summary, the ongoing experiments could not provide reasonable results for the existence of Dark

Matter particle(s). The hunt for Dark Matter is approached in different ways: Looking for Dark Mat-

ter annihilation processes (indirect detection), looking for a Dark Matter interaction in earth-bound

experiments (direct detection) or by the production of Dark Matter particles at collider facilities where
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the missing energy is a hint for the produced DM particle. This thesis will give a broad introduction

into Dark Matter from a cosmological and particle physic point of view and will summarise the direct

Dark Matter detection and the experimental constrains.

The here presented work will focus on two-phase Time Projection Chamber (TPC) of the XENON

Dark Matter Project which uses ultra pure xenon as target material for the WIMP search. Besides the

great technically achievement to build such a low-radioactive measuring device, past publications ex-

clude a large range of WIMP masses and WIMP-nucleon cross-sections and therefore ongoing studies

aim to detect low mass WIMPs in some keV range. The actual experimental setup, the XENON100

TPC with mXe = 161kg of liquid xenon resulted a WIMP exclusion limit down to a cross-section of

σχ = 2× 10−45 cm2 for a WIMP mass of mχ = 55GeV (90% C.L.) in 2012. The successor experi-

ment XENON1T which will start to take data at the end of 2015 and will probe the actual results from

XENON100 and competitors. Duo to the larger amount of xenon and a lower background expectation

it will undergo actual exclusion limits and be 100 time more sensitive to WIMP interactions.

This work is dedicated to a subset of three data analysis topics. A basic calibration is done by the

weekly PMT calibration with LEDs. To test the PMT response and determine the PMT gain. This is

done by measuring single photons from the LED at the PMTs. At the moment, there are two tools in

use: A piece of software analyses the raw data from the calibration sources or the Dark Matter data

sets (xerawdp) and another one analyses the LED raw data. The goal of this work is to bring both dif-

ferent types of software together and test if the peak-finding ability of xerawdp is good enough, in case

of analysing LED raw data. This work will give detailed information on the necessary adjustments

in the software code of xerawdp and show first results for the peak identification with LED raw data.

Furthermore the single photo-electron response is tested with a new derived cut set for LED data. This

test will search for single photo-electrons directly (signals from scintillation). Once the ability to iden-

tify single photo-electrons is proven, a direct gain measurement is carried out which is then compared

to the results of the LED calibration with the standard software. The method itself introduce a new

application: Single photo-electrons are not only observed in LED raw data, they are also observed in

calibration or Dark Matter data. The ability to identify them with xerawdp could be useful to support

the ongoing PMT calibration and the control the PMT status between two LED calibrations.

A WIMP detection is only possible with a careful calibrated detector. There are several sources which

create a (e.g. neutron induced) signal in the TPC, like a WIMP would do. Therefore it is important

to characterise the known signal types with measurements and simulations to have a good knowledge

of the expected background. Possible signals come from nuclear recoils (NR) by neutrons and elec-

tronic recoils (ER) from a γ source. A 241AmBe (Americium-Beryllium) calibration source is used to

determine the detector response to neutrons in detail. The core of the analysis is to detect a WIMP

signal, based on the signal which is tested against the background with the Profile Likelihood analysis.

Therefore the event selection must be optimised by the use of a specific set of cuts, which are designed
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to reduce the total amount of events due to energy or position constrains in the TPC. Other typical cuts

are looking for single interactions or a proper observed signal which is defined some other criteria.

One of the most important cuts is the threshold for signals of the ionisation process. This cut assures

that only events are selected which are above a certain energy threshold to grant an 100% trigger effi-

ciency on the ionisation signals. This work describes a proper way to calculate the cut acceptance and

furthermore the method is tested with simulated neutrons in the XENON100 TPC geometry. The goal

is to extend the studies on the acceptance to develop a uncertainty level for the cut acceptance. This

uncertainty will influence the accuracy of the Profile Likelihood analysis.

The electronic recoil is quantified with calibrations from 232Th (Thorium) and 60Co (Cobalt) sources.

Both calibration sources have typical energy signatures and therefore the background expectation rate

is estimated from this sources. Due to the fact that radioactive decays in the used material are respon-

sible for e.g. further electrons which mimic an additional ionisation signal, the background of the ER

background must be modelled in detail. This model is then used during the Dark Matter data analysis

to predict the number of expected ER events in a specific energy range. Due to the composition of the

ER background in detail, the signal hypothesis must be tested against background events in a certain

energy range. Because of the low event rate with real physical motivated signals, the background

model must be describe the ER background as good as possible to reduce the uncertainties in the

Profile Likelihood analysis. This work present an ER background model which describes the data as

good as possible in the usual XENON100 discrimination space. In addition, the goodness of the ER

background model is discussed and the impact on the WIMP exclusion limit is tested.

These three topics are based on XENON100 data, but the analysis methods are also interesting for

the upcoming XENON1T experiment. Energy thresholds and their acceptances, as well as the search

for single photo-electrons, PMT response, calibration and background modelling are also necessary in

XENON1T.
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“I don’t want to be human. I want to see gamma rays, I
want to hear X-rays, and I want to smell Dark Matter.
Do you see the absurdity of what I am?"

John Cavil, Cylon Model Number One,
Battlestar Galactica, “No Exit”

2. Introduction to Dark Matter
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2.1. Motivation

2.1. Motivation

Starting with Fritz Zwicky, the search for Dark Matter is going on for 80 years now. Since then we

have improved our knowledge about the universe and its content: Beginning with a deeper understand-

ing about fusion processes in our sun up to the structure formation at big scales and finally the precise

measurement of the cosmic microwave background (CMB). At the same time the standard model of

particle physics (SM) has been developed and tested on many particle accelerator facilities world-wide

to understand how our universe works on the smallest scales. Observations like the “ghost-like” neu-

trino, which was postulated by Pauli in 1930, or the Higgs boson in 2014 are important confirmations

of the standard model.

The existence of Dark Matter from a cosmological point of view does not fit into our general un-

derstanding of particle physics yet. From here it is necessary to bring both fields, particle physics

and cosmology together to search for physics beyond the standard model. The following chapter re-

views Dark Matter from cosmological observations and gives a general introduction to particle Dark

Matter.

2.2. Cosmological Introduction To Dark Matter

This section gives a detailed view on Dark Matter and its necessity for our nowadays observed uni-

verse. A historical review of the past 80 years shows that Dark Matter is observed at the scale of single

galaxies, super galaxy clusters up to the CMB which represents our universe∼ 380000 years after the

Big Bang. Simulations about the structure formation support the need of Dark Matter to explain the

observed structures in our universe. It turns out that Dark Matter is negligible on scales of single

stellar systems and becomes more important the bigger the the observed structures are.

2.2.1. Spiral galaxies

In the middle of the 20th century, several spiral galaxies were investigated with respect to the velocity

dispersion of the contained stars and hydrogen clouds. These objects cycle around the core of spiral

galaxies and their number, age and luminosity depend mainly on the turning radius. Their radial

velocity is determined by measuring the Doppler shift of its emitted light. Vera Rubin and others used

spectrographs to measure that light [99].

The Doppler shift predicts that emitted light becomes red-shifted if it moves away from the observer

and becomes blue-shifted if it moves towards to the observer. Formula (2.1) shows the radial velocity
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calculated from the measured spectral line λobs and the spectral line λ0 from a calibrated source in the

lab [104].

vr =
λobs−λ0

λ0
c (2.1)

In addition, the tangential velocity is determined from the proper motion of the object. Spiral galaxies

provide the observer with regions of different star and cloud types to measure spectral lines there.

These regions are compared to each other to determine a rotation curve profile along the radius of the

galaxy. A dedicated analysis of stars and hydrogen clouds leads also to a luminosity profile L which

is important to determine the mass of such objects by the “mass-luminosity-relation” (see equation

(2.2)) [104]. The mass M is important to prove the rotation curves later.

L
L�

=

(
M

M�

)a

(2.2)

Equation (2.2) uses the sun as reference (luminosity L� and mass M�). The exponent a is used to

adjust the equation for different types of stars. For example a = 3.5 describes common stars of the

main-sequence.

Measurements of many spiral galaxies show that the tangential velocities are not decreasing for objects

which are far away from the halo of the galaxy. They remain constant at some point. This observation

is in conflict with Kepler’s law which predicts a decrease of the velocity with a larger radius (see

equation (2.3)).

v(R) =

√
GM(R)

R
(2.3)

Observations of different spiral galaxies show a similar behaviour in figure 2.1a. The larger the dis-

tance from the core is, the flatter becomes the rotation velocity curve. This behaviour became a strong

evidence for Dark Matter in galaxies. The consequence of such an observation is an additional mass

distribution inside the radius of a measured star or cloud with a non-luminous property. This implies a

Dark Matter halo with a density ρDM ∼ R−2 and a mass distribution which is proportional to its radius:

M ∼ R. Hence the additional Dark Matter rises with the size of the galaxy which makes it difficult to

determine the exact size of the galaxy. The predicted Dark Matter halo is shown for a single example

of galaxy NGC3198 (see figure 2.1b). The measured rotation curve is plotted with an additional fit to

the data. To understand the discrepancy between theory and measurement, the curve labelled “disk”,

describes the velocity distribution which is expected according Kepler’s law.

The velocity of an object inside a given radius R of a galaxy mass distribution rises according v ∼ R.

Outside a radius R, the velocity of a mass sample (m) is proportional to v∼ 1/
√

R (disk). To explain
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(a) (b)

Figure 2.1 – Figure 2.1a: Example of different rotation curves. Each profile shows a flat outfall for a bigger
radius. This behaviour is not predicted by Kepler’s law and build a strong evidence for Dark Matter. Figure
2.1b: The spiral galaxy NGC3198 in detail – This figure shows the measured object along the distance from
the core of the galaxy. The flat rotation velocity spectrum differs from the prediction (disk) by Kepler’s
Law which assumes that all mass comes from the observed luminosity. In addition a Dark Matter halo
(Halo) is shown. Only by adding that Dark Matter component, the measured velocity distribution can be
explained. [104]

the discrepancy from data to the expected curve, a Dark Matter halo is added, which presents an addi-

tional gravitational component in galaxy NGC3198. This scenario suggests an additional Dark Matter

density of ρDM (over the critical density ρc = 3H2/8πG) of roughly [76]:

ΩDM =
ρDM

ρc
=∼ 0.1

This value comes from galaxy observations and does imply the type of Dark Matter itself. Section

2.2.5 will introduce a new particle Dark Matter type. Beside an extension to the SM there are other

solutions suggested such as MACHOs (see section 2.2.5). Classical solutions are often discussed, but

all their constraints make it difficult to create a proper Dark Matter halo model [98].

The search for Dark Matter in the universe is connected to the nowadays observed structures. Dark

Matter impacts our own galaxy as well as all galaxies around us and therefore the following discussed

methods aim to detect Dark Matter outside our host galaxy. Details about mass and luminosity mea-

surements inside (as well as outside) our galaxy are summarised in the literature, see e.g. [104].
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2.2.2. Galaxy Cluster and Super Cluster

Ongoing investigations on single galaxies are necessary to understand their properties in detail. But

it turns out that Dark Matter is also important to explain the observed structures in galaxy clusters

or super galaxy clusters. In 1933, Fritz Zwicky found first hints of a missing mass problem when he

studied the Coma cluster [104].

Galaxy clusters consist of three parts: First, a huge number of galaxies which are bound together by

gravitation. They consist of different types of galaxies each with their typical shape and luminosity.

For example, the Coma cluster consists of roughly 1000 galaxies in total. These galaxies are enveloped

by the interstellar medium (gas) which is the second component. Its mass overpowers the mass of all

galaxies inside a galaxy cluster. This additional hot gas between the galaxies is almost invisible for

optical measurements. New observation technologies such as X-ray astronomy are developed. A third

component consists of Dark Matter which makes up almost 90% of the cluster mass [83]. Direct

observation of Dark Matter is not possible. Measuring the missing mass with different techniques

such as gravitational lensing help to understand its distribution.

A first evidence for additional matter in galaxy clusters was found by applying the Virial theorem to

measured data of radial velocities. The cluster mass is determined by its luminosity (see equation

(2.2)). The Virial theorem for objects which are bound by gravitation is given in equation (2.4). It

connects the kinetic energy T with the potential energy U . Formula (2.5) is developed from equation

(2.4) by using the mass and velocity of the individual galaxies i in the cluster. A detailed derivation of

the Virial theorem for stellar astrophysics is given in [45].

2T =−U (2.4)

2∑
i

mi v2
i =−

G
2 ∑

i!= j

mi m j

ri j
(2.5)

If the time tcross which is needed by a single galaxy to cross a cluster is smaller than the lifetime of the

cluster itself, the assumption holds that these objects are bound together by gravitation. Then galaxies

relax in a Virial equilibrium. A single galaxy velocity and mass is not taken into account if the Virial

theorem is applied. The total mass of the cluster is assumed to be:

M = ∑
i

mi (2.6)
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These assumptions lead to a velocity dispersion:

〈
v2〉 :=

1
M ∑

i
mi v2

i (2.7)

The potential energy is expressed by the gravitational radius rG:

rG := 2M2

(
∑
i!= j

mi m j

ri j

)−1

(2.8)

Hence, equation (2.5) becomes

M
〈
v2〉= G

M2

rG
(2.9)

With this result the cluster mass can calculated by:

M = rG

〈
v2
〉

G
(2.10)

According to equation (2.10) each galaxy becomes a test particle which is bound to the centre of mass

of the galaxy cluster. To calculate the total mass M, the single distances ri are not useful because

their information is not necessarily available. Therefore the distances are expressed as ”projected

distances“. If the distance to a galaxy cluster is known and much larger than its extent and the single

galaxies follow an isotropic velocity distribution, then the following expression is valid:

〈
v2〉= 3σ

2
v

This expression is based on a Gaussian velocity distribution in three dimensions. Its deviation is set to

σv = 1000 km/s for galaxy clusters from observations. Due to the projection, the radius rG yields:

rG =
π

2
r′G with r′G = 2M2

(
∑
i!= j

mi m j

ri j

)−1

The size of σv and rG are available directly. This effort allows calculating the total mass of galaxy

clusters according to formula (2.11)

M =
3πRGσ2

v

2G
(2.11)

The Virial theorem gives first hints of the missing mass problem because it turns out that the observed

total luminosity of galaxy clusters from optical observations Lopt is not large enough to explain the

estimated total mass M [104, 111].
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Hot gas which envelops all the galaxies has its luminosity maximum in the X-ray spectrum. First

satellite missions such as UHURU in 1970 observed the interstellar medium in high mass galaxy clus-

ters and successor missions such as the Einstein satellite found evidences for hot gas also in low mass

galaxy clusters [104]. In 1990, further missions such as CHANDRA and XMM-Newton measured

the X-ray spectrum down to 10 keV in low- and high-mass galaxies with an increased precision of

the temperature measurements. From their observations, the density ρ(r) and temperature T (r) are

determined for measured radius. This information is used to evaluate the mass of a galaxy cluster.

X-ray investigations yield that hot gas between the galaxies contributes to 15% to the total mass of the

galaxy cluster. Compared to ∼ 3% mass which is observed by its luminosity, a huge amount of mass

is still missing to describe the total mass of galaxy clusters. This observation shows that the missing

mass is not only limited to the number of individual galaxies in a galaxy cluster.

Another important method to determine the total mass of galaxies or galaxy clusters is gravitational

lensing. The basic idea is that a huge source of gravity (e.g. a galaxy cluster) is able to bend light

around its mass. Einstein formulated that idea in 1915 after he had developed his mass-energy equality.

As long as photons carry energy, their track is bend by huge masses in a four-dimensional space-time.

Nowadays, the gravitational lensing effect is used in Dark Matter search to determine the mass of

galaxies or galaxy clusters without measuring the luminosity of the stars or using X-ray astronomy.

Figure 2.2 sketches the basic idea of the method. An object S which is at a distance DS from the

observer O is faded out by e.g. the galaxy cluster itself or the interstellar medium. The distance Dd to

the gravitational lens is known from other measurements [41, ff411]. The light is travelling along the

path l from the source in direction of the observer:

~̂α =
2
c2

∫
∇⊥Φdl (2.12)

Here the light trajectory is perpendicular to the gravitation potential under the observation angle ~̂α

(angle between ”true“ source position S and observation position L) at the gravitational lens itself.

Position L becomes important for the observer O which is only able to measure angle Θ in the sky

after the light is already bent by the gravitational lens. The lens itself is thin compared to the distances

Dd , Ds, Dds and the light is bent after a distance Dds instantly at ξ . The parameter of interest is β

which describes the true position of the source in the sky. It is calculated by the lens equation ((2.13))

under the assumption of small angles:

β = Θ−α(Θ) (2.13)
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Figure 2.2 – Sketch of the gravitational lensing effect. Light travels along a trajectory in direction to the
observer O. The galaxy cluster at Ds bends the light by its gravity to an observer. From the observer’s view
it looks like that the light comes from position L. (Sketch from [94])

The gravitational lens is described by an arbitrary mass profile M(Θ) which takes into account that

such lens are not perfectly circular. Equation (2.13) becomes:

β = Θ− Dds

DdDs

4GM(Θ)

c2 Θ
(2.14)

Hence equation (2.14) is simplified if a source is observed at position β = 0. Hence a ring structure

is observed in the sky with a fix ”Einstein radius“. Figure 2.3 shows an example of an Einstein ring

taken by the Hubble space telescope. Here the blue light of a background galaxy looks like a horseshoe

around the red light of a foreground galaxy. The Einstein radius for a point mass is given by equation

(2.15).

ΘE =

√
4GM(ΘE)

Dc2 (2.15)

This simplified equation contains the parameter of interest for the Dark Matter search. The mass

M(ΘE) is used to estimate the mass of such a galaxy cluster in between the source and observer.
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Figure 2.3 – Example for an Einstein radius. The blue light of a background galaxy looks like a horseshoe
around a foreground galaxy which acts as gravitation lens. [87]

Therefore only the light of the source is needed [41]. This method to determine the mass is called

”Strong Gravitational Lensing Effect“. No further information is required about the physical state of

the lens itself. Therefore the method becomes independent from X-ray observations or luminosity

measurements. Unfortunately, observations show that this method works only for a few galaxy clus-

ters. It requires a good alignment of the foreground mass and the background galaxy, which is rare.

Nevertheless the shape of the Einstein rings yield a good prediction of the mass between observer and

source.

In reference to the few examples where the Strong Gravitational Lensing Effect is used to determine

the foreground mass another effect is exploited: ”Weak gravitational lensing“. The upper part of figure

2.4 shows a sketch of the Euclid satellite mission which measures the Dark Matter distribution along

its way of the light trajectory from a 6.5 billion years old source in space [53]. In comparison to

the Strong Gravitational Lensing Effect the missing mass is not distributed in one place and a more
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complicated structure is observed (see lower part of figure 2.4).

Figure 2.4 – The Euclid Satellite mission creates a 3D map of the Dark Matter distribution. It uses the
weak gravitational lens effect which is more accurate in determining the distributions of the missing mass
in comparison to the strong gravitational lens effect. [53]

The observed structure results from the fact that light is not bent by one foreground object – It is

sheared. Similar to the Einstein rings each observed galaxy shape can be understood as a result of a

light distortion by a foreground mass. Hence a single background galaxy changes its observed shape

due to the foreground mass during the observation. For example, a circular spiral galaxy becomes

elliptical due to the mass in the line of sight [41]. This method requires a huge number of background

galaxies. A typical number for them is 50-100 galaxies per square arc minute at faint magnitudes [35].

Large CCD (charge-coupled device) arrays increase the resolution nowadays. Huge sky surveys of

background galaxies in galaxy rich clusters are made to determine the mass distribution in the line of

sight. A famous example is the Bullet Cluster in figure 2.5. A combination of all previous methods is

applied to study the Bullet Cluster. Here two galaxy clusters collided in the past. Its mass is estimated

by the luminosity. X-ray astronomy allows estimating the mass of the interstellar medium in between

and finally gravitational lensing measures the shear of the background galaxies with high statistics.

The result is overlaid in figure 2.5 where the distribution of the hot gas is shown in pink, the galaxies

are the ”white dots“ and the two centres of mass are determined by the gravitational lensing in blue.

The latter is not at the same position as the hot gas and the galaxies are observed (at the collision
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point). A common interpretation is that both centres of gravity are made out of Dark Matter which

interacted less during the collision in the past. Hence the Dark Matter moved on through the Baryonic

Matter after the collision [40].

Dark Matter searches on cosmological scales use the above explained techniques (Virial theorem,

X-ray astronomy and gravitational lensing) to determine the missing mass. It is necessary to combine

all three methods to determine the missing mass out of different and independent sources.

Figure 2.5 – The Bullet Cluster [114] combines different methods to estimate the mass of the colliding
galaxy clusters. The result is given by the colour code in the figure. In pink, the X-ray observation from
Chandra which determines the hot gas (baryonic matter). In between are single galaxies which are used to
determine the mass from optical observation methods. Finally in blue, the distribution of the gravitational
source. Both centres of mass do not match to the observed baryonic mass (stars and hot gas). This issue is
interpreted as a hint for Dark Matter.

2.2.3. Structure Formation

An important observation at large scales is the structure formation of galaxy clusters and super clusters.

This epoch is related to the time when matter has been already the dominating part of the universe and

gravitational collapses led to clump the masses. The Sloan Digital Sky Survey (SDSS) maps the

universe since 1998 and determines filaments and voids. The outcome is presented in figure 2.6. The

previous sections discuss the necessity of Dark Matter in single sub-structures but they do not raise the

question if Dark Matter was an important keystone during the structure forming itself. This subsection
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discusses three different questions:

1) Is the observed mass at that time in consistence with the Big Bang Nucleosynthesis (BBN)?

2) Which scenario explains the matter cluster process: ”top-down“ or ”bottom-up“ structure for-

mation?

3) Is Dark Matter imperative during the structure forming?

The first question addresses the BBN directly. The first lightweight elements formed due to the ongo-

ing expansion of the universe (cooling process). This process happened a few minutes after the Big

Bang (BB). During that time the baryons did not contribute much because of their low density, and

followed an equilibrium condition (equations (2.16) and (2.17)):

p+ e−↔ n+ν (2.16)

p+ ν̄ ↔ n+ e+ (2.17)

n↔ p+ e−+ ν̄ (2.18)

In addition, the neutron decays with a decay time of τn = 887s (equation (2.18)). As long the rates,

and hence their decay times, of equations (2.16) and (2.17) are shorter than 887 s the ratio of neu-

trons to protons is given by equation (2.19), where the mass difference from neutron and proton is

∆m = mn−mp = 1.293MeV.
nn

np
= exp

(
−∆mc2

kB T

)
(2.19)

After the cosmic neutrino background (see section 2.3.2.4) was formed due to the freeze-out of neu-

trinos, the probability for equation (2.16) and (2.17) decreased and neutrons and protons are left in the

state of equilibrium. Free neutrons decayed after τn and the reason why neutrons are observed today is

that they combined with protons and electrons to atoms. The first elements in the universe with their

abundance (values in []) relative to hydrogen are [94]:

H [1], 4He [0.25], D [3×10−5], 3He [2×10−5], 7Li [1×10−10]

The measurement of 4He was performed on different scales in the universe (from stellar atmospheres

to gas clouds and clusters) and is one of the most important hints for the Big Bang theory. The

primordial abundance at the basis of the BBN for the lightest elements is displayed in figure 2.7. Here

the relative abundance to hydrogen is shown for the evolving baryon density in units of 10−31 g/cm3.

From the observation of hydrogen and helium the baryon density ρb is calculated in comparison to the

critical density ρc to:

Ωb =
ρb

ρc
≈ 0.04

21



2. Introduction to Dark Matter

where the critical density is given in equation (2.20) with the Hubble constant H0 and the gravitation

constant G:

ρc =
3H2

0
8π G

(2.20)

This result does not agree with observation from galaxies or galaxy clusters from a general matter

prediction of Ωmatter > 0.1. Therefore another amount of non-baryonic matter is necessary to explain

that discrepancy [104].

Figure 2.7 – The BBN prediction for the first lightest elements in the universe: H, 4He, D, 3He, 7Li. Their
abundances (in relation to H) are shown against the the baryon density. The BBN measurements agree
within 10% in comparison to the calculations. The vertical spread is related to the measured distribution
of the elements and the horizontal spread shows the overlap with theoretical predictions [104, ff. 166].

At the beginning, the universe was isotropic and homogeneous and became more and more clus-

tered. At some point matter undergoes a gravitational collapse. This idea was first described by Jeans

and takes into account that gravitational energy is transformed to heat (kinetic energy). Atoms and

molecules collide under their gained energy and due to dissociation or ionisation photons are emitted.

The total energy of such a process is conserved, but the single components of the gas clouds are bound

together stronger. As soon the critical Jeans mass is reached it acts like a condensation nucleus and

further matter clusters around. Emanating from these places of higher density the structure forming
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begins [94, ff. 138]. The scenario which is suggested by Jeans is called ”bottom-up scenario“. Mat-

ter clusters from small structures up to the biggest structures as they are observed today. In contrast

to the bottom-up, the top-down mechanism describes that matter first clusters on largest scales and

then smaller substructures develop. To answer that question thoroughly it is important to understand

possible Dark Matter (particle) candidates which are discussed in section 2.3. The main difference

in the chosen Dark Matter types is their velocity distribution. Particles which move slowly through

the universe (”Cold Dark Matter“) are gravitational bound to matter. And as long as the Dark Matter

is assumed to be ∼ 26%, its mass boosts the clustering process. Another extreme solution are Dark

Matter particles with velocities near the speed of light and small mass (”Hot Dark Matter“). These

candidates are able to leave every cluster of matter and do not contribute to the structure formation,

hence a top-down structure process is expected. Results from SDSS which searches for the largest

scales in the universe favour a bottom-up scenario [41].

Figure 2.6 – The Sloan Digital Sky Survey
(SDSS) with earth in the centre. The points
represent galaxies sorted by their red-shift
and direction in the sky. [34]

The last question is difficult to answer from observations

only. As long as there is only one universe there is no pos-

sibility to compare the growth process to other universes.

Therefore simulations are done (e.g. ”Millennium Run”).

A simulation of the entire universe is complicated and not

executable on nowadays computer. Hence the “Millennium

Run” takes a cube of 650 Mpc size and puts in Dark Matter

and baryonic matter. The simulation starts after the uni-

verse became transparent to photons and takes small den-

sity fluctuations into account which, for example, come

from Jeans’ scenario. The further n-body simulation with

the evolution of quasars and galaxies on large scale struc-

tures in the universe is carried out until “today”. The sim-

ulation outcome is then compared to observations from the

SDSS and it turns out that Cold (particle) Dark Matter can

explain the observed structures in the universe. First results

were published in 2005 [109]. The latest simulation, “Millennium-XXL”, uses a box of 4.1 Gpc and

67203 particles in their n-body simulation (30 × more as in 2005). An example for the n-body simula-

tion outcome is given in figure 2.8 [96]. Within the cube, similar structures as in the real universe are

observed. The two cubes inside the first cube show the ability to zoom in the later simulation outcome

for a detailed analysis. Cold Dark Matter is an imperative to understand the structure of our universe

nowadays.
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Figure 2.8 – The outcome of the Millennium Run is compared to data (SDSS). Adding Dark Matter to the
baryonic matter yields a simulation outcome which agrees very well with sky observations. The simulation
suggests a Cold Dark Matter scenario which support the bottom-up scenario. The existence of Dark Matter
is an imperative to understand the structure of the universe today. [96]

2.2.4. Dark Matter in the Cosmic Microwave Background

The most important hint for Dark Matter comes from the Planck satellite mission. Previous missions

with lower resolution were performed by COBE (launched 1990) and WMAP (launched 2001). The

Cosmic Microwave Background (figure 2.9a) present the universe∼ 380,000 years after the Big Bang

[54]. This picture shows the last scattering surface of photons with leptons when the universe be-

came transparent. The isotropic CMB was observed at first by Penzias and Wilson in 1964. A black

body radiation of T = 2.72K was measured which also has confirmed the theoretical prediction. The

newest high precision instruments searching for temperature fluctuations (∆T ∼ 2× 10−5 K) in the

sky that provide information about the mass density in the early universe. It is expected to observe a

homogeneous temperature distribution in the whole sky. Small deviations from the homogeneous tem-

perature distribution indicate the existence of further matter contributes, which is in consistence with

observations of galaxies or galaxy clusters. Latest measured temperature fluctuations of the CMB are

explained by 4.9% baryonic matter, 26.8% Dark Matter and 68.3% Dark Energy (see figure 2.9b) [56].

The CMB tests the Big Bang hypothesis of a cooling universe. Due to the expansion since the Big

Bang, the universe becomes cooler from the beginning and matter has been formed which we observe

today. This observation fits into the BBN where the content of baryonic matter is predicted by the ratio

of photons to baryons [80]. The expansion is slowed down by the gravitational components (baryonic

and Dark Matter). Actual results from CMB studies show that our universe is ”flat“ (Ωtot = 1). The
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(a) (b)

Figure 2.9 – Figure 2.9a: The Cosmic Microwave Background ∼ 380000 years after the Big Bang seen
by the Planck satellite mission in 2013. Based on a detailed analysis of the small temperature fluctuations
(blue to red over the overall temperature T = 2.72K) the main components of the universe are determined:
baryonic matter, Dark Matter and Dark Energy. Figure 2.9b: The single contributions to the total content
of the universe are summarised in the pie chart. The main part of the 4.9% baryonic matter exist in the
interstellar medium and gas clouds.

observed accelerated universe does not fit into the picture of a flat universe and hence the additional

Dark Energy accelerates the expansion. The according theory is called ΛCDM, where Λ stands for

the Cosmological constant which was introduced by Albert Einstein to describe the expansion of the

universe.

The total unit-less content (nowadays) in the universe is defined in equation (2.21). Here the parameter

Ωi with i ∈ [b,DM,Λ] describes the particular share (baryonic matter, Dark Matter or Dark Energy)

over the critical density: Ωi = ρi(t)/ρc.

Ωtot = ΩΛ +Ωb +ΩDM (2.21)

The single contents are determined in a multi-pole analysis of the Planck collaboration. The result is

summarised in figure 2.10. The power spectrum starts at largest angle scales and becomes interesting

below ∼ 1 ◦C where the baryonic Matter part explains the first peak with baryonic acoustic oscilla-

tions. The following peaks (second and third) are hints for a Dark Matter part in the temperature

fluctuations of the CMB.

25



2. Introduction to Dark Matter

Figure 2.10 – The powers spectrum of the small temperature fluctuations [55]. The spectrum starts at
largest angle scales of 90◦C. The interesting region begins with angle scales below ∼ 1◦Cwhere the Bary-
onic Matter share is determined by temperature fluctuations following baryonic acoustic oscillations which
are explained by a Dark Matter share in the CMB.

The analysis of the temperature spectrum T (θ ,φ) is done by a transform into spherical harmonics:

T (θ ,φ) =
∞

∑
l=0

l

∑
m=−l

alm eimφ Pm
l (cosθ) (2.22)

In equation (2.22), the eimφ is the decomposition in azimuths direction. The altitude direction θ is

expressed by the according Legendre polynomial. The temperature fluctuations are given by each

coefficient alm. The indices l and m are related to the expansion, which is related to the accuracy of

the oscillation size. Therefore the temperature fluctuations should only depend on l and not m and

thus the definition of equation (2.23) is valid:

Cl ≡ 〈|alm|2〉 (2.23)

The brackets 〈〉 express that the temperature fluctuations are Gaussian distributed with the expectation

value alm. The resulting power spectrum, the analysis of the Cl , is explained now by the following

contributes:
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Sachs-Wolfe-effect for the angle scale from 90◦ to roughly 2◦C. The matter distribution was already

an-isotropic at small scales 380,000 years ago. Photons which enter such a gravitational potential

Φ(x) gain energy. During the time of travel within Φ(x) the expansion leads to a lower gravitational

potential. Hence, a photon needs less energy to exit Φ(x). The energy portion ∆Eγ which is left after

the travel through the gravitational potential is responsible for the observed red-shift of these photons

when they leave the gravitational potential. This process triggers the nowadays isotropic behaviour of

the CMB on large scales [101].

The first acoustic peak comes from a photon-baryon field before 380,000 years after the BB. Baryons

cluster where gravitational potentials Φ(x) are localised. Therefore the baryonic plasma becomes hot-

ter due to the higher density. As a consequence, energy is released by photons from Φ(x) (radiation)

which prevents further baryons from entering the gravitational potential. Hence the temperature de-

creases again the density is reduced until the point where the Φ(x) overtakes again the process and

starts to cluster baryons again. The exchange between radiation and gravitation mode results in a

longitudinal acoustic oscillation. When the cosmic evolution reaches 380,000 years after the BB, the

process stops and only the acoustic oscillations remain in the CMB which are observed today. The

best fit to the first peak of the power-spectrum predicts a flat universe Ωtot = 1 which is in consistence

with supernova ”Ia“ results. The term ”acoustic“ originates from the width of the peak. The related

physical length scale suggests the sound horizon which evolves with vs = cs× trec. There cs is the

speed of sound in the baryonic Matter and trec is associated with the time of the last scattering. As

result, the position of the first peak in the spectrum at l w 200 speaks for a flat universe [41, ff. 383].

The amplitude in the power-spectrum is related to the inert baryon density which is responsible for the

acoustic peak itself (compression).

The following peaks in the power-spectrum are also related to oscillations. Additional baryons in

the potential wells add gravitational force to the system. This results in another compression of the

baryons which enter the well. On the other hand, the radiation loss by photons which prevent further

baryons from entering the well is still working and the overall oscillation becomes asymmetric and

further amplitudes enter the power-spectrum. The additional baryons acts like a damping factor in the

oscillation. The second amplitude stands here for the rarefaction of the baryons of the gravitational

wells.

Higher order peaks are in general associated with acoustic peaks from the baryon compression (odd

peaks) and the rare factions (even peaks). Therefore the power-spectrum presents a temperature fluc-

tuation which consists of two oscillation modes on top of each other. The even peaks always show

lower amplitudes than the odd peaks, for example the second peak is slightly lower than the third peak

in the power-spectrum of figure 2.10.
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At this point Dark Matter enters the stage: Calculations with different baryon densities do not explain

why the second peak is just slightly lower than the third peak in the power-spectrum and it is suggested

to add another quantity to the universe which explains the increased gravitational potential: Φ(x)→
Φ(x) +ΦDM(x). Nevertheless, the power spectrum is exponentially damped and higher peaks are

strongly suppressed. The damping causes much smaller physical scales in the sky. The reason for

that behaviour comes from the random walk of photons through the baryons at that time. The mean

free path of photons is determined by Thomson scattering (electron scattering) and therefore physical

scales in the universe are suppressed, they were smaller than the Thomson scattering was suppressed

at that time.

2.2.5. Cosmological Dark Matter Candidates

A different attempt to explain the observed Dark Matter in galaxies are MACHOs: Massive Astrophysical

Compact Halo Objects. A first approach is to count the stars and calculate their mass out of their lu-

minosity by the mass-luminosity relation (see equation (2.2)). MACHOs consist of stars which are

not seen due to their low luminosity. The Dark Matter mystery remains and possible explanations are

given by objects which simply do not shine bright enough and hence are not seen by optical or X-ray

telescopes. The range of possible MACHOs reaches from exoplanets and brown dwarfs to neutron

stars and black holes. These objects are measured by exploiting their gravitational interaction with

neighbour objects and do not emit light by themselves. Other possible objects which emit light are

white dwarfs (stellar remnant of stars with m< 1.4M�) or red dwarfs (cool star of the main sequence).

As long as their total number is not determined in single galaxies, their contribution to the total mass

is uncertain. This subsection will quickly summarise the possible candidates, give a short introduction

into the MACHO search process and summarises the results.

Exoplanets and brown dwarfs bring up the possibility that almost each star is surrounded by a given

number of planets similar to our stellar system. These objects do not emit light and therefore they

are observed indirectly by a bunch of methods such as: Transit timing/duration variation (TTV/TDV),

gravitational micro-lensing and many more. In total 1789 exoplanets are discovered mainly by transit

measurements [9]. The heaviest object ever found is ”DENIS-P J082303.1-491201“ and has a mass of

m = 5.4×1028 kg = 28.5mX (in units of Jupiter masses) [102]. Exoplanet searches are not sensitive

to the mass, size and orbital position and therefore the discrepancy from rock planets to huge gas

planets is floating. Brown dwarfs are a special type of exoplanet. These objects became not massive

enough during the evolution of the stellar system to start a fusion process (hydrogen-burning) like a

main sequence star. Hence a huge mass of mbd < 0.07M� is clustered there [64, 86]. Nevertheless

these objects do not emit visible light and detailed studies are difficult.
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White dwarfs, neutron stars and black holes are star remnants from main sequence stars. Their

stellar evolution depends mainly on the star itself: Lighter objects with a mass below the Chandra-

sekhar-mass limit of m < mCh ∼ 1.45M� end as white dwarfs. The Chandrasekhar-mass limit is

adjusted by the nucleon to electron ratio [46]. Objects above mCh collapse due to their mass up to

the point where the star remnant becomes so dense and hot that atomic nuclei degenerate. Hence

neutrons are left and further neutrons are added by the protons which combine with free electrons due

to the high pressure. The result is an ultra compact object with a radius of r < 15km and a maximum

observed mass of mns = 2M�, which is a neutron star. The density of such objects varies with the

radius. Due to rotation speed of the star before the collapse the final neutron star rotates with up to

∼ 716Hz (from observation). A black hole is the final evolution of high mass objects. They posses

the highest known density in the universe. Black holes are able to create accretion disk of baryonic

matter around them. Black holes are e.g. the core objects of galaxies and if they interact with their

accretion disk they become visible (active galaxy nuclei, AGN). These AGNs are detected in optical

light, X-ray or by gravitational measurements. But lighter black holes are hard to find and therefore

its difficult to estimate their contribution to the total mass.

The existence of possible MACHO candidates is proved but are there enough to explain the observed

Dark Matter distribution? For this it is important to understand more about the nature of MACHOs.

Such objects only contribute to the Dark Matter distribution if they are inside the galactic halo. The

latest results from Monte Carlo simulations of halo binaries and their comparison with sub-samples

lead to a typical MACHO mass of m = 21− 68M� [85]. Earlier micro-lensing studies of the Large

Magellanic Cloud (LMC) suggest a total MACHO mass of mtot = 9×1010 M� within 50 kpc indepen-

dent from the halo model [11]. In summary the MACHO objects density is not high enough to explain

the observed missing mass and thus a particle Dark Matter candidate as it is discussed in section 2.3

is favoured.

2.3. Introduction to Particle Dark Matter

The past section reviewed Dark Matter from a cosmological view, beginning with the missing mass

problem in galaxies and galaxy clusters up to the hints from the CMB. Possible baryonic matter can-

didates such as MACHOs are not sufficient to explain the observed Dark Matter. Therefore a new

particle type is a possibility to solve the Dark Matter mystery. This kind of non-baryonic matter re-

quires an extension to the standard model of particle physics. There is a set of possible particle Dark

Matter candidates such as neutrinos, axions or WIMPs. Each type provides a specific production

mechanism. As long as the true nature of Dark Matter is not revealed, different theories could be true
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at the same time and all their single Dark Matter mass predictions contribute to the total mass in the

universe.

The following section covers the necessary conditions for such a Dark Matter particle and introduces

possible candidates. XENON100 and the successor experiment XENON1T aim to detect (WIMP)

Dark Matter directly. Therefore the Dark Matter search methods are summarised finally with focus on

direct Dark Matter detection.

2.3.1. Characterisation Based on Cosmological Observations

Before the production mechanism and Dark Matter candidates are discussed in detail, a first classifi-

cation is made. Dark Matter scenarios are distinguished by: Cold Dark Matter (CDM), Warm Dark

Matter (WDM) and Hot Dark Matter (HDM). Each scenario is related to a specific production mech-

anism and particle properties such as mass and cross-section. The difference is less important for the

particle Dark Matter type, but the classification is necessary to specify a particle type which explains

the cosmological observations as they are discussed in the previous section.

2.3.1.1. Cold Dark Matter

The Cold Dark Matter scenario (CDM) ties up to section 2.2.5. Another source of non-luminous matter

is added, a type of particles which moves slowly compared to the speed of light. This scenario allows

to describe the observed structures of galaxies and galaxy clusters where Dark Matter acts as a seed

where baryonic matter clusters around by gravity. Many theories explain these particles: The most

favoured theory is WIMP Dark Matter which fulfils the necessary conditions from a cosmological

view (see section 2.3.2.1). Other theories suggest the existence of axions which arise from the QCD.

These and further ideas extend the SM. For example, supersymmetric extensions of the standard model

have been discussed for quite some time (SUSY).

Unless the true nature of Dark Matter is not revealed it is possible that Dark Matter consists of a bunch

of Dark Matter particles which fulfil the necessary conditions. Therefore a selection of experiments

look for the different types of WIMP-like CDM. A detailed view on the production mechanism is

given in section 2.3.2. Related to direct Dark Matter detection experiments such as XENON100

further observation theory is given in 2.4.
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2.3.1.2. Hot Dark Matter

The CDM scenario with a new non-baryonic particle is not necessarily the only explanation for Dark

Matter. Three types of neutrinos (νe, νµ , ντ and their anti-particles) contribute to the total mass in

the universe. Nowadays these neutrinos are produced in the pp-chain, CNO cycle of stars or super-

novae. But there is a relic from the Big Bang, the Cosmological Neutrino Background (CNB). This

scenario leaves a neutrino background of Tν = 1.95K nowadays, which corresponds to an energy of

Eν = 1.676×10−4 eV. These relic neutrinos are too low in energy to detect them because of the energy

detection thresholds of modern instruments. When the universe expands, the interaction cross-section

for neutrinos decreased. At some point, the neutrino production rate became smaller than the expan-

sion rate and the neutrinos decoupled. The term Hot Dark Matter comes from the fact that neutrinos

(mν < 2eV) were relativistic at the moment of their decoupling temperature Tdec [59]. A detailed view

on the CNB and the neutrino production mechanism is given in section 2.3.2.4.

2.3.1.3. Warm Dark Matter

There is an open discussion about the existence of sterile neutrinos which also may account for Dark

Matter. These additional neutrinos alongside the already known three neutrinos have a non-zero mass.

Introduction a forth neutrino implies to extend the mixing matrix with a rang of 3× 3 to a rang of

4× 4 or higher. The rang depends then on the number of sterile neutrinos which are added as an

extension to the standard model. This open up the possibility to introduce a particle which explains

the Dark Matter without the need of a non-baryonic particle. The SM of electro-weak interactions is

extended to νMSM [27]. The added neutrino(s) are right-handed. Up to now there are only left-handed

neutrinos observed [51]. Latest results from the XMM-Newton satellite mission reports a 3.5 keV

X-ray emission line in the Andromeda or Perseus galaxy cluster. Both results could be interpreted as

a hint for Dark Matter if the line origins from sterile neutrinos. The DM type would have a lifetime of

τχ = 7.2×1029 s and a mass of mχ = 7.06keV [36].

2.3.2. Dark Matter Candidates

Subsection 2.2 establishes Dark Matter as a necessary occurrence for our universe. Unfortunately, the

pure observation of missing mass is not enough to characterise the true nature of Dark Matter. The

following section introduces possible Dark Matter candidates from the particle physics point of view.

The first subsection summarises the necessary requirements for Dark Matter particles. Different can-

didates such as WIMPs, axions, neutrinos or supersymmetric extensions are presented. The XENON
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Dark Matter Project aims to detect WIMPs directly and therefore the focus in this section points to the

WIMP Dark Matter scenario.

2.3.2.1. Requirements on Dark Matter Candidates

Figure 2.11 – The standard model (SM) of
particle physics consists of three families of
quarks with their additional leptons which
are assembled in columns. Four bosons
which intermediate the force (E/M, weak,
strong) and the Higgs boson.

Decades of experiments on accelerator facilities have lead

to the development of a well understood model of parti-

cle physics: The standard model. Figure 2.11 summarises

the three quark families with their additional leptons:

(u|d|e−|νe), (c|s|µ |νµ ), (t |b|τ |ντ ). These twelve fermions

are enough to explain our nowadays observed matter in

the universe. Four bosons γ (E/M), W±/Z (weak) and g

(strong) intermediate the forces. These forces hold e.g. the

quarks together by gluons so that protons or heavier com-

pounds can be formed (mesons, baryons). In general, their

most important properties are: mass, charge, spin, parity

and lifetime. Finally, the Higgs boson is associated with

the scalar Higgs field which is responsible to give mass to

each particle. It was discovered at the Large Hadron Col-

lider (LHC) in Switzerland [1]. Detailed studies confirm its

mass at mH = 129.9 GeV/c2 with spin 0 and positive parity.

The particle properties (fermions with spin 1/2, bosons with

spin 0) in the SM are well measured today. These prop-

erties are related to the force exchange particle (bosons) which explain how such particles interact

(e.g. conversation principle). No particle Dark Matter candidates have been observed yet, but from

cosmological observation, some general properties can be determined:

1. Dark Matter interacts by gravity and weak interaction.

2. Due to observed missing mass the interaction probability of such a Dark Matter particle with

baryonic matter is small. The cross-section is expected in the electro-weak range.

3. It is charges-less and colour-less.

4. Dark Matter is stable, or at least a long-living particle.

These properties were developed from the fact that the missing mass is observed indirectly. The

intermediate force is gravitation. The gravitation of force is not yet covered by the SM and a combined
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description is not possible. Further direct interaction with photons, Z/W± or the strong force are not

observed. Related to that, Dark Matter particles are charge-less and colour-less. Due to the fact that

we observe Dark Matter nowadays, the Dark Matter particle itself is stable or even long-lived.

Unfortunately there is no proper particle candidate in the SM which explains Dark Matter. Neutrinos

are special in terms of being a potential Dark Matter candidate. Due to the observed neutrino oscil-

lations they owe a mass which is limited to me,µ,τ < 2eV. Their spin is 1/2, they are stable and have

no charge. But the observed neutrino particle number density is not large enough to explain the huge

amount of observed Dark Matter.

The following subsections introduce some particle Dark Matter candidates. This selection is not com-

pletely and present only a choice of the most common ideas to describe the missing mass problem

with an additional particle.

2.3.2.2. Axion and Axion-like Dark Matter Candidates

The axion is a theoretical particle which was introduced by Roberto Peccei and Helen Quinn in 1977

with a phase SU(2) × U(1) as single scalar field [73]. In theory, the QCD Lagrangian is extended by

another parameter which allows CP (charge, parity) violation. The idea beyond was to explain why the

CP symmetry is not broken for strong interactions in QCD. The additional term should be almost zero

[93], then CP is violated in QCD. But that additional term leaves a suitable Dark Matter candidate.

The postulated axions are in the keV regime and their probability to interact with baryonic matter is

very low. Given that, the axion is charge-less and fulfil all required properties to be a Dark Matter

particle in a CDM scenario (e.g. non-relativistic particles). The axion is a quasi-Nambu-Goldstone

boson with a(x), the axion field. The mass is given by equation (2.24) and depends on the axion decay

constant fa which contains the vacuum expectation value [32].

ma w 0.6eV
107 GeV

fa
(2.24)

Cosmological constraints demand light axions which appear in two similar scenarios. The simplest

axion model refers to Kim-Shifman-Vainstein-Zakharov (KSVZ) where the axion field a(x) couples

to heavy quarks [71]. Higgs doubles are assumed to be neutral under U(1)PQ symmetry. This changes

for the Dine-Fischer-Srednicki-Zhitnitskii axion model (DFSZ) [49]. There, the axion field couples to

the Higgs doubles (Hu/Hd) and there is no need to introduce heavy quark masses [73]. In both cases

the axion interacts with photons of the E and B field by the coupling constant.

Solar axions are produced in the core of stars by four mechanisms: Bremsstrahlung, Compton scatter-

ing, axio-recombination and axio-deexcitation [97]. These solar axions leave the core where their flux
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is much below the luminosity flux. Another approach are galactic axions, they test the axion decay

constant of equation (2.24) which is necessary to determine the axion mass. Therefore it is assumed

that galactic cluster in the halo of our galaxy and being studied to find sources of invisible axions

which are not produced in solar fusion processes.

There are many earthbound experiments which probe the axion hypothesis. The proceeding is sim-

ilar for all the experiments. An incoming axion couples to photons, electrons or to the nucleus. In

every case another coupling parameter becomes relevant and depends on the axion energy Ea, the ax-

ion velocity βa and the target mass. XENON100 searches for electronic recoils (ER). Here an axion

interacts with a shell electron of the LXe and produces free charge which is detected in the gaseous

phase (ionisation signal). In figure 2.12a the photo-electric absorption is drawn for xenon (A = 54).

The photo-electric absorption dominates for energies Eγ < 1MeV. Hence the axion cross-section is

proportional to the photo-electric cross-section and light axion search determines a cross-section of:

σae = σpe(Ea)
3gae E2

a

16π βa αem m2
e

(
1− β

2/3
a

3

)

The four production mechanisms are covered by the coupling constant gae which goes into the cross-

section calculation for axions. Latest results from the XENON100 collaboration in 2014 show upper

limits for the coupling constant gae in dependence of the axion mass (figure 2.13). The studies separate

axions from the sun (left of 2.13) and from galactic origin (right of 2.13). Both axion models have a

different input for the later calculation. In case of solar axions the axion flux is estimated before [97].

The study of galactic axions demand that the whole Dark Matter halo consists of these axions [18].

Therefore the DM density is ρDM ∼ 0.3 GeV/cm3 [61].

Besides axion searches via the axion-electric coupling, other experiments such as CAST (CERN Ax-

ion Solar Telescope) search for solar axions by the Primakoff effect. Axions leave the core of the

sun and interact with photons of a magnetic field in the detector (see Feynman diagram in figure

2.12b). The interaction creates a photon which is detected by photomultiplier cathodes. Actual results

from CAST set a maximum solar axion mass to ma < 10 meV/c2 [68]. No experiments report on axion

observation up to now.

Due to the expected light axion mass from both solar and galactic axions, the axion particle density is

to low to explain cosmological observations only by axions. Therefore axions are expected only to be

a minor part of the Dark Matter in the universe if they exist.
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2.3.2.3. Weakly Interacting Massive Particles

The nowadays favoured Dark Matter particles are WIMPs: Weakly Interacting Massive Particles. This

class of Dark Matter particles fulfil all required conditions of section 2.3.2.1 by definition and fits into

the CDM scenario. Keystone of that theory is the production mechanism which is analogous to the

relic neutrino background of section 2.3.2.4. Cross-section σχ and mass mχ are free parameters and

depend on the WIMP theory itself and the interaction type with baryonic matter (e.g. spin-independent

or spin-depend). This subsection will focus on the WIMP production mechanism and the relic density

of WIMP DM Ωχ . The XENON100 experiment aims to detect Dark Matter with a liquid xenon target

by direct detection and therefore section 2.4 summarises the necessary theory in detail.

The WIMP production happens in the early thermal plasma of the radiation dominated universe. But

that time, the temperature was high enough (T � mχ ) to produce WIMPs in a stable equilibrium.

Important processes are given in (2.25) [32].

χ χ ↔ e− e+,µ− µ
+,qq,W+W−,Z Z,H H, ... (2.25)

The annihilation rate is Γann = 〈σannv〉neq with the annihilation cross-section σann, the particle velocity

v and the number density neq. The number density refers to the time when the Dark Matter and

baryonic matter were in equilibrium. The brackets denote a thermal dictated distribution with a sub-

dominant annihilation process. When the universe expanded, σann decreased and also the production

rate of WIMPs (∝ emχ/T ). During the expansion the WIMP particle density n decreased and at the

time when the production rate became smaller than the annihilation rate, the WIMP Dark Matter froze

out. The freeze-out process is described by two differential equations (2.26) and (2.27) [32].

dn
dt

=−3Hn−〈σannv〉(n2−n2
eq) (2.26)

ds
dt

=−3Hs (2.27)

Equation (2.26) describes the falling number density with time on the left side related to the number

density in equilibrium neq (right side). This situation is compensated by the Hubble expansion which

is also used in equation (2.27) to describe the falling entropy density s. Substitute Y = n/s and x =

m/T results a dimension-less energy scale and equation (2.26) and (2.27) are combined in equation

(2.28).
dY
dx

=−
(

45
π m2

P

)−1/2 g∗1/2

x2 〈σannv〉(Y 2−Y 2
eq) (2.28)
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where g∗(T ) is derived from thermodynamics and describes the number of degrees of freedom at a

given temperature T in the universe and is given by:

g∗1/2 =
heff

g
1/2

eff

(
1+

1 T
heff

dheff

dT

)
(2.29)

Equation (2.28) is solved numerically with Y = Yeq at x w 1 to obtain the present WIMP abundance

Y0. The WIMP density is then calculated to:

Ωχh2 =
ρ0

χ h2

ρ0
c

=
mχ s0Y0 h2

ρ0
c

= 2.755×108 Y0 mχ/GeV (2.30)

Where ρ0
c and s0 are the nowadays critical density and entropy. mP is the Planck mass. The numerical

result is summarised in figure 2.14. The relic WIMP number density decreases due to the decreasing

annihilation rate. At a certain point the WIMPs freeze-out happens at a temperature Tf o. At lower

temperatures the WIMP number density flattens out and settles down at a certain Dark Matter den-

sity Ωχ . This flatten-out point in time depends on the WIMP mass. An important parameter is the

remaining WIMP velocity during/after the freeze-out which is given in 〈σannv〉. The freeze-out takes

place when the WIMP particle density runs out of the equilibrium neq. This point is proportional to the

Hubble constant H and freeze-out temperature Tf o. Equation (2.32) can be used to show that, using

x = m/Tf o, the freeze-out is v =
√

3/x. Therefore the WIMP velocity is independent of temperature

and mass and only depending of the expansion rate of the universe. A typically freeze-out velocity is

v f o ∼ 0.3c.

neq〈σannv〉 ∼ H (2.31)

1
2

mv2 =
3
2

T (2.32)

Based on that discussion, the freeze-out temperature has the largest impact on the WIMP relic density.

Therefore other parameters such as mχ or σχ are important to take into account, but overall the Hubble

parameter H needs to be measured as well as possible (e.g. by the Planck satellite mission) to calculate

the final density. The present relic density is approximately given by [32]:

Ωχh2 ≈ 3×10−27

〈σannv〉
cm3

s
(2.33)

From the previous derived equations, the most important fact is the observed WIMP density Ωχ which

is inverse proportional to the cross-section and velocity from thermal production mechanism. As
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long as there is no WIMP detection, the mass and cross-section will remain unknown. Therefore the

detection of a particle χ would follow equation (2.34).

Ωχ ∝
1
〈σv〉

∼
m2

χ

g4
χ

(2.34)

The WIMP coupling gχ parameter is taken from the electro-weak scenario where gχ ∼ gweak w 0.65.

The advantage of equation (2.34) is the WIMP density which is given by independent experiments,

such as the Planck satellite mission which studies the CMB. Actual results suggest a Ωχ = 0.27 which

leads to a WIMP mass of mχ =∼ 100GeV− 1TeV. This mass range fits the prediction of a new

particle from the electro-weak sector. This coincidence is named WIMP miracle commonly.

Besides the thermal production mechanisms, non-thermal scenarios are possible which follow other

decay processes and relic densities. Furthermore the introduction of WIMPZILLAs is discussed [74].

These scenarios exclude low-mass WIMPs and favour heavier WIMPs. Which theory will ever be

proved by particle Dark Matter experiments in the future, its results must fit in the cosmological

observations. Whatever WIMP mass or range will be observed, the total expected mass must fit the

observations from galaxy clusters and CMB studies. On the other hand it is not enough to predict the

mass only. The WIMP production mechanism must fit into the bottom-up scenario and describes the

correct amount of expected Dark Matter that galaxies and galaxy clusters could be created. Only this

scenario follows observations from cosmology and explains the formation of (super) galaxy clusters

[94].

2.3.2.4. Neutrinos

Besides the CDM scenario where new particles are introduced to explain the missing mass in the uni-

verse, neutrinos also contribute to the total Dark Matter mass. Three types of neutrinos are observed:

νe, νµ and ντ (plus their anti-particles). Due to the observed neutrino oscillation from the latest reactor

or accelerator experiments such as Daya Bay [12], RENO [8], Double Chooz [4], MINOS [5] and T2K

[3], the neutrino mass is essential. The neutrino flavour (e, µ , τ) mixing and hence the mass mixing

is measured to ∆m2
21 = 7.6× 10−5 eV2 and ∆m2

32 = 2.4×10−3 eV2 [3] in 2014 (T2K Collaboration).

In contrast to the measured mass differences the final mass of each neutrino is not fixed yet. The

hierarchical structure is not determined up to now. The Troitsk experiment set an upper limit on the

electron anti-neutrino mass of me < 2eV [28] in 2011.

Besides the earthbound experiments other detectors explore the disappearance from solar neutrinos.

Due to the production of an νe in the pp-chain or the CNO cycle of the sun the neutrino flux on
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earth (assume P♁(νe→ νe), the probability for a non-oscillating neutrino) is given as Φ(νe) < 7.7×
108 cm−2s−1 (95% CL) [42]. Hence the non-vanishing neutrino fluxes of νµ or ντ becomes other

strong evidence for neutrino oscillations: Φ(νµ or ντ) = 3.26× 106 cm−2 s−1 [62, ff. 247]. This

result is in agreement with cosmological studies where upper total neutrino mass limits are set. The

latest results from the Planck satellite mission determine the total neutrino mass ∑mν ≤ 0.23eV from

studies of the CMB [6]. Based on these observations on the mass, the neutrino becomes a possible

Dark Matter candidate.

The neutrino masses have a big impact on weather neutrinos are responsible for, or might be a part

of the missing mass problem. Neutrinos fulfil the most important properties of Dark Matter: They

interact only by gravity and the weak force with baryons and leptons, are charge-less and stable. As

long as neutrinos are produced in solar processes or supernovae the neutrino number is proportional to

the number of stars and their lifetime. There is another source, the Cosmological Neutrino Background

(CNB) which is also explored by WMAP [75] and latest by Planck [6].

Photons of the early universe with an energy of 1MeV≤ Tγ ≤ 100MeV were in equilibrium with the

neutrinos of the primordial plasma (see equations (2.35) and (2.36)). The interaction is carried out by

the weak force.

ν + ν̄ � e++ e− (2.35)

(−)
ν +e±�

(−)
ν +e± (2.36)

During that time the production rate of such neutrinos was the same as the decay rate. This situation

changed when the universe cooled down to photon temperatures of Tγ ∼ 1MeV. The neutrinos de-

coupled from the equilibrium. After Tγ < Tdec the temperature profiles decreased different for photons

and neutrinos. The neutrino temperature developed with Tν ∝ R(t)−1, where R(t) is the scale factor

(expansion factor) of the Robertson-Walker metric. The situation was another one for the photons.

Due to e−/e+ annihilation their energy was transferred to photons up to their nowadays observed tem-

perature of T 0
γ = 2.73[K] in the CMB (see section 2.2.4). Since the time when neutrinos decoupled,

both temperature decreased differently but they are connected by equation (2.37).

Tν =

(
4
11

)1/3

Tγ (2.37)

The relic neutrinos count to the HDM scenario. Neutrinos were relativistic before they decoupled.

Hence there is still a quantity of such light mass neutrinos below Tν which are still relativistic. The
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number density for relic neutrinos is independent from the neutrino mass mi (i = [e,µ,τ]) in the HDM

scenario. Their energy density is given by the photon density Ω0
γ in equation (2.38).

Ω
0
ν−relativistic =

(
4
11

)4/3

Ω
0
γ (2.38)

From red-shift calculations the neutrino mass is estimated to mi = 1.5eV. Here it is assumed that all

three neutrino types possess a mass and in addition, it exists a red-shift where the neutrinos become

non-relativistic due the expanding universe. To predict the mass of the light neutrinos it is necessary to

calculate the red-shift zeq of matter-radiation equality. Therefore this red-shift must fulfil the condition

of:

zν−nr < zeq (2.39)

This equation is true for neutrino masses of mi . 1.5eV. This result is in good agreement with actual

upper limits on neutrino masses. After an upper limit is calculated the number density of light left-

handed neutrinos and right-handed anti-neutrinos is used to calculate the total energy density:

Ω
0
ν =

∑i∈[e,µ,τ] mi

94.14eV
(2.40)

Based on that estimations of the CNB, which decoupled much earlier before the time of matter-

radiation density equilibrium, the neutrinos act like a relativistic gas. No large scale structures could

be formed during the radiation dominated universe phase. The relic neutrinos move randomly through

the universe. This avoids the creation of over-dense structures where baryonic matter clusters. This

process continuous on until the neutrinos slowed down to non-relativistic speed at a red-shift of zν−nr.

Therefore only neutrinos with wavelength bigger than the horizon distance at zν−nr would be part of

the HDM. If the universe would be dominated by HDM during that time the structure was built by a

top-down mechanism. There are some statistical observations which favour that scenario. Due to that

reason, the scenario of HDM is dis-favoured nowadays and CDM models are more useful to explain

the origin of large scale structures by the bottom-up mechanism.

Up to now there are no experiments which probe the CNB. The low neutrino energy needs more

precise experiments with much lower energy thresholds. This kind of instrumentation is still under

research and development. For example the upcoming PTOLEMY experiment aims to detect relic

neutrinos directly with a tritium target on earth [33].

Other candidates for Dark Matter on the neutrino sector are sterile neutrinos. In the beginning of

this section, the described neutrinos are left-handed neutrinos and associated with the right-handed

anti-neutrinos. Up to now, no left-handed anti-neutrinos or right-handed neutrinos are observed. The

extension of minimum one left-handed anti-neutrino or right-handed neutrino (sterile neutrino) would
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complete the neutrino model. If sterile neutrinos exist there could be several different sterile neutrinos.

Sterile neutrinos become a Dark Matter candidate because they fulfil the necessary requirements (see

section 2.3.2.1). The mass of sterile neutrinos is in the range of 1MeV.

To introduce sterile neutrinos into the already existing picture of normal neutrinos, it is necessary to

introduce new mixing angles. As a consequence the Maki-Nakagawa-Sakata-Matrix (MNS-Matrix

of rank: 3× 3) is extended to allow neutrino oscillations between the already three known types and

the possible existing sterile neutrinos. Hence each sterile neutrino increases the rank of the matrix by

one (e.g. 4×4) and hence a forth sterile neutrino νst can oscillate into every other flavour. Neutrinos

subjects to the weak interaction and therefore the extended MNS is also parametrised by the Weinberg

angle. An important question from cosmology is the half-life of such a sterile neutrino. Without the

exact mass it is not possible to answer that question for sure but the Neutrino Minimal Standard Model

(νMSM) provides sterile neutrinos with a lifetime of Γ = 1017 years. Sterile neutrinos are stable at

the time scale of our universe.

This is the keystone in Dark Matter sterile neutrinos. Besides the fact that they only interact by gravity,

another decay is possible:

νst → ν + γ (2.41)

This attractive possibility allows interpreting XMM-Newton satellite data as neutrino Dark Matter.

The satellite observes regions in the sky where hints for Dark Matter are already given (e.g. the An-

dromeda galaxy). Then the data is probed for an unusual γ line in the spectrum. In 2014, an unknown

X-ray line was observed in the Andromeda galaxy and the Perseus galaxy cluster. The hypothesis

holds a test against the blank sky where neither baryonic nor Dark Matter is expected. The outcome

is an unidentified line of Eγ = 3.5keV [36]. These excess is not expected in classical galaxy or galaxy

cluster spectra and it is possible to interpret the signal as Dark Matter under the assumption of axion

Dark Matter models [39]. Besides cosmological hints for sterile neutrinos, earthbound experiments

such as Daya Bay also test the hypothesis of observing a four neutrino oscillation. They reject the

hypothesis of a forth sterile neutrino in their data from a reactor experiment. Their disappearance

spectra of the electron anti-neutrino fits the three flavour neutrino model [13].

2.3.2.5. Supersymmetric Dark Matter

The standard model of particle physics requires six quarks, six leptons and five bosons as shown in

figure 2.11. The latest discovery of the Higgs boson and its measured properties result a standard

model particle with spin 0 and positive parity. In the SM description quarks and leptons are fermions

with spin 1/2 and the force intermediators are vector bosons (gauge bosons) with spin 0 (γ , W±/Z, g).
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The supersymmetric (SUSY) extension of the SM suggests adding to each fermion its boson equivalent

and to each boson its fermion equivalent:

Q|fermion >= |boson > Q|boson >= |fermion >

The operator Q provokes the spin change in quantum mechanics. The supersymmetric mirror world

is presented in figure 2.15. This step introduces a new symmetry. Hence a fermion (e.g. electron)

and its supersymmetric partner (selectron) have the same quantities (e.g. mass or charge, except spin).

Lab experiments have not observed any supersymmetric partners yet. If SUSY particles exist, they

have a spontaneous broken symmetry in the mass term and therefore they are observed at higher

energies. The SUSY extension opens a new parameter space. Possible solutions like the Minimal

Supersymmetric Standard Model (MSSM) with 120, up to now, unknown parameters were introduced

to solve the occurring hierarchical problems [100]. The heavier SUSY particles are not stable and

decay due to their lifetime. Only one expected particle does not decay, the lightest supersymmetric

particle (LSP). In the MSSM the R-parity is not conserved for baryon and lepton number. In case of

a preserved R-parity for the LSP, its decay is forbidden. This is important to establish a Dark Matter

candidate on the SUSY sector.

Figure 2.15 – The supersymmetric particle
extension to the SM. Each fermion has a su-
persymmetric partner. [58]

SUSY candidates for the LSP are neutral winos W̃ 3 (super-

symmetric partners of the W± bosons), binos, neutralinos

(B̃) and Higgsinos (H̃1, H̃2) [32, 52] and the resulting linear

combination:

χ = αB̃+βW̃ 3 + γH̃1 +δ H̃2

χ would fit in the CDM scenario. Besides MSSM, fur-

ther models are discussed such as Constrained MSSN

(CMSSN), mSUGRA and many more with a growing num-

ber of parameters. Every model yields another CDM den-

sity from cosmological observations.

A valid statement which excludes SUSY is the latest ob-

served Higgs boson. The SUSY Higgs boson exists in a

complex iso-dublett of Y = 1. Hence there are two, H+

and H0, before the electro-weak symmetry is broken. The Q-operator then results two Higgsinos H̃+

and H̃0 with spin s = 1/2 each. The SM itself provides only one Higgs boson in a minimal config-
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uration because the weak hyper-charge of these processes have to follow a simple rule (see equation

(2.42)) to avoid divergences in higher orders.

∑
i

Yi = 0 (2.42)

Supersymmetric partners also contribute to the weak hyper-charge and therefore the Higgsinos with

Y = 1 violates the weak hyper-charge conservation. To solve that problem its necessary to introduce

two complex Higgs fields:

Φ2 =

(
H+

2

H0
2

)
, Φ1 =

(
H0

1

H−1

)
This guarantees the conservation of the weak hyper-charge: Φ2 has a weak hyper-charge of Y = 1 and

Φ1 has a weak hyper-charge of Y = −1. Latest experimental results suggest that the observed Higgs

boson is a SM particle and that there is no second Higgs field [31].
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(a) (b)

Figure 2.12 – Figure 2.12a: Various cross-sections according the NIST/Xcom data base. The single cross-
sections reefer to coherent scattering (green dashed), incoherent scattering (blue points), photo-electric
absorption (pink line), pair production in nuclear field (light-blue) and pair production in electron field
(light-blue dashed line) [90]. The photo-electric absorption dominates for photon energies Eγ < 1MeV .
Figure 2.12b: Feynman diagram of an axion which converts by a photon of the electric/magnetic field into
a photon.
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Figure 2.13 – The coupling constant gae for axions to electrons for (left) solar and (right) galactic axions
[18]. For solar axions XENON100 rules out other experiments such as EDELWEISS-II [26], XMASS
[106] and Derbin et al. [48]. The DAMA/LIBRA result present the modulation of an axion signal in the
detector [10]. In addition the benchmarks of DFSZ and KSVZ models are drawn [49, 71, 81, 117]. On
the right site is the limit for galactic axions. The XENON100 undergo the CoGeNT [2], CDMS [7] and
EDELWEISS-II [26] results. The green and yellow band gives the 1σ , 2σ sensitivity.
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Figure 2.14 – Numerical solution of equation (2.28). The number density Y decreases rapidly. Depending
on the increasing annihilation rate there are possible freeze-out values for given temperatures Tf o. After
the expanding universe cooled down to temperatures T � Tf o the WIMP number density decrease flattens.
These WIMPs are the nowadays assumed relic WIMP background.
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2.4. Introduction to (Direct) Dark Matter Search

Figure 2.16 – Summary of the basic interac-
tion types for Dark Matter search: Direct, in-
direct and production. Feynman graphs be-
hind the interactions are much more compli-
cated and depend on the model. [70].

The previous two subsections explain the necessity of

Dark Matter on cosmological scales. Furthermore some

favoured particle Dark Matter candidates are discussed. To

prove the existence of one or more Dark Matter candidates,

it is essential to build sensitive experiments. Three differ-

ent basic experimental search scenarios are possible:

Direct Dark Matter search investigates the interaction of

theoretical Dark Matter candidates (e.g. WIMPs) with the

nuclei/electron of a target atom. The resulting signal comes

from the measured nuclear recoil and depends on the kind

of detector. The physical processes are scintillation, ionisa-

tion and phonon/heat production. Such experiments need a

clean and ultra-low radioactive environment to operate and

therefore they are hosted in underground facilities such as

the Laboratory Nazionali del Gran Sasso (LNGS) [60] or

the Laboratoire Souterrain de Modane [84]. Famous ex-

periments which test the existence of WIMPs are the XENON Dark Matter Project, LUX, CRESST or

DAMA/LIBRA.

Indirect Dark Matter search takes the possibility into account that two Dark Matter particles anni-

hilate and their decay products are baryonic particles which are detected. The observation probability

of such interaction products rises with higher masses, where Dark Matter particles are collected and

bound by gravity (e.g. sun). Therefore earthbound detectors look at the sun as a source of the typical

decay products. Instruments such as IceCube and ANTARES (neutrino astronomy), or HESS (gamma

ray astronomy) are not build to detect Dark Matter only and so indirect Dark Matter search is a side

product of the instrumentation facility.

Dark Matter Production is another possibility to investigate the nature of Dark Matter. Large col-

lider facilities produce the Dark Matter particles in a reverse process compared to the indirect Dark

Matter search. The missing energy in such processes are interpreted as the Dark Matter particles. The

cross-section of Dark Matter particles is to low to build suitable targets for an efficient detection. The

reconstruction of the missing energy is the only possibility to identify such particles. The biggest

disadvantage of that method is the uncertainty about the produced particle after the collision. It is not
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possible to measure important parameters such as the lifetime to verify the details. For example, the

Large Hadron Collider (LHC) would be able to produce such particles in proton–anti-proton collisions

at high energies. The detector (e.g. ATLAS) measures the energies which are deposited and recon-

struct the particle type based on theoretical inputs (baryonic matter and/or Dark Matter). Hence the

prediction of particle Dark Matter is only as good as the theoretical input.

In summary, even if one experiment claims a discovery, its results must fit to cosmological obser-

vations and the outcomes of other experiments. However, these three different methods are comple-

mentary to each other and will reveal the mystery of Dark Matter in the future. Figure 2.16 shows

the basic interaction methods from the view of the search scenario. Related Feynman graphs depend

strongly on the underlying model and are much more complicated if Dark Matter only shows up in

higher loop corrections to standard processes. Figure 2.17 shows a non-exhaustive list of direct Dark

Matter experiments and the signals they use. Besides different experiments which use other read-out

techniques, such as CaWO4 crystals (CREEST), there is also a list of upcoming Dark Matter experi-

ments such as XENON1T (successor experiment of XENON100), LZ (successor experiment of LUX)

or the DARWIN experiment, which is in research and development at the moment. The following

section discusses the direct Dark Matter search method such it is done at the XENON Dark Matter

Project with the XENON100 experiment for WIMP search. The basic requirements for WIMP Dark

Figure 2.17 – Overview about the experiments which search for particle Dark Matter depending on the
signal creation. Besides some exceptions such as CoGeNT where one signal type is read out, most experi-
ments use a combination of ionisation, scintillation and phonon/heat. There is no experiment which exploit
three signal creation methods at the same time. Further detection methods are bubble formation chambers
or tracking which is independent.
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Matter are already discussed in section 2.3.2.1. Cosmological observations suggest a Cold Dark Mat-

ter scenario in which WIMPs are much slower than the speed of light. The deposited energy of such

a WIMP interaction depends on many parameters, but its most important input comes from assumed

Halo model. Here a typical WIMP density distribution is assumed for the Milky Way. Once the cos-

mological input parameters are fixed, the energy deposition in the instruments and possible particle

interaction rates and type can be determined.

2.4.1. Dark Matter Halo Model

Direct Dark Matter detection experiments need information about the Dark Matter density profile in

the Milky Way. As already discussed in section 2.2.1 the rotation curves of spiral galaxies do not

follow their theoretical predictions. Advanced methods to measure rotation curves in the own galaxy

are discussed in further literature [104]. The Milky Way is divided into three main parts: An inner

(spherical) bulge with a disk around. The disk contains the five spiral arms in case of the Milky Way.

An additional halo of Dark Matter surrounds the bulge and the disk is much bigger in diameter. The sun

circles around the centre of the galaxy with a distance of 8.5 kpc. Actual measurements suggest a disk

mass of mdisk = 0.95×1011 M� and a bulge mass of mbulge = 0.91×1010 M�. The Dark Matter halo

has a density of ρDM
� = 0.0088 M�/pc−3 (= 0.35 GeV/cm−3). Figure 2.18 sketches the three components.

Figure 2.19b shows their radial WIMP velocity distribution separated into its components [69]. In

case the Dark Matter halo consists of WIMPs, the sun and hence the earth fly through the WIMP

particles (see figure 2.19a). Therefore all necessary parameters for the later WIMP detection needs

to be calculated for the earth position. As result of the circulation of the sun, an observer on earth

observes a WIMP wind which depends on the position of the observer on earth. The upcoming WIMP

flux is in the order of 105(GeV/mχ)cm−2 s−1. This flux is high enough to observe WIMP interactions

at earthbound experiments even if the cross-section is very low [32].

The WIMP velocity distribution becomes important for the later detection. Figure 2.19b shows that

the Dark Matter halo density contributes with ρ(r) ∝ r−2. Therefore a simple approximation for the

velocity distribution is[79]:

f (~v)∝ exp
(
−|~v|

2

v2
0

)
(2.43)

The picture becomes more complicated by looking at figure 2.19a. The WIMP flux depends on the

detector position on earth and because of the annual cycle around the sun the WIMP velocity becomes

relative (v′→ v+ v♁(t)). Therefore equation (2.43) is adjusted by v♁. The modification is shown in

equation (2.44). The Dark Matter velocity dispersion which is relative to the cycle speed of the sun
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Figure 2.18 – A sketch of the Milky Way consists of a spherical bulge and disk. The disk contains the five
spiral arms. The earth is in one of spiral arms at a distance 8.5 kpc from the centre of the galaxy. A much
bigger Dark Matter halo surrounds bulge and disk [110] which is also sketched in figure 2.19a.

(a) (b)

Figure 2.19 – Figure 2.19a: Due to the movement of the sun around the centre of the galaxy and the
earth movement around the sun, the detected WIMP wind changes with seasons. Figure 2.19b: Actual
measurements picture the circular velocity of the galaxy where the distance R is measured from the centre
of the galaxy. The curves come from the best fit estimations of the model parameters. See: [69]

49



2. Introduction to Dark Matter

around the centre of the galaxy is v0 = 220 km/s. The time dependence t is related to the season on

earth.

f (v,~v♁)∝ exp

(
−
|~v+~v♁(t)|

2

v2
0

)
(2.44)

In detail the earth velocity around the sun is given by equation (2.45) where ε1 and ε2 are related to

the elliptical movement of the earth around the sun and t1/t2 are related to the spring equinox (March,

21th) [32].

v♁(t) = v♁ (ε1 cosω(t− t1)+ ε2 sinω(t− t2)) (2.45)

2.4.2. Particle Dark Matter Interaction

WIMPs from the Dark Matter halo are supposed to interact with the detector’s target material. Every

interaction is based on an energy deposit which should yield a detectable signal. The interaction leads

to a recoil of the target nucleus (recoil energy ER). The WIMP mass is an unknown parameter, and

different possible WIMP masses cause different recoil energy spectra. The resulting rate is given in

events per kg and day (eventskg−1 day−1 keV−1 ≡ dru). The following section reviews the WIMP-

nucleus interaction and formalism of [79]. The differential WIMP rate with a mass mχ and target

nucleus mass mN is:
dR
dER

=
ρ0

mN mχ

∫
∞

vmin

v f (v)
σWN

dER
(v,ER)dv (2.46)

With the WIMP density ρ0 and the differential cross-section for elastic scatter σWN . The kinetic energy

of the WIMPs is taken into account by f (v,v♁) from equation (2.44). The integration boundaries in

equation (2.46) are formally driven by the vmin which refers to the smallest detectable energy. The

equivalent energy Emin acts as a detection threshold. The upper boundary is given by ∞ what is

right under the assumption that WIMPs are allowed to leave the Dark Matter halo of the Milky Way

vmax � vesc. This assumption does not hold under the circumstances that we observe Dark Matter

halos nowadays and therefore ∞ acts as an approximation.

Based on equation (2.46) the differential rate dR/dER depends on the most probable WIMP energy E0

for its mass of mχ :
dR
dER

=
R0

E0

(mχ +mt)
2

4(mχ mt)
× e−

ER
E0

r
=

R0

E0 µ
× e−

ER
E0

r (2.47)

The kinetic factor µ is defined as follows:

µ = 4
mχ mt

(mχ +mt)2 (2.48)
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This results an event rate R per unit mass and total event rate R0. Equation (2.47) separates the

experimental approach to measure a differential rate which depends on the setup (left-side) and total

expected Dark Matter signal for different WIMP masses (right-side). The experimental setup of the

XENON100 Dark Matter detector is discussed in chapter 3.

Due to the target material and the experimental setup equation (2.47) is adjusted to the observed

differential rate in the detector:

dR
dER

∣∣∣∣
observed

= R0 S(E)F2(E) I (2.49)

From the left site of equation (2.47), equation (2.49) is developed and contains the total rate R0,

a modified spectral function S, form factor corrections F(E) and an interaction function I. These

parameters are described independently from each other and aim to separate physics and experimental

setup.
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The modified spectral function S describes the detector site:

1. Position relative to the centre of the galaxy

2. Detection efficiency’s

3. Detailed target information. (For example the number of targets cells within an experiment

varies)

4. Instrumental resolution and thresholds

The form factor correction takes the size of the nucleus into account. The spin interactions (spin-

independent – SI and spin-dependent – SD) are described by I. The final outcome is the recoil energy

spectrum in peee (photo-electron recoil energy equivalent).

The right side of equations (2.47) and (2.49) contains the rate which depends on the WIMP velocity

distribution and particle number density n. For the typical DM halo structure, its differential particle

density dn takes a Maxwellian velocity distribution into account (see equation (2.44)):

dn =
n0

k
exp

[
−
( |v+ v♁|

v0

)2
]

d3v (2.50)

With the movement of the sun around the centre of the galaxy v0 = 230kms−1. To be consistence with

the CDM hypothesis the maximum velocity is set to the escape velocity vesc. The pre-factor consist of

mean particle Dark Matter number density n0 which takes the Dark Matter density ρχ and mass mχ

into account (see equation (2.51)).

n0 =
ρχ

mχ

(2.51)

A normalisation factor k is chosen that the following condition is fulfilled:∫ vesc

0
dn≡ n0 (2.52)

As long as WIMPs move in every direction and every velocity the normalisation k is chosen for

example according:

k =
∫ 2π

0
dΦ

∫
π

0
sin(Θ)dΘ

∫ vesc

0
f (~v,~v♁)v2dv (2.53)

The velocity distribution f (~v,~v♁) is taken from equation (2.45) and hence there are two outcomes

which depend on the integration boundaries:

k0 =
(
πv2

0
)3/2

for vesc = ∞ (2.54)
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k1 = k0

[
erf
(

vesc

v0

)
− 2√

π

vesc

v0
e
− v2

esc
v2
0

]
for |~v+~v♁|= vesc (2.55)

Equation (2.54) describes the situation that the expected WIMP velocities can take every possible

value even if their velocities become bigger than the escape velocity. Then equation (2.55) limits the

WIMP velocity spectrum to the escape velocity and put the relative earth velocity also into account.

Both normalisations differ less than 0.5% from each other.

The next step is to connect the differential particle density dn with the differential event rate dR. This

takes atomic mass number A and cross-section σ and Avogardos constant N0 into account:

dR =
N0

A
σvdn (2.56)

Equation (2.56) follows that a differential rate-particle density becomes constant and is determined by

a specific velocity and cross-section σ0 (see equation (2.57)).

dR
dn

=
N0

A
σ0v (2.57)

Present equation (2.56) without a differential leads to:

R =
N0

A
σ0

∫
vdn≡ N0

A
σ0n0〈v〉=

N0

A
σ0

ρχ

mχ

〈v〉 (2.58)

By defining R0 per unit mass as

R0 =
2√
π

N0

A
ρχ

mχ

σ0v0 (2.59)

leads to a substitution of N0 in equation (2.57) and the rate become

R = R0

√
π

2
〈v〉
v0

(2.60)

and hence by using the left site of equation (2.58) and use the differential particle density of equation

(2.50) leads finally (with R0 from equation (2.59)) to a velocity dependent rate distribution:

R = R0
k0

k
1

2πv4
0

∫
v f
(
~v,~v♁

)
d3v (2.61)

As already discussed are the boundaries of the integral important for the rate determination and hence

the possible solutions for three rate calculations is given by:
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R(0,vesc)

R0
=

k0

k1

[
1−
(

1+
v2

esc

v2
0

)
e
− v2

esc
v2
0

]
(2.62)

R(v♁,∞)

R0
=

1
2

√π

(
v♁
v0

+
1
2

v0

v♁

)
erf
(

v♁
v0

)
+ e
−

v2

♁
v2
0

 (2.63)

R(v♁,vesc)

R0
=

k0

k1

[
R(v♁,∞)

R0
−

(
v2

esc

v2
0
+

1
3

v2
♁

v2
0
+1

)
e
− v2

esc
v2
0

]
(2.64)

Therefore equation (2.63) is the most important ones because it takes the relative WIMP velocity into

account relative to earth velocity~v♁. The according total rate R0 is calculated out of equation (2.59).

The recoil energy of a Dark Matter particle depends on the scatter angle Θ. A WIMP with mχ lead to

a kinetic energy of Eχ = 0.5mχv2
χ and the therefore the scatter dependent recoil energy is:

ER =
Eχ µ

2
(1− cos(Θ)) with05 ER 5 Eχ µ (2.65)

The recoil energy range of equation (2.65) is limited in reality to a minimum energy Emin = ER/µ . To

introduce the energy dependence (v→ E) the velocity dependent rate of equation (2.61) is written in

differential form:

dR = R0
k0

k
1

2πv4
0

v f
(
~v,~v♁

)
d3v (2.66)

Hence the differential energy dependent rate is written as (with E0 = 0.5mχv2
0 = (v2

0/v2
χ)Eχ ):

dR
dER

=
∫ Emax

Emin

1
Eµ

dR(E) =
1

E0µ

∫ vmax

vmin

v2
0

v2 dR(v) (2.67)

The substitution of Emin with the corresponding WIMP velocity is: vmin =
√

2Emin/mχ =
√

ER/(E0µ)v0

leads to:
dR
dER

=
R0

E0µ

k0

k
1

2πv2
0

∫ vmax

vmin

1
v

f (~v,~v♁)d
3v (2.68)

The solution of equation (2.68) is again related to the boundaries of the integration and therefore the

already shown interactions of the total rates (see equation (2.62), (2.63) and (2.64)) are given here

with their differential rates:

dR(0,vesc)

dER
=

k0

k1

R0

E0µ

(
e−

ER
E0µ − e

− v2
esc
v2
0

)
=

k0

k1

[
dR(0,∞)

ER
− R0

E0µ
e
− v2

esc
v2
0

]
(2.69)

54



2.4. Introduction to (Direct) Dark Matter Search

dR(v♁,∞)

dER
=

R0

E0µ

√
π

4
v0

v♁

[
erf
(

vmin + v♁
v0

)
− erf

(
vmin− v♁

v0

)]
(2.70)

dR(v♁,vesc)

dER
=

k0

k1

[
R(v♁,∞)

dER
− R0

E0µ
e
− v2

esc
v2
0

]
≈ c1

R0

E0µ
e−c2

ER
E0µ (2.71)

Equation (2.69) the differential expression is defined by

dR(0,∞)

ER
=

R0

E0µ
e−

ER
E0µ (2.72)

and takes an unmodified nuclear recoil spectrum into account for earth velocity at v♁ = 0. The approx-

imation in equation (2.71) simplifies the calculation and introduces fitting constants c1 and c2 which

vary over the year.

2.4.2.1. Nuclear Form Factor

After the differential nuclear recoil spectrum is calculated, further modifications are necessary. Equa-

tion (2.49) already shows the required quantities. When the De-Broglie wavelength λ = h/mχ is in the

order of the size of the nucleon, the effective cross-section decreases with higher momentum transfer

q =
√

2mT ER. The cross-section is adjusted to according equation (2.73), where nr is the effective

nuclear radius.

σ(qrn) = σ0F2(qnr) (2.73)

From textbook the nuclear form factor is calculated by the Fourier transformation of the nucleon

density distribution:

F(q) =
∫

V
ρ(r)ei~q~rd3x =

4π

q

∫
∞

0
r sin(qr)ρ(r)dr (2.74)

In general the density ρ of the nuclei is described by a Fermi distribution:

ρ(r) = ρ0

[
1+ exp

(
r− c

a

)]−1

(2.75)

This leads to a numerical solution which needs more computational power. To simplify the problem,

Helm [65] suggested the form factor in equation (2.76) which has the advantage of an analytic solution.

In addition, a thickness parameter s is introduced which describes a shell around the nucleus.

F(qrn) = 3
j1(qrn)

qrn
e−0.5(qs)2

(2.76)
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The Bessel function jl (here: first order l = 1, see equation (2.77)) describes the decreasing form factor

for higher momentum transfer q.

j1(qrn) =
sin(qrn)

qrn
− cos(qrn)

qrn
(2.77)

The parameters rn and s are connected by [38]:

rn =
√

r2
v −5s2 with rv = 1.2A1/3

T (2.78)

The final form factors F(q) for different materials which are used in Dark Matter search are shown in

figure 2.20. Here the form factors are given in dependence of the recoil energy ER.

Figure 2.20 – Different nuclear form factors which depend on the recoil energy [82]. The presented nuclei
are used in Dark Matter search experiments nowadays. The kind of nucleus/form factor is important for
the WIMP scattering process and hence, the observed rate.
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2.4.2.2. Different Targets and Spin

The total rate of equation (2.59) is derived without taking different cross-sections σ0 (for different tar-

get materials) into account. At zero momentum transfer the cross-section is proportional to the atomic

mass number AT . This is true for coherent scattering (spin-independent). Figure 2.17 already showed

that different experiments use different detection techniques. Therefore the momentum transfer is al-

ways measured for a given target. To standardise the procedure the transfer q is normalised to the

single proton mass (mp) by the following factor:

(
µT

µp

)2

=

( mχ mT
mχ+mT
mχ mp

mχ+mp

)2

(2.79)

and therefore the adjusted and observed recoil energy is:

dR
dER

∣∣∣∣
observed

=
dR(v♁,vesc)

dER
σp

(
AT

µT

µp

)2

F2(ER) (2.80)

where σp is a normalised single WIMP-proton cross-section. The outcome is shown figure 2.21a

where the differential rate is plotted for a WIMP with mχ = 100GeV and cross-section σχ = 1×10−43 cm2

and for different target materials which are used in Dark Matter search experiments: xenon, germa-

nium, argon. On the other hand, figure 2.21b show the result for xenon only and compares three

different WIMP masses: mχ = 10GeV,100GeV,1000GeV at the same cross-section.

Spin-independent (SI) interaction leads to a higher probability for WIMP-nucleus interaction because

neutrons and protons can be considered as equal. The situation becomes more complicated when

spin-dependent (SD) interaction is assumed: Protons and neutrons, each with their spin s = 1/2 are

not considered as equal any more. A target nucleus (e.g. 131Xe) sums up its single spins pairwise up

to stotal = 1/2. Finally, the single scatter amplitudes on protons and neutrons count zero and the real

scattering happens on the unpaired neutrons and protons. This is only possible for odd isotopes. In

case of xenon there are two isotopes which allow testing of the spin-dependent scattering. Isotopes
129Xe and 131Xe with abundances of 26.4% and 21.2%, respectively, have a non-zero spin [20].

2.4.2.3. Detection Efficiency’s and Limits

With the WIMP rate calculation, the detector set limits on the observed recoil energies. Every in-

strument has only a finite energy resolution and the observed signal differs from the true signal. The

reason for the differences are from the steps of signal creation in the target up to read-out procedure.
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(a) (b)

Figure 2.21 – Figure 2.21a: The differential rate for different target materials for WIMPs with mχ =
100GeV and σχ = 1×10−43 cm2. A xenon target is favoured to detect low mass WIMPs which deposit a
smaller recoil energy in the detector. Figure 2.21b: A detailed look on a 131Xe target – the differential rate
rises for small WIMP masses (under the assumption of a fixed cross-section of σχ = 1×10−43 cm2) which
results in a higher probability for low-mass WIMP detection.

As long as there are several hundreds signals per hour which are counted, it is possible to do a statisti-

cal data analysis. The underlying idea is a ”counting experiment“. Each step between signal creation

and read-out underlies its physical properties which are taken into account in the signal interpretation.

A result of this analysis are energy dependent detection efficiency’s which reduces the expected rate

particularly for low recoil energies. To assure a meaningful data interpretation, the efficiency’s exceed

a given level to avoid that signals are lost in the background. Therefore a very careful background

analysis is crucial.

The energy resolution becomes important at the point when measured results must be interpreted. The

finite energy resolution ∆E, expressed as the full width of half maximum (FWHM), is not fine enough

if the spectrum of a radioactive source is measured and there is no conclusion on the deposited energy

in the detector. Fano presented that the absorbed energy, from the ionisation process, in xenon is not

Poisson-like distributed [57]. The finite energy resolution in liquid xenon in the optical approximation

is given as:

∆E(E ′)∝
√

F×W ×E ′ (2.81)

Formula 2.81 includes the Fano factor F which describes how the absorbed energy deviates from a

Poisson process. The W describes the average energy which is necessary to create an electron-ion pair

during the ionisation process [14].
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2.5. Summary

This chapter gives a wide introduction to Dark Matter. Cosmological observations on different scales

in the universe are explained in detail and combined with possible Dark Matter candidates (MA-

CHOs) from non-luminous baryonic matter. In addition, some selected Dark Matter search methods

are described, which are used on cosmological scales to observe the missing mass. Cosmological

observations do not reveal the mystery of the missing mass and therefore a new particle Dark Matter

type is suggested. Its properties are derived from cosmological observations: Charge-less with a mass

but not interacting by the known forces (except gravity). The list of possible Dark Matter candidates

is long and therefore that chapter describes the favoured candidates and their production mechanisms.

The WIMP (Weakly Interacting Massive Particle) is one of the favoured candidates for Dark Matter.

Finally, three Dark Matter search techniques are explained with focus on direct search because the

XENON100 experiment uses that technique to observe WIMP-nucleus scattering on xenon atoms.
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“I understand how the [Dark Matter] engines work
now. It came to me in a dream. The engines don’t
move the ship at all. The ship stays where it is and the
engines move the universe around it.“

Cubert Farnsworth,
Futurama, “A Clone of My Own”

3. The XENON100 Experiment
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3.1. Overview

This chapter introduces the XENON100 experiment. The experimental setup, in particular the two-

phase time projection chamber (TPC) is described in detail. Then, an overview of the data acquisition

system and the data output is given. At the end of this chapter, the data calibration procedures related

to the experiment are summarized. This forms the basis of the following data analysis chapters of this

thesis.

Figure 3.1 – Sketch of the three halls in the
underground laboratory with the locations of
XENON100 and its successor XENON1T.

The XENON100 experiment follows the former XENON10

experiment for direct Dark Matter detection of the XENON

Dark Matter Project. Liquefied xenon at -91◦ with a den-

sity of ρ =∼ 2.85 g/cm3 serves as target material. The

density itself varies with temperature and hence pressure.

Xenon has the largest density among the noble gases.

Seven of its thirteen isotopes are stable (126Xe, 128Xe, 129Xe,
130Xe, 131Xe, 132Xe, 134Xe), two have such a long life

time that their contribution can be neglected (124Xe with

τ > 4.8×1016 a and 136Xe with τ = 2.11×1021 a) and four

isotopes have such short life times that it is possible to es-

tablish a radio impure clean environment within a short

time. The XENON Dark Matter project uses a two-phase

time projection chamber for direct Dark Matter detection.

All XENON Dark Matter experiments have been located

at the Laboratori Nazionali del Gran Sasso (LNGS) in Italy. Here the experiment is shielded against

interactions from cosmic and atmospheric background. The underground laboratory has a depth of

3600 m water equivalent. This reduces the atmospheric muon flux by a factor of 106. Figure 3.1

shows a sketch of the underground laboratory.

3.2. The Experimental Setup

To run the two-phase time projection chamber in the XENON100 experiment and assure a clean and

stable environment additional systems are necessary. This section will focus on the experimental setup

and go into details about some sub-systems. The centerpiece, the two-phase time projection chamber,

is explained in detail in section 3.3.
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3.2.1. The XENON100 Shield

The XENON100 TPC is mounted in the inner cryostat, which is thermally insulated by vacuum from

the outer cryostat. Outside there is an additional passive shield mounted to reduce the background.

The shield (see figure 3.2a) consists of OFHC copper (5 cm), polyethylene (20 cm), lead (20 cm) and

water/polyethylene (20 cm). The shield is closed completely and foreseen holes are used to enter

calibration sources near the TPC. The shield reduces radioactive background from the cavern [115].

In addition, a picture (see figure 3.2b) of the opened shield shows the copper, polyethylene and lead

shield with the mounted cryostat which contains the TPC.

(a) (b)

Figure 3.2.: The XENON100 shield around the vessel. Two pipes connect the cooling system with the
TPC through the XENON100 shield. An additional calibration line is foreseen to position
the calibration sources near to the XENON100 TPC. The different shield components are
shown in figure 3.2a and a picture from the opened XENON100 experiments shows the
different shielding materials: copper, polyethylene and lead [115]

3.2.2. The XENON100 Cooling System

The cooling system is needed to guarantee a stable temperature of the liquid xenon. Xenon itself

is gaseous at room temperature and therefore it is necessary to control pressure and temperature for
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a stable measurement environment. Figure 3.3 shows the cryogenic system in XENON 100 which

is installed outside the detector shield. The pulse tube refrigerator (PTR) liquefies the xenon gas.

The xenon gas is filled into the cooling system during the xenon filling process or gaseous xenon from

within the TPC is collected at the cold finger below the PTR. The condensed xenon becomes liquid and

is collected in a funnel which is connected to the TPC. The PTR works with a Helium compressor to

remove the heat from the liquefied xenon. In case of a cooling failure, the XENON100 cooling system

has an liquid nitrogen (LN2) emergency cooler (dewer). This system assures to cool the XENON100

detector for almost 24 hours. [115]

Figure 3.3.: The XENON100 cooling system is mounted outside the detector shield. A pulse tube
refrigerator liquefies gaseous xenon and fill it back into the XENON100 TPC. [115]

3.2.3. The XENON100 Gas Recirculation System

Figure 3.3 shows the input/output connections for the gas recirculating system. The gas is extracted

from the bottom of the detector and is filled back into the gaseous phase. A schematic draw of the gas

system is shown in figure 3.4. Due to O2 and electro-negative impurities in xenon, a high temperature

zirconium getter cleans the liquid xenon continuously. The impurities are bound chemically by the
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getter material. An ultra pure xenon environment is necessary in increase the electron lifetime (see

section 3.6.1) and enhance the signal readout. [115]

Figure 3.4.: Sketch of the XENON100 gas purification system. The liquid xenon is extracted from the
TPC (see figure 3.3) and is cleaned from impurities. This process is necessary to enhance
the signal readout process from the ionisation channel. [115]

3.3. The Two-Phase Time Projection Chamber

The centrepiece of the XENON100 experiment is the two-phase time projection chamber which is

filled with pure xenon. The following subsections explain the operation principle of a dual phase

(liquid/gas) xenon TPC with emphasis on its implementation in XENON100.

3.3.1. Operation Principle

The basic operation principle of the TPC consists of two physical principles: scintillation and ionisa-

tion. An overview is given in figure 3.5. An incoming particle (e.g. WIMP or neutron) scatters with
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Figure 3.5 – The working principle of a TPC

a xenon nucleus inside the liquid xenon. The scattering process results in scintillation light with a

typical wavelength of λ = 178nm [67]. These photons can not interact a second time with xenon in

the TPC because their energy of 6.97 eV is below the first ionisation energy of xenon. Hence these

photons are spread over the TPC and homogeneously distributed. This kind of signal is called the

primary scintillation signal S1 in the detector.

At the same time fire electrons out of the ionisation process. An applied voltage between the gate and

the cathode mesh creates an electric field. The electrons drift upwards with a velocity of 1.74 mm/µs

(at 0.53 kV/cm depending on the electric field strength) to the gate mesh. There, the electrons are ex-

tracted from the liquid phase into the gaseous phase by a stronger electric field between the gate and

the anode mesh (∼ 12 kV/cm) [115]. The electrons enter the upper gaseous part of the TPC and become

accelerated by the higher electric field. The electrons gain kinetic energy, are amplified and interact

again with further xenon atoms in the gaseous phase and produce scintillation light. This proportional

secondary signal from ionisation is called S2. The S1 and S2 signal production is based on the energy

deposition from a particle in a xenon atom.

The typical ultraviolet scintillation light in xenon results from atom excitation (Xe∗) and electron-ion

(Xe+) recombination from where a Xe∗2 state results. This state decays according to equation (3.1):

Xe∗2→ 2Xe+hν (3.1)
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The xenon excitation results from equation (3.2) where a particle P deposit a certain amount of energy

in the xenon atom. Surrounding xenon atoms are bound and create the Xe∗2 state which decays ac-

cording to equation (3.1). The scintillation light from the electron-ion recombination needs an ionised

xenon atom Xe+ (equation (3.4)) which interact with the surrounding xenon to Xe+2 (equation (3.5)).

An electron triggers the heat production and forms an excited xenon atom Xe∗ (equation (3.6)). The

Xe∗ undergoes the same process such in equation (3.3) and then (3.1) and scintillation light is created.

Primary scintillation is produced by recombination and excitation. Excited xenon atoms from excimer

eventually yield the scintillation photons of energy below the first ionisation potential of xenon (see

equation (3.2), (3.3) and (3.1)).

Xe+P→ Xe∗+P′ (3.2)

Xe∗+Xe→ Xe∗2 (3.3)

Xe+E→ Xe++ e− (3.4)

Xe++Xe→ Xe+2 (3.5)

Xe+2 + e−→ ...→ Xe∗+heat loss (3.6)

S1 and S2 signals are detected by arrays of photo-multiplier tubes (PMTs, see section 3.3.3). S1

and S2 signals are usually easy to distinguish from each other, that is used to determine the signal

type. The idea to distinguish between S1 and S2 signals is shown in figure 3.5 on the right site. The

ratio between the S1 and S2 is different whether the signal originates from a electronic recoil (gamma

induced) or a nuclear recoil (induced by a WIMP or neutron). An electronic recoil origin from the

interaction of gammas with the electron cloud what frees more electrons in comparison to a neutron

interaction with the nucleus itself. As a consequence, more electrons result a larger S2 signal. [14]

A key feature of the two-phase time projection chamber is the 3D event reconstruction. The x/y

position is determined from the top photo-multiplier array from the S2 signal. From the time difference

∆t of the S1 and S2 signal, the interaction depth is determined. Figure 3.6 shows a recorded waveform

example, here the S1 and S2 peaks are distinguishable (see figure 3.7 for a detailed view on the S1 and

S2 peaks) and figures 3.8 and 3.9 show the according PMT pattern for an S1 and S2 signal. The S1 – S2

time difference (drift time ∆t) and the electron drift velocity is used to calculate the interaction depth.

Together with the S2 signal information, it is enough to determine the position with corresponding

position reconstruction algorithms (see section 3.5.3). The 3D event reconstruction allows to define a

fiducial volume in the inner TPC. This greatly reduces background from the edges and surroundings

of the TPC from natural radiation and helps to identify double scatter events. Last latter criterion is

useful for the WIMP search since it is expected that low WIMP-nucleon interaction lead to single

scatter in the TPC.

68



3.3. The Two-Phase Time Projection Chamber

Figure 3.6 – The summed waveform of a typical XENON100 signal. The primary S1 and S2 are separable.
With the known electron drift velocity and the time difference between S1 and S2 signal it is possible to
determine the interaction depth z.

Figure 3.7 – Detailed view on S1 and S2 signal. Both signals show the typical shape on the summed
waveform. [115]
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Figure 3.8 – Hit-pattern of the first S1 peak. Its main contribution comes from PMT 156.

Figure 3.9 – Example hit-pattern of the first S2 peak. The main contribution comes from the top array
around PMT 91. The proportional scintillation process creates many photons which are distributed in the
whole TPC. Therefore a homogeneous pattern is observed at the bottom PMT array.[115]
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3.3.2. The XENON100 TPC

Figure 3.10 – The final XENON100 TPC
before mounting into the cryostat. At the
bottom a ring of veto PMTs is visible.

The cylindrical volume of the TPC (30 cm in height and

diameter) is delimited by the field cage with Teflon (PTFE)

panels to maximise reflections and the cathode, gate and

bottom mesh. The TPC is mounted in a low-radioactivity

stainless steel vessel. This vessel contains 161 kg of liquid

xenon. To separate the outer layer of active veto from TPC

inside (inner active volume with 62 kg liquid xenon), there

are 24 1/4 inch PTFE panels installed. Inside the TPC, there

is an over-pressure of ∼2 bar and above the liquid xenon,

a layer of gaseous xenon is in thermal equilibrium with the

liquid phase.

Typical operating conditions are at -93◦ and 2.3 bar ab-

solute pressure. During the cooling process of the TPC

the PTFE shrinks. The expected value is 0.0108(5) mm/K

and was measured with a similar PTFE piece from the

XENON100 supplier before. This is necessary to provide a

fully controlled setup in which nothing twists and the exact

volume is known. Another advantage is the reflectively of

PTFE. Light is distributed homogeneously in the TPC at the first interaction stage. These photons

are scattered at the surface of the inner PTFE. This increases their chance to be counted by one of

the PMTs. The diffuse reflectively of PTFE dominates over the specular component. The reflectively

depends greatly on the surface properties. Values have been reported between 44% to 66% [107], up

to exceeding 95% [116]. The PTFE was screened for its radioactive contribution to the background

[21].

To operate the TPC in a two-phase mode, the meshes inside the TPC are crucial. There is one above

the bottom PMT array and acts as cathode mesh. The resulting electric field is closed at the gate

mesh which is below the xenon liquid-gas transition. Another mesh is mounted in front of the top

PMT array (anode mesh). The height between the cathode to gate mesh (∼25 cm) is much larger than

between gate and anode mesh (∼5 cm). The initial design foresees a negative voltage of −30kV at

the cathode to get an electric field of 1 kV/cm in the liquid phase. The electric field in the gaseous phase

has a field strength of ∼ 12 kV/cm at a voltage of +4.5kV. Both electric fields are adjusted for stable

operation, in particular the cathode voltage is lowered to −16kV during the data taking periods. Most
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important here is the transparency of the gate mesh for electrons. Transport electrons from the liquid

to the gaseous phase is crucial for the S2 signal creation. Hence the mesh design is well studied with

simulations in XENON100 [82].

At least the photo-multiplier tubes (see section 3.3.3) are assembled in two configurations: bottom

and top array. Both arrays are designed to fulfil a given purpose. The top array is used mainly to

reconstruct the x/y position of an event (S2). Besides the x/y position the energy of the signal is

determined from the produced photons (S1) and hence the PMTs on the bottom array are arranged

near to each other to increase the light collection ability. The top and bottom PMT array is shown in

figure 3.11a (top) and 3.11b (bottom).

(a) (b)

Figure 3.11 – Figure 3.11a shows the top array of XENON100 with its 98 PMTs. They are already placed
in a PTFE frame. Figure 3.11b shows the bottom array before the PTFE frame is placed around the PMTs.

3.3.3. The Photo-Multiplier Tubes in XENON100

The signal detection is based on counting photons, produced in the signal creation process, with the

photo-multiplier tube (PMT) array. Details about the signal creation process are given in section 3.4.

The final signal consists of produced photons with a certain energy. These are observed with arrays

of photo-multiplier tubes (PMTs). The XENON100 experiment uses one inch square, metal-channel

PMTs of type ”R8520-06-AL“ from Hamamatsu Photonics. These low-radioactively PMTs have a

spectral response within 160nm ≤ λ ≤ 650nm and are suitable for liquid xenon applications. They

show a good response to the typical wavelength of the photons from the signal creation process in

xenon (λ = 178nm).
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Figure 3.12 sketches the PMT working principle. Incoming photons hit the photo cathode and excite

photo-electrons out of the cathode layer. These electrons are accelerated in the electric field to the

first dynode where secondary electron emission multiplies the number of electrons. With each further

dynode the electrons are accelerated and further electrons are released. The electrons are collected and

present a current pulse. The ratio of the numbers of electrons arriving at the anode to the number of

photo-electrons released at the photo cathode, is called gain. This current pulse is measured through

an impedance of Z = 50Ω as a voltage.

Figure 3.12 – Working principle of a PMT [63]. An incoming photon releases an electron from the PMT
photo cathode, which is multiplied by the dynodes. The electrons are collected at the anode.

3.4. Signal Description

The PMT signals are amplified and digitised by Flash Analogue to Digital converters (FADCs). The

digitised waveforms of XENON100 are taken with enabled zero length encoding (ZLE) for Dark

Matter, calibration and background data. An example for one of these waveforms is given in figure

3.6. This waveform contains the S1 and S2 peak from the scintillation and ionisation process. The

ZLE stores only signals above a certain threshold voltage. In addition there is also a time window

around the signal stored at the base of each single PMT. Each waveform is 40µs long and has 40000

samples of 10 ns width. This number is then related to the smallest peak width on the waveform which

can be observed for an S1 signal. Both signals, S1 and S2, are determined by the peak-finder of the

raw data reprocessing software (xerawdp). Since two different physical phenomena are responsible

for the S1 and S2 peaks both differ in shape from each other (see 3.4.3 and 3.4.4). In detail there are

73



3. The XENON100 Experiment

at maximum 178 single waveforms (information from top and bottom array) available which build in

sum the presented waveform of figure 3.6. Every signal which exceeds a given threshold is used in the

summed waveform. This is important for later coincidences between PMTs.

3.4.1. From PMT Pulses to Photo-Electrons

The measured signals are in units of volts. This unit refers to the number of incoming photons at

the photo-cathode and the related electron amplification in the PMT. Together with the PMT gain

calibration, the measured signal strength is proportional to the incoming particle energy, and hence

the signal is measured in units of photo-electrons (pe). The true physical energy of the interaction is

determined using the energy calibration (calibration sources). Due to the small amount of deposited

energy the usual unit is in electron volt (eV), see section 3.4.5.

3.4.2. Light and Charge Signal Measurement Process

The analytically signal description becomes important for the XENON100 data analysis. Recorded

events are analysed due to their origin (light or charge) and therefore a proper formalism is needed to

describe the signal expectation in XENON100. This subsection is dedicated to introduce the signal

measuring process with its required probability density functions and rate calculations.

The signal chain starts with the creation of S1 and S2 signals which physically means light and charge.

The read out ability depends on further parameters such as the electric field strength E or the inter-

action type (indicated by u = nr = nuclear recoil or n = ee = electric recoil in the following nota-

tion), and hence from the deposited energy. This condition allows defining the combined probability

P(Nγ ,Ne|Eu,E ) to get a number of photons (Nγ ) and a number of electrons (Ne). Both signal types are

treated independent from each other. A signal with a given energy, will show an upward fluctuation

in Nγ and at the same time a downward fluctuation in Ne due to energy conversion. This indicates an

anti-correlation between charge and light signal. However, there are various other possibilities to lose

energy such as heat and therefore the anti-correlation assumption is not guaranteed [14].

P(Nγ ,Ne|Eu,E )≈ Pois(Nγ |nγ)×Pois(Ne|ne) (3.7)

Equation (3.7) separates the signal creation process in two independent parts with each expectation

value nγ and ne. Details on the signal creation process are included in the Poisson expectation values,

in detail in the W -values which connect the number of expected photons/electrons with the deposited

energy. Based on the position of the interaction in the TPC, field corrections becomes necessary.
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This is the light reduction factor Su(E ) and the field quenching factor Tu(E ) (charge reduction due to

recombination). This is written as:

nγ (Eu,E ) =
Eu

Wγ (Eu,E )
≈ Eu

Wγ (Eu,E = 0)
Su(E ) (3.8)

ne (Eu,E ) =
Eu

We (Eu,E )
≈ Eu

We (Eu,Eref = ∞)
Tu(E ) (3.9)

The light reduction factor is Su(0) = 1 and the field quenching Tu(E → ∞ = 1). With this description,

the signal creation process depends on two independent Poisson distribution which are defined by their

expectation values for photons and electrons. All necessary corrections are done within the expectation

value definition.

3.4.3. S1 Signals and Corrections

Peaks from primary scintillation are only some 10 to 60 ns long on the waveform. The excimer Xe∗2 is

suppressed if no additional electric field is applied in the TPC and the recombination of electrons and

ionised xenon is dominant. In case of XENON100, the excimer Xe∗2 decay is dominant (see equation

(3.3)). Nevertheless, the excited Xe∗2 has two excitation states: A singlet 1
∑
+
u which decays with a time

constant τS = 2.2ns (short component) and another triplet 3
∑
+
u state decay with a long time constant

τT = 27ns (long component) [77]. The shape of such a S1 is then formed by a superposition of the

fast and slow component as it is described in equation (3.10). Further measurements with α-particles

suggest different values of τS = 4ns for the short component and τS = 22ns for the long component

[50]. The amplitudes A depend on the kind of the xenon excitation (electronic or nuclear recoil).

Both (short and long) components are not distinguishable in XENON100 because of the sampling

frequency.

S1(t) = AS e−
t

τS +AT e−
t

τT (3.10)

The following notation will differ between the effective measured signal (S1 and S2) and the expected

signal (s1 and s2). With this, the measured primary scintillation light from the S1 signal is collected

from the whole TPC, but due to geometrical boundaries the light collection is not homogeneous. Based

on this assumption, each PMT i has an expectation value s1i from a deposited energy Eu at a given

position~r. A position dependent expectation value s1i(~r) is defined. With this input, the total expected

scintillation signal is calculated according to:

s1(~r) =
M

∑
i

s1i ≈ nγ(Enr,E )µ(~r) (3.11)
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This notation uses µ(~r) as the light detection efficiency and to be more precise the light detection

efficiency depends on the relative scintillation efficiency Leff and the measured light yield Ly which

is relative to a reference γ source. Therefore the expected s1 depends on the deposited energy signal

becomes:

s1(~r) = EnrLy (Eee = Eref,E ,~r)×Leff (Enr,E = 0)
Snr(E )

See(E )
(3.12)

Both parameter Snr(E ) and See(E ) result from the field quenching for nuclear and electric recoil and

reduce the light yield. The light yield is position dependent and measured at a given reference γ ray

source. The relative scintillation yield is also taken with respect to a reference γ ray source at a zero

electric field. With this, a S1 signal correction becomes important to balance out the regions where

less light is detected (for example at the edges of the top and bottom array). Offline PMTs are also

responsible for less observed light. Ideally, the scintillation light is distributed homogeneously over

the TPC, including the diffuse scatter at the PTFE walls. Therefore, the TPC is divided into voxels

and the S1 signal content is measured from inelastic scattering in xenon (e.g. 40 keV from 241AmBe

see subsection 3.6). The 3D S1 corrections allow a detailed study of the light collection. The used

coordinates are radius R, azimuths angle θ and depth z. The studies are done for every science run to

control the changes. The resulting map, which is shown in figure 3.13 ([115]), is used in the raw data

processor to correct the measured S1. This S1 correction map is described analytically as the sum over

all PMTs µ(~r) and with the spacial average (< µ >) over the TPC the S1 correction map becomes:

cS1 = S1× < µ >

µ(~r)
(3.13)

The S1 signal correction leads to the possibility to use uncorrected S1 and corrected S1 signals for

data analysis. At least, a signal probability density function for S1 is defined with the following two

assumptions:

1) The number of generated photons Nγ is Poisson distributed.

2) At each PMT i, the number of photo-electrons (Npe,i) is created according to a Binomial distri-

bution.

3) The multiplication of a Poisson and Binomial distribution results a Poisson distribution (bullet

points 1 and 2).

and hence the S1 signal PDF becomes:

pS1,i
(
S1i|nγ (Eu,E )

)
dS1i = ∑

Npe,i

ppmt,i (S1i|Npe,i)×Pois
(
Npe,i|nγ ,µi (~r)

)
dS1i (3.14)
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Figure 3.13 – The light collection efficiency from the 40keV line. Depending on the position in the detector
(by radius R and depths Z), the relative light collection efficiency varies within the TPC. A measured S1
signal is divided by a value from this map [115].

The cS1 signal PDF takes the average detector response into account. The number of generated

photo-electrons is then summed up by Npe = ∑i Npe,i over all PMTs and is Poisson distributed with its

spatially cS1 = nγ < µ >.

pcS1,i
(
S1i|nγ (Eu,E )

)
dcS1i = ∑

Npe

ppmt (cS1|Npe)×Pois
(
Npe|< µ > nγ

)
dcS1 (3.15)

In both cases the functions pPMT and ppmt, i describe the PMT response. The PMT response is Gaussian

distributed with the mean of expected photo-electrons Npe and width of σPMT
√

Npe and σPMT = 0.5pe

[115].

3.4.4. S2 Signals and Corrections

Peaks from secondary scintillation are broader and exhibit larger peak voltage on the waveform. The

peak width indicates the relation to the interaction depth and is proportional to the relaxation of the

produced electron clouds in the ionisation process. Therefore S2 signals are strongly correlated with

S1 signals and it is expected that S1 signals come before S2 signals. This knowledge is later applied
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by the peak-finder algorithm of xerawdp.

Figure 3.14 – The drift time correction of the S2 signals takes the interaction depth into account. A small
energy deposition with a lower interaction depth produces a similarly large S2-signal as can be observed
from a large energy deposit at a deeper interaction depth. The drift time correction accounts for the charge
losses of he observed S2 signal.

After the ionisation process, the recombination process is suppressed by the electric field in the liquid

phase. The process is described by an electron cloud which drifts upwards. The electrons are acceler-

ated in the electric field up to a saturation velocity. On the way to the top of the TPC two processes

can occur: Due to impurities in the liquid xenon, the number of electrons decreases. The electrons

recombine with the impurities. A higher impurity level reduce the number of electrons extracted into

the gaseous phase. Hence the electron lifetime must be measured (137Cs, see section 3.6.1). This in-

formation is important to estimate if there is a sufficient amount of signal electrons available. The

second process comes from the electron cloud itself during its drift. The width of the measured S2

signals depends on the longitudinal diffusion of the electron cloud (L). The upward drifting electron

cloud changes shape from a narrow expansion to a broader expansion with increasing drift time. This

spacial spread of the electron cloud depends on the electric field and is measured in the broadness of
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the S2 signal. This an-isotropic process is described for liquid xenon in [108] for the increasing width

in z by:

σz =
√

2 DL t (3.16)

where DL presents the longitudinal diffusion coefficient and t is the time after the event occurs.

The operation principle of the XENON100 experiment is explained in section 3.3.1. An important

correction which is taken into account during the data analysis is the charge correction. This quantity

is relevant to determine the corrected S2 (cS2) signal. The registered S2 signal has to be corrected by

the depth of the interaction in the TPC. This correction is referred to drift time correction [16].

N(∆t) = N0× e
∆t
τ (3.17)

For example, two S2 signals with the same S2 signal energy are observed on the top array, but their

origin depth is a different one (see figure 3.14). Interactions from the lower part of the TPC create a

certain amount of electrons and drift upwards. Due to impurities in the LXe, not all of these electrons

reach the gate mesh (see equation (3.17)) where they are extracted into the gaseous phase and create a

proportional S2 signal. Therefore, interactions which happen at the upper part of the TPC do not need

so many electrons in the first place to produce the same amount of S2 signal. This process is described

by an exponential decrease, see equation (3.18). The electron loss depends on the typical lifetime τ

which is determined by the weekly 137Cs calibration (see section 3.6.1). Based on the electron lifetime

τ and the drift time ∆t the S2 signal is corrected to cS2 by the exponential electron loss in LXe [115].

cS2 = S2(~r) e
∆t
τ (3.18)

Under this drift time correction, the total expected secondary scintillation light is given by:

s2(~r) = EnrQy(Enr)exp
(
−∆t

τ

)
δ (x,y) (3.19)

The expected S2 signal uses the Qywhich is the measured charge yield of nuclear recoils events with

respect to the applied electric field in e−/keVnr. Equation (3.19) also depends on the deposited energy

and δ (x,y) which summarise the probability that a photon is created at the position x,y in the gas

gap (below the top array). By summing up over the PMTs follows δ (x,y) = ∑i δi(x,y) and allows to

introduce a drift time and spacial corrected S2 signal:

cS2 = S2(~r)exp
(

∆t
τ

)
< δ >

δ (x,y)
(3.20)
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This definition also uses the spatially average < δ > detection probability. Besides the drift time

correction a S2 correction map is applied. As long as the PMTs are not equal to each other in the

arrays, the S2 signal depends on the x/y position of the top array. A measurement of the S2 response

with fixed energy lines from 241AmBe (e.g. 80 keV or 160 keV) or 137Cs (E = 660keV) determines

the light collection at the PMT arrays. These light patterns are determined for each science run and

vary only marginally [115]. The observed in-homogeneous result from offline PMTs which bias the

S2 response.

Hence, S2 correction means drift time and x/y-plane correction which includes the calibration sources
241AmBe and 137Cs. The energy threshold of XENON100 for S2 signals is at S2 > 150pe, which

corresponds roughly to seven measured electrons (1e− =∼ 20pe, see section 3.4.5) from the signal

creation process and is applied to the uncorrected S2 signals to avoid wrong selected corrected S2

signals in case the signal correction fails.

At least, a s2 signal PDF with the same PMT response as in equation (3.14) uses a Poisson distribution

for the number of created photo-electrons for the expected number of electrons (ne) with a given

detection probability δi:

pS2,i (S2i|ne (Eu,E ))dS2i = ∑
Npe,i

ppmt,i (S2i|Npe,i)×Pois(Npe,i|ne,δi)dS2i (3.21)

Another important S2 correction is the electric field correction. Dedicated simulations of the electric

field in the XENON100 TPC allow estimating edge effects. The radial dependent field line corrections

affect the upwards drifting electrons and their true x,y position on the top array [82].

3.4.5. Energy Calibration with XENON100 Signals

With the measured S1 and S2 signals and the applied signal corrections, a translation into physical

energy is necessary for a proper signal description (pe→ eV). Therefore, an energy calibration is es-

sential with the help of the calibration sources (60Co, 232Th, 241AmBe) which are explained in section

3.6. For example, the inelastic scattering lines from neutrons with the xenon isotopes: 40 keV/129Xe,

80 keV/131Xe and further isotopes [115] are used to develop a response energy scale.

ES1 =
cS1
Ly

1
L (E)eff

See

Snr
(3.22)

The corrected S1 signal is translated by formula (3.22). Here the electric field suppression factors

for electronic and nuclear recoils are given by See = 0.58 and Snr = 0.95. Both are assumed to be

energy independent. The light yield Ly is determined with electronic recoils in the TCP in respect to
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122 keVee (electron equivalent, at zero field) for historical reasons. The choice of the γ-ray line of the

isotope 57Co with 122keVee is arbitrary but not measured with XENON100 directly. Hence the light

yield is measured with calibration sources and the 122keVee measurement is extrapolated. During

2011/12, the light yield is measured as Ly = 2.28 pe/keVee. The relative scintillation efficiency Leff is

unit-less and describes the usual amount of produced light at a given recoil energy. This parameter

is determined in scattering experiments, for example [30]. Furthermore the corrected S2 is translated

into energy by using equation (3.23).

ES2 =
cS2
Ya

1
Q (E)y

(3.23)

The signal carriers from the interaction point in the liquid phase up to the detection place at the top of

the TPC are electrons from the ionisation process. Hence the charge yield Qy is important to determine

the number of free electrons per deposited energy portion. Due to the electric field, the electrons drift

upwards and are extracted from the liquid to the gaseous phase where another stronger amplification

leads to the secondary scintillation. This process is summarised by an amplification factor Ya which

describes finally the amplification by photo-electrons per electron.

Studies on signal amplification require a fine data selection to select single upwards drifting electrons.

From the latest study about the single photo electrons in XENON100 the signal amplification reaches

19.67 pe/e− with 1 σ deviation of 6.98 pe/e− [22].

The energy calibration depends on two quantities, the relative scintillation efficiency L (E)eff and the

ionisation ability Q (E)y which is measured in independent experiments with xenon. Besides this,

the XENON100 collaboration proofs a well established understanding of the L (E)eff and Q (E)y by

confirming the independent measurements by a Monte Carlo simulation. Details on the simulation and

the created S1 and S2 signals are given in section 3.4.6. The simulation reproduces the cS1 and cS2

spectrum and obtain the quantities L (E)eff and Q (E)y from a fit to the spectra. This is summarised

in figures 3.15a and 3.15b where the cS1 and cS2 spectra are shown with their fits. The result shows

a good agreement in the spectral shape. Figure 3.15c and 3.15d show L (E)eff and Q (E)y with

external measurements. The simulation shows a good agreement with the data. The quantity Leff is

not measured for low energies. Therefore, the red line in figure 3.15a indicates the lower boundary

for the cS1 spectrum in where fit and simulation/data are in good agreement [23]. Finally the broad

spectrum of calibration sources and their activation lines allow to define an energy scale. Due to the

anti-correlation of light and charge signal, a combined energy scale from S1 and S2 signals allows a

finer energy resolution based on the 137Cs measurement [115].
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(a) 241AmBe Simulation: cS1 spectrum with fit. (b) 241AmBe Simulation: cS2 spectrum with fit.

(c) 241AmBe Simulation: Relative scintillation effi-
ciency L (E)eff (d) 241AmBe Simulation: Charge yield Q (E)y

Figure 3.15 – The XENON100 collaboration shows a good understanding of the neutron interaction in
TPC. A detailed simulation reproduces the cS1 and cS2 spectra which fit the data quite well. Moreover
the L (E)eff and Q (E)y show a good agreement with external measurements. In case of the relative
scintillation efficiency it is simulated down to 2keVnr. [23]
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3.4.6. Monte Carlo Simulation of S1 and S2 Signals

To understand the detector response completely an additional detector simulation is realised. The

main goal is a neutron simulation of the XENON100 detector with its most important parts with a full

reconstruction of the S1 and S2 signal. The Monte Carlo method is implemented in Geant4 code and

uses the geometrical input from the detector design. The following section gives a short introduction

to the neutron simulation itself. Furthermore, the neutron simulation is adjusted to simulate the WIMP

response in the detector. This is possible because of the similarity of WIMP and neutron interactions

with the xenon nucleus.

The simulation is done by the Nuclear Recoil/WIMP Simulation Code which is partly based on

XEPHYR. Both tools are developed and used within the XENON collaboration. The Nuclear Re-

coil/WIMP Simulation Code uses on one hand the outcome of XEPHYR to calculate the WIMP re-

coil spectrum in xenon and on the other hand the input from a calibrated neutron spectrum which

is normalised to the 241AmBe calibration in XENON100. Both inputs are plugged in a full detector

simulation.

The neutron interaction model takes the XENON100 TPC, the shield configuration and the surround-

ing environment into account. The Geant4 simulation calculates the neutron cross-sections using

the ENDF/B-VI/B-VII database, which is already implemented in G4NDL3.13. The simulated neu-

tron source assumes a standard 241AmBe spectrum (ISO8529-1). For the absolute normalisation, the
241AmBe source of XENON100 was compared to a reference source at the Physikalisch-Technische

Bundesanstalt with the Bonner sphere neutron spectrometer. The resulting integral source strength is

160±4 n/s. The subsequent detector simulation of the deposited energy result similar variable such as

S1, S2, event position in x/y/z and drift time. The output is stored in a ROOT specific data format

analogue to the reprocessed data of the XENON100 experiment. The simulation includes the detector

threshold, resolution effects, fiducial volume (X34kgV, see section 3.7) and cut efficiencies. The neu-

tron simulation also takes multiple scatters into account. The XENON collaboration presented a good

detector understanding by comparing the simulation with neutron data [23], [113].

As long as no WIMPs are observed, there is evidently no measurement of the WIMP response of the

XENON100 detector. Compared to neutrons, WIMPs are assumed to have only single scatters in the

detector due to their low cross-section. The WIMP mass itself is unknown and therefore their nuclear

recoil spectra are modelled for different WIMP masses. XEPHYR calculates the Dark Matter cross-

section and rates for XENON100. Furthermore it is possible to choose astrophysical parameters such

as the WIMP velocity distribution or the Dark Matter density. The WIMP simulation takes the same

detector inputs into account as the neutron simulation.
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The signal conversion is in both cases done by the formulas (3.22) and (3.23) in section 3.4.5. The

simulation compares a simulated energy distribution with observed S1 and S2 signals. Due to the

similarity of WIMPs and neutrons, the WIMP response can be determined for different science run

conditions. Keystone in the simulation is the variation of Qy and Leff. To begin with, the ionisation

channel is used to determine Qy with the measured Leff (according to reference [16]). The simulated

cS2 spectrum is adjusted to the cS2 data (see figure 3.15b) by varying the spline interpolation of

Qy. This best-fit Qy(see figure 3.15d) with systematic uncertainties from e.g. the Leff results a good

agreement of simulated cS2 with the cS2 data down to∼ 3keVnr. With the information about the best-

fit Qy, the Leff is determined from the simulation by the same technique. The variation of Leff (see

figure 3.15c) is used to match the simulated cS1 spectrum with the cS1 data (see figure 3.15a) down to

2 pe. The quality of the neutron simulation in the XENON100 TPC is shown in figure 3.16 where the

outcome of the simulation is compared to the data. The relative deviation is within 2%. This allows

to simulate low neutron energy recoils with a high accuracy and using simulated neutrons instead

of 241AmBe calibration data as signal prediction for the actual ongoing data analysis of the 2013/14

data. Even more, the WIMP response is simulated with Nuclear Recoil/WIMP Simulation Code for

future publication where the the data taking periods 2011/12, 2013/14 and another one before 2011 is

combined together.

Figure 3.16 – The simulated neutrons are compared to the data in the flattened space. The simulation
shows a good agreement with the data within 2% relative deviations.[23]
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3.4.7. Event Rate Calculation in XENON100

This subsection is closed by the event rate calculation which is important to determine the expected

signal and background rate from whole data taking period [15]. The WIMP-nucleus scattering rate

dR/dEnr results from the physically interaction. The resulting S1 and S2 signal is measured as the

differential nuclear recoil rate:

d2R
dS1dS2

= ε (S1,S2)
∫ dR

dEnr
p(S1,S2|Enr)dEnr (3.24)

The ε describes the detection efficiencies and it is needed to take a combined probability density

function function for S1 and S2 into account. As already shown in subsection 3.4.3 and 3.4.3, both

signals are defined their own signal PDF (3.14) and (3.21) and therefore equation (3.24) is separated

to:
d2R

dS1dS2
= ε1,s (S1)ε2,s (S2)×

∫ dR
dEnr

pS1 (S1|Enr) pS2 (S2|Enr)dEnr (3.25)

This separation allows to apply S1 and S2 detection efficiencies and make use of the S1 and S2

corrections what allows to carry out the data analysis with the corrected or the uncorrected S1/S2

signal. The S1 to Enr signal relation is measured more precise (and to lower values) with Leff than

the S2 to Enr relation with Qy. Therefore the final analysis is done with the differential rate of the

corrected S1 signal by:

dR
dcS1

= ε1 (cS1)×
∫ dR

dEnr
ε2,E (Enr) pcS1 (cS1|Enr) (3.26)

This allows to define the data selection criteria (efficiencies) depend on cS1 signal. The term ε2,E (Enr)

within the integral make use of the S2 acceptance calculation, which depends on the cS1. The S2

threshold cut influences the registered S1 signal directly and therefore its acceptance is applied before

the Poisson fluctuations and uncertainties are taken into account.

3.5. Data Acquisition, Trigger and Raw Data Processing

The XENON100 data acquisition system (DAQ) is responsible for triggering, digitising and storing the

information from each of the 242 PMTs. In addition, a slow control system monitors vital parameters

like temperature, pressure, gas flow or xenon liquid level in the TPC and stores the data in a SQL

database. The following section briefly introduce the DAQ and describes the raw data processing with

Xerawdp. Last include different knowledge from the calibration sources such as electron lifetime

and necessary S1/S2 corrections. The whole data analysis rely on the peak-finder algorithm which is
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implemented in Xerawdp. Later studies in this document on LED calibration data re-processing with

Xerawdp include the same peak-finder algorithm and therefore a short introduction is given here.

3.5.1. Trigger Efficiency

Figure 3.17 – The trigger probability in XENON100. The threshold of 300 pe was lowered to 150 pe from
the data taking period in 2011/12. The reasons for the lower threshold are improved run conditions (e.g.
higher light yield). The latest trigger probability was evaluated with 241AmBe data from before and after
2011/12. [15]

The threshold for the S2 signal is determined by the S2 trigger efficiency (see figure 3.17), which is

> 99% for S2th = 150pe to detect S2 signals. Based on that assumption the S2 signal acceptance

(Xs2peaks cut) is defined as

Xs2peaks := S2 > 150pe (3.27)

in the XENON100 data analysis.

To measure the S2 trigger efficiency with the XENON100 TPC, 68 inner PMTs of the top array and

16 centre PMTs of the bottom array are used. The analogue summed signal is amplified and passed

through a low threshold discriminator [15]. The measurement was done in three different ways [115]:

Analysing the (triggered) S2 spectrum of different sources, using a square-wave test pulse of a known

size and using real S2 signals of dedicated background and calibration measurements [15]. The S2

trigger efficiency was determined during a previous data taking period (before 2011, blue data samples

in figure 3.17) and again for the 2011/12 (red data samples) data taking period with an improved

trigger efficiency [15]. The S2 trigger efficiency has not changed since then and the Xs2peaks cut

is used in the same way as before. What has changed since then are the slightly different detector

conditions which need to be taken into account to re-evaluate the S2 acceptance after a calibration
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with Americium-Beryllium (241AmBe).

It is expected that WIMPs and neutrons show a similar interaction process with the xenon nuclei.

Differences arise from the fact that neutrons have an energy spectrum up to 10 MeV which is different

from the expected WIMP energy spectrum. With this, a different spectral shape for nuclear recoils is

expected for WIMPs and elastic scattered neutrons. In addition the mean scattering path of a 1 MeV

neutron in liquid xenon is∼ 10cm (Based on [112] and a scattering cross section of σn−Xe = 0.7barn)

This allows double scatters within the TPC from neutrons which is not expected to happen for WIMPs.

Moreover the neutrons penetrate the liquid xenon from all directions what leads to a typical spatial

event distribution. The neutron introduces events are clustered at the edges of the TPC and are reduced

due to the centre of the TPC.

3.5.2. The DAQ System

The data acquisition is done by the amplifier boards (10 × Phillips Scientific 776 NIM boards, [105])

and the boards (CAEN VME V1724 Flash ADCs) for digitisation, [66]). Each single PMT signal is

amplified by a factor of 10 by the Phillips boards. The signal digitisation by the CAEN boards has a

resolution of 14 bit and a nominal sampling voltage of 2.25 V at full scale with a 40 MHz bandwidth.

A single channel is translated to voltage by formula (3.28).

1channel =̂
2.25V

214 = 1.373×10−4 V (3.28)

Therefore the smallest accessible voltage of one single channel is 0.1373 mV. The digitised waveform

has samples of 10 ns width. Figure 3.18 shows an overview about the DAQ system of XENON100.

During calibration and Dark Matter data taking only the relevant information is stored. A baseline is

estimated before the data acquisition program is executed. Every time an event triggers the DAQ, the

data are recorded with a symmetric window of 20000 samples before and after the event and hence the

trigger signal is in the middle of the recorded waveform. The trigger system (see also subsection 3.5.1)

is configured to detect even small S2 signals of 150 pe (∼7 electrons) with an efficiency of > 99%.

Smaller energies are also recorded but their trigger efficiency decreases rapidly. Data are acquired

with a threshold of 30 channels (corresponding to 0.412 mV/0.3 pe). Each sample which exceeds this

threshold is recorded and in addition a symmetric pre- and post-trigger window of 50 samples each is

acquired. The remaining samples on the recorded waveform not transferred from the ring buffer to the

DAQ readout computer. This method is called zero length encoding (ZLE) and is already implemented

in hardware. Taking into account that a S2 is responsible for the trigger, the corresponding S1 peaks

are observed before the S2 peak. This information is used in xerawdp to determine proper S1 and S2

peaks from the raw data.
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Figure 3.18.: The DAQ system in XENON100 with the Phillips amplifier boards and the CAEN boards
[115].

3.5.3. Raw Data Processing in XENON100 with Xerawdp

3.5.3.1. Overview of Raw Data Processing

After a triggered waveform is stored to binary files, the physical information has to be extracted. This

is done by another tool, the raw data processor xerawdp. It works on 3 levels: First the S1 and S2

peaks are determined by the peak-finder algorithm. Then basic physical information like the S1 and

S2 peak areas or their heights are extracted. The final processing level applies signal correction in-

formation (e.g. electron lifetime or electric field shape), reconstruct the event position in x/y/z and

additional information like the signal entropy is calculated.

The output of xerawdp is stored in a separated ROOT files with a database-like structure which repre-

sents the three reprocessing levels. These files do not contain the full set of waveforms to save storage

on the hard disc and to improve speed during analysis. The raw data are stored in another place to have

them as a backup and to reprocess them if necessary, for example if new variables are introduced into

the analysis. This is done regularly and only cost computation time. This is an advantage to any other

experiments (e.g. ATLAS/LHC) where a trigger system decides which data are recorded and which

are lost forever. Of course, this is only possible because XENON100 is a low rate experiment.
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3.5.3.2. The Peak-finder Algorithm in Xerawdp

The main task of xerawdp is to find the recorded peaks in the stored raw data (waveforms). Each

waveform has a time stamp to sort them chronologically. The peak-finder algorithm itself is applied to

the summed waveform which consists of all waveforms from the top and bottom arrays (178 PMTs)

under the condition that some PMTs are switched off because of their high noise contribution. This

method is less time consuming in comparison to running the peak-finder algorithm on each single

PMT waveform. A low-pass frequency filter (raised cosine) is applied to cut off high frequencies

above 3 MHz. A schematic example is given in figure 3.19 where the S2 peak structure from many

waveforms is smoothed (magenta).

The procedure starts with identifying S2 peaks first. A possible S2 peak has to exceed a threshold of

Figure 3.19 – This example shows the raised cosine filter in xerawdp which is used to search for large
S2 signals on the waveforms [95]. The result of the filter is shown in magenta. The filter smooths the
waveform.

10 mV for at least 600 ns. As soon as the average value of 210 samples (2.1ns) before and after the

peak is lower than 25% of the measured amplitude the peak is completed. After the largest S2 peak

is identified further smaller S2 peaks are searched (maximum 31 additional ones). This additional S2

peaks differ as multiple S2 peaks on the waveform and small S2-like peaks in between. The actual

data-taking procedure takes 32 S2 peaks at maximum into account. The size of the S2 peaks of 150 pe

is not a necessary condition for the peak-finder algorithm. Only the trigger efficiency for S2 < 150pe

in the DAQ decreases to less than 99% and these identified S2 peaks refer to single electrons when a

valid S1 peak is found.
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Physically related S1 peaks are distributed only before the first S2 peak which exceeds 150 pe. The

S1 identification is more complicated. Initially, the unfiltered waveform is scanned for samples which

exceed a threshold of 3 mV (∼0.33 pe). The boundaries are determined where the S1 drops below

0.5% of the peak height for 20 ns. Furthermore the S1 peak has to show the typical decrease behaviour:

The average of 0.5µs before the S1 peak position is less than 1% and 100 ns after the S1 peak position

is less than 4% of the S1 peak maximum. To distinguish between S1 and small S2 peaks, the S1 peak

FWHM of the filtered waveform then is limited to 0.5µs. Overall, the S1 peak maximum must be

three times larger than the largest negative sample within the boundaries of the identified peak. In

total a maximum number of 32 S1 peaks can be identified and stored [115]. After the S1 peak is

identified on the summed waveform with its left and right boundaries, the single PMT waveforms are

analysed within the same left and right boundaries. Using the gain information of the LED calibration

the S1 signal is calculated on the single waveforms and stored in the S1s [pmt] [i] variable in units of

photo-electrons by xerawdp.

In any case an uncertainty on the peak-finder algorithm is left to miss-identify small S2 peaks as S1

peaks and vice versa. Furthermore a necessary condition to apply the peak-finder in xerawdp is the

activated ZLE encoding to suppress background. Hence, a LED data set can not be processed with

the current version of xerawdp. Detailed information on the peak-finder algorithm with its detailed

settings and parameters is given in [95].

3.6. Detector Calibration

The regular calibration procedure of the XENON100 experiment is essential for the later Dark Matter

detection. A set of radioactive sources covers the electronic and nuclear recoil response of the TPC.

Furthermore, PMT calibrations with LEDs are necessary to verify the proper functioning of single

PMTs and to determine their gain. The electron lifetime is important for the 3D event reconstruction

and the S2 signal yield. This quantity is determined by calibration of the photo peak of a Caesium

source. The following section explains the sources and provides details about the calibration pro-

cedure. Furthermore the PMT calibration is described. During the XENON100 live time multiple

calibration data sets are taken. But later data analysis does not use all data sets. Details about the

specific data sets in XENON100 analysis work are given in the according subsections of chapter 6.

To assure that enough calibration data sets are available during the science run, a time table foresees a

regular calibration with 60Co and 232Th, each for roughly 24 hours a week. The PMT calibration and

the 137Cs calibration each take half an hour a week. Hence roughly 120 hours of Dark Matter data are

taken per week.
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3.6.1. Measurement of the Lifetime with 137Cs

The S2 signal creation process depends on the ionisation yield such it is already discussed in section

3.4.4. The electron lifetime is determined from 137Cs. The decay is shown in figure 3.21, here the 137Cs

decay is divided into two branches with a 94.6% chance for an electron with a maximum energy of

Emax
e−,1 = 0.512MeV and 5.4% for an electron with Emax

e−,2 = 1.174MeV. The first decay leads to meta-

stable barium (137mBa) and the second to the ground state 137Ba. The meta-stable state decays again

with a half-life of τ1/2 = 2.55min to the ground state. Both decays lead to a 100% electron production.

A third branch with an end-point energy of 0.892 MeV is strongly suppressed by O ∼ 10−4. The fully

absorbed gamma at 662 keV produces the calibration peak. The electron lifetime is determined by a

the analysis of 137Cs calibration data sets for its measured S2 signal and drift time. This is fitted by an

exponential function where the decrease of the electron lifetime is described by τe such it is shown in

equation (3.29) [115].

S2(E) = S20(E)exp
(

∆t
τ

)
(3.29)

From weekly calibration the outcome of the electron lifetime for 2011/12 and 2013/14 are shown in

figure 3.20a and 3.20b by the data points. Both figures show that the ongoing purification process leads

to a cleaner xenon and the electron lifetime increases continuously. The composed function which is

used in figure 3.20a and 3.20b differs from each other in both data taking periods. The functions

consist of different exponential rises to approximate the electron lifetime. Different truncation results

from technically issues such as a power failure are also shown. The electron lifetime recovers pretty

fast once the experimental setup is restored.

3.6.2. Electronic Recoil Calibration with 60Co and 232Th

The calibration with the isotopes 60Co and 232Th are both performed to measure the electronic recoil

response. The isotope 60Co has a half-life of 5.3 years and is produced by activation of 59Co with

neutrons. The decay scheme is shown in figure 3.24b. Here 60Co decays by β -decay into an excited

state of 60Ni, which promptly decays releasing two photons (E1 = 1.172MeV and E2 = 1.3325MeV).

Both gamma-ray particles with their typical energy may interact with the xenon atoms and generate

free electrons mainly by the Compton effect.

The naturally occurring 232Th isotope has a lifetime of 1.4× 1010 years and is part of the thorium

decay series which ends with lead (208Pb). It decays by emitting an α particle with Eα = 4.083MeV.

Two further gamma particles of 140 keV and 63 keV are released (see decay scheme in figure 3.24a).

These gammas again generate electrons mainly by the Compton effect.

The resulting data of 60Co and 232Th are shown in figure 6.1a for 2011/12 and 6.1b for 2013/14
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(a) The electron lifetime development in 2011/12.

(b) The electron lifetime development in 2013/14.

Figure 3.20 – Overview about the electron lifetime measurements during 2011/12 and 2013/14with a
weekly 137Cs calibration. Single measured electron lifetimes are described by a complicated function
(exponential) which describes the different truncation within the data taking periods.

(see chapter 6, page 204). After selecting single scatter events (one S1 and one S2), the data set is

represented by a band in discrimination space. This band is above the region of interest for Dark
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Figure 3.21 – The decay scheme of 137Cs: A first β− decay with 94.6% branching ratio leads to meta-
stable barium (137mBa). Remaining β− decays with 5.4% branching ratio lead to stable barium. Both
decays release electrons with maximum energy of Emax

e−,1 = 0.512MeV and Emax
e−,2 = 1.174MeV energy,

respectively the full absorption peak in xenon comes from γ emission of Eγ = 662keV which is deposited
completely. [88]

Matter search. A dedicated model of the electric recoil background is described in chapter 6. During

2011/12 roughly 25 days of 60Co and 30 days of 232Th data sets were taken. In 2013/14 roughly 21

days of 60Co and 19 days of 232Th data sets were taken (see figure 3.22 and 3.23).

Goal of calibration with gamma sources is to get knowledge about the event distribution of such events

in the XENON100 TPC and their typical response in energy. This allows to quantify the background

from other electronic recoil, for example 129mXe, 85Kr or intrinsic radioactivity of all detector com-

ponents [15]. The typical response to the ER calibration sources is shown in section 3.9 by the blue

markers in figure 3.31. The individual energy deposit of the Compton effect is unknown and there-

fore the whole ER background spectrum is measured. The acquired data from the ER calibration

sources are event counts with a certain energy in S1 and S2. Based on this information, it is necessary

to determine the ER background from the number of counted events (rate). This is possible for the

main share of acquired data. Nevertheless, there are event populations observed which have a lack of

statistics. These events are named ”anomalous leakage events“ and are further discussed in section

6. The WIMP search with low-radioactive experiments is only possible with a very good background

description. Therefore it would be ideal to model the background based on the physic processes and
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Figure 3.22 – The total time of 2011/12 for 60Co and 232Th data taking.

Figure 3.23 – The total time of data taking period 2013/14 for 60Co and 232Th data taking.
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the detector response. The goal of section 6 is to present such a model which describes the observed

ER background based on the calibration data in the data taking periods of 2011/12 and 2013/14.

(a) (b)

Figure 3.24 – The 232Th decay scheme: An α-decay results 228
88 Ra. The decay includes two prompt γ

particles with typical energies of 140 keV and 63 keV. The 60Co decay scheme: The β− decay with the
largest branching ratio leads to an excited 60Ni by an electron release of Emax = 0.31MeV. The sub
argument de-excitation to the ground state yields two gamma particles of 1.17 MeV and 1.33 MeV. Both,
the gamma particles from 232Th as well as from 60Co interact with xenon through Compton scattering,
which produces a nearly flat electron recoil spectrum at low energies. [88]

3.6.3. Nuclear Recoil Calibration with 241AmBe

The Americium-Beryllium source 241AmBe emits neutrons which are used for the detector calibration.

These calibrations are done at the begin and the end of a science data taking period. The neutron source

itself is used to determine the acceptance to neutrons and to perform a data/Monte Carlo matching to

show a good understanding of the TPC down to 2 pe [23].

In the following, it is focused on the calibration with neutrons from 241AmBe. The neutron is created

from two following processes, first in Americium and then in Beryllium. The decay is described in

equation (3.30) for the Americium isotope which undergoes a decay and emits an α-particle. This α-

particle interacts with Beryllium and results a free neutron (equation (3.31)). The neutrons penetrate

the liquid xenon in the TCP and activate the xenon by fast neutron interactions. The resulting nuclear

95



3. The XENON100 Experiment

recoil is measured then by the S1 and S2 signal in the TPC. The created γ particles in equation (3.30)

and (3.31) are shielded by lead bricks and only neutrons enter the TPC volume.

241
95 AmBe→237

93 Np+4
2 He+ γ (3.30)

9
4Be+4

2 He→12
6 Co+1

0 n+ γ (3.31)

The calibration results are summarised in figure 3.27a where the event distribution in the x/y plane

of the detector is shown. The excess of events at x = −150mm and y = 0mm indicates the source

position outside the TPC. In figure 3.27b three populations can be seen which are generated by the
241AmBe calibration. The ”islands“ are the result of the fast activated xenon [89]. In particular the two

islands at position (S1 = 120pe|Log10(S2/S1) = 2) and (S1 = 220pe|Log10(S2/S1) =∼ 2.1) belong

to the activation lines of 40 keV and 80 keV which are used in XENON100 e.g. to develop an S2

correction map (see section 3.4.4). Higher activation lines also leak into the figure too [89]. Figure

3.25 and figure 3.26 summarise the three data taking periods of 241AmBe during the past years, in total

roughly 12 days. The created meta-stable isotopes of xenon are used for calibration. Gamma particles

are created from fast activated xenon during the 241AmBe calibration. It is possible use these for the

light yield determination or the as a spatially uniform gamma source (e.g. 40 keV line). Last is also

used to estimate the electron lifetime.

The isotopes with the longest half-life are 129mXe (T1/2 =∼ 8.9days) and 131mXe (T1/2 =∼ 11.84days).

These isotopes introduce at the same time an unwanted background during the Dark Matter data taking.

Therefore it is necessary to wait for, at least twelve days before a Dark Matter data taking period starts.

3.6.4. PMT Calibration with LEDs

The weekly PMT calibration is done with two blue LEDs (InGaN with λ = 470nm). The LED light

is fed in the TPC by several fibres which end at the PMT pattern. The positions of the fibre ends

are marked by a small dot in figure 3.28. This allows a homogeneous light distribution in the TPC

to calibrate the top, bottom and veto PMT section at the same time. The raw data are taken without

Zero Length Encoding (ZLE). The resulting waveforms of the raw data are 512 samples long with the

usual sample length of 10 ns. The LED is driven by a pulse generator which also triggers the DAQ.

An example for such a waveform is given in figure 3.29a. The baseline of the peak is determined by

the DAQ from the 50 samples before the registered excess on the waveform. The noise (dark current

or electronic noise) around the baseline is not suppressed by the ZLE. Each pulse is then caused by

a given quantity of photons which are detected by the PMTs. The triggered excess is roughly in the
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Figure 3.25 – The total time of 241AmBe data taking in 2011/12. Left: 241AmBe before Dark Matter data
taking period [115]. This sample refers to a low-noise period with different anode voltages of +4.0 kV and
+4.4 kV. The two yellow marker indicate a voltage of +4.25 kV. Right: The neutron calibration at the end
of 2011/12. The applied anode voltage is +4.4 kV. The noise level increases after 2011/12.

Figure 3.26 – Another neutron calibration before data taking period 2013/14. The data is taken with an
anode voltage of +4.4 kV.
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(a) (b)

Figure 3.27 – Figure 3.27a shows the x/y distribution of 241AmBe in the TPC. The data set refers to
2013/14 data which was taken in May 2013. The event excess indicates the source position during the
calibration. The data are presented in log(S2/S1) vs S1 discrimination space in figure 3.27b. Here the
specific xenon activation lines from fast neutrons are given [89] by two ellipses at S1 ≈ 120pe and S1 ≈
220pe.
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Figure 3.28 – The PMT pattern in XENON100 with its 242 PMTs [115]. The fibre ends where the light
of the LED enters the detector is marked by the points with a number beside it. The LED light is split that
bottom, top and veto pmt array is covered during the calibration.

middle of the taken waveform around sample 250. The peak marker in figure 3.29a comes from the

Xerawdp peak-finder algorithm which is not used in the standard PMT calibration. The peak marker

is from a pre-test of the Xerawdp peak-finder algorithm on LED waveforms. A detailed study is given

in chapter 4. It is already shown in figure 3.29a that the standard peak-finder algorithm will not work

good enough on the summed waveform of a LED calibration data set.

A PMT measures single incoming photons and therefore a careful calibration is necessary. The stan-

dard analysis of raw data files is done by another program which looks for single photo-electron

(SPE) peaks on the waveform which trigger the sample and determine the gain by a fit to the SPE.

The gain is calculated according to equation (3.32). Here the input from the measurement is µ

which is the integral of the recorded channels in the digitiser after the amplification of the signal.

The digitisation is done by an Analogue-Digital-Converter (ADC) with a given voltage divider. In

XENON100, the ADC has a 14 bit resolution, with a given input signal voltage of Vs = 2.25V and

hence r = 2.25/214 V/Channel. The amplification factor from the Phillips 776 amplifiers A = 10 and the

sampling frequency in XENON100 is f = 108 1/s. The electron charge is given by 1.62×10−19 C and

the impedance is Z = 50Ω [72].

gain =
µ r

Z A f e−
(3.32)
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Further general information about Hamamatsu PMTs are found in [63]. An example for such a gain

calibration is shown in figure 3.29b. Here the gain is measured for a LED calibration at the end of

January in 2015 for the PMT 78. The red line indicates the overall fit describing the noise peak on the

left side at gain = 0 and also the SPE which peaks around gain ∼ 2.05× 106. Gain deviations of ∼
10% are observed [115]. A Gaussian fit function describes the noise part of the SPE spectrum and the

SPE peak itself is also fitted by a continuous distribution which is defined in equation (3.33) where

x == gain [115].

y(x) =
µx exp(−µ)

Γ(x+1)
(3.33)

In this work, we develop another method of gain measurement which is implemented in the usual raw

data processor (xerawdp). It searches for single photo electrons on single PMTs which exploits the

peak finding performance of the peak-finder algorithm on LED raw data (see chapter 4 at page 111).

(a) (b)

Figure 3.29 – Figure 3.29a shows a LED raw data waveform. The upper part is the sum of the top and
bottom PMTs and the lower part consists of the sum of the veto PMTs. The detected peak here comes from
the Xerawdp peak-finder software and not from the usually used LED raw data. Figure 3.29b shows an
example of the standard PMT calibration for PMT 78. The gain determined to estimate the PMT response
to photons.
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3.7. Event Selection in XENON100

The most important step during data analysis is a proper pre-selection of the data. XENON100 uses

a blinded data analysis, thus the Dark Matter data are recorded, stored and reprocessed with proper

information such as electron lifetime, S1 and S2 corrections. A dedicated pre-selection of physically

motivated data is prepared by a few non-blinded Dark Matter data sets (outside the region of interest)

and calibration data. The following section summarises the cut sets of the past science runs (2011/12

and 2013/14) and explains their meaning. The cuts used later during the data analysis are mentioned

at the begin of the according subsection. Detailed information about the cut development are not

discussed in this work. The cuts itself are defined by the calibration data and further background

predictions are made from the few non-blinded Dark Matter data sets.

During the XENON100 experiment the run conditions changes and therefore the cuts must be adjusted

over the time. This leads to different successive versions of the same cut later. The naming convention

for the developed cuts is simple: The cut name starts with an X and ends with the version number. In

case the cut refers to S1 or S2 only its also added after the X.

The blinded data sets are finally un-blinded and the cut set is applied without further adjustment. The

following list explains the most applied cuts in XENON100 during data analysis regarding the later

Dark Matter data analysis. The version number is replaced by a V in the list.

• Xs1coinV: The first S1 peak is in coincidence with more than one PMT. This avoids single

photo-electron signals which are not Dark Matter signal but e.g. dark current from the PMT

photo-cathode. This two-fold coincidence is required in every science run for data selection.

• Xs2singleV: Select only events where the second (and following) S2 peak(s) are much smaller

than the first. This results in a single large S2 peak on the raw data waveform. This cut is used

to select clean waveforms without further possible events in the same time window. The cut

does not change from 2011/12 to 2013/14 and is used for Dark Matter and calibration data sets.

• Xs1singleV: The first S1 peak is in coincidence with more than one PMT (see Xs1coinV) but the

second and further S1 peaks are not in coincidence with any other PMTs. This assures a clean

selection of S1 signals which are widly spread in the TPC and not just randomly seen by single

PMTs (e.g. single photo-electrons or dark current). The cut is designed for high acceptance and

take the drift time correction into account in 2011/12. In 2013/14 the measured entropy of the

S1 peaks is also taken into account to remove noisy S1 peaks before the coincidence condition

is applied.
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• Xs2widthV: There exists a relation between the typical S2 width and the interaction depth. The

cut removes events which are produced in the gaseous phase of the detector with an unusual S2

width. The cut changes from 2011/12 to 2013/14 due to fine tuning.

• XPL013_97: The S1 PMT Pattern Likelihood cut is a light pattern estimator to assure a clus-

tered signal. The likelihood is calculated by the 178 PMTs of the top and bottom array. It is

designed to reduce so called γ-X events in the TPC. The cut does not alter during 2011/12 and

2013/14. The cut is not altered from 2011/12 to 2013/14.

• XposrecV: The position reconstruction works with three independent algorithms. By default a

similar result is expected. Events which differ to much in the position reconstruction are sorted

out.

• Xs2chisquareV: The χ2 of the Neural-Network (NN) position reconstruction algorithm is nor-

malised by the number of coincidences on the top PMT array. The resulting dimensionless

variable is used to suppress double scatters by neutrons from radioactive background in the

Dark Matter data. The cut is not altered from 2011/12 to 2013/14.

• XlownoiseV_m: The cS2 signal is split into the detected contributions from the top and bottom

array. Good events require a proper asymmetry between the top and bottom array. The cut is

not altered between 2011/12 and 2013/14 and the index m sets an extension on the asymmetry

to the previous cut definition.

• Xn3sigma: The cut is used to remove events out of the nuclear recoil band from 241AmBe to

avoid unexpected events in the later Dark Matter search region.

• XvetoV: A S1 signal from the veto PMTs needs to be lower than 0.35 pe to pass events and

distinguish so from events from outside which trigger a veto PMT. No change during 2011/12

and 2013/14.

• Xs2peakposV: The trigger of the S2 peaks leads to data acquisition of 40µs in total. A proper

S2 trigger should happen then roughly in the middle of the recorded waveform. The cut reject

events which have a S2 peak within the first 17.8µs of the waveform. The cut is very basic and

does not change during the science runs.

• Xs2peaksV: A very basic cut on the energy threshold in S2 (150 pe). (No change from 2011/12

to 2013/14)

• Xs2topV: The cut is only used in 2011/12 to remove an occurring hot-spot (un-reasonable clus-

tering of signals in x/y) at the PMT pattern in the past.
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• XentropyV: The entropy is calculated for each S1 peak which is identified with the peak-finder

of Xerawdp. Some PMTs show a higher noise probability and therefore the entropy of S1 peaks

from these PMTs is used to reject noise S1 peaks.

• Xs1widthV: A typical S1 signal is narrow about 10-60 ns and a minimum width is demanded.

The cut is not altered between 2011/12 and 2013/14.

• X34kgV: The spatial dependence of events is very necessary in the later Dark Matter data anal-

ysis. As long as liquid xenon is used as detection material and capitalise the self-shielding

probabilities it is important to select events only from the inner detector. Therefore a elliptical

cut is defined to increase the fiducial volume inside the TPC as much as possible. The cut is ro-

bust and does not change during 2011/12 and 2013/14 in the Dark Matter data analysis. Further

analysis types require an extension to the standard fiducial volume.

• XhighlogV: The cut removes a few events with a low value in S1 but an usual high S2 value.

• XsignalnoiseV: The cut compares the measured S1 and S2 signal with the total area of the

waveform. Hence a kind of signal-to-noise ratio is defined to reject noisy events. The cut

changed from 2011/12 to 2013/14 and is also tuned to for low-noise condition.

3.8. The Nuclear Recoil Background in XENON100

This subsection will introduce the nuclear recoil as additional background in the XENON100 exper-

iment which can not be neglected. Chapter 6 discusses the ER background and introduces a phe-

nomenological model. A complete description of the background needs to take ER and NR back-

ground into account.

The NR background is determined by a Monte Carlo simulation[25]. This simulation takes different

neutron sources into account:

• Neutron scattering of the xenon nuclei and generate a certain WIMP-like signal.

• Due to intrinsic contamination in the detector materials, additional radiogenic neutrons (∼ 1MeV)

are produced by (α , n) reactions and spontaneous fission.

• Cosmic myon interactions in the surrounding rock of the cavern introduce a cosmogenic neutron

background.
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The cosmogenic neutron background depends on the depth of the experiments and is simulated with

Geant4 [42] in the experimental setup. The according muon energy and angular distributions are

generated with MUSIC and MUSUN [78]. The natural neutron background is simulated with the

SOURCES-4A tool [29]. There is a large set of target nucleus and neutron sources defined in the

SOURCES-4A code. This includes the chemical composition of the cyrostat, TPC, PMT parts, shield

and the surrounding environment.

In both cases, single and multiple scatters are investigated in different detection volumes. The obtained

the signal spectra, Leff and Qy is used. This allows to calculate the total neutron background rate in

photo-electrons. Furthermore, the overall detector acceptance corrects the total neutron background.

This is shown in figure 3.30 for the neutron background simulation for the data taking period 2011/12.

Figure 3.30a shows the radiogenic and cosmogenic components of the neutron rate in units of keV.

The converted spectra is shown in figure 3.30b.

The simulation predicts 0.14± 0.02 events from radiogenic neutrons and 0.340.34
−0.17 events from cos-

mogenic neutrons background, in total a nuclear recoil background of 0.480.34
−0.17 events in the data

taking period 2011/12 for the 34kg fiducial volume (see 3.7) and an energy range of 3 pe to 30 pe.

This number is reduced after the benchmark region for the WIMP search is defined to 0.17+0.12
−0.07.

(a) (b)

Figure 3.30 – The simulation results a neutron rate which depends on the neutron energy. The result of
the Monte Carlo simulation is shown in figure 3.30a for cosmogenic and radiogenic introduces neutrons.
The relative scintillation efficiency Leff transforms it into photo-electrons. In addition, the overall detector
acceptance reduces the rate in figure 3.30b. [25]
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Figure 3.31 – There are two populations shown: In blue the ER background events and in cyan the NR
background events. Based on vertical dashed line (3σ standard deviation from ER background), the bottom
right dashed line (3σ standard deviation from NR background) and the bottom left dashed line from the
S2 threshold cut, a region of interest is defined for the WIMP search. The PL analysis is not limited to the
vertical left and right boundaries [15].

3.9. Discrimination Space Y in XENON100 and the Region of Interest

The ER background is characterised by a Gaussian distribution of the abstract variable Y (discrimina-

tion parameter) for each slice of cS1. This approximation is valid because of the observed shape of the

ER background, but there is no physical reason which leads to that assumption. The Gaussian approx-

imation results in an expectation value of <ER> (cS1) which depends on cS1 and is understood as

constant offset. This leads to the given definition of Y in equation (3.34) which is also named flattened

space [15]. It includes the corrected S2 signal which is observed on the bottom PMT array (cS2b) and

the corrected S1 signal (cS1). The advantage of this definition is the flattened ER background where

the expectation value varies only a little around Y ∼ 0. Equation (3.34) allows also a coordinate trans-

form: cS1/Y ↔ cS1/cS2. The reason why Y is defined by cS2b comes from TPC itself. The S2 signal

is created in the gas phase and its scintillation light is spread over the whole TPC down to the bottom

PMT array. From there a valid S2 is registered. The discrimination space is given in figure (3.34)

where the electronic recoil data are shown in blue and the nuclear recoil data in cyan. Based on a 3σ

lower limit for the observed ER background events and for NR events and the S2 signal threshold,

a region of interest is defined (e.g. for low mass WIMP searches). The brownish band structure is

furthermore discussed in section 3.10 and 3.11, where the band approach is introduced and the Profile
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Likelihood (PL) analysis is explained. This statistical method tests the whole XENON100 data space

with the Profile Likelihood approach is not limited to the region of interest.

Y = log10

(
cS2b

cS1

)
−<ER> (3.34)

3.10. The Band Approach in XENON100

The method of choice to analyse the Dark Matter data, the Profile Likelihood (PL) analysis, is de-

scribed in a publication from 2011 [19] (see also section 3.11). The PL needs a probability density

function which characterise the background in the XENON100 experiment ( fb). The background con-

sist of the ER and NR background at the same time. This thesis gives a detailed summary on the ER

background and introduces a phenomenological model of the ER background. The NR background is

summarised in section 3.8.

The PL analysis is based on a binned data space. The usual data space, the flattened space, is intro-

duced in section 3.9. This data space is adjusted by a re-binning into an equal number of bands in

the data space. This band approach describes a transform from the parameter space Y and S1 into

twelve almost horizontal bands which depend on S1. The bands are defined from NR data (241AmBe)

where the data are divided into twelve bands under the condition that each band has the same number

of events. A detailed explanation is given in a past XENON100 publication [19] and [15]. Figure 3.31

shows the twelve bands (brown) and the nuclear recoil data in cyan. In addition, the electric recoil

band is shown in blue. An example for the band transform is given in figure 3.32. The official ER

background model of the data taking period 2011/12 is shown in the flattened space in figure 3.32a.

After the transform is carried out, the events are re-distributed into the twelve bands in figure 3.32b.

Due to band definition most of the events are transformed into band 12. The leftover eleven bands

contain the events from figure 3.32a below a value of Y < − ∼ 0.2. (This value is a only a rough

estimation and the true band definition is more complicated). Hence it is shown that the lower tail of

the Gaussian distributed ER background is described by eleven bands. This points also to the region

of interest for the WIMP search (e.g. low mass WIMPs) which is located in the the first to fifth bin.
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(a) (b)

Figure 3.32 – The ER background model of 2011/12 is given in figure 3.32a. Here the Gaussian approx-
imation is done similar to the method described in section 6.4.2. The leakage events are described by an
exponential function which is added after all to the Gaussian ER background. To use the ER background
in the actual PL data analysis, a transform from the flattened data to the band space is done.

3.11. Profile Likelihood Analysis

Once the acceptances are calculated for the different cuts and the background rate is determined for

the region of interest, the un-blinding process is carried out. Firstly, a set of side-bands is defined

which are un-blinded to predict e.g. the expected number of events for the given cuts and acceptances.

Secondly, after the full data are un-blinded. The un-blinded events are analysed based on the prede-

fined cuts in discrimination space and the fiducial volume.

This step is used to visually identify potential signal events. This method is only a first step to classify

the possible signals. A statistical model is necessary to test the signal hypothesis against the measured

background events (Nb). The test is carried out in the pre-defined band space (see section 3.10). The

bands are indexed by j. The XENON100 collaboration uses a Profile Likelihood approach to test

signals with a certain signal probability ε
j

s and the background with a certain background probability

ε
j

b . The signal probability is calculated from 241AmBe calibration signal in 2011/12. This changes

in the data taking period 2013/14 where the signal is simulated with a neutron simulation. Due to

effectively different energy thresholds in S1 and S2, the distribution of the signal probability density

function significantly deviates from the 241AmBe nuclear recoils for WIMP masses below ∼ 20GeV.

Advantages in our understanding of the low energy scintillation and charge yield of nuclear recoils
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enable us now to model the signal probability density function from Monte Carlo with smaller sys-

tematic uncertainty than the direct use of the 241AmBe data. The background probability results from

ER background data. In general the probabilities are calculated in each band. This band approach di-

vides the data before the Profile Likelihood analysis is carried out of equal signal strength. The bands

are shown in figure 3.31, where they overlap with the cyan coloured 241AmBe data. The Likelihood

function L is given in equation 3.35.

L = L1(σχ ,Nb,εs,εb,Leff,vesc,mχ)×L2(εs)×L3(εb)×L4(Leff)×L5(vesc) (3.35)

The likelihood function is defined for a given WIMP mass mχ and cross-section σχ . Additional

parameters, so-called nuisance parameters are profiled out. This means to minimise the likelihood for

a given set of nuisance parameters, for example the parametrisation of Leff. This method tests the

signal hypothesis against the background only hypothesis for a set of possible WIMP masses. This

method also allows to calculate an exclusion limit in case that there is no statistical evidence for a

WIMP detection.

The most important part of equation 3.35 is L1 which is given as:

L1 =
K

∏
j=1

Pois(n j|ε j
s Ns + ε

j
b Nb)×

n j

∏
i=1

ε
j

s Ns fs(S1)+ ε
j

b Nb fb(S1)

ε
j

s Ns + ε
j

b Nb
(3.36)

The definition tests the Poisson probability for each band with the given total number of signal and

background events (Ns and Nb). Furthermore each event, within a band j, is taking the normalised

WIMP spectrum fs into account and is tested against the electron recoil and nuclear recoil background

spectrum fb. The electronic recoil background is shown in figure 3.31 by the blue dots. The band

definition shows that almost all of the ER background events are distributed in the highest band j = 12

and only few ER events are in the region of interest (bands j ∈ [1,5]). This is indicated by the vertical

dashed line which is defined according to a 99.75% two-sided boundary of the ER background under

a Gaussian assumption. Terms L2 and L3 take calibration measurements as control measurements

into account (penalty terms) and L4 parameterises the uncertainty on Leff. Uncertainties in the halo

velocity distribution are not included. Details are discussed in references [15] and [19].

In the science data set of 2011/12 two events were observed in the region of interest, consistent with the

background hypothesis [17]. The PL analysis allows to calculate an exclusion limit for the unknown

parameters σχ and mχ . The result is shown in figure 3.33 [17]. The limit shows its minimum at

σχ = 2×10−45 cm2 for WIMP mass of mχ = 55 GeV/c2 with 90% confidence level for spin-independent

WIMP nucleon interaction. In 2012, this result improved the world-wide sensitivity over competing

experiments by a factor of 20.
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Figure 3.33 – The WIMP-nucleon exclusion limit of the science data taking period in 2011/12. The figure
show the lowest exclusion limit in 2012 compared to competitors such as DAMA/Libra [15]. The XENON
collaboration showed the lowest level of sensitivity for WIMP search.
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“[...] It changes matter into Dark Matter
and seeks out to host bodies, drawing
strength from their life force. Malekith
sought to use the Aether’s power to return
the universe to one of darkness.“

Odin, “Thor – The Dark Kingdom”

4. An Alternative PMT Calibration
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4.1. Motivation

The calibration with radioactive sources is done to determine the TPC response to certain interaction

types and their energies regularly. Another important procedure is the photo-multiplier tube calibra-

tion in XENON100. It tests the PMT response to single photons and measures the ability of transfer

the information of registered photons on the photo cathode into a signal in units of voltage. The cal-

ibration is done weekly with blue LEDs. A detailed review of the PMT calibration is described in

section 3.6.4. The obtained LED data is analysed and the gain information is used to determine the

single-photon response of each single PMT.

The goal of the standard LED calibration is to measure the PMT gain which is necessary to translate the

later measured signal in the detector to its energy (photo-electrons). An example for such a PMT gain

is shown in figure 3.29b. Here the single-photon electron peak is centred around gain = 2.05× 106.

The left, symmetric part around gain = 0 is the PMT noise contribution which comes from dark cur-

rent.

After the PMT calibration is done, the raw data is analysed by a separate program. This piece of soft-

ware analyses each single waveform separately and looks only for a certain time frame on the single

waveforms, regardless a S1 signal is there or not. The raw data analysis of calibration sources and

Dark Matter data is done with another software: xerawdp. This program is not able to analyse LED

raw data by default. This section presents a method to analyse LED calibration data with xerawdp.

Therefore it is shown how xerawdp is modified, which cuts are necessary to run it on LED data and

which variables are used to carry out the LED data analysis. This chapter aims to present an alternative

LED calibration with xerawdp.

This applications is useful in two terms: First, a second method is available to analyse the LED data

sets and check for consistency. Secondly, a further development is the analysis of Dark Matter and

calibration data sets in a similar way what allows to check on the PMTs between two LED calibra-

tions.

4.2. Changes in Xerawdp

Xerawdp is not able to read S1 pulses from the LED calibration raw data without modifications.

There are two major changes necessary: Firstly, a software zero length encoding (ZLE) must be

implemented. This is done according to the software specifications from the data acquisition program

(DAQ). Secondly, the xerawdp raw data processor works with input scripts which are composed in xml

language. These scripts depend on the type of acquired data: Dark Matter or calibration data. A new

xml-file is created where the S1 peak-finding guidelines are tuned to increase the S1 peak identification
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rate.

Figure 4.1 – The upper part illustrates the taken data before the ZLE is applied on a single waveform. The
DAQ searches for excesses above Uex = 4.12×10−3 V and stores a time window of ±46 samples around
this excess. The result is shown in the lower part, here only the excess information is stored. The according
time information on the waveform which defines the positions and lengths on the PMT waveform is enough
to restore a complete waveform which contains only the important information. These waveforms are
analysed by xerawdp in case of calibration and Dark Matter data.

The XENON100 data acquisition program (DAQ) is taking LED data without zero length encoding

(see section 3.6.4). But xerawdp is not able to find any S1 peaks in the summed waveform given the

current implementation of the peak-finding algorithm. This is the reason why another program analy-

ses each single waveform separately. The advantage of taking LED data without ZLE is that there is

no information loss.

The ZLE is implemented in the DAQ and is enabled if e.g. Dark Matter data is taken. Zero length en-

coding is a signal pre-selection which searches for peaks on single waveforms. In case, the ADC

registers an excess on the waveform which exceeds 30 channels, which is equal to a voltage of
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Uex = 4.12×10−3 V, a time window of ±46 samples around the excess is stored by the DAQ (speci-

fication of the DAQ program for data taking) with its time frame information. As a consequence, the

samples between two of such excesses are set to zero and only the distance between both is stored.

The LED calibration aims to calibrate each PMT with single photons and hence the expected S1 peaks

are small. To exploit the calibration data as good as possible, the LED data is stored without ZLE.

The upper part of figure 4.1 illustrates the ZLE for a single PMT waveform of the taken data. Due to

the time resolution, a single sample is 10 ns broad and varies around a pre- selected baseline. Together

with the time frame information about the possible peaks, a waveform is defined with only the mea-

sured excesses. These waveforms are analysed by xerawdp for S1 and S2 signals by the peak-finding

algorithm. Therefore not every excess, which is stored by the DAQ, is part of a peak. This depends

strongly on the peak-finding algorithm and the input parameters which defines a S1 and S2 peak (input

from xml-file).

In case of the LED data taking, there is no ZLE used and the pulse generator of the LED calibration

setup is used to trigger the DAQ. Each trigger stores the 242 single waveforms to a raw data file. The

stored LED waveforms in the raw data are 512 samples (tw f = 5.12µs) long (1 sample = 10 ns). This

is much shorter, compared to the length of the waveforms which are stored in case of Dark Matter

data taking. A shorter LED waveform is enough because of the expected transit time of the photons

in the TPC after the LED trigger. After the pulse generator triggers the LEDs and the data acquisition

system, the single photo-electron peak is expected between 2000 ns and 3000 ns. Due to the reflection

properties of the PTFE, the transit time increases and some late photons are recorded too.

The peak-finder algorithm works on the summed waveform: Here the 178 PMT waveforms from the

top and bottom array are summed up and then the peaks are identified. An example of such a waveform

is given in figure 3.29a. Due to the missing ZLE the summed waveform looks noisy for LED data.

The chosen example contains an identified peak which is found by xerawdp without any modifications.

By analysing the whole waveform and more LED calibration waveforms, there is no reason why this

should be an S1 peak. Therefore the software zero length encoding must be implemented into xerawdp

in case of LED raw data analysis. The xerawdp software code is altered in the ”AnalysisMananger“.

Here each set of 242 waveforms is altered by the software zero length encoding before the modified

peak-finder algorithm is applied.

To archive that changes, a new Waveform-object is created within the AnalysisMananger of xerawdp.

The Waveform object stores the necessary data for the later peak-finding algorithm in case the ZLE

encoding is activated: This means it contains the sampling frequency, the waveform length, the number

of PMTs and a list of possible peaks (excesses during the data taking period). Each possible peak is

assigned to the PMT on which the excess is observed. This Waveform-object will hold the LED

waveform after the software zero length encoding is applied. This is done in a simple way at first:
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An additional member function in the AnalysisMananger tests each bin on the single waveforms if its

content exceeds the threshold. In case that condition is true a time window of 46 samples around the

excess is written to the Waveform-object. This is done bin by bin and waveform by waveform. The

more complicated part of this procedure comes from baseline adjustment which is necessary for LED

raw data. Therefore each possible sample which shows an excess is analysed due to baseline which

is defined right now before xerawdp is started. A peak based baseline is determined by the average

of 46 samples before the excess. In case the excess happens within the first 46 samples of the LED

waveform, the baseline is calculated from the the average of the following 46 samples. This method

allows to determine the baseline for each excess separately. The saved information is then ready to be

analysed by the adjusted peak-finder algorithm in xerawdp.

(a) (b)

Figure 4.2 – Figure 4.2a and 4.2b show two waveform examples of LED calibration data. After the
software zero length encoding is applied, the sum of the top and bottom array PMT waveforms show the
typical S1-like structures of SPE peaks. These peaks are supposed to emerge from the LED calibration and
present single photo-electrons. Due to the PMT calibration setup the peak spectrum begins between 2000
ns and 3000 ns and potential successive S1 peaks.

The peak-finder algorithm is explained in section 3.5.3.2. The usual way of identifying peaks in

xerawdp is to search for S2 peaks first and then localise the much narrower and smaller S1 peaks.

During the LED calibration there are no S2 peaks expected and then the peak-finder algorithm is

adjusted first of all by disabling the S2 peak search method. In this case xerawdp tries to find S2

peaks on the LED waveform, it addresses the necessary computer memory before, even if no S2 peaks

are found. In the following, the S1 peak-finder algorithm runs in the same condition as if no S2
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had been found. This procedure allows to modify the C++ code of xerawdp very quickly without

spending to much time on the S2 peak-finder code. The identified S1 peaks subsequently sorted then

by coincidence. The S1 peak-finder algorithm is not altered furthermore and runs according to the

input from the xml-file for the LED reprocessing. This xml-file holds the necessary information for

the S1 peak-finder, for example a condition about the minimum distance between two identified S1

peaks.

4.3. XML-File for LED Data Reprocessing

After the C++ code is altered and compiled it is necessary to create a new xml-file which is de-

signed to work with LED raw data input only. The xml-file contains the necessary information for the

(S1) peak-finder algorithm to identify S1 and S2 peaks. For example, the numbers which are cited

in subsection 3.5.3.2 are stored in such a xml-file. A new LED-xml-file adjusts the S1 peak-finder

conditions and increases the S1 trigger efficiency on the shorter LED waveforms. According to the

used pulse generator settings, the S1 peaks are expected between 2000 ns and 3000 ns but there is no

reason to assume that a S1 peak could not accidentally be located in the range before 2 µs or after

3 µs. The following LED data analysis takes all potential found S1 peaks into account. An important

change is the time difference of the successive S1 peaks on the LED waveform. Due to the much

larger waveform of e.g. Dark Matter data, there is also a larger time difference chosen between two

possible S1 peaks. This is useful because the peak-finder algorithm does not allow that the time win-

dow of a successive peaks overlap with another peak before. The maximal length of such a peak

time window is reduced for the LED data to find more S1 peaks (50ns). In case the maximal length

would be 600ns such as in a Dark Matter xml-file, there could be not more than 8 possible S1 peaks

identified. Due to the shortened peak window, the maximal length in where xerawdp is searching

for a peak is decreased to 50ns (peak_window). In addition, the pre- and post-peak average window

(pre_peak_avg_window/post_peak_avg_window) is also shortened to the narrow S1 peaks.

Table 4.1 compares a standard xml-file for Dark Matter data taking with the modified version for LED

data. The names for the variables which are given here are taken from the xml-file. A copy of the

full xml-file is given in section A.4. It shows the S1 signal related variables which are set externally

by the xml-file. The xml-file uses also the measured gains from the PMT calibration to quantify the

single photo-electron (SPE) response in the here presented analysis result in subsection 4.8. From this

information, the S1 signal is converted from voltage to photo-electrons. The analysis of the single

detected S1 peaks will relay on this information. But there is another opportunity discussed which

does not need that information (see section 4.9). In addition, the peak-finder algorithm does not take

signals from PMTs which are known as noisy (e.g. PMTs 1 and 2) into account. This does not meant
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that these PMTs are switched off, they are just excluded from the peak-finder algorithm.

With the here given constrains on the S1 peak-finder algorithm, there are at maximum 32 S1 peaks

possible to identify on the summed waveform. This number is still taken from the Dark Matter xml-file

to allow a maximum of identified S1 peaks. Therefore the nomenclature for S1 peaks is extended to

single S1 peaks on the waveform which get an additional index according to the criterion of order-

ing. Therefore they are named S1s[pmt][i] peaks in case a specific single S1 peak is meant or just

S1s-peaks in case meaning all single S1 peaks from a summed waveform.

Action LED xml-file Dark Matter xml-file

Gain values: 2011/12 or 2013/14 2011/12 or 2013/14
Exclude PMTs (from peak-finder): No yes: 1-2, 145, 148, 157, 171, 177

Signal threshold 0.003V 0.003V
peak_window 50ns 600ns
max_length 50ns 600ns

pre_peak_avg_window 20ns 500ns
post_peak_avg_window 20ns 100ns

Table 4.1 – The table summarises the necessary changes which are taken into account to create an xml-file
for reprocessing LED raw data with xerawdp. The name of the variables which are used in the table are
taken from the xml-file directly. Chosen gain values refer to the data taking period.

4.4. Results from the Xerawdp Peak Finder

To compare the result from the peak-finder algorithm figures 4.3a and 4.3b show two example wave-

forms which are analysed by a standard Dark Matter xml-file. The red lines present the S1 peak

position and the two green lines around show the left and right S1 peak boundary. Compared to the

number of S1-like peaks which are observed in the LED waveforms, the number of found peaks is

low. This is due to the large peak window (peak_window). To test the peak-finder ability, a standard

Dark Matter xml-file is used with 100000 LED waveforms. Then the number of reconstructed S1

peaks per waveform is counted. The result is given in figure 4.3c. The histogram shows the number

of observed S1 peaks per LED waveform. With that information, a standard Dark Matter xml-file is

only able to find 1.2 peaks per LED waveform (mean value). The new LED xml-file increases the S1

trigger efficiency to a mean of 3.6 identified peaks per waveform (see figure 4.3d). In some few cases,

such as shown in figure 4.3a, the right reconstructed peak is identified slightly wrong (independently

from the used xml-file). It can be seen that the S1 peak position (red) is not exactly where the S1 peak

is located. These events are also counted in figures 4.3c and 4.3d. To remove such events in the later
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analysis there is an entropy cut defined which reduces the number of miss-reconstructed peaks based

on their entropy which is determined for each single peak (see section 4.5).
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(a) (b)

(c) (d)

Figure 4.3 – Figure 4.3a and 4.3b show two examples of the peak-finder algorithm of xerawdp when a
standard Dark Matter xml-file is used. The S1 trigger efficiency from 100000 LED waveforms yield in a
mean of 1.2 identified S1s peaks per waveform (4.3c). This results increases by replacing the xml-file by
a new LED xml-file with changes according table 4.1. The S1 trigger efficiency increases to a mean of 3.6
identified S1s peaks per waveform (4.3d).
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4.5. Cut Definition for LED Data Analysis

Figure 4.4 – Example waveform with identified peaks by xerawdp. It is shown that not every identified
peak is a real signal and therefore an additional criterion is needed to increase the number real S1s peaks,
the entropy (ε) criterion.

The preliminary results from subsection 4.4 show that a new xml-file increases the mean trigger prob-

ability, but on the other hand the quality of the identified S1s peaks is not yet clear. Therefore an

extended study on the peak properties is done to verify the usability of the S1s peaks, mainly by

waveform watching. This is important due to the point that the single peaks are dedicated to measure

quantities such as the single photo-electron response (1pe from a SPE or higher contributions of a

∼ 2pe signal from two photons in coincidence at the same PMT) and it is necessary to distinguish real

peaks from noise contributions which are identified wrongly. Figure 4.4 shows that there are peaks

miss-identified which makes it necessary to introduce a cut set. The waveform in figure 4.4 is created

by using the new xml-file.
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In case A, the peak-finder algorithm shows a weird behaviour in the position reconstruction. The in-

tegral of such S1s peaks is zero and therefore a minimum condition for a correct identified S1s peak

is S1sTot[i] > 0, where i stands for each potential identified a S1 peak in a single LED waveform.

Something similar would be necessary to distinguish B from a well-defined S1 peak such as C and

D. In the worst case, an identified peak such as B yields a negative area below the peak. Therefore

the entropy is introduced as additional S1 peak characteristic. In case of E, the identified S1 shows

a broader behaviour compared to the expected S1 shape. In any case, the S1 characteristic is done

with the S1sHeight[i] and the measured quantity S1s [pmt] [i] . The parameter pmt ∈ [1,242] names

the according PMT LED waveform in the studies. For these characteristic as well as for the entropy

(S1sEntropy[pmt][i]), each PMT is treated separately.

The first characterisation via the S1sHeight[i] is shown in figure 4.5a, where the amplitudes of the ob-

served peaks (on the summed waveform) are presented. The spectrum does not end at S1sHeight[i] =

0.5V and there are peaks observed up to 1V. The interesting structure is formed at the beginning.

The bin width is chosen to ∆S1sHeight[i] = 1mV and hence the very first bin present the share of the

S1 signals which not exceed a peak height of 4mV. These signals are noise and can be neglected.

A first peak in the S1sHeight[i] spectrum is observed at S1sHeight[i] = 0.01V (marker 1) and a sec-

ond peak at S1sHeight[i] = 0.03V (marker 2). These two peaks correlate with the single and double

photo-electron PMT hit during the PMT calibration.

On the other hand, the S1s [pmt] [i] is correlated with the entropy information S1sEntropy[pmt][i]

in figure 4.5b. The peak entropy is calculated according formula (4.1) between the left and the right

boundary of the found S1 peak by xerawdp.

ε :=
i<r

∑
i=l

pi log2 (pi) with l := left peak boundary and r := right peak boundary (4.1)

pi :=
sample contenti

area of the potential peaki
(4.2)

This definition is implied by the information theory and also known as Shannon Entropy [47]. The pi

in formula (4.1) describes by formula (4.2) with the same boundaries l and r from the potential S1s

peak. The entropy ε tends to infinity for badly reconstructed S1s peaks, in case the entropy informa-

tion is not normalised.

As shown in figure 4.5b there are three populations observed: A dominant share of miss-reconstructed

S1s peaks for S1sEntropy[pmt][i]> 2.5 and another two populations below S1sEntropy[pmt][i]< 2.5.

Here the left population comes from the noise contribution to the single PMTs. The right popula-

tion contains the SPE signals with an obliterate transition to higher hit coincidences. The number

S1sEntropy[pmt][i] = 2.5 which separates the identified S1s peaks is a conclusion from an extensive
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waveform study in where different reconstructed S1 peaks have been analysed due to their contribu-

tion in the parameter distributions S1sHeight[i], S1s[pmt][i] and S1sEntropy[pmt][i]. Both figures

(a) (b)

Figure 4.5 – Both figures 4.5a and 4.5b show the quantities of the detected S1s peaks in the LED calibration
data with the according LED xml-file. The investigated quantities are S1sHeight[i], S1s [pmt] [i] and
S1sEntropy[pmt][i]. An extensive waveform study shows that the entropy information is able to distinguish
very well between good and bad reconstructed S1s peaks in xerawdp.

4.5a and 4.5b show their information for all PMTs and S1s peaks together, it is interesting how

the result of S1sHeight correlates with S1s for each PMT separately. Therefore the entropy cut of

S1sEntropy[pmt][i]< 2.5 is applied. An example for one PMT is given in figure 4.6a. Here the PMT

147 is selected and the distribution of S1sHeight[i] and S1s[147][i] is shown. The two peaks of the

total S1sHeight[i] spectrum (figure 4.5a) vanish because of a single PMT show less events. Some

larger amplitudes with S1s[147][i]<∼ 0.5pe also survive the entropy cut. For S1s[147][i]>∼ 0.5pe,

two populations are observed which are connected to the single and double photo-electrons from the

LED calibration. This information can be deducted from their positions on the S1s[147][i]-axis and

also their peak height overlaps with the previous observed distribution in figure 4.5a. Similar figures

are available for each PMT and a useful single photo-electron calibration can be carried out.

The single photo-electron analysis is done on each PMT separately. The variable of interest is the

S1s [pmt] [i] as it is already used in figure 4.6a. Due to the calibration with single photons, it is

expected that each photon which is emitted by the LED hits one single PMT. To assure that every S1s

peak comes only from a single PMT a simple coincidence condition is requested (see equation (4.5)).
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(a) (b)

Figure 4.6 – The PMT 147 is presented as an example for the parameter distribution of S1sHeight[i]
and S1s[147][i] with the applied entropy cut S1sEntropy[pmt][i]< 2.5. In figure 4.6a, two populations are
related to single and double photo-electron are marked by red ellipses. Figure 4.6b shows the data selection
if the basic cut set (see (4.3), (4.4) and (4.5)) is applied to S1s [pmt] [i] data. The resulting S1s-spectrum
describes the SPE response by the broad distribution around S1s[147][i] ∼ 1pe. The observed PMT noise
(e.g. from dark current) is pictured by the sloppy distribution for S1s[147][i]< 0.35pe. Contributions from
a second photo-electron in coincidence are suppressed.

If the condition is fulfilled the detected S1s peak is observed at one PMT only and a single photon is

detected.

S1s[pmt][i]> 0pe (4.3)

S1sEntropy[pmt][i]< 2.5 (4.4)

S1sCoin[i] == 1 (4.5)

To summarise this subsection, there are three necessary cuts to apply before the reprocessed LED data

can be analysed. With this set of cuts, the S1s [pmt] [i] distribution is drawn for each PMT as it is

shown in figure 4.6b. The chosen example is again PMT 147. The S1s [pmt] [i] distribution shows

two populations. Values below S1s[pmt][i]< 0.35pe are from noise contributions (e.g. dark current).

Values above S1s[pmt][i]> 0.35pe are supposed to be from SPE. Higher order contributions from two

photons which hit one single PMT at the same time (e.g. double photo-electrons) are also included in

the spectrum. Their part is strongly suppressed in the SPE spectrum (see figure 4.6b).
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4.6. LED Raw Data

The raw data analysis of the LED data presented here is carried out with ten LED data files which

were taken during the data taking period in 2013/14. This corresponds to five hours of LED raw data.

Roughly every tenth LED raw data set is chosen to get a homogeneous data selection over the whole

period. A detailed application, e.g. weekly LED calibration would need another data selection.

The LED raw data analysis focuses on the PMTs from the top and bottom array, in total 178 PMTs.

Due to known noise issues of some PMTs, some PMTs are switched off in the DAQ during the data

taking. These PMTs are not analysed by the here described procedures. The offline PMTs on the top

and bottom array are summarised in table 4.2. In addition there are some PMTs observed which show

an unusual bias to higher coincidence levels. This mean that coincidence of minimum two or more

PMTs is needed to find a valid S1s peak. This comes from noise issues and these PMTs show noisy

behaviour during the data taking.

switched off PMTs S1 signals out of range

Bottom array 100, 105, 148, 177 145, 157, 170, 171
Top array 9, 39, 58 12, 34

Table 4.2 – Table of PMTs which are switched off by the DAQ and a set of PMTs which yield S1s signals
larger than S1s > 10pe by accident. PMTs from the right column are not interesting for a first study of the
LED raw data with S1s [pmt] [i] such it is presented here. They show an unusual bias to higher coincidence
levels (noise issues) what makes them not usable for the required single fold coincidence.

4.7. The Single Photo-Electron Approximation Model

The previous subsections describe the necessary steps to process LED raw data files with xerawdp.

To assure a higher S1s trigger efficiency, a new LED xml-file is also created. The S1 peak quality

is then analysed considering their properties such as S1s [pmt] [i] and S1sHeight[i]. The S1s peak

entropy also becomes important to quantify their quality. With these S1s signals, an alternative gain is

determined by evaluating the S1s [pmt] [i] histograms for each PMT separately. An example for such

a S1s [pmt] [i] histogram is shown in figure 4.6b.

4.7.1. The Gaussian/Poisson Data Approximation

The following analysis method assumes a Gaussian approximation for the noise section and an ad-

justed Poisson distribution to describe the single photo-electron response of the PMTs. Each of the
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242 S1s [pmt] [i] histograms is fitted with equation (4.6) in two steps. First the Gaussian and Poisson

sections are fitted separately and then the fit information from the single fits is used as input for the

combined fit.

SPE(S1s) = AG× exp
− (S1s−µG)2

2σ2
G + AP×

e−
λ

σP

(
λ

σP

) S1s
σP

Γ

(
S1s
σP

+1
) (4.6)

The combined fit consists of six free parameters: The particular amplitudes are described by AG (Gaus-

sian) and AP (Poisson). The Gaussian is defined by the expectation value µG and standard deviation

σG. Similar to section 5, the Poisson distribution is adjusted by another parameter σP which scales

the width. The most important parameter is the Poisson expectation value λ which describes the SPE

signal distribution. The most likely value λ̂ , at which the maximum probability is observed, is used to

describe the SPE response. The Poisson distribution is defined by the Γ function that real numbers can

be described instead of discrete numbers only. This re-definition results a continuous SPE description.

In the following analysis, the term Poisson distribution refers to the here defined continuous Poisson-

like function. According to the observed single photons, the parameter λ̂ is supposed to be around

∼ 1pe. With equation (4.6) it is possible to describe the SPE response of each PMT and its noise

contribution. The noise share separates from the signal part at S1s[pmt][i]∼ 0.35pe. The exact value

depends on the PMT itself and defines the lowest boundary for a potential detectable S1s response for

a single PMT.

In summary, an analogous description compared to the usual gain calibration (see figure 3.29b) is

applied. The following analysis names the Poisson part as distribution. This is not mathematically

correct anymore because the presented adjustment of Poisson distribution also allows real numbers.

4.7.2. Result of the S1s Histogram Approximation

Fit results with equation (4.6) are shown in figures 4.7a, 4.7b, 4.7c and 4.7d. Four PMTs are selected:

from the top array (PMT 13 and 93) and from the bottom array (PMT 110 and 164). The main focus

of this work is the PMT calibration of the top and bottom arrays and therefore no PMT examples are

selected from the veto PMTs. The fits are carried out by an automatised script where a self-developed

minimisation process searches for the best combined fits according their likelihood information from

the ROOT fit routine. An inferior aim of this work is to present a fully automatised piece of software

which analyse all PMTs in a row. With regard to further applications, the fit procedure should run

autonomous at each PMT to speed up the analysing process.

The combined fit is shown by the green line. The two pre-fits are indicated by the dotted red (Pois-

son) and grey (Gaussian) lines and the separated results of the combined fit are sketched by the red

(Poisson) and blue (Gaussian) lines. Besides the mentioned six free parameters, the local minimum
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is determined by the minimum between the Gaussian and Poisson distribution in equation (4.6). This

local minimum describes the S1s threshold which is fixed to S1th = 0.35mV in the usual data analy-

sis. The fit by equation (4.6) allows to identify small variations around S1th and the local minimum is

used to determine its deviation. This information becomes interesting for the SPE response which is

defined by the integrated signal of each PMT. The local minimum is marked in figure 4.7a by the red

arrow.
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(a) (b)

(c) (d)

Figure 4.7 – A choice of different S1s [pmt] [i] distributions: PMT (top array) 13, 93 and (bottom array)
110 and 164. Each figure shows the combined fit in green and the pre-fits (pointed lines in red and gray).
The single contribution (Gaussian or Poisson) of the combined fit are drawn in dashed blue and dashed red.
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4.8. Single Photo-Electron Analysis with S1s Histograms

The primary analysis is based on the fits of the S1s [pmt] [i] histograms as shown in section 4.7.2 (or

see figures 4.7a, 4.7b, 4.7c and 4.7d). The related fit information is analysed. The most interesting

parameter, is the Poisson expectation value λ and the related most likely value λ̂ . Furthermore the

local minimum variation is interesting, to determine the exact S1s response of a single PMT and

distinguish between signal and noise contribution. Hence, the influence of the varying local minimum

is analysed due to the signal part, in comparison to the fixed threshold of S1th = 0.35pe.

The goal of this analysis is to quantify the SPE response of the top and bottom array which is then

expected to be ∼ 1pe from the regular gain calibration.

4.8.1. Discussion: Fit Parameter of the Combined Fit

The following section discusses the outcome of the six fit parameters. The characteristic fit by equation

(4.6) is separated into the noise part (Gaussian approximation) and the signal part (Poisson approxi-

mation). Due to the two-step fit which starts with separated fits to the noise and signal parts with its

characteristic fit functions and continuous with the combined fit, the fit outcome does strongly depend

on the start values, especially if the fit parameters of the single fits are used in the combined fit. Hence

some of the combined fits show a worse outcome which influences mostly the noise part.

Starting with the less important fit parameters AG and AP which normalise the Gaussian and the Pois-

son distribution to archive the required number of counts in the histogram, both parameters are shown

in figure 4.8a and 4.8b. The noise part contains three steps: For PMT 1 to PMT 30, the multiplication

factors are AG ∼ 100counts, then the count number increases to AG ∼ 500counts for PMTs 31 to 98.

The count number increases to AG ∼ 1000counts for the PMTs 99 to 178. The PMT pattern is respon-

sible for the three observed steps. The PMTs 1 to 30 are organised on the outer ring of the top array

and therefore they do not collect so much light compared to the PMTs which are located more to the

inside of the top array (second step). The third step contains all PMTs from the bottom array which is

designed to increase the light detection probability by a compact PMT arrangement and therefore it is

expected to detect a higher count number. The decrease in the count number to PMT 178 comes from

the PMT box itself where the PMTs are connected. These PMT box shows electronic noise which also

responsible for the decrease of the counting. In addition, some PMTs are observed for which the fit

parameters differ by a huge factor from the PMTs around. This behaviour is a hint that these fits are

not carried out so well by the automatic fit routine. The signal part in figure 4.8b shows the same three

steps in the distribution of the counts. The origin is the same such as for the noise part. In contrast to
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(a) (b)

Figure 4.8 – Comparing the both parameters AG and AP which scale up the Poisson and Gaussian share
according the event rate in each PMT (log scale). The three populations origin from PMT arrangement on
the top and bottom PMT array and hence the a larger scaling factor is somehow proportional to the light
collection.

the noise part, no excesses in the error bars are observed which indicate a bad fit.

The next parameters are the particular expectation values. The fit outcome for the noise part is shown

in figure 4.9a. Here µG varies around±∼ 0.01 with some PMTs which do not follow this observation.

These are the same PMTs which also show exceptional behaviour in figure 4.8a. This is another hint

for a worse fit behaviour. The last PMT group up to PMT 178 shows an excess to a positive expectation

values. Again, these PMTs are connected to a filter box which shows an increase in noise. This

influences the connected PMTs. In detail, most obtained µG fit parameters are slightly below µ = 0pe

what is a result of the fit routine which is not limited to positive numbers only. The expectation value λ

of the Poisson fits varies between 1.1pe≤ S1s≤ 1.6pe. The large excesses are come from individual

PMTs. These PMTs do not show a bad fit by default, but their distribution itself is biased to this higher

expectation value.

The last set of parameters are the widths σG and σP. Both parameters are defined in a different way and

hence a direct comparison is not possible. The width of noise part is defined by the Gaussian deviation

which is part the Gaussian definition itself. This fit parameter can be used to describe the width of
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(a) (b)

Figure 4.9 – The expectation value µG and λ are plotted for each PMT to describe the noisy and the signal
part of the S1s [pmt] [i] histograms. For most fit outcomes, the µG is near zero or slightly negative. This is
observed due to the fact that there is no limitation to positive values included in the fits of the S1s [pmt] [i]
histograms and hence the fit parameter µG fits pretty well the expected value of S1s[pmt][i] ∼ 0pe in the
combined fit. The Poisson expectation value λ is related to the SPE by the most likely value of λ̂ . Therefore
it is used to determine SPE response.

the noise. The local minimum will vary with the width of the Gaussian distribution what influences

the SPE response of the PMTs. The parameter σP is used during the fit routine to scale the width

of the Poisson distribution when it is scaled up at the same time with parameter AP. To compensate

this scaling in the fit, the additional parameter increases the goodness of fit when the signal part is

approximated. Beyond this, that parameter has no further use in this data analysis.

From figures 4.8a and 4.9a there a number of PMTs determined where fit parameters AG and µG

deviate at the same time from the general PMT behaviour. An example is the PMT 110 on the bottom

array. The fit result is shown in figure 4.7c. Two further examples for PMT 17 and 130 are shown

in figure A.21a and A.21b in the appendix. Due to the chosen binning the Gaussian approximation is

done on 35 bins (∆S1s = 0.01pe) and hence the its only possible to fit the right tail of the Gaussian

distribution. This reduces the goodness of the fit and this leads to the observed outliers. From the

goodness of the fit, determined by the reduced χ2, it turns out that the combined fit of PMT 110 shows
χ2/NDF110 = 2.19 and the other two examples show χ2/NDF17 = 1.24 and χ2/NDF17 = 1.21. PMT 110 is

an excess, that is also shown in figure 4.11, where χ2/NDF is plotted for each PMT and its distribution.

The mean value is < χ2/NDF >= 1.1. From this outcome for the six parameter fit, the description for
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(a) (b)

Figure 4.10 – The fit parameters σG and σP do not compare to each other. Both describe the width of the
according fit distribution (Gaussian and Poisson). In case of the noise part, the σG is part of the Gaussian
definition and describe how far the noise part leak into the signal model. The additional fit parameter σP is
added to the Poisson description of the signal part. The fit parameter increases the goodness of fit because
the width can scale independent from the expectation value.

the S1s [pmt] [i] histograms works pretty well. Based on this good description, the physical impact

and applications are discussed in the following subsections.
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(a) (b)

Figure 4.11 – Both figures show the goodness of the combined fit by their value for χ2/NDF. Besides
some PMTs which show an excess, the goodness of the fit is pretty good. Figure 4.11b shows that their
distribution varies around a mean value of < χ2/NDF >= 1.1.

4.8.2. Single Photo-Electron Response with S1s Histograms

Based on the outcome of the six parameters for the combined fit, the response to single-photo electrons

can be measured. The fit function in equation (4.6) describes the single PMT spectra, especially the

signal part is described by the Poisson part. Due to the definition of the fit function, mainly the

Poisson expectation value λ characterises the spectrum. The expectation values λ are already shown

in figure 4.9b. From here, a bias is observed in case the the SPE response is described by λ : The

expectation value λ from the fit does not describe the expected SPE response of λ =∼ 1pe correctly.

For example, PMT 164 (see figure 4.7d) has an expectation value λ = 1.11pe±1.05pe. The reason for

that deviation from the expected response is that the most likely value λ̂ of a Poisson distribution is not

the same as λ . The most likely value is always smaller due to the definition of the Poisson distribution

and the impact of that difference becomes stronger for small expectation values λ . Therefore the most

likely value λ̂ should describe the SPE better. This is demonstrated in figure 4.12a, here λ̂ is shown

for each single PMT and figure 4.12b shows the λ̂ distribution, based on the involved PMTs, the mean

value < λ̂ >= 1.038pe with a RMS of σ
λ̂
= 0.051pe. There are some PMTs which can be identified

in figure 4.12a (Look at the jump around PMT 147). This can be reduced to their filter box connection.

PMTs 147 to 162 are connected to the same filter box. They show a similar response. PMTs 163 to

178 are connected to another filter box. But nevertheless, these PMTs do not show large excesses
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compared to other PMTs. Hence λ̂ describes the SPE response pretty well for the involved PMTs.

From that result, the alternative gain calibration by xerawdp with S1s [pmt] [i] as variable of interest

does work well and shows useful results. It proves the expected SPE response.

(a) (b)

Figure 4.12 – Instead of using λ which characterises the Poisson distribution in the combined fit, the most
likely value λ̂ is used to describe the single photo-electrons for each PMT. Figure 4.12a shows λ̂ for each
PMT. Here the SPE is measured as expected. The histogram in figure 4.12b shows the distribution for the
involved PMTs with < λ̂ >= 1.038pe. The outlier in figure 4.12a is also one the PMTs where the fit shows
a worse χ2/NDF in figure 4.11a.

4.8.3. S1 Yield Analysis

The information which is provided by the six parameter fit allows to test the potential influence of

the use of the local minimum to separate signal and noise part from each other. According to the xml

configuration file, an excess of minimum U > 3mV on the summed waveform is needed to trigger

the peak-finder algorithm (see also section 3.5.3.2). The ideal case is that an observed signal on the

summed waveform comes from a few PMTs and hence a certain number of PMTs dominate the total

S1 signal. In truth, there are also single S1s signals or noise stored from single PMTs which are

below the S1 trigger voltage of 3mV. This is also observed for the LED calibration with S1s [pmt] [i]

histograms and therefore this information can also be used in the analysis of single PMTs. The noise

part comes from small contributions of S1 or noise. The width of the noise influences the signal part:
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Figure 4.13 – Sketch of the local minimum as the separator between signal and noise in comparison to the
fixed S1 threshold in XENON100. It is also shown how the local minimum influence the S1 yield which is
understood as the integral from local minimum or S1th to 10 pe.
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The larger the noise share, the smaller the signal part. The separation by the S1 threshold divides

the signal and the noise part by this fix number (S1th = 0.35pe). The S1s [pmt] [i] histograms and

their combined fit allows to determine the noise and the signal part from the data and calculate the

local minimum between noise and signal for each PMT. The idea is shown in sketch 4.13 where the

local minimum influences the S1 yield (see definition in equation (4.8)). The figures 4.7a, 4.7b, 4.7c

and 4.7d already include the value in the fit status overview. Figure 4.14a shows the trend of the

local minimum for each PMT, especially for PMTs from the top array the local minimum is slightly

below S1th = 0.35pe and the bottom array PMTs show an increase in the local minimum to up to

S1th =∼ 0.5pe. A summary is also given by the projection in figure 4.14b where the mean value of

the observed local minimum is S1th = 0.35pe. The structure towards larger values comes from the

bottom PMTs mainly. Therefore the fixed value of 0.35pe can be identified, but single PMTs deviate

from that value. From that, the bottom PMTs show a broader noise part which influences the S1 signal

part.

(a) (b)

Figure 4.14 – An overview about the local minimum between the Gaussian noise and Poisson signal part.
The local minimum varies around the expected 0.35pe. The top PMTs show a deviation to slightly smaller
values, and the bottom PMT array show an increase in the local minimum. These PMTs from the bottom
array show a broader noise share in the signal region.

Based on the S1 yield which comes from the Poisson description, the signal part is reduced by the

S1 threshold. Therefore figure 4.15a shows how much S1 signal is left. This is estimated by Is, the
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integrated signal divided by the total signal (see equation (4.7)). The upper boundary is chosen by

due to the fact that 10 pe are far enough away from the SPE response. The ”min“ stands for the

lower boundary, the local minimum as it is shown in figure 4.14a and marked by the blue dots. This

is compared to the outcome with the fixed threshold (black dots). In summary, the signal part has

a mean acceptance of 95.3% for the S1 threshold and 94.7% for the local minimum. These values

are extracted from figure 4.15b. Hence the local minimum reduces the S1 acceptance signal but not

significantly. Considering the histogram in figure 4.15b, taking the local minimum instead of the fixed

S1 threshold leads to a broader noise part in some of the PMTs. This results in the larger deviation

which can be seen for example in PMT 130 (see figure A.21b in the appendix).

Is =

∫ 10pe
min SPE(S1s) dS1∫ 10pe
0pe SPE(S1s) dS1

(4.7)

(a) (b)

Figure 4.15 – Comparing the integrated signal of the SPE by using a fixed threshold and the local minimum
from the combined fit. The mean integrated S1 signal is the same within the RMS but from some PMTs
the local minimum influences the signal range by a broader noise part.

Another important information is the signal contamination which is described as the noise part (Gaus-

sian) which leaks into the signal range. Ideally, the contamination is only small. The contamination

is determined by the integrated Gaussian distribution from ”LM“ to 10pe (see equation (4.8)). It is

normalised to the integrated signal of the Poisson part to estimate the contamination in percentage.
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The contamination is given in figure 4.16a. The maximum observed contamination is 14% of the SPE

signal. This is observed for PMT 167 which is working but shows high fluctuations in the weekly

estimated gains from the standard LED calibration. In general, PMTs from 140 to 178 show a higher

contamination. Simultaneously, these PMTs also show a higher noisier behaviour during weekly cal-

ibrations. For the PMTs below 140, the contamination is less than 1%. From here the contamination

is determined for each PMT separately and PMTs which show a contamination less than 1% will less

influence the S1 yield.

Ic =

∫ 10pe
LM SPEGaussian(S1s)dS1∫ 10pe
LM SPEPoisson(S1s)dS1

(4.8)

(a) (b)

Figure 4.16 – Based on the outcome for noise approximation with a Gaussian distribution, the contam-
ination is calculated with equation Ic to estimate the part of the noise which leaks into the signal range.
Besides the last ∼ 50 PMTs from the bottom array the contamination is less than 1%.

It =
∫ 10pe

LM SPEPoisson(S1s)dS1∫ 10pe
0pe SPEPoisson(S1s)dS1

−
∫ 10pe

LM SPEGaussian(S1s)dS1∫ 10pe
LM SPEPoisson(S1s)dS1

(4.9)

Based on the information on the contamination as is given in figure 4.16a the true S1 yield It is

calculated. This is done using formula (4.9). Here the signal part is calculated according to the

Poisson distribution from the minimum/fixed threshold to 10pe and the contamination is subtracted

from this value. Therefore the true integrated signal will be the same for some PMTs according to the

already observed S1 yield and some PMTs will lose in the detected S1 yield due to the contamination

in figure 4.16a. This is shown in figure 4.17a where the outcome for equation (4.9) is calculated for
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(a) (b)

Figure 4.17 – From the knowledge about the integrated S1 signal and the contamination, the true inte-
grated SPE is calculated by equation (4.9) in figure 4.17a. This is done for the fixed S1 threshold and the
alternative local minimum. The result is given by the accepted SPE signal range. To answer the question
which one is better to estimate the S1 yield the difference for both It , shown in figure 4.17b. It turns out
that for the PMTs on the top array the local minimum would be an alternative to the regular S1 threshold.
On the bottom array the fixed threshold saves the S1 detection ability.

the fixed S1 threshold in black and for the local minimum in blue dots. The decrease in the true S1

yield is already shown by the contamination of figure 4.16a for each PMT. Therefore there is no large

impact to expect for most of the PMTs. The interesting comparison comes from the choice of the

fixed S1 threshold or the local minimum. Therefore figure 4.17b shows the result of subtracting S1th

from the local minimum. Besides one exception for PMT 167, the difference is between ±4% if the

S1 threshold is compared to the local minimum for the SPE signal (It). Due to the difference, there

are two possible cases:

local minimum−S1th > 0 (4.10)

local minimum−S1th < 0 (4.11)

The first case (equation (4.10)) describes that the S1th is smaller than the local minimum and therefore

the difference of the signal parts becomes positive. If the local minimum is used as an alternative S1

threshold, the noise level increases as does the noise contamination in the signal part, and therefore

these PMTs show a worse SPE identification ability based on the true integrated signal. An example

is given in figure 4.19b for PMT 169. Here the local minimum (LM) is determined to S1LM = 0.47pe
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what indicates a higher noise level and less S1 yield. The other case is described by figure 4.19a where

the S1LM = 0.27pe what is lower than the fixed S1 threshold. In case of equation (4.11), using the

local minimum as alternative S1 threshold and hence the S1 yield increases. Divide the outcome for

PMTs which fit either equation (4.10) or (4.11), the mean S1 yield detection ability is calculated as

S1mean
>0 = 1.12% and S1mean

<0 =−1.4% (see figure 4.18). The difference becomes interesting because of

the arrangement of how the PMTs are connected to the ADCs. By looking at figure 4.17b it seems that

the PMTs of the top array (except PMTs 3 to 9, 62 to 80) increase their detection ability by choosing

the local minimum instead of the fixed threshold. This changes for the PMTs of the bottom array:

The increase in the detection ability goes down and turns into a decrease. This decrease is interesting

because the PMTs at which that phenomenon is observed show more often a noisy behaviour during

the usual data calibration procedure. The PMTs are named from 99 to 178 in lines from left to right

and therefore the observed decrease is not a result of the PMT arrangement itself (compare to figure

3.28 where a map of the top and bottom array is shown). The top array shows two exceptions: PMTs

3 to 9 also show a decrease in the SPE detection ability. Here the PMTs 3 to 8 are connected to the

same ADC but not PMT 9, but all are connected to the same filter box. Something similar is observed

for PMTs 62 to 80: PMTs 62 to 67 and PMT 68 to 74 are connected to different ADCs but also two

different filter boxes. Therefore the filter boxes and ADCs seems to influence their behaviour but are

not the only explanations. Other possibilities are higher noise conditions or higher dark current rate.

The quantum efficiency (QE) was measured to decide where the PMTs are arranged on the PMT array.

Due these measurements, the PMTs with the highest QEs were put onto the bottom array in the middle

and lower QE PMTs were arranged around to fill up the bottom array. The PMTs on the top array were

homogeneously distributed with respect to their QE. Therefore the QE is not a suitable explanation to

describe the decrease on the bottom array. In summary, PMTs from the top array would profit from

the choice by using the local minimum instead of a fixed S1 threshold.
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Figure 4.18 – Based on the observation in figure 4.17b, the SPE detection ability is separated in increase
(blue) and decrease (red) in figure 4.18. The increase is related to PMTs on the top array and the decrease
is more related to PMTs on the bottom array.

(a) (b)

Figure 4.19 – Two PMTs examples are given in which the local minimum is larger than the S1 threshold
(bottom array, PMT 167 of figure 4.19b) and vice verse for PMT 36 (top array, figure 4.19a).
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4.9. Alternative Method for Gain Determination

The previous section 4.7 presented an analysis for the S1s [pmt] [i] variable which is the result of

the peak identification of xerawdp. At least, the measured signal before it is digitised is a voltage

peak. The primary goal of the weekly LED calibration is the PMT gain. This information is necessary

to convert the voltage peak, after it is identified by xerawdp, to units of photo-electrons (according

to the SPE pulse). Therefore the previous S1s [pmt] [i] analysis helps to identify and support the

SPE analysis from LED raw data. It is shown that the SPE identification works as expected for the

previous measured gains. The disadvantage here is that the gain information is necessary during the

reprocessing with xerawdp to yield the SPE with the correct most likely value. The following analysis

uses the identified peaks from xerawdp but not its S1s [pmt] [i] information itself to compare the

alternative gain with the standard gain.

4.9.1. Direct Gain Calculation

To calculate the gain directly out of the identified S1 peaks with xerawdp needs to take the area of

the peak into account. This information is stored in another variable in xerawdp: S1sRaw[pmt][i].

This area is determined by the integral from the left to the right boundary in units of volts. The gain

is calculated according to formula (3.32) in section 3.6.4. The quantity r describes the conversion

from volts to bits and is already included in xerawdp when the ADC counts are calculated. Therefore

the equation is altered to (4.12). Here the µ ′ describes the total area of the identified S1 peak which

is stored in the xerawdp variable S1sRaw[pmt][i]. The remaining variables are already defined in

3.6.4. The advantage here is that this variable does not take the gain values from the previous PMT

calibration into account.

gain =
µ ′

Z A f e−
with µ

′ = S1sRaw[pmt][i] (4.12)

This formula allows to ”translate“ the already shown histograms such as figure 4.7a, 4.7b, 4.7c and

4.7d to their gain equivalents. Figures 4.20a, 4.20b, 4.20c and 4.20d show the same PMT selection

as before but with the according gain values. The result is again a spectrum with an SPE equivalent

signal (gain) and a noise part with the difference that these gains are not calculated by the official

software the LED calibration.

Based on the traditional PMT calibrations in XENON100 (compare to figure 3.29b), the direct gain

calculation shows differences in the observed histograms for the noise part. In the standard gain

calibration, the noise part is almost symmetric and can approximately be described by a Gaussian

distribution. The noise which results from the identified peaks by xerawdp does not behave similar
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to the noise from the standard PMT calibration. The peak-finder algorithm needs to exceed a certain

threshold to trigger a peak on the summed waveform. The standard PMT software runs on each single

PMT waveform and integrates on the waveform which is stored after the LED calibration setup has

triggered the event. Therefore the found peaks by xerawdp should be ”real“ S1 peaks ideally, especial

after the cut set is applied to the analysis (see section 4.5). Due to some remaining miss-identified

peaks a small part of them has a negative gain. Hence the noise becomes more asymmetric and

furthermore hard edges are observed in the noise part at the bin zero (see figure 4.20d).

The analysis of the gain calibration is done in the same way as in section 4.7.1 with equation (4.6).

The noise part is again approximated by a Gaussian distribution and the signal part is described by the

Poisson distribution. There are two pre-fits, and then a combined fit carried out. The combined fit is

limited to the gain values with gain > 0. This takes the asymmetric noise behaviour into account and

neglects that part during the fit. Anyway, negative areas below the identified peak, point to a miss-

reconstructed S1 event. The outcome of the fit is also shown in figures 4.20a, 4.20b, 4.20c and 4.20d.

Here the pre-fits are drawn in grey-red and grey-blue, as well as the resulting combined fit (green).

The Poisson and Gaussian share of the combined fit are also shown by the blue dashed line (noise)

and red dashed line (signal). In addition, the fit information of the combined fit is also shown. The

most interesting part is again the Poisson expectation value λ and the most likely λ̂ .

4.9.2. Discussion: Fit Parameters of the Gain Histograms

This section discusses the outcome of the combined fit with six parameters: AG, AP, µG, λ , σG and

σP for the gain histograms. Examples for some of the fit outcomes are shown in figures 4.20b, 4.20c

and 4.20d. The previous subsection 4.9.1 describes the asymmetric noise distribution in the calculated

gains from xerawdp. Therefore this subsection will focus on the outcome of the Poisson fit parameters:

AP, λ , σP. These are shown in figures 4.21, 4.22a and 4.23a.

The parameter AP scales the distribution up to the number of counted SPE from the alternative gain

calibration. Figure 4.21 shows this parameter for each single PMT. A similar step pattern is already

observed in the analysis of the S1s [pmt] [i] histograms (compare with figure 4.8b). The origin of

this pattern is again the spatial distribution of the PMTs at the top and bottom array. The number of

counted SPE peaks is different for the PMTs 1 to 30 (outer PMT ring on the top array), PMTs 31 to

98 (top array) and the left PMTs from the bottom array.

The Poisson distribution according to equation (4.6) is defined by its expectation value λ . This value

is shown for each PMT in figure 4.22a and its distribution is shown in figure 4.22b. The error bars are
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(a) (b)

(c) (d)

Figure 4.20 – A choice of different gain distributions: PMT (top array) 13, 93 and (bottom array) 110 and
164. Each figure shows the combined fit in green and the pre-fits (dotted lines). The single contribution
(Gaussian or Poisson) of the combined fit are drawn in dashed blue and dashed red. The gain itself is
calculated according equation (4.12) with the integral of the identified S1 peak.

a result of the fit uncertainty for the λ parameter. A trend to lower λ on the bottom array is observed.

This behaviour was already observed in the S1s [pmt] [i] histogram analysis, especially for PMT 147

and higher. These PMTs sometimes show noisy behaviour during the regular PMT calibrations. The
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Figure 4.21 – Parameter AP from the the combined fit with equation (4.6) describes how the Poisson
distribution is scaled up due to the higher counting rate which depend on the PMT position: 1) An outer
ring of 30 PMTs on the top array. 2) The inner PMTs on the top array. 3) The PMTs on the bottom array.

uncertainty from the fit also decreases for PMTs on the bottom array. This is interpreted as a side

effect of the number of counted events. In comparison, also the parameter AP shows a huge increase.

This is related to a higher number of counted photons. The increased number of counted events

improves the fit parameter quality. For all PMTs together the mean value is λ mean = 2.398×103 with

a RMS = 0.191×103. Based on the information about the fit parameters for the Poisson distribution,

the fits to the gain spectra work quite well.

In addition, the Poisson distribution is scaled with a width parameter σP. The fit outcome for σP

is shown in figure 4.23a and its distribution in figure 4.23b. The alternative calibration shows a good

agreement in the width of the Poisson distributions for all PMTs. Its mean value is σmean
P = 0.432642×

106 with a RMS = 0.089×106. Nevertheless, this parameter is not used in the further analysis.

4.9.3. Compare the Gain Calibration Methods

As already discussed in subsection 4.8.2, the Poisson distribution is characterised by its expectation

value λ , but due to the fact that the expectation value is not similar to the maximum of the distribution

( = most likely value λ̂ ) the gain characterisation is better described by λ̂ . Figure 4.24a shows the

values of λ̂ for each PMT. There, the value of λ̂ is always smaller than the expectation value λ by a

certain offset. This offset depends on the expectation value itself.

145



4. An Alternative PMT Calibration

(a) (b)

Figure 4.22 – Both figures describe the expectation value λ from equation (4.6) for the combined fit of the
gain PMT spectra. λ characterises the Poisson distribution. The resulting λ shows smaller fit errors for the
bottom array compared to the top array. The counting rate is higher on the bottom array which results in
a higher statistics in the according gain spectra. For all PMTs together the mean of λ mean = 2.398× 103

with an RMS = 0.191×103 is observed.

Besides the smaller value of λ̂ for each PMT, compared to λ , the shape and behaviour stays the same

as for the fit parameter λ (see figure 4.22 for comparison). The mean value according to 4.24b is

λ̂ mean = 2177×103 and RMS = 0.181×103.

The result from the single PMTs becomes interesting to finally verify the method of using the peak-

finder algorithm of xerawdp. The λ̂ is comparable to the gain values from the standard PMT calibra-

tion. Therefore the same set of LED files is chosen from the weekly calibration which was already

reprocessed with the standard LED analysis software. Each PMT has a gain value from the standard

LED analysis gLED which can be compared directly to λ̂ . The only constrain is that λ̂ is developed

from all ten chosen LED raw data files together while the standard PMT calibration software provides

gLED for each data set separately. Hence a simple mean value is calculated out of gLED which is named

gmean
LED .

The results are compared directly in figure 4.25a. The black dots mark the result of the alternative

gain calibration with λ̂ and the blue dots indicate the outcome of the standard gain calibration of ten

LED raw data files with gmean
LED . Both gains show a similar outcome and also the slight decreasing gain

values on the bottom array is observed. The mean value g∗mean
LED is calculated for all involved PMTs

from gmean
LED . This leads to g∗mean

LED = 2049×103 with RMS∗= 0.216×103 which shows a pretty good
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(a) (b)

Figure 4.23 – Besides the expectation λ of the Poisson distribution there is another fit parameter which is
introduced to increase the quality of the fit: σP adjusts the width. The combined fit results in a σmean

P =
0.433× 103 with a RMS = 0.089× 103 for all PMTs. Again the fit errors of the combined fit are smaller
for the bottom array.

agreement with λ̂ from the alternative gain calibration. The deviation in percentage is given in figure

4.25c for each PMT and in figure 4.25d as a distribution. The deviation Γ is calculated simply by

equation (4.13). From figure 4.25d, it is observed that the alternative gain λ̂ is larger than gmean
LED in

most of the time with a mean of ∼ 6.9%. Due to the broad RMS values of figure 4.25d the both gain

calibrations overlap.

Γ =
λ̂ −gmean

LED
gmean

LED
×100 (4.13)

4.9.4. Uncertainties: Standard vs. Alternative Gain Calibration

Based on the outcome of subsection 4.9.3 the deviations between the standard and the alternative gain

calibration fit pretty well to each other. Only the statistical uncertainty on the overlap of both calibra-

tion methods is not yet done. From the overlap of both PMT calibration methods, it is expected that

the uncertainty of the gain with a 1σ deviation from the Gaussian approximation of the standard PMT

calibration is comparable to a similar deviation from λ̂ .

As long as the SPE response is still described by the most likely value of λ̂ , it should be possible to
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(a) (b)

Figure 4.24 – Besides the characterisation of the Poisson distribution itself with the parameter λ , the SPE
response which is described as the most likely value for the SPE from the gain calibration is λ̂ . This
parameter is always smaller compared to λ , but λ̂ follows the same trend as λ . Its distribution for all
involved PMTs shows a mean value of λ̂ mean = 2177×103 and RMS = 0.181×103. It is expected that the
most likely value will fit the gain values from the standard calibration.

calculate a 1σ deviation for this case. This is done according sketch 4.26a. Around the most likely

gain value from xerawdp, a 68.3% (1σ ) interval is calculated. Due to the Poisson property, the result-

ing uncertainty will be asymmetric. The asymmetric deviations together with λ̂ is compared to gmean
LED ,

the mean value of ten expectation values from ten LED calibration files. Each of the Gaussian fits to

the SPE response in the ten LED data files also has a 1σ deviation, the Gaussian σ (compare figure

3.29b, here the Gaussian σG = 1.06× 106). There is also mean value calculated out of the ten σG

values which is then used as the 68.3% limit (σmean
LED ) for the comparison of both calibration methods.

By construction, that fit range will be symmetric around the gain values from the standard PMT cali-

bration.

The outcome is presented in figure 4.26b. As before, gmean
LED and λ̂ overlap and now in addition the

σmean
LED deviation is shown in blue. This symmetric deviation for each PMT is included in the 1σ

deviation which is calculated from the alternative PMT calibration (black). The Poisson deviation

is, as expected, asymmetric around the calculated gain values, but nevertheless it includes the devia-

tion σ >mean
LED which indicates that both methods overlap within 68.3% and the gain values which are

calculated out of both methods are reliable.
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Unfortunately, the overlap itself does not tell anything how good both methods match each other in

detail. The reason comes from strong asymmetric behaviour which is shown in figure 4.26b. The

overlap to the lower values (λ̂ −1σ ) overlaps pretty good with the mean standard deviations (σmean
LED )

from the standard PMT calibration. The deviations increase asymmetric by a factor two or more

onto the other site. In that way, the 1σ deviations increase ”to strong“ and both deviations are not

comparable any more directly. The reason is in the peak-finder algorithm of xerawdp. As already

shown in section 4.4, the xml file influences the peak-finder and therefore more than one peak is found

on the summed waveform. Each peak refers to a left and right boundary. This is a basic difference in

the conception of the standard LED calibration. There, the trigger system send a signal to the LED

and to the DAQ with the result that a waveform is recorded for each PMT, nevertheless if the PMT

observed a signal. Finally, the trigger window is integrated and this information is used to determine

the gain. The alternative gain calibration allows to observe more signals with different strength on

the same summed waveform and hence on each single PMT. Following the design of the peak-finder

algorithm, the shown gain histograms will be influenced by counting peaks of different strength from

the PMT waveforms. This effect broadens alternative gain.
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(a) (b)

(c) (d)

Figure 4.25 – These figures compare the outcome of the standard PMT calibration information (always
in blue) with the results from the alternative gain calibration for the SPE response. For this method the
most likely value λ̂ describes the outcome of the SPE response (gain). Figure 4.25a shows the gain values
from calibration methods. The distribution of λ̂ is already presented in figure 4.24b. Therefore figure
4.25b presents a histogram of the gain from the LED calibration (gLED). The tail to the left side comes
from some PMTs which show a lower gain compared to the mean value of λ̂ mean = 2049× 103. These
PMTs are widely distributed and not necessarily restricted to one PMT array. In figures 4.25c and 4.25d
λ̂ and gLED are compared directly. There is a trend that the gain determination from the standard PMT
calibration leads to ∼ 7% higher values than obtained from the alternative method but due to the wide
RMS, the overlap works pretty well.
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(a) (b)

Figure 4.26 – To determine the uncertainties from both, the standard and the alternative gain determination
method, the 1σ intervals are evaluated. For the alternative gain calibration, the 1σ range is defined by an
asymmetric interval around λ̂ . This is chosen to take into account that the SPE response is characterised
by that parameter instead of λ . This is compared to the mean value of the σG from the ten LED calibration
data sets. These symmetric intervals are shown in blue in figure 4.26b. Both 1σ deviations overlap.
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4.10. Summary and Outlook

This section presented a detailed description about reprocessing LED raw data with xerawdp. There-

fore the necessary steps are explained: Adjusting the xerawdp software code and creating a new xml

file for the LED calibration. The basic idea of the successive analysis is to verify that the peak-finder

algorithm is able to identify enough S1-like peaks from the summed waveform of 178 PMTs, instead

of analysing each waveform separately. After the peak-finder algorithm is carried out the signals are

stored in the same data format as it is done with e.g. Dark Matter data.

First the S1s [pmt] [i] spectra of each PMT are investigated. To create such a spectrum, the gain in-

formation of the standard PMT calibration is necessary during the raw data reprocessing. In case the

peak-finder algorithm works well enough and the set of pre-defined cuts is able to select the single-

photo electrons correctly, the SPE response can be determined for each PMT. The results presented

here show that a fit with an adjusted Poisson distribution describes the SPE response pretty well and

the expected SPE response is ∼ 1pe. A Gaussian fit is applied to describe the noise part of the

S1s [pmt] [i] spectra. The combined fit yields a local minimum between the noise and signal part

which can be interpreted as a variable S1 threshold for each PMT. The analysis on the S1s [pmt] [i]

histograms presented here shows a signal acceptance of around 95%. On the the other hand, the con-

tamination of the signal by the Gaussian noise is also estimated. It turns out, that for most of the PMTs

the noise contamination is less than 1%. Some PMTs show an increase up to 14%. This behaviour is

mainly observed on the bottom array with PMTs which are marked as noisy sometimes in the LED

calibration.

Besides the direct S1s [pmt] [i] analysis, the gain is determined directly from the found S1 peaks.

Therefore xerawdp identifies S1 peaks and estimates their boundaries. The total area of the peak is

calculated and this information is used to calculate the gain. A successive analysis compares the values

of the standard gain calibration and the alternatively calculated gains. It turns out that both gains are

similar to each other and they overlap within a 68.3% band around their expectation values (compared

PMT by PMT).

These results present the status of the LED raw data analysis with xerawdp. The two analysis methods

and their results, discussed in this section are both possible applications for the XENON100 data pro-

cessor or the successive data analysis software PAX in XENON1T. The analysis of the S1sRaw[pmt][i]

histograms makes it possible to determine the gain directly from the found peaks and furthermore the

analysis of the S1s [pmt] [i] histograms supports the calibration procedure.

But besides modifying xerawdp for LED data analysis, it is also possible to analyse the SPE response

with S1s [pmt] [i] histograms from Dark Matter or other calibration data such as 232Th. In any case

it can be tested, depending on the source rate, if additional SPE response analysis will support the

weekly calibration of the PMTs apart from the LED calibration.
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“If there’s any Dark Matter within 500
kilometres, you’ll know it.“

Captain Jonathan Archer,
Star Trek: Enterprise, “First Flight”

5. Determination of the S2 Signal Acceptance

153





5.1. Motivation

5.1. Motivation

This chapter discusses the S2 signal acceptance. The XENON100 TPC is triggered by the S2 signal

resulting from the upwards drifting electrons, regardless of the interaction depth in the detector. The

depth is determined from the time difference between the S1- and S2-signal (drift time). The S2 signal

is proportional to the deposited charge at the interaction site and hence a correction, due to the drift

time dependent charge loss, is necessary to determine the ”corrected S2“ (cS2) signal. Details to the

S2 correction are given in section 3.4.4. In order to to work with a trigger efficiency of ∼ 100%, a cut

of

S2 > 150pe

is introduced named the Xs2peaks cut. Detailed information about the most important cuts are given

in section 3.7. The origin of the S2 signal is discussed in section 3.4.4. Due to the charge loss along

the drift direction, the electron cloud and hence the proportional S2 signal, is reduced exponentially.

This process is described by equation (3.18). This step is necessary according to correct the S2 signal

to its depth in the TPC.

The following work is motivated by the S2 signal acceptance which is calculated for a S2 threshold

energy of 150 pe. This threshold is chosen according to the trigger efficiency which is discussed in

section 3.5.1. Following the S2 trigger probability, the final S2 acceptance is important in the data

Figure 5.1 – Based on the signal creation process, the S2 signal is selected according to S2 trigger effi-
ciency and following the S2 energy threshold. The final result is a drift time corrected S2 signal which
dependence indirectly on the S2 energy threshold. Due to the reason that the cS2 signal is used in the data
analysis approach, it is then necessary to determine the S2 acceptance from the uncorrected S2 signal. The
black arrows symbolise the applied S1 and S2 corrections to the observed signal. The red arrow symbolise
the transition from uncorrected to corrected signals where the S2 acceptance is hidden.
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analysis procedure to determine the probability to have an S2 signal above 150 pe for the related S1

signal. The S2 energy threshold is the central issue here. The usual XENON100 data analysis does

not provide information below 150 pe. On the other hand, the related S1 signal correlates with the

S2 signal and, in general, a larger S1 signal results a larger S2 signal. This introduces a S2 signal

which dependent on S1 and allows to define the S2 acceptance according to the S1 signal itself. As a

consequence, the corrected S2 signal dependence on the S2 trigger efficiency indirectly. This situation

is described in figure 5.1 where a S1 and S2 is detected on a XENON100 waveform. The S2 alone is

recorded under the S2 trigger efficiency boundary condition (Xs2peaks cut). The resulting S2 signal

is connected to the previous S1 signal in the TPC: S2(cS1). Necessary S1 corrections are shown in the

sketch. The S1 correction is discussed in section 3.4.3. The drift time correction allows to calculate

the corrected S2 signal which is used in the analysis approach. The red line indicate the indirect

dependence of cS2 from the trigger efficiency.

But for all that, it is necessary to model the S2 response below 150 pe to complete the understanding

of the S2 acceptance, in particular for low S1 signals. This thesis introduces a phenomenological

description of the cS2 signal spectrum by an adjusted Poisson distribution to access the S2 signal

acceptance below 150 pe and to calculate the total S2 acceptance with a Monte Carlo technique.

The S2 signal acceptance is determined by neutron calibrations from before and after the Dark Matter

data taking in 2011/12 and a third later neutron calibration in 2013/14. The S2 signal acceptance is

then part of the overall cut acceptance in the data analysis approach [15].

To validate the applied method, a comparison with simulated neutrons is done in the end. For this, the

S1 and S2 signal generator tool (Nuclear Recoil/WIMP Simulation Code) from section 3.4.6 is used.

Finally, the same tool is used to simulate WIMP interactions in the XENON100 TPC and to determine

their simulated S2 signal acceptance according to the WIMP mass.

5.2. Data Selection

In the following the S2 acceptance is determined from data. Therefore three data sets are used and will

be named as February11, April12 and May13. They refer to three data taking periods for 241AmBe:

In February 2011 with a period of ∼ 2 days, in April 2012 with a period of ∼ 4 days and in May 2013

with∼ 6 days. These periods were scheduled before and/or after Dark Matter taking periods to have a

continuous operation between 2011/12 and 2013/14. The detector calibration is important to determine

the TPC response to neutrons, their energy deposit (nuclear recoil energy) is used to calculate the

conversion from measured photo-electrons (pe) to electron-volts (eV). Detailed information is given

in section 3.6.3 where the calibration sources are discussed and furthermore in section 3.4.5 where

the energy calibration is discussed. All 241AmBe data sets considered here were taken under stable
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detector conditions and with the same experimental setup in each data taking period. The data sets

February11 and April12 were taken at stable voltage conditions of VAnode = +4.4kV for the anode

voltage and VCathode = −16kV for the cathode voltage. For the May13 data sets, the cathode voltage

was set to VCathode =−15kV. The anode voltage did not change. Table 5.1 summarises the data taking

periods.

Data set Number of
files

corrected
lifetime [h]

corrected
number of events

VAnode[kV] VCathode[kV]

February11 15 26.3 2389896 +4.4 -16.0
April12 18 44.9 2607102 +4.4 -16.0
May13 63 109.9 9061976 +4.4 -15.0

Table 5.1 – Overview of the selected 241AmBe data sets in data taking periods February11, April12 and
May13. All data sets within a data taking period are selected according to stable detector conditions and
with the same experimental setup.

(a) (b)

Figure 5.2 – Both figures show the accumulated NR data in 2011/12 and 2013/14 in the discrimination
space. Besides a minimum requirement of minimum one S1 and one S2 signal. The black line symbolise
the Xs2peaks cut in the flattened parameter space. Besides the S1 threshold of 3 pe (2011/12) and 2 pe
(2013/14), there are no further cuts used in this presentation. This NR data present the basic input to the
S2 acceptance calculation.
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5. Determination of the S2 Signal Acceptance

The following analysis relies on the applied cut sets to select neutron interactions in the TPC. Table 5.2

summarises the cut sets for the February11, April12 and May13 data taking periods. Both 241AmBe

data sets February11 and April12 were taken at the start and end of 2011/12, therefore the applied

cut sets are the same. Basically both cut sets (2011/12 and 2013/14) contain the same kind of data

selection criteria, but as long as most of the cuts are developed according to the data taking period,

some of the cuts are altered. Details about the meanings of the listed cuts are given in section 3.7.

A minimum selection is done by taking only single S1 and S2 peaks into account and by choosing the

inner 48 kg volume as analysis volume of the TPC (X48kg0). This volume is furthermore reduced

to select only events which originate from the upper third of the TPC by selecting events according

to their drift time from 5µs ≤ ∆t ≤ 30µs. The drift time selection overlaps with the X48kg0 cut.

Selecting events only from the upper third of the TPC assures a low S2 drift time correction and hence

the difference between S2 and cS2 becomes small. This is important to minimise a possible bias of

the data analysis resulting from the drift time correction. The spatial selection from the inner TPC by

radius and X48kg0 cut remove events near the edge of the TPC for a good reasons: The shape of the

electric field lines becomes curved with a larger radius and hence the position reconstruction in x/y is

biased. To avoid any bias in the analysed cS2 histograms, there is a clean data set selected.

Reason Cut set (February11/April12)

S1-Signal Xs1coin2, Xs1single4
S2-Signal Xs2peaks, Xs2single3, Xs2pmtorder0, Xs2asym0, Xs2width8, Xs2top0
Noise reduction Xsignalnoise3, Xhighlog1, Xlownoise0, Xveto2
Position selection X48kg0, Radius< 145mm, 5≤ ∆t ≤ 30µs

Reason Cut set (May13)

S1-Signal Xs1width0, Xs1coin2, Xs1single5
S2-Signal Xs2peaks, Xs2top0, Xs2single3, Xs2width11, Xs2chisquare1, Xs2peakpos0
Noise reduction Xsignalnoise5_corrected, Xentropy1, Xhighlog1, Xveto2, XPL013_97, Xposrec1,

Xlownoise0_m
Position selection X48kg0, Radius< 145mm, 5≤ ∆t ≤ 30µs

Table 5.2 – Cut selection for the 241AmBe data files. February11 and April12 belong to 2011/12, hence
no different is made in the final cut set for the 2011/12 data taking period. In 2013/14 further cuts were
applied to reduce the noise contribution to the signal. In both cases, an inner volume is selected by the
X48kg0 cut which is reduced furthermore more to the upper one third by a drift time cut. The additional
radius cut overlaps with the previous applied cut X48kg0. The applied Xs2peaks cut is worded in bold.
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5.3. Method to Evaluate the S2 Signal Acceptance with 241AmBe Data

In general, the analysis is done with the corrected signals. The same is done here with the corrected S2

signal (named: ”cS2sTot[i]“ in the data sets). The maximum number of peaks is restricted to 32 by the

peak-finder algorithm of xerawdp. The uncorrected S2 is called ”S2sTot[i]“. The S2 peaks are ordered

by the peak size. The S1 and S2 signals are stored in different correction levels in the XENON100

data. The S1 signal is corrected to the light collection efficiency (LCE) and its 3D position in the

detector. The name of this corrected variable is ”cxS1sTot[i]“. Again the index i stands for detected

peaks on the raw data waveform. They are ordered by coincidence level and then by the peak size.

This analysis will focus on the largest peaks in S1 and S2 (i = 0) and therefore a simpler nomenclature

is introduced in table 5.3. With this nomenclature, the S2 acceptance calculation starts by applying the

cxS1sTot[0] → S1
cS2sTot[0] → cS2
S2sTot[0] → S2

Table 5.3 – Nomenclature for the used variables in the data with their abbreviations in this section.

cut set to the 241AmBe data. An overview about the accumulated data is given in figure 5.2a and 5.2b

where no further cuts are applied yet. The black line symbolise the S2 acceptance in the discrimination

space Y but be aware of the different definition of Y (see section 3.9) and the Xs2peaks cut.

The data is sliced in 15 slices of 1 pe width in S1 to give them a proper Poisson description and in a

second step the acceptance is determined by a Monte Carlo method.

5.3.1. Poisson Description of the 241AmBe Data

Before the cut set of table 5.2 is applied to the 241AmBe data of 2011/12 and 2013/14, a huge number

of events are in the data. Their distributions are shown in figures 5.2a and 5.2b in the usual flattened

data space. The cut selection of table 5.2 reduces these events and remove events which, for example,

results from noise or consist of double scatter events.

After the cut set is applied the distribution of the 241AmBe data the S1 space is sliced with ∆S1 = 1pe.

Since the Xs2peaks cut affects the acceptance only for low S1, we will restrict the discussion to S1

signals up to 16 pe. The acceptance is already at 100% for S1 signals with S1 > 16pe. Each slice of

S1 is presented by a histogram of cS2 values. The bin width of each cS2 bin is set to 75 pe, 80 bins

span a range of [0,6000]pe in each S2-histogram. Figure 5.3a shows one of these histograms for the

February11 data set and figure 5.3b for the May13 period. Both S2 histograms are chosen to show

a S1 slice of 8pe ≤ S1 ≤ 9pe. An important information is that these histograms are not filled with
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5. Determination of the S2 Signal Acceptance

entries down to 0 pe in cS2. According to the S2 correction procedure and the applied Xs2peaks cut

this energy region of data space in S2 is not accessible. Here we try to estimate the missing number of

events below the threshold with a model of the spectral shape in cS2 for each S1 slice which we call

”adjusted Poisson“ distribution.

By definition the Poisson distribution is only valid for integer numbers n (see equation (5.1)). But

the cS2 information is defined in R. For that reason the Poisson distribution is generalised for real

numbers by transferring the factorial n! into the Gamma function Γ(n+ 1). The generalised Poisson

distribution is then adjusted by further parameters α and β . Parameter α is used to introduce a free

multiplication parameter to fit the number of events in each histogram. Parameter β allows to scale

the width of the Poisson distribution (x-axis direction). The resulting Poisson distribution is expressed

in equation (5.2). The expectation value λ is scaled by a factor 100. In the following, we will use only

this adjusted Poisson function, which will be called ”Poisson distribution“ briefly.

(a) AmBe data: Run10 (b) AmBe data: Run12

Figure 5.3 – Both figures show the S1 slice of 8pe ≤ S1 < 9pe for two different data taking periods:
February11 (5.3a) and May13 (5.3b). Both contain the lower fit boundary (red dashed vertical line) from
the drift time corrected S2 energy threshold and the result of the fit with the adjusted Poisson distribution.
The boundaries depend on the maximum drift time of ∆t = 30µs and the lowest observed electron lifetime
and hence the fit boundary of February11 and April12 is 163 pe and in May13 its 159 pe (see section 5.3.2).
The blue line shows the fit (see equation (5.2)). The black and red dashed Poisson distributions show the fit
results for the low and high confidence bound in β . The uncertainty on the histogram entries is calculated
by the asymmetric Poisson errors.
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P(n|λ ) = e−λ λ n

n!
(5.1)

P(cS2|α,β ,λ ) = α

e−λ/100
(

λ

100

) cS2
β

Γ

(
cS2
β

+1
) (5.2)

λ
′ =

β

100
λ (5.3)

Using equation (5.2) during the fit procedure leaves two free parameters α and β which are determined

by the fit. The Poisson expectation value λ which characterises the Poisson distribution for a single

slice of S1 is related to β by the definition. The parameter β scales with the width of the Poisson

distribution. This relation is defined in equation (5.3) and describe the fact that a larger value of λ

needs a smaller value of β and vice versa to fit the same data distribution as good as possible. Hence

λ ′ is not unit-less any more. It is measured in photo-electrons and is interpreted as true expectation

value of the cS2 signal. The parameter α multiplies the adjusted Poisson distribution by a certain value

to measure the number of counted events correctly. Due to the definition of equation (5.2), parameter

α becomes only necessary in case the cS2 distribution is normalised, which is not necessary in the

following data analysis.

5.3.2. Fit Procedure and Minimisation

Equation (5.2) is the input for the fit procedure of each S1 slice. Besides a given set of start parameters

for the Poisson fit (α , β and λ ), valid fit boundaries are needed which describe the physics of the TPC

correctly (red dashed line of figures 5.3a and 5.3b). It is necessary to set the left boundary to the

charge loss corrected cS2 signal. As described in section 3.4.4, drifting electrons are lost within a

lifetime τ . The S2 acceptance is determined from the upper part of the detector which is defined by

the drift time ∆t. This analysis limits the maximum drift time to ∆t ∈ [5;30]µs. The minimum value

of ∆t = 5µs is chosen to select only events below the gate mesh to avoid events close to the gaseous

phase. Events from the gaseous phase have are related to a large S2 signal in the TPC and hence these

events bias the cS2 histograms. The S2 energy threshold of S2th = 150pe is then adjusted by equation

(5.4) to cS2th. In these three data taking periods during 2011/12 and 2013/14 the drift time range is

not changed. However the electron lifetime τ changed in between due to the improvement in xenon

purity. For February11 and April12 the lowest observed electron drift time was τ = 354µs and for

May13 data it was τ = 517µs. The lowest electron lifetime is determined from the February11 data

taking period. As long as both 241AmBe calibrations (February11 and April12) were done during the
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5. Determination of the S2 Signal Acceptance

same 2011/12, the detector conditions are stable. The resulting corrected thresholds are calculated

according formula (5.4).

cS2th = 150pe× e∆t/τ (5.4)

For April12 data the threshold is cS2th = 163pe and due to its higher electron lifetime, the threshold

in the May13 data set is cS2th = 159pe. The difference between both left boundaries is 4 pe, is much

smaller than the chosen bin size (∆cS2 = 75) of such a histogram of S1 slices in figures 5.3a and

5.3b. This outcome shows the choice of ∆t = 5µs as maximum drift time. The difference between

the corrected and uncorrected S2 is less than ∼ 9%. Under this condition, the drift correction has less

impact on the S2 threshold. A complete set of figures for all S1 slices is shown in appendix A.2. The

right boundary during the fit is set to cS2 = 5000pe which is far away from the cS2 distribution of

each low S1 slice.

The fit is done by ROOT (TMinute class) [37] within the set boundaries. The outcome of such a fit

procedure is also shown in figure 5.3a and 5.3b by the blue line. Further fit outcomes are shown in

the appendix (A.9, A.10 and A.11 for February11, in A.12, A.13 and A.14 for April12 and in A.15,

A.16 and A.17 for May13). In addition, the histograms contain the statistical error per bin and the

red vertical dashed line represents the left fit boundary. Both figures (and also the appendix) take the

uncertainty of the parameter β into account which is discussed in section 5.6. This uncertainty is not

yet important in case the S2 acceptance is calculated without uncertainties in a first approach. The

both dashed Poisson distribution are related to the lower and upper uncertainty in β . In every case, the

uncertainties on the parameter β are within the statistical errors.

Subsection 5.3.1 describes the adjusted Poisson distribution for the fit procedure. The scaling param-

eter β depends on the expectation value λ and vice versa. Hence two free parameters in the fit would

yield the best fit result. The later Poisson description will depend only on the expectation value λ and

not on the other two parameters to stay conform with the original definition of a Poisson distribution.

For this reason the parameter β is kept constant across all single cS2 histograms. Values between

100≤ β ≤ 400 were tested in steps of ∆β = 5. To answer the question of which (fixed) parameter β

is the best to describe the Poisson distribution, a minimisation process is used with the goal to find the

best β by the minimisation of the fit likelihoods for the fixed β and an additional variation in λ to test

the robustness of the fit outcome. To achieve this goal, the initial values of the fit parameters do not

change during the fitting routine.

The variation in λ is tested by a variation of 200 values around the fit outcome of:

λ
0 : λ

0−100≤ λ
0
j ≤ λ

0 +100
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where ∆λ 0 = 1pe. With this boundaries, the index j is introduces and refers to λ variation and is

within j ∈ [−100,100] ( j ∈ R) to describe the iteration with ∆λ 0 steps: λ 0
j . This allows a variation

in each direction which is broader than one bin with the bin width of 75pe. Based on the fits to the

15 cS2 histograms for each data period, which contain the primary information, there are 60× 200

likelihoods calculated for each cS2 histogram. The likelihoods are calculated for a binned histogram

according to formula (5.5) for the expectation value m from the fit to each bin and the observed data

d in such a bin i. The index i describes here the number of bins in one of the histograms. The upper

limit of i = 67 is related to the upper fit boundary of 5000pe. In detail, 67 bins with a bin width

of ∆S1 = 75pe results an upper boundary of 5025 pe what introduces a difference of 25 pe. But this

difference is smaller than the bin width. Equation (5.5) is transformed to L = logL , the log-likelihood

(see equation (5.6)), here the factorial d! becomes log(d!) and is treated as a constant offset in each fit

and hence it is left out in the further calculations.

L =
i=67

∏
i=1

e−mimi
di

di!
(5.5)

L = log(L ) =
i=67

∑
i=1
−mi +di log(mi) (5.6)

The log-likelihood is calculated for each of the 60 different test values of β . Once a test value β results

in a possible λ 0, the according Poisson distribution is adjusted by the variation of λ . For each λ 0 there

are 200 Poisson distributions with an alternative expectation value λ 0
j with λ 0−100≤ λ 0

j ≤ λ 0+100.

The question of which values for β is the best is then answered by searching for the maximum log-

likelihood value, Lmax. This is shown in figures 5.4a, 5.4b and 5.4c, where Lmax is determined out

of 200 Poisson distributions with λ 0
j as expectation value and the parameter β is fixed. The result is

then sorted for each cS2 histogram. The figures are sorted due to the neutron calibration. From these

results a total Lmax is determined which is described as the maximum of all calculated Lmax, named

Ltotal
max . Figures 5.4a, 5.4b and 5.4c uses Ltotal

max for normalisation. The Lmax distributions show that Lmax

is also maximised for a single slice of ∆S1 and hence the maximum Lβ
max is determined by searching

the maximum Lmax for a fixed β out of the cS2 histograms. These values are then normalised by Ltotal
max .

The result is shown in figure 5.4d for February11, April12 and May13 data sets. The here observed

maximum dictates the best choice for the parameter β . Hence the parameter β is fixed to β = 200 for

February11, β = 205 for April12 and β = 165 for May13 241AmBe calibration.

With the outcome of the optimisation in β , the according Poisson fits are analysed using the expec-

tation value λ to characterise each slice of S1. The resulting linear relations λ (S1) for the three data

sets are given in figure 5.5a. The variation of the parameter λ is necessary for the error calculation.

Section 5.6 will introduce a method to estimate the uncertainty on λ and β . The errors for β in table
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(a) Dataset: 241AmBe - February11 (b) Dataset: 241AmBe - April12

(c) Dataset: 241AmBe - May13
(d) Best choice for β according to the maximum log-

likelihood.

Figure 5.4 – The Lmax values from the variation around the expectation value λ . The result is given for the
cS2-histograms and the different choices of β . The here presented data (normalised to Ltotal

max ) sets describe
the data sets of February11, April12 and May13 and based on the maximum likelihood Ltotal

max , the data sets
are normalised the maximum of their distribution dictates the best choice for β (see figure 5.4d).
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5.4 are also taken from this section. A higher value of S1 causes a higher expectation value λ . This

is expected and also evident in the histograms. In addition, the fit errors are added: In λ the fit error

is taken from maximum likelihood fit (ROOT) and the error bars in S1 direction reflect the size of the

S1 slice (∆S1 = 1pe).

The characterisation of the single slices of S1 by an expectation value λ (S1) is parametrised by a lin-

ear fit, also included in figure 5.5a. The fit procedure ensures a reliability down to 2 pe in S1. Hence,

the extrapolation down to 0 pe depends on the previous values for λ and their error bars. Another aim

of the linear approximation is a continuous description λ (S1), which is summarised in table 5.4.

The polynomials λ (S1) present the connection between the scintillation light via S1 and the expected

signal from the ionisation process which results in cS2. Due to the abstract definition of the adjusted

Poisson distribution in equation (5.2) and the transform in equation (5.3), it result λ (S1) ∝ cS2. This

means, there is less light produced and less electrons at the same time what indicates a low nuclear

recoil. The lower the S1 signal the lower the expected cS2 signal (or the other way around). The

linear approximation of λ (S1) allows to estimate S2 signals below the XENON100 threshold. Such

it is observed there, the error bars of the maximum likelihood fit increase for low S1 and a deviation

from the linear approximation arise.

The linear fit is not physical motivated and is based on the minimum assumption given the relation be-

tween S1 and cS2. The relative scintillation efficiency (Leff) and charge yield (Qy) which is measured

up to know and simulated by the XENON100 collaboration indicates that the linear approximation

does not hold necessarily for low S1 energies. The number of electrons per keV nuclear recoil (see

figure 3.15d) saturates at 3keVNR and vote against the previous relation that less S1 signal is followed

by less S2 signal. There are no further measurements below ENR = 3keVNR available to determine

the trend of Qy in detail. This saturation effect leads to slightly increased observed expectation value

λ within S1 ∈ [0,2]pe. The following subsection describes a method to calculate the acceptance from

a Monte Carlo simulation which uses λ (S1) as input. As already mentioned in section 5.3.1, the

Poisson expectation value λ is connected to β by the definition of the adjusted Poisson distribution in

equation (5.2) and (5.3). To remove the correlation between λ and β and connect the linear fit with

the definition of λ ′ in equation (5.3), we can extend equation (5.3) by the fit function:

λ
′(S1) =

β

100
λ (S1) =

β

100
(a×S1+b) (5.7)

The parameters a and b are the fit parameters (slope and constant) according to table 5.4 and the mul-

tiplication with β/100 corrects the abstract expectation value definition to λ ′. This means a transform

of the polynomials in table 5.4. The result is λ (S1)′ which is the exact relation between the expecta-

tion value of the Poisson distribution and the S1 slice. Due to the transform, abstract definition of the

expectation λ becomes easy to understand and furthermore the λ (S1)′ is measured in photo-electrons.
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(a) (b)

Figure 5.5 – Based on the search for the maximum Lmax for a fixed β (β = 200 for February11, β = 205
for April12 and β = 165 for May13), the best choice for β is made. Figure 5.5a summarises the resulting
expectation values λ 0 from the fits to the single cS2 histograms. In addition, the polynomial λ (S1) is
drawn which is used to get a continuous description down to 0 pe. Figure 5.5b compares the three data
taking periods. The abstract definition of the expectation value λ , related to the chosen β and is then
corrected by formula (5.7) to λ ′ which presents the expectation value of the cS2 signal.

This presentation allows comparing the different fit polynomials directly. This is seen in figure 5.5b

where the three data taking periods are shown together.

241AmBe Polynomial β

February11 λ (S1) = 244.8(±17.2)+44.7(±1.92)×S1 200+30
−20

April12 λ (S1) = 236.3(±16.16)+44.2(±1.76)×S1 205+25
−25

May13 λ (S1) = 311.8(±17.0)+49.6(±1.79)×S1 165+15
−10

Table 5.4 – The linear approximation for the data taking periods. The fits are based on the errors which
result from the Poisson approximation in λ . The errors in the brackets are the fit errors of the linear
approximation by ROOT, not the uncertainty in λ which is determined in 5.6. The errors in β are taken
from the uncertainties in section 5.6.

A shift of the linear fit functions is observed in figure 5.5a for February11 (red) to April12 (green).

The S2 acceptance calculations of February11 and April12 use the same electron lifetime of 2011/12,

τ
2011/12
DM = 374µs. The shift can not be explained by the same electron lifetime. To compare both

data taking periods, figure 5.5a with the λ (S1) is suitable. It already shows that λ (S1) has a lower
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241AmBe Polynomial β

February11 λ ′(S1) = 489.6(±34.4)+89.4(±3.84)×S1 200+30
−20

April12 λ ′(S1) = 484.4(±31.1)+90.6(±3.61)×S1 205+25
−25

May13 λ ′(S1) = 514.5(±28)+81.8(±2.95)×S1 165+15
−10

Table 5.5 – The linear approximation for the data taking periods after the β correction is applied to the
outcome of λ (S1). The error in the brackets refers to the β corrected fit error from table 5.4.

offset and slope in April12 compared to February11 and hence a small decrease in the S2 acceptance

is expected. A detailed analysis takes the fixed value of β into account. The fixed value of β changes

from β = 200 (February11) to β = 205 (April12). Both values differ not much from each other and

within the uncertainties on the parameter β (see table 5.8 with the uncertainties from section 5.6).

The result of the β correction is shown in figure 5.5b. Besides a minimal difference in the slope and

constant of February11 and April12, both linear approximations are almost identical (The detailed

outcome of the linear approximation after the β correction is applied and is shown in table 5.5). The

correlation with the parameter β becomes important if the fit functions are compared to each other.

Due to the β corrected fit errors in table 5.5 which are derived from the fit errors in table 5.4, the

fit functions overlap within the errors. This observation results a stable detector environment during

2011/12. Moreover the resulting true expectation value λ ′(S1) from the data taking period 2013/14

overlaps within S1 ∈ [0,6]pe pretty well with the both result from 2011/12.

This result shows a pretty good overlap of the true expectation value λ ′ which is in general a proof

for the stable S2 signal creation from the drifting electrons in the liquid xenon. Due to impurities and

slightly changing noise conditions are small changes expected and observed within the error bars.

5.4. Calculation of the S2 Signal Acceptance with Monte Carlo Method

The acceptance is determined by a Monte Carlo simulation. An infographic (see 5.6) introduces the

necessary steps to calculate the S2 acceptance. This technique is chosen instead of integrating over the

large parameter space (S1, cS2, fiducial volume, electron lifetime) directly. The input to the simulation

comes from the already determined relation of cS2 and S1 by the linear approximation λ (S1). Similar

to the electron lifetime τ of the 241AmBe measurements, the electron lifetime during the Dark Matter

data taking period must be evaluated to estimate the S2 acceptance correct for the related Dark Matter

data taking period. Moreover, the S2 acceptance needs to be determined for the fiducial volume of

34 kg.

S2mc = cS2mc e−
∆tmc
τDM (5.8)
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Figure 5.6 – The infographic describes the three different input parameters to equation (5.8). The event
position in the TPC and the energy distribution of the S2 are sampled by Monte Carlo methods. Only the
electron lifetime τ is chosen conservatively as the lowest observed τ with respect to the data taking periods
2011/12 and 2013/14.
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These three inputs are summarised by the infographic around the equation (5.8) (see also the middle

of the infographic). To point out the difference to already defined equation (5.4), the variables in

equation (5.8) have additional indices mc and DM to confirm their origin. Its aim is to calculate the

uncorrected S2 signal from the Monte Carlo simulation chain S2mc which then tested if its larger or

smaller than the given threshold of 150 pe. This test is carried out by equation (5.9):

Ai =
#S2mc,i(> 150pe)

#S2mc,i
i ∈ [0,17]pe (5.9)

It is counted how often a generated event exceeds the XENON100 threshold of S2mc > 150 an com-

pared to the total number of generated events, yielding the acceptance according to equation (5.9) for

each S1 slice i.

To evaluate the three input parameters (cS2mc, ∆tmc and τDM) and execute formula (5.8), the fixed value

β from the log-likelihood (see section 5.3.2) is a basic ingredient for the choice of the polynomial.

Formula (5.9) is evaluated within S1 ∈ [0,17]pe and uses the the extrapolation down to 0 pe at the left

site to calculate the full S2 acceptance. In addition, an extrapolation up to 17 pe is also taken into

account. This does not influence the S2 acceptance calculation. At this value of S1, the S2 acceptance

becomes ∼ 100%.

The three ingredients to equation (5.8) are explained in the following in detail:

• Parameter cS2mc (yellow): A random number generator produces this parameter. In a first

step, a uniform and random value of S1mc is drawn according to the previous S1 range (S1 ∈
[0,17]pe). Based on the 241AmBe data set of interest, the related polynomial description from

table 5.4 is used to evaluate λ (S1) at S1mc. This yields a random expectation value λmc which

defines the Poisson distribution with β fixed to table 5.4. With the expectation value λmc and

the fixed β , a random value of cS2mc is drawn from this distribution. The cS2mc generation from

the model distribution allows to sample values in cS2 below the left boundary by its Poisson

probability.

• Parameter ∆tmc (light red): takes the possible drift times in the TPC into account. Due to the

TPC height of ∼ 30 cm, the maximum drift time is approximately ∆t = 176µs. The Xs2peaks

acceptance is supposed to describe the whole TCP for a uniform WIMP distribution and not

only the upper third. Therefore a homogeneous drift time distribution of 5µs ≤ ∆t ≤ 176µs is

assumed. The S2 acceptance is calculated in the Dark Matter search region, an elliptical volume

of 34 kg in the inner TPC (X34kg2). Hence the homogeneous drift time distribution is limited

to events from inside the X34kg2 fiducial volume. This additional condition rejects simulated

events near the edges of the TPC which could also come from background events from the

detector surface and exterior.
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• Parameter τDM (light green): describes the electron lifetime from the 137Cs calibration (see

section 3.6.1). These calibration data sets are taken at least weekly during the Dark Matter data

taking period. The 2011/12 Dark Matter data is connected to 241AmBe data sets of February11

and April12 and 2013/14 is connected to May13. The lower right histogram of figure 5.6 shows

the electron lifetime distribution of 2013/14 which is developed from 137Cs data. It suggests

to sample values of the τDM histogram to empathise the measured electron lifetimes. That

approach biases the S2 acceptance to higher values as it discussed in section 5.7.2. We compute

a conservative lowest S2 acceptance from the lowest measured electron lifetime τDM which is

equal to the lowest value in the τDM histogram of figure 5.6.

According to formula (5.8) the uncorrected S2mc signal from the Monte Carlo method is calculated.

The energy threshold of 150 pe is applied to the S2mc to determine the number of accepted events by

formula (5.9). Each generated S2mc event belongs to a S1mc which finally allows to present the S2

acceptance A(S1). The result of this method is shown in figure 5.7. The presented outcome is not

complete yet. Further details on the uncertainties are introduced in section 5.6 and a full discussion of

the S2 acceptance follows in section 5.7

Figure 5.7 – The result of the S2 acceptance calculation based on Monte Carlo method with the input of
February11, April12 and May13 241AmBe calibration data. The here presented result is completed by a
full uncertainty discussion in section 5.7.
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5.5. Verification of the S2 Signal Acceptance with Simulated Neutrons

The previous subsection 5.4 presents the general method to determine the Xs2peaks acceptance with

a Monte Carlo simulation. The used data and cut selections, the Poisson description of the S2 his-

tograms and the realised Monte Carlo method for the final acceptance calculation are derived from
241AmBe data sets. The data based method to determine the S2 acceptance was developed and im-

plemented before a signal response simulation of the XENON100 TPC was available. Meanwhile

significant improvements were made in the simulation of the signal response of the TPC. The simula-

tion of neutrons is done by the Nuclear Recoil/WIMP Simulation Code which is described in section

3.4.6 and a result of signal response simulation [23]. This tool aims to simulate the detector response

for a given energy spectrum of neutrons (241AmBe) in keV. The simulation takes the full TPC as well

as the shield configuration into account. Moreover, the Nuclear Recoil/WIMP Simulation Code is able

to simulate WIMP interactions in the liquid xenon for a given WIMP mass. The output is similar to

reprocessed data and simulated S1 and S2 signals are analysed after the simulation.

Goal of the following subsection is to verify the Xs2peaks acceptance calculation with the same

method as described in section 3.5.1. The simulation tool allows to generate corrected S1 and S2 sig-

nals as well as uncorrected. In general, there would be no need to apply the already described method

to simulated neutrons to derive the Xs2peaks acceptance. Due to the applied detector acceptances

and thresholds during the neutron simulation itself, there is a spectrum of S2 signals generated down

to S2 = 0pe. A simple counting analysis of how many single scattered neutrons within the fiducial

volume have an energy above S2 > 150pe, would be enough to determine the S2 signal acceptance.

Figure 5.8 shows the result for an analysis where the events are counted (”simple S2 acceptance“).

The binomial error is around∼ 0.001 and is not shown in this presentation. The simple S2 acceptance

saturates faster at a 100% acceptance. The larger S1 is, the less events are counted for S2 > 150pe

in the cS2 histograms. This bias the S2 acceptance to higher values. A simple counting analysis is

carried out in section 5.8 when the WIMP acceptance is calculated for different WIMP masses.

The presented method to calculate the S2 acceptance on data (see section 5.3) and the simple count-

ing analysis can not be compared directly. The simple S2 acceptance does not take the spectral shape

of the cS2 distribution into account. The following analysis of simulated neutrons with the previous

established Poisson approximation is to verify the usability and correctness of the method by com-

paring simulated neutrons to 241AmBe data. The comparison provides also feedback on the neutron

simulation. Especially, for low values of S1, this is interesting, because the already established S2-

histograms are cut at the S2th = 150pe. Furthermore, another test proofs that the Poisson distribution

approximates simulated neutron data as well as calibration data.
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Figure 5.8 – The result of a simple S2 acceptance calculation with simulated neutrons for the data taking
period 2011/12. The binomial error is much smaller for each slice of S1 and therefore it not presented in
this figure. The simple S2 acceptance saturates at S1 ∈ [6,7]pe.

5.5.1. Monte Carlo Signal Input and Cut Selection

The Nuclear Recoil/WIMP Simulation Code provides a full set of corrected and uncorrected S2 sig-

nals from interacting neutrons. This study uses a set of simulated neutrons with a total number of

∼ 1.1×106 events (before applying cuts). Besides the basic simulation input from the Americium-

Beryllium energy spectrum, a set of thresholds and detector efficiencies is applied during the simu-

lation. Most important for the signal propagation are the light yield Ly and the relative scintillation

efficiency Leff for the S1 signal (see formula (3.22)) and the charge yield Qy (see equation (3.23)) for
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the S2 signal. The XENON100 collaboration proves a good understanding of the signal propagation

and the physical processes within the TPC [23].

The input parameters used here are Ly = 2.28, See = 0.58 and Snr = 0.95 for the S1 signal creation

process. The S2 signal creation depends on the number of created electrons and the translation into

units of photo-electrons. The conversion of one electron have an (Gaussian) expectation value of

S2 = 19.52pe and a standard deviation of σS2 = 6.71pe [22]. The values fit the 2011/12 science

run. Furthermore a threshold for Qy > 0.2keV is applied, the electron drift velocity is chosen to

ve− = 1.74µs/mm and a z-resolution of 3mm is used in the simulation. The PMT response is similar to

the XENON100 experiment with 0.5pe for a single photo-electron peak. With the given input of the

2011/12 science run a comparison to the Xs2peaks acceptance is realised here.

There are no dedicated cuts available for simulated neutrons and therefore the most important cuts

must be reproduced in some simple way. The neutron simulation is done in a background-free en-

vironment in the simulated XENON100 TPC and hence a bunch of cuts is not necessary (e.g. cuts

which are related to noise) to implement. A dedicated noise simulation is not available in XENON100.

The simulation takes the possibility of multiple neutron-xenon scatters into account. The events are

selected according to the first neutron scatter in the TPC as in the analysed data. This selection in

the data sets is available by applying a single scatter cut (Xs2single3). This cut aims to select events

with a large S2 and no other S2 peaks of the same size. The simulation allows to access how often a

neutrons scatters in the TPC. A real neutron source produces neutrons with energies high enough to

create multiple scatters and hence the Xs2single3 cut must be faked. The simulation allows to select

perfect single neutron scatters by selecting only events with a single interaction in the TPC. This cri-

terion is much more stringent than the Xs2single3 cut definition (see 5.2). Table 5.6 summarises the

applied cuts to the simulated neutrons. The S2 threshold of 150pe is applied and the fiducial volume

of X48kg0 is selected like before in subsection 5.2. The radius of possible events in the TPC is cho-

sen to r < 145mm. There is no drift time available which would result the time difference between

an S1 and S2 signal in the TPC and hence the depth (z-position) of the neutron scatter is limited to

−100mm ≤ z ≤ −10mm in the TPC. The simulation allows to access the interaction coordinates.

The z-position selection is made according to the upper third of the TPC like before. The upper limit

of −10mm is chosen according to the smallest accepted drift time of 5µs which is translated into a

z-position by a factor of 1.8 [43].

With Nuclear Recoil/WIMP Simulation Codeit is possible to simulate corrected and uncorrected sig-

nal. To correct the S2 signal a proper electron lifetime is needed which is associated with the data

taking period 2011/12. The simulation uses an electron lifetime of τe = 356 µs which is determined

from 137Cs source [23].
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Reason Cut set for simulated neutrons

S2-Signal Xs2peaks, nrscatter
!
= 1

Position selection X48kg0, Radius< 145mm, −100mm≤ z≤−5mm

Table 5.6 – A small set of cuts is applied to the simulated neutrons. Noise reduction cuts are not necessary.
The fiducial volume is chosen according to the previous data analysis. The selection of single S2 signals is
done directly.

5.5.2. Minimisation Procedure with Simulated Neutrons

According to the cut selections of subsection 5.5.1, the cS2-histograms are filled with the corrected

S2 signals from the neutron simulation. The cS2-histograms are fitted with a Poisson distribution, as

defined in equation (5.2). An example is given in figure 5.9b for the S1 slice of 4pe ≤ S1 ≤ 5pe.

The red dashed line indicates the low fit boundary of cS2 = 159pe which is chosen according to the

corrected S2 threshold (see equation (3.17)) of 2011/12 to compare the simulated neutrons from a

2011/12 configuration with data. The reddish area describes the event distribution below 150pe which

is calculated by the Monte Carlo method. The statistical error of the S2 histograms depends on the

number of simulated neutrons.

The Poisson fit in figure 5.9b is performed for a fixed β = 160. Testing different fixed values of β

with the simulated neutrons leads to a Lmax1total at β = 160. The Lβ=160
max is given in figure 5.9a, which

is equivalent to the figure 5.4d. It is maximised following the same procedure as described in 5.3.2.

The simulated neutrons are tested for 100 ≤ β ≤ 400 in steps of ∆β = 5. The appendix (see A.18,

A.19 and A.20) includes the full set of S2-histograms for simulated neutrons with their Poisson ap-

proximations. The fixed value of β = 160 results in figure 5.10a where the single expectation values

of λ are plotted versus S1. The linear approximation is given by the black line, λ (S1)simNR. The fit

range is set to 2pe≤ S1≤ 16pe. To compare the λ (S1)simNR with the outcome of the calibration data,

the previous results of February11 and April12 are also shown. The Nuclear Recoil/WIMP Simulation

Code is able to simulate the nuclear recoil response down to S1= 0pe (with Poisson smearing) accord-

ing to an approximation of Leff down to 1pe. Reasonable results are expected only above S1 ≥ 3pe.

The outcome of the linear fit for β = 160 is given in equation (5.10). The numbers in the brackets

are the fit errors of the constant and the slope from the fit (TMinute/ROOT). Section 5.6 describes the

uncertainties of the parameters λ and β and hence the uncertainty is βsimNR = 160+10
−10.

λ (S1)simNR = 292.2(±22.0)+66.6(±2.7)×S1 (5.10)

The outcome of the linear approximation for simulated neutrons must be corrected to the chosen best

fixed β value. The β correction of equation (5.7) is shown in figure 5.10b and the β corrected poly-
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(a) (b)

Figure 5.9 – Figure 5.9a shows the calculated Lmax values for single fixed values of β in steps of ∆β = 5.
The maximum of Lmax, the value Lβ

max is observed at β = 160. Figure 5.9b is an example of a single S1
slice (4pe ≤ S1 ≤ 5pe). The simulated corrected S2 signals are fitted with the Poisson distribution of
equation (5.2) (black). The red dashed line shows the low fit boundary and the filled area shows the loss of
cS2 signals due to the S2 threshold which is described ideally by the Poisson fit.

nomials are given in table 5.7.

With the outcome for λ (S1)simNR in equation (5.10), the same method is used to calculate the Xs2peaks

acceptance as it is described in section 5.4 and is discussed in section 5.7. The Monte Carlo method

uses the same inputs as in 2011/12. The fiducial volume is set to X34kg2 (see section 3.7) and the

worst measured electron lifetime in 2011/12 is τ
2011/12
DM = 374µs.

Figure 5.10a and 5.10b show a deviation between the data driven fit polynomials and from the simu-

lated neutrinos. The change in the slope from data to simulated neutrons will impact the S2 acceptance.

This is discussed, in particular, in section 5.7.3.

Polynomial β

February11 λ ′(S1) = 489.6(±34.4)+89.4(±3.84)×S1 200+30
−20

April12 λ ′(S1) = 484.4(±31.1)+90.6(±3.61)×S1 205+25
−25

Simulated Neutrons λ ′(S1) = 468.9(±35.2)+106.3(±4.32)×S1 160+10
−10

Table 5.7 – The linear approximation for the data taking periods in February11 and April12 are corrected to
their values of β = 200 and β = 205. The simulated neutrons are corrected with β = 160. The β correction
yields λ ′(S1) which is the expectation value of the Poisson approximation measured in photo-electrons.
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(a) (b)

Figure 5.10 – Figure 5.10a shows the expectation values λ , currently used, of the Poisson fits to the S1
slices. The linear approximation is fitted in 2pe≤ S1≤ 16pe. Due to the XENON100 S1 threshold of 3pe
the fit is relevant for S1 ≥ 3pe. Furthermore, figure 5.10b shows the β corrected polynomials: λ ′(S1) for
the February11/April12 data taking period and the simulated neutrons.

5.6. Uncertainty of the S2 Signal Acceptance

The following subsection will discuss the uncertainties for the previously discussed methods to eval-

uate the Xs2peaks acceptance. The error determination will be the same for the 241AmBe data of

section 3.5.1 and the simulated neutrons of section 5.5. There are a number of parameters which have

a given uncertainty which will influence the final Xs2peaks acceptance.

The uncertainties from the fits of the Poisson model to the data and of the linear fit of λ (S1) do

not provide a full account of statistical uncertainty in the acceptance. Rather we need to consider

the correlations between the of the two parameters β and λ in equation (5.2). As already dis-

cussed in section 5.3.1, the common parameter which connects the cS2 histograms is β . The best

choice of β is determined by equation (5.6) where Lmax is calculated from the variation of λ 0 with

λ 0−100 ≤ λ 0 ≤ λ 0 +100 for each slice of ∆S1 and ∆β . The best choice is then the total maximum

Ltotal
max . From here the uncertainty for the choice of β is missing. Furthermore, this procedure does not

yet take the overall uncertainty of the variation in λ into account.

Therefore the overall uncertainty depends on the deviations of λ and β together. This becomes clear

by the fact that λ can be transformed into a true expectation value λ ′ by β . The third fit parameter α
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also needs to be taken into account. But as long as the scaling is independent of the choice of β and

λ , this becomes only necessary in the later correct choice of a 68.3% uncertainty level determination.

Hence, the aim is to calculate a 68.3% confidence region on the already shown S2 acceptances (see

figures 5.5b and 5.17a).

The usual one-parameter estimation with the calculated log-likelihoods is given in equation (5.11) for

a parameter θ . The log-likelihood L is maximised (Lmax) and the confidence region is determined by

subtracting N2/2 from thus. The level of uncertainty is given by the Gaussian quantile N = Θ−1(1−γ/2)

where 1− γ corresponds to the desired level of confidence region [47].

log(θ b
a ) = log(LTotal

max )− N2

2
(5.11)

In case of three parameters, equation (5.11) is extended and a multidimensional confidence region

must be estimated. Hence equation (5.12) describes this adjustment for the three parameter fit which

is necessary here. The required value of Qγ = 3.53 refers to a fit with three parameters and a 1σ

confidence region (68.3%).

log(~θ) = log(LTotal
max )−

Qγ

2
= log(Lmax)−1.765 (5.12)

With this confidence level, the uncertainties are estimated for each cS2 histogram to evaluate the over-

all uncertainty on the choice of λ and β . Examples are given in figures 5.11a, 5.11b, 5.11c, and 5.11d

for the February11, April12 and May13 data and the simulated neutrons. In every case a slice of

6pe ≤ S1 ≤ 7pe is shown as an example. The calculations are done for each slice of S1. Therefore

the y-axis shows the true expectation value λ ′ and on the x-axis every tested value of β is given. Due

to the relation of λ and β , the λ ′ should be almost the same for each β and therefore the horizontal ar-

rangement is explained. This can be seen by the black dots which present the results of the individual

tested values of β for λ ′, the β corrected expectation values of the cS2 histogram fits. The variation

in λ ′ is shown by the log-likelihoods L in the colour code. Based on equation (5.12) and the variation

in λ ′, the uncertainty is determined by the maximum variation. This is demonstrated in figure 5.12a,

where the given 68.3% confidence level is applied to the February11 data set of figure 5.11a. The

arrow in vertical direction shows the uncertainty for this slice of S1 in ∆λ ′. The uncertainties for

all slices of S1 and the calibration data are given in figure 5.12b. Also the uncertainty is drawn for

simulated neutrons. The uncertainties for λ ′ drawn here are again transformed back into ∆λ to use

these values in the extended Monte Carlo technique (explained below ) to determine the uncertainty

on the Xs2peaks acceptance. The rise in the uncertainties from S1 = 4pe to S1 = 16pe is explained by

the Poisson fit assumption to the cS2 histograms. For low values of S1, the cS2 distribution fits pretty
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(a) Dataset: February11 (b) Dataset: April12

(c) Dataset: May13 (d) Simulated neutrons

Figure 5.11 – The figures shown here present a selection of the S1 energy slice 6pe ≤ S1 ≤ 7pe and
compare the outcome of the calculated log-likelihoods to each other for the February11 (5.11a), April12
(5.11b) and May13 (5.11c) data sets as well as the simulated neutrons (5.11d). In every case, the log-
likelihood values from the colour code follow the true expectation values λ ′ which are the direct results
of the Poisson fits to the cS2 histograms. The already presented maximum in β varies a little in these
figures but agrees with the overall determined values of βFebruary11 = 200, βApril12 = 205, βMay13 = 165
and βsimNeutrons = 160. The log-likelihood values are the absolute values.
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well the Poisson assumption and with increasing S1 energy, the cS2 distribution becomes a more and

more symmetric shape. This indicates a better approximation with a Gaussian distribution for higher

S1 energies. Therefore the Poisson description is less and less valid which explains the increasing

uncertainty. The estimated uncertainty for λ is also in a similar range, compared to the parameter

errors of the expectation value λ from the fits.

(a) (b)

Figure 5.12 – Based on the multidimensional confidence level of 68.3% the uncertainty in λ ′ is determined
for each cS2 histogram by investigating the variation in λ ′ around the expectation value λ 0 which is the
outcome of the Poisson fits. The uncertainty in λ ′ is named ∆λ ′ in figure 5.12a. The β dependent back
transform allows to determine ∆λ (not shown here). Figure 5.12a presents a zoom into the February11
data set of the S1 slice 6pe≤ S1≤ 7pe of figure 5.11a. Summarising all three data sets and the simulated
neutrons, figure 5.12b shows the uncertainties for each slice of S1.

After the uncertainties on the parameter λ are determined, the parameter β needs to be evaluated.

Therefore the already shown figure 5.4d is used. From the tested values of β , a Ltotal
max is estimated and

based on equation (5.12) for the three parameter fit, a βmin and βmax is determined. Therefore not the

normalised Lmax of figure 5.4d and the absolute values of Lmax are evaluated. An example is given in

figure 5.13a where, in addition to the absolute values of Lmax, a horizontal line indicates the outcome

of the multidimensional confidence level of 68.3%. The values of the left and right boundaries for the

best choice of β are given in table 5.8 for the February11, April12, May13 data sets and the simulated

neutrons.
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Data set βmin β βmax

February11 180 200 230
April12 180 205 230
May13 155 165 180

Simulated Neutrons 150 160 170

Table 5.8 – Overview about the uncertainties on the fit parameter β . The boundaries βmin and βmax are the
result of the multidimensional confidence level from a three parameter fit.

Together with table 5.8 and figure 5.12b the general uncertainty is determined. For this, the already

discussed Monte Carlo technique (section 5.4) is used. The Monte Carlo method is based on the linear

approximation λ (S1) which is determined from the expectation values λ1 to λ15 for the best choice of

β . This Monte Carlo technique is extended by the uncertainties of λ and β . This is summarised by

the diagram in figure 5.14 and is explained in detail in the following steps:

1. In a first step a random value of β is drawn according to the Lmax distribution in figure 5.13a

(example of data set February11) with the boundary condition of having βmin and βmax (see table

5.8). The available distribution of the values Lmax is by definition not a PDF, but as long as the

random values of β follow the most likely distribution the deviation of β within its boundaries

is taken into account. This is shown once again in step 1 of the diagram. The parameter β rand

indicates a random value of β .

2. The original procedure of finding the best value of β provides also a possible set of expectation

values λ1 to λ15 for each β . Based on the uncertainty in β in table 5.8 the according fit outcomes

of the Poisson fits are selected. Therefore a β rand is connected to one set of expectation values

λi with i ∈ [1;15]. A selection of possible expectation values λi for different β values is given

in the second step of the diagram in figure 5.14.

3. Each of the chosen λ1 to λ15 becomes the expectation value of a Gaussian distribution (see step

3 in the diagram). This corresponds to the a parabolic shape of the log-likelihood around the

maximum. The uncertainty on the Gaussian assumption is determined from the variation in

λ (see figure 5.12b). From these fifteen Gaussian distributions, fifteen values λ rand
1 to λ rand

15

are drawn randomly. These represent another set of random expectation values which could be

understood as outcomes of the Poisson fits to the cS2 histograms.

4. With this set of random expectation values another linear approximation is done. In step four

of the diagram 5.14, the outcome of one of these fits is indicated. The linear fit yields another

possible slope and constant of λ rand(S1).
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5. Finally, the new random linear approximation is used as an input to the already discussed Monte

Carlo technique in section 5.4 to calculate a new S2 acceptance.

To evaluate the S2 acceptance with proper statistics, the steps 1 to 5 are executed 2000 times for

each data set and the simulated neutrons. This assures a high number of draws to estimate the 68.3%

confidence level of the Xs2peaks acceptance.

(a) (b)

Figure 5.13 – Figure 5.13a shows the absolute values of the calculated Lmax for the tested values of β

from the variation in λ . The maximum log-likelihood Ltotal
max is given here for the February11 data set with

β = 200. According to the multidimensional confidence interval estimation for a three parameter fit, the
horizontal line indicates a 68.3% confidence level around the best choice of β . This definition allows a left
and right boundary for β : βmin and βmax. The uncertainty for β allows to select possible outcomes of the
Poisson fits (expectation value λ ) to the cS2 histograms. Figure 5.13b shows a selection of different values
of β which are within βmin and βmax.
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Figure 5.14 – Infographic about the extended Monte Carlo technique which is used to determine the
uncertainty of the S2 acceptance from the parameters λ and β .
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5.7. Results and Discussion of the S2 Acceptance

The following section shows result of the above discussed method to evaluate the S2 acceptance in

XENON100 with its related uncertainty.

5.7.1. Results of the S2 Acceptance and Uncertainty

The previous section 5.4 introduced the Monte Carlo simulation to evaluate the S2 acceptance for the

three data taking periods. Section 5.5 introduces a neutron simulation to verify the S2 acceptance

calculation. The result of the acceptance calculation is already shown in figure 5.7 as a preliminary

result for the three data taking periods which is completed by section 5.6 with the uncertainties in

λ and β . The result of the Xs2peaks acceptance cut with its uncertainty is given in figure 5.15a for

February11, 5.15b for April12 and 5.15c for the May13 data set and the simulated neutrons in figure

5.15d. The Xs2peaks acceptance is already given in the past section and in green the result of the

68.3% confidence level is drawn. From here the uncertainty behaves as expected, a lower value of

S1 will result in an increasing uncertainty and the uncertainty decreases when a saturation of almost

100% is observed in the S2 acceptance calculation.

5.7.2. Discussion: S2 Signal Acceptance with 241AmBe

The acceptances, available for the Xs2peaks cut are calculated with a large Monte Carlo sample

(∼ 16× 106 events each) and are presented in figure 5.15. The result indicates a small decrease in

the S2 acceptance from the February11 to the April12 241AmBe calibration data and furthermore an

increase from the April12 to the May13 calibration data. That increase/decrease in the S2 acceptance

is mainly observed for S1 values below 10pe. For S1 > 10pe, the difference almost vanishes, and

the Xs2peaks acceptance becomes ∼100% for all three data taking periods. Compared to the uncer-

tainties on parameter λ and β from where the errors in the S2 acceptances are determined from, the

increase/decrease is not significant.

To understand the observed increase and decrease below 10 pe it is necessary to evaluate the parame-

ters which go into the Monte Carlo calculation of section 5.4. The study presented here does not vary

the fiducial volume during the Monte Carlo procedures. The changing electron lifetime from April12

to May13 and the upward shift of the fit polynomial (February11/April12→May13, see figure 5.5a)

are discussed to explain the observed Xs2peaks acceptance.
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(a) (b)

(c) (d)

Figure 5.15 – Overview about the Xs2peaks cut acceptance with the according 68.3% confidence level
which is determined from the three parameter fit to the Poisson distributions and in depend in detail on the
coupled parameters λ and β .
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(a) (b)

Figure 5.16 – Figure 5.16a present the relative differences of the calculated S2 acceptances. The data
taking periods from February11 to April12 (red) and April12 to May13 (blue) are compared. The relative
difference increases for the S2 acceptance below S1 < 6pe for the data taking periods April12 to May13
by at most 2.5% above 2pe in S1. For February11 and April12 calibrations it is nearly zero (within 0.3%).
Figure 5.16b shows what happens if the worst electron lifetime τ

2013/14
DM is applied to the S2 acceptance

calculation with April12 input. The S2 acceptance increases which is expected because the higher electron
lifetime.

The result of the Xs2peaks calculation is compared for February11 and April12 in figure 5.16a. The

red markers show the residuals of the different calculated S2 acceptances. The deviation is less than

0.4%. Even the strongest deviation lies up between 1pe≤ S1≤ 2pe, which is not in the range where

the linear fit procedure is defined. From this observation the small increase in Xs2peaks acceptance is

expected and can be explained. The electron lifetime is not changing between February11 and April12

and due to the β correction which results an overlap of both β corrected fit functions λ ′(S1) with in

the fit errors (see table 5.5) and the uncertainty in β , there is no impact on the S2 acceptance.

To compare the Xs2peaks acceptance of May13 with February11/April12, the input polynomial λ (S1)

of figure 5.5a was calculated according to formula (5.7) to λ ′(S1). The polynomial is given in table

5.5 and the result is shown in figure 5.5b. The Monte Carlo method uses a longer electron lifetime

of τ
2013/14
DM = 496µs compared to 2011/12 with τ

2011/12
DM = 374µs to calculate the S2 acceptance. The

linear approximation in 2013/14 shows a higher constant which means that a higher value of cS2 is

expected at low S1. At the same time, the slope of the 2013/14 polynomial decreases. By comparing

the polynomials, the point of intersection is at S1 ≈∼ 4pe. Below 4 pe the 2013/14 polynomial pro-
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vides a larger true expectation value λ ′(S1) than for 2011/12. The longer electron lifetimes between

the two 241AmBe calibrations are the expectation for the larger Xs2peaks acceptance (figure 5.15 or

figure 5.7) for S1 < 6pe. This is also seen in figure 5.16a where the S2 acceptance difference becomes

maximal for S1 < 4pe. The observed difference there is up to 3%, which is also out of the previous

(linear) fit range of the linear approximation.

Finally, the impact of the change in τDM from 2011/12 to 2013/14 is evaluated. Therefore the Xs2peaks

acceptances of April12 and May13 are compared. As already shown, the February11 is very similar to

the April12 data for low values of S1 and therefore we restrict the comparison. Figure 5.16b shows the

S2 acceptance computed for the minimum Dark Matter electron lifetime in 2011/12 for the data taking

period 2013/14, for example, assuming the earlier data had already been taken at a higher xenon pu-

rity. Hence, the Monte Carlo calculation is done for the polynomial of April12 with the worst electron

lifetime of 2013/14 (τ2013/14
DM = 496µs). The result is shown in figure 5.16b by the black markers. As

expected, the higher electron lifetime of 2013/14, τDM, increases the S2 acceptance in the Monte Carlo

method. However, the effect is small but explains very well the robustness of the Xs2peaks acceptance

calculation for the three data taking 241AmBe data taking periods. The rising electron lifetime during

both data taking periods increases the S2 yield according to the corresponding S1 signal, what leads

to higher S2 acceptance.

5.7.3. Discussion: Simulated S2 Signal Acceptance

The Xs2peaks acceptance for simulated neutron data is shown in figure 5.15d with the according un-

certainty for the parameters λ and β . In addition, figure 5.17a compares the simulated S2 acceptance

with the data taking periods February11/April12 without the parameter uncertainties. Figure 5.17b

shows the residuals of the simulated neutrons and the February11 and April12 data sets. The simu-

lated neutrons in the 2011/12 condition show a higher S2 acceptance for 0pe ≤ S1 ≤ 9pe compared

to the data driven Xs2peaks acceptance of 2011/12. For S1 ≥ 9pe, the acceptance becomes almost

100%. The relative differences from figure 5.17b show that the simulated S2 acceptance has a max-

imum deviation of ∼ 2.4% from the February11 Xs2peaks acceptance and a maximum deviation of

∼ 2.8% from the April12 data taking period S2 acceptance. This result is compared to the simple

counting analysis where the S2 acceptance for simulated neutrons is shown in figure 5.8. The simple

counting analysis results a higher S2 acceptance. To take the spectral shape into account by using the

adjusted Poisson distribution bias the S2 acceptance.

The β correction results in the true expectation value λ ′(S1) which is similar to cS2 and is measured

in photo-electrons. Even after the correction the slope for simulated neutrons is higher compared to

the slopes resulting from 241AmBe data. Therefore the same S1 slice (e.g. 3pe ≤ S1 ≤ 4pe) would
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(a) (b)

Figure 5.17 – Figure 5.17a shows the calculated S2 acceptance for simulated neutrons (black) and com-
pares that to the calculation for the February11 and April12 data sets. In figure 5.17b, the residuals are
shown between simulated neutrons and February11/April12 data taking periods are shown.

yield a higher true expectation value cS2. During the application of the Monte Carlo method of sec-

tion 5.4, the linear approximation of λ (S1) is used to create a Poisson distribution to describe cS2

for a uniformly distributed value of S1. The chance of a random cS2 > 150pe, drawn from this Pois-

son distribution increases with a larger slope and/or constant of the polynomial. This is observed

for the simulated neutrons. That principle is shown in figure 5.18a where such a Poisson probabil-

ity density function (PDF) is drawn for S1 = 4pe from February11 and the simulated neutrons. The

PDF of equation (5.13) is derived from equation (5.2), where the argument of linear approximation

λ (S1) = a× S1+ b is put in and α normalises the distribution to 1 to define a valid PDF. The in-

creased slope and/or constant shifts the expectation value λ . This results in a reduced probability to

draw events for cS2 < 159pe.

P(cS2|α,β ,λ ,S1,a,b) = α
e
−(a×S1+b)

100
(a×S1+b

100

) cS2
β

Γ

(
cS2
β

+1
) (5.13)

P(cS2 > 150pe|α,β ,λ ,S1,a,b) =
∫

∞

150

α e
−(a×S1+b)

100
(a×S1+b

100

) cS2
β

Γ

(
cS2
β

+1
) d cS2 (5.14)
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(a) (b)

Figure 5.18 – Figure 5.18a: Example of how the simulated neutron involve, compared to the data and
what is the impact on the expectation values λ . This behaviour influences the probability to draw random
events down to zero photo-electrons for cS2. A comparison between the single scatter cut for simulated
neutrons (5.18b) and a single S2 signal cut (Xs2single3), which is developed for data, shows that there are
less differences in the polynomial description.

The probability to draw a random cS2 > 150pe from the distribution in equation (5.13) is given in

equation (5.14). The probability shifts from February11→ Simulated Neutrons and April12→ Sim-

ulated Neutrons are expressed by a residual which is also drawn in figure 5.17b by the dotted lines.

The residuals of the probability shift follow the Xs2peaks acceptance residuals from the Monte Carlo

method. Therefore, a higher Xs2peaks acceptance for simulated neutrons follows the increased cS2

for a given S1, compared to February11/April12 data taking periods.

Origin of the Xs2peaks acceptance rise in simulated neutrons is the stringent event selection by the

single neutron scatter criterion of nrscatter
!
= 1. The analysis of real neutron data uses the Xs2single3

cut which selects events where a single S2 signal is followed by strongly suppressed S2 signals on the

same waveform and hence the Xs2single3 cut still allows multiple scatters with a finite probability.

The simulation follows each possible scatter of a single event and tracks their deposited energies. The

waveforms of real neutron events are analysed by the peak-finder algorithm of xerawdp to identify S2

peaks. Besides the largest S2 signal on the waveform which is responsible for triggering the event,

further S2 peaks do not necessarily originate from the same physical interaction. Hence, multiple
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S2 signals from neutrons are only suppressed by the Xs2single3 cut but not fully eliminated, and the
241AmBe single scatter data are not purely single interactions.

Xs2single3 := ALT(S22;0)< 70+
S21−300

100
(5.15)

To compare these different ways of cuts to select single S2 events the Xs2single3 cut is applied to

simulated neutrons instead of applying nrscatter
!
= 1. All other cuts which are described in section 5.5.1

are the same. The same analysis method with the Poisson fit to the S1 slices is done to calculate the

linear approximation of λ ′(S1) as in figure 5.10b.

The result is given in figure 5.18b where both polynomials do not differ much from each other. The

expected outcome would be that the Xs2single3 cut on simulated neutrons yields a polynomial λ ′(S1)

which is similar to the data of February11 and April12 if the simulation describes the data optimally.

In this sense the Xs2single3 cut works differently for simulated neutrons and real neutrons. The cut

definition is given in equation (5.15). The ”ALT“ statement in the cut definition (see equation (5.15))

describes the possibility that no second scatter is simulated, then the left site of equation (5.15) is zero

and the cut criterion is fulfilled. This is equal to nrscatter
!
= 1. A second scatter result in S22 which

has to be smaller than the right side of equation (5.15) to fulfil the cut criterion. That is equal to two

detected scatters in the simulation nrscatter
!
= 2 with an additional S2 signal limit on the second scatter.

Based on this result a possible Xs2single3 cut for simulated neutrons is defined according to equation

(5.16). The second part of the cut introduces a similar cut condition on the second S2 peak such it is

done in the original cut definition. This definition uses the parameter α as a suppression factor of the

second S2 peak. Due to the reason that the simulation allows multiple scatters of a higher order, the

cut definition in equation (5.16) can be extended to higher orders. With

Xs2single3Simulation :=
[
nrscatter

!
= 1
]
||
[
nrscatter

!
= 2 & S22 < α×S21

]
(5.16)

In summary there is no specific cut set which is developed for simulated neutrons or WIMPs. There-

fore, the observed S2 acceptance which is developed from simulated neutrons will always be higher

than for real neutrons, the outcome is understood as an upper limit on the S2 acceptance based on

simulated neutrons with a perfect single scatter. The suggested Xs2single3Simulation cut for single and

double scatters is not used in the further analysis of the WIMP acceptance. WIMPs are supposed to

interact once in the TPC and therefore it is enough to request a single scatter interaction.
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5.8. Determination of a WIMP Acceptance Based on Simulations

The previous two subsections discuss the Xs2peaks acceptance from neutron calibrations and from

simulated neutrons. Basic input is the corrected S2 signal (cS2) which is analysed for S1 signals

below 16pe. Due to the S2 threshold of S2th = 150pe and hence the electron drift time corrected

threshold in cS2th, the S2-histograms contain a blinded region of 0pe ≤ cS2 ≤ cS2th. The applied

Poisson distribution fit to the S2-histograms describes the cS2 signal below cS2th analytically.

The Nuclear Recoil/WIMP Simulation Code allows to simulate the detector response of S1/S2 signals

for a neutron spectrum. Furthermore, it is possible to simulate the detector response for WIMP masses

mχ and their cross-sections σχ . Given the good fit of the XENON100 neutron simulation with the data

and the observed impact of contamination by neutron multiple scatters, we move on to rely in response

and acceptance on Monte Carlo simulations of single scatter WIMP-nucleus interaction.

5.8.1. Monte Carlo WIMP Input from Simulations

The basic input to the Nuclear Recoil/WIMP Simulation Code are WIMP mass mχ and cross-section

σχ which are needed to calculate the correct rates. The cross-section is multiplied to the rate and

hence it is enough to investigate a broad spectrum of WIMP masses. The presented analysis fixes the

cross-section to σχ = 10−40 cm2 (default setting in the Nuclear Recoil/WIMP Simulation Code code)

and scans masses between 5GeV ≤ mχ ≤ 1030GeV. This introduces a variation in the number of

simulated WIMPs for each WIMP mass. The masses below 100GeV are scanned in steps of 1GeV,

the masses between 100GeV≤ mχ ≤ 1030GeV are scanned in steps of 10GeV.

The set of simulated WIMPs is collected for single WIMP masses. Taking a constant cross-section

into account, the number of simulated WIMPs varies for each WIMP mass. The decision on the

number is arbitrary. The minimum amount of simulated WIMPs for a mass of 5GeV is ∼ 65000

events and the maximum for a mass of 54GeV is ∼ 13.2×106 events. An overview is given in figure

5.19 where the number of simulated WIMPs is shown for each WIMP mass. When the simulation is

carried out, the number of WIMPs is fixed and hence the number of interacting WIMPs in the TPC

depends on, e.g. the cross-section. This is why the number of interacting WIMPs in figure 5.19 is

lower for e.g. 5GeV ≤ mchi ≤ 10GeV. Therefore, the simulation itself is carried out more often to

collect enough interactions for a proper statistics, what is the reason for the three jumps in figure 5.19.

The first segment has 100, the second segment has 20, the third segment has ten and the forth segment

has five single simulations with each between 10000 ≤ interacting WIMPs ≤ 80000 events. This

analysis would be also possible with a fixed number of simulated event per WIMP mass and a varying

cross-section.
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Figure 5.19 – The number of simulated WIMPs in the TPC for a fixed cross-section of σχ = 10−40 cm2

is divided into four segments. Each one depends on how often the WIMP simulation is carried out. This
division allows to collect enough WIMP interactions for each simulated WIMP mass to gain in statistics.

5.8.2. Method to Evaluate the WIMP Acceptance

The WIMP acceptance calculation does not require a complex method as described in section 5.3.1

and 5.3.2. The Nuclear Recoil/WIMP Simulation Code allows to simulate WIMPs down to a mass

of 5GeV and describes the TPC response in uncorrected and corrected (S1,S2) pairs. The resulting

corrected and uncorrected S2 signals are simulated down to 0pe. The energy threshold in S2 is the

same for WIMPs and neutrons and hence the number of WIMPs is counted above S2th > 150pe for a

single WIMP mass and per slice ∆S1. The S1 signal is limited to 0pe≤ S1≤ 30pe, where the upper
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limit is given by the benchmark search region in the general Profile Likelihood analysis of 2011/12

[15]:

S2S1
mχ

> 150pe, mχ ∈ [5;1000]GeV, S1 ∈ [0;30]pe (5.17)

The number of events which pass the criteria (5.17) is nS1
χ which then is normalised by the total

number of simulated WIMPs NS1
χ within a given mass mχ and slice of ∆S1. The normalisation results

in a probability density function for a given WIMP mass, pχ .

pS1
χ =

nS1
χ

Nχ

(5.18)

Aχ =
∫ 30pe

3pe
pS1

χ dS1 (5.19)

The integrated WIMP acceptance Aχ is calculated according to the detector threshold of S1 > 3pe

and integrates equation (5.18) from 3pe ≤ S1 ≤ 30pe as it is shown in equation (5.19). The lower

boundary of 3pe is the analysis threshold in S1 and is determined by coincidence requirements on

PMTs to reduce effects from noise and dark counts.

The Nuclear Recoil/WIMP Simulation Code allows to also vary the thresholds during the simulation.

Therefore this study also includes the two possibilities to lower the S1 and/or S2 threshold to test its

impact on the WIMP acceptance. First the S1 threshold is lowered from 3pe to 0pe. In reality, this

would not be possible as long as Leff is measured down to 10 pe (3keVnr). The Nuclear Recoil/WIMP

Simulation Code approximates that energy region by its best fit to Leff [23]. The acceptance Aχ is

then calculated according to equation (5.19), but with a lower boundary of 0 pe.

In a second step, the impact of the S2 threshold is tested. The S2 threshold depends on the trigger effi-

ciency in XENON100 and therefore the simulation studies the potential of a higher trigger efficiency.

We test the WIMP acceptance for a lower threshold of S20
th = 100pe (see equation (5.17)). In this

case, the minimal signal charge size of ∼ 7.5 electrons is reduced to 5 electrons.

5.8.3. Results of the WIMP Simulation

In total, 200 WIMP masses are analysed, each with single slices of S1 with a width of ∆S1 = 1pe

and an upper limit of S1 ≤ 30pe. This yields 6000 single cS2 histograms. An example for such a

histogram is given in figure 5.20a, where the red dashed line indicates the S2 threshold in XENON100

of S2 > 150pe. The analysis counts events right of the red dashed line.

All S1 slices are summarised in figure 5.20b for a WIMP with mχ = 50GeV. The S1 spectrum is
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normalised to the total number of interacting events for a 50GeV (example mass) WIMP. All tested

WIMP masses are summarised in figure 5.22 as a 2D histogram for the S1 spectra.

(a) (b)

Figure 5.20 – Figure 5.20a shows an example S2-histogram of a simulated 50GeV WIMP within a slice
of 3pe ≤ S1 ≤ 4pe in S1. In total 30 S1 slices are analysed (∆S1 = 1pe) for 200 WIMP masses in
5GeV≤mχ ≤ 1000GeV. Figure 5.20b shows the normalised S1 spectrum of a 50 GeV WIMP. The higher
the WIMP mass is, the higher is its probability to include higher S1 signals in the recorded S1 and S2
signals of the simulated WIMPs.

The integrated acceptance Aχ as defined in equation (5.19) is presented in figure 5.21a for the detection

threshold of S1≥ 3pe and for an ideal threshold of S1≥ 0pe.

5.8.4. Discussion: Simulated WIMP Acceptance

The integrated WIMP acceptance describes the number of detected WIMP interactions for a certain

WIMP mass would be under the 2011/12 science run condition. Figure 5.21a shows the WIMP accep-

tance for the 3pe ≤ S1 ≤ 30pe range which is similar to the WIMP search benchmark region of the

Profile Likelihood analysis of 2011/12 (blue markers). The WIMP acceptance increases up to 80% at a

WIMP mass of mχ = 66GeV and decreases to 78% for WIMP masses mχ > 200GeV. The acceptance

dross quickly below mχ . 20GeV, reaching less than 20% at mχ = 10GeV and 2% at mχ = 5GeV

Under the threshold conditions of S1≥ 3pe and S2 > 150pe, the situation changes if no S1 threshold

is considered which requires a measured parameter Leff down to 0pe from external experiments. The

S2 threshold is not changed and the outcome is also shown in figure 5.21a (red). There the acceptance
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(a) (b)

Figure 5.21 – Figure 5.21a shows the acceptance for four different scenarios: There is no S1 threshold
applied and then S1 = 0pe is tested for S2 > 150pe and S2 > 100pe (red dots and red transparent dots).
The XENON100 S1 threshold of S1 > 3pe is also shown for S2 > 150pe and S2 > 100pe (blue dots and
blue transparent dots). Figure 5.21b shows the residuals of the scenarios if the S2 threshold in XENON100
is lowered to S20

th = 100pe. In both cases, an increase in the acceptance is observed from the rising residual.

is at maximum for a WIMP mass of mχ = 31GeV at 93.5%. The acceptance increases to Aχ > 90%

for WIMP masses of 16GeV≤ mχ ≤ 75GeV.

In every case, the WIMP acceptance decreases after its maximum. The reason for that is the analysis

benchmark region of up to S1 < 30pe. The detector response depends on the WIMP mass and there-

fore a heavier WIMP reaches to higher energy deposits and hence higher (S1,S2) signals, compared

to low mass WIMPs. Extending the analysis range to S1 > 30pe would increase the integrated WIMP

acceptance, at the cost of lower signal to background ratio. Background is not considered in this ac-

ceptance study. There is barely a decrease in acceptance observed in figure 5.21a and hence the signal

gain is little beyond S1 > 30pe.

The WIMP simulation shows that the highest acceptance is given for WIMPs in 51GeV≤ mχ ≤ 100GeV

for the thresholds of 2011/12. This concludes from the past publication[17], that XENON100 is not

sensitive enough in these WIMP masses for spin-independent interactions. The new Dark Matter data

set is not yet published. Hence Nuclear Recoil/WIMP Simulation Code is not setup yet for the changed

run conditions to 2013/14. As soon as the new setup is implemented the Xs2peaks acceptance and the

WIMP acceptance will be calculated again.

The Nuclear Recoil/WIMP Simulation Code simulates corrected and uncorrected S2 events down to
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Figure 5.22 – This figure shows a combination of all 200 tested WIMP masses within 5GeV ≤ mχ ≤
1000GeV. WIMP masses below 100GeV are scanned with ∆mχ = 1GeV and masses above 100GeV are
scanned in steps of ∆mχ = 10GeV.

0 pe and based on the idea of lowering the S2 threshold by 50 pe to S2low
th = 100pe. This scenario

is shown for both S1 ranges, 0pe ≤ S1 ≤ 30pe (red) and 3pe ≤ S1 ≤ 30pe (blue) by the transparent

markers in figure 5.21a. To determine the difference, the figure 5.21b shows the residuals. A strong

increase in the WIMP acceptance is not observed for 3pe≤ S1≤ 30pe and hence a further lower of the

S2 threshold will not affect the WIMP acceptance in XENON100 with the selected S1 range for most

WIMP masses. In case of taking also no threshold in S1 into account, 0pe≤ S1≤ 30pe the residuals

are > 1% for WIMP masses of 5GeV ≤ mχ ≤ 25GeV and reach against its maximal residual for a

WIMP of mχ = 5GeV.
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In conclusion, an increase in the WIMP acceptance is expected notably if the S1 threshold will be

lowered for low mass WIMPs. As shown in figure 5.21b by the blue markers, a higher trigger effi-

ciency to allow a lower S2 threshold will also increase the WIMP acceptance, but this will merely

affect WIMPs with mχ . 7GeV. Only for WIMP masses of mχ < 8GeV would the effect surpass

10%, reaching a 70% increase at a 5 GeV WIMP. Clearly, it is the S1 signal that is limiting the low

mass WIMP sensitivity and not the S2 signal. Due to the high number of simulated WIMPs (see fig-

ure 5.19), the statistical uncertainties are small and in the order of 10 times lower than the calculated

WIMP acceptance.

5.9. Summary

This chapter described the acceptance of the Xs2peaks cut in detail. The cut defines a threshold in un-

corrected S2 signals. It is important to set the S2 threshold to its smallest possible value to maximise

the acceptance. On the other side, the S2 threshold has to reach a minimum where the observed S2

signals are identified and recorded as trusted signal. Therefore the S2 trigger efficiency is used. In

case of identifying S2 signals by a probability of almost 100%, the according S2 threshold is selected.

This threshold was set to S2 > 150pe in the data taking periods 2011/12 and 2013/14.

The cut results in an overall high acceptance with the largest variation for small S1 signals. The situa-

tion is more than one might initially expect complicated, due to the fact that the S2 signals are position

dependent and furthermore, no information about the spectral shape of the corrected and uncorrected

S2 is available below S2 < 150pe. To deal with this situation, the variable of observation becomes

cS2 in slices of ∆S1. The observed cS2 distribution is approximated by an extended Poisson distri-

bution which contains further fit parameters. Via minimisation of the likelihood from the likelihood

fits results the best choice for the fit parameters. This method results a relation between the expected

amount of cS2 signal for each S1 which is approximated by a linear fit. This linear function is used

to calculate the S2 acceptance by a Monte Carlo simulation. This technique allows to sample random

cS2 values down to cS2 = 0pe for a random S1 value. The simulated cS2 is position corrected via the

electron lifetime to S2. The acceptance is calculated by counting the number of simulated S2 signals

which exceeds the S2th.

This method is presented on 241AmBe calibration data from three calibration data taking periods:

February11, April12 and May13. The outcome of the S2 acceptance shows a good agreement be-

tween the February11 and April12 data sets. Both calibrations were taken during the same data taking

period 2011/12 and therefore the acceptance is not expected to change much. The higher electron

lifetime in the following data taking period 2013/14 results a higher Xs2peaks acceptance.

A tool to simulate neutrons is used to verify the general method. To begin with the simulated neutrons
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are distributed in slices of ∆S1 = 1pe and the S2 acceptance is based on counting the number of events

which are above 150 pe. This results a high S2 acceptance but neglect the spectral shape, in particular

for S2 < 150pe. To take the spectral shape with simulated neutrons into account, the same analysis

approach such for the data is used. The method itself works quite well on the simulated neutron data,

only its outcome is not comparable with 2011/12 data sets directly. The selection criterion of simu-

lated neutrons is different, in particular for the selection of true single scatters. This is not possible on

data and only a single scatter cut is available which searches for large S2 peaks on the waveform with

a highly suppressed second or higher order S2 peak. In contrast, the simulation is background free

and allows to select single scatters at a perfect level which is much better than it is possible with data.

A dedicated cut set for simulated neutrons is not yet available and therefore the result is understood as

an upper limit on the S2 acceptance based on a simulation.

The same tool which simulates neutrons is also used to simulate WIMPs in the XENON100 TPC.

Based on that simulation a simple counting experiment is carried out to analyse the S2 threshold and

its impact on simulated WIMPs. The question about multiple scatters is not relevant because it is

expected that WIMPs interact only once in the TPC. It turns out that the resulting WIMP acceptance

follows the expectation from the data analysis for neutrons. The WIMP acceptance has its maximum

below a WIMP mass of mχ = 50GeV for the given S2 threshold.
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"Ooh, Dark Matter. We better bring a flashlight."
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6. The Electronic Recoil Background
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6.1. Motivation

This section is dedicated to the characterisation of the electronic recoil (ER) background in XENON100.

Weekly calibration procedures (see section 3.6.2) are necessary to estimate the event rate, strength and

kind of the ER background and to measure the detector response to ER calibration sources. Therefore

in each data taking period, two well-known calibration sources are used to get an energy-dependent

response of the detector. Prior work has been presented in past publications of the XENON100 col-

laboration [15], [24].

The characterisation of the ER background is important for a full understanding of the detector. The

model, which is discussed in this work, shows that ER event distribution is understood and the model

can be used in further statistical analysis. This section introduces a new phenomenological model of

the ER background and tries to determine its uncertainties relating to ER background data. Finally, the

robustness of the WIMP exclusion limit is tested under the aspect of comparing this ER background

model to a previously developed ER background model.

A first characterisation of the ER background allows us to describe the event distribution of 60Co and
232Th in discrimination space in slices of cS1 by a Gaussian approximation. Besides this first approxi-

mation of the data, another additional event class is observed. These anomalous leakage events appear

in contrast to their Gaussian probability in the flattened discrimination space (see 3.9), outside of a 3σ

standard deviation. Because of these unusual leakage events, which are not physically explained yet,

an adoption of the Gaussian background model is necessary.

In the previous 2011/12 data set, a one-dimensional model of the anomalous leakage events was de-

veloped. This model depends only on cS1 with an exponential drop and not on the flattened space

Y . The following section points to a model of the ER background which includes the full data space

(cS1 and Y ) and contains the observed irregularities. Besides the development of an alternative ER

background model which can be used in the Profile Likelihood approach to calculate a limit, this work

is extended to compare the previous ER background model with the alternative one.

The advantage of such a 2D model is the joint description of the ER background and the anomalous

leakage events by one probability density function (PDF) if the model is complete. Based on the num-

ber of expected ER background events in the Dark Matter data, the PDF describes their distribution

in the Profile Likelihood analysis [19] (PL) which is used in the latest XENON100 data analysis. The

final ER background model is an input to the PL analysis (see section 3.11), but due to its general

description it can also be used in alternative analysis methods such as a Bayesian approach [103].
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6.2. Data Selection

The following section uses the ER background calibration data (232Th and 60Co). A summary of both

data sets is given in table 6.1 for data taking periods 2011/12 and 2013/14. Both are controlled by

weekly ER calibrations. In total 2131 hours of calibration data were taken. The data is selected by the

“standard” data taking conditions, for example the applied cathode/anode voltage is −16/+ 4.5keV

at the meshes.

Data taking period Calibration
source

Number of data
sets

Corrected lifetime
[hours]

Corrected events

2011/12 232Th 194 613.15 89303641
2011/12 60Co 186 550 85457088
2013/14 232Th 277 468.89 82024367
2013/14 60Co 238 499.26 69320042

Total – 895 2131.3 326105138

Table 6.1 – Overview about the selected data sets of 232Th and 60Co during 2011/12 and 2013/14. The term
corrected refers to a correction which is applied after the data reprocessing with xerawdp. This correction
filters events which are produced due to high voltage micro dis-charges in the TPC.

Section 3.7 introduces the most important cuts and their definitions. Each analysis is dedicated to

a given set of pre-defined cuts which depend e.g. on the detector stability during the data taking

period. This set of cuts may change for the individual data taking periods (see section 3.7). The

characterisation of the ER background of 2011/12 is done after applying the cuts of table 6.2 and for

2013/14 the cut set of table 6.3 is used. The cut set of 2013/14 is similar to cut set of 2011/12.

Both cut sets contain the typical cuts which are used in the 2011/12 and 2013/14 Dark Matter analysis

for the event selection. That Dark Matter cut selection for ER background data is still valid because

it matches the most important event selection criterion such as single S1 and single S2 peak selection,

shelf-shielding and the Dark Matter search region in cS1. Figure 6.1 shows the remaining events of the

ER data for 2011/12 (figure 6.1a) and 2013/14 (figure 6.1b). Both data sets of the calibration sources
232Th and 60Co are presented together. The data is shown in the data space of Y and cS1.
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Cut type Data taking period: 2011/12

S1-signal Xs1coin2, Xs1width0, Xs1single4

S2-signal Xs2width8, Xs2top0, Xs2single3, Xs2peakpos0

Noise and veto Xsignalnoise_comb, Xhighlog1, Xlownoise0_m,
Xentropy0, Xveto2, XPL013_97

Fiducial volume and posi-
tion reconstruction

Xposrec1, Xs2chisquare0, X34kg2

Table 6.2 – The cut selection of 2011/12 to select ER events in 232Th and 60Co data sets. The cut set is de-
signed to select single S1- and S2 signals in the fiducial volume of the TPC. Noise and wrong reconstructed
events are also reduced 3.7.

Cut type Data taking period: 2013/14

S1-signal Xs1coin2, Xs1width0, Xs1single5

S2-signal Xs2width9, Xs2top0, Xs2single3

Noise and veto Xsignalnoise5, Xhighlog1, Xlownoise0_m,
Xentropy0, Xveto2

Fiducial volume and posi-
tion reconstruction

Xposrec1, Xs2chisquare0, X34kg2

Table 6.3 – The cut selection of 2013/14 to select ER events in 232Th and 60Co data sets. The cut set is
designed to select single S1- and S2 signals in the fiducial volume of the TPC. Noise and wrong recon-
structed events are also reduced. Some cuts have changed between two data taking periods to take minor
changes in the experimental setup into account 3.7.

6.3. Nomenclature

The following section uses the nomenclature of table 5.3 (see chapter 5.3). Due to corrections of the

S1 and S2 signal (see sections 3.4.3 and 3.4.4), the model is based on the corrected signal. To simplify

the following discussions and description the name signals refer to the corrected signals if nothing else

is mentioned.

6.4. The Electron Recoil Background Model

The model of the ER background and its anomalous leakage events is built-up in two steps. A first

order approximation of the ER background is done by Gaussian distributions. Additional anomalous

leakage events and an observed asymmetry are described in the second step. The residual is analysed
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6. The Electronic Recoil Background

by a 2D Gaussian kernel. That kernel allows to smear the anomalous leakage in the discrimination

space. The resulting model of the anomalous leakage events, which is called leakage model, also

contains a description of the asymmetry within the Gaussian ER background model. By adding up the

ER background model and the leakage model, a complete model of the ER background is created.

The ER background is shown in figure 6.1a and 6.1b for 2011/12 and 2013/14 in a binned histogram.

The bin size for this analysis is chosen to ∆S1 = 1pe (x-axis) and ∆Y = 0.1 (y-axis). The chosen

binning of Y depends on the instrumental resolution which is related to the width of the Gaussian

approximation of the ER background. A detailed overview about the Gaussian approximation is given

in subsection 6.4.2. The binning of Y is smaller than the observed Gaussian standard deviation σER

(see figures 6.2).

The final background model is described by a probability density function which is presented for a

data spread of 3pe≤ S1≤ 30pe for 2011/12 and 2pe≤ S1≤ 30pe for 2013/14. The limitation in S1

is given by a signal detection threshold. The data spread in the y-axis of −1.5≤ Y ≤ 1.5 results from

two observations: The lower boundary overlaps with the S2 threshold of S2th = 150pe and assures

that lower leakage events are included in the ER background model. The upper boundary is derived

from observations. There are no further leakage events observed for Y > 1.5.

(a) ER background: 2011/12 (b) ER background: 2013/14

Figure 6.1 – The 2011/12 and 2013/14 data selections after the cut list is applied to the data. Each data
set contains data of the two calibration sources 232Th and 60Co. The leakage events can be seen outside 3σ

deviation from the ER background. The binning is chosen to: 1bin = 1pe (x-axis) and 1bin = 0.1 (y-axis).
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6.4. The Electron Recoil Background Model

(a) ER background: 2011/12 (b) ER background: 2013/14

Figure 6.2 – Figure 6.2a shows a projection on the y-axis with a preliminary Gaussian fit to describe the
event distribution of 2011/12 within 3pe≤ S1≤ 30pe. Based on the preliminary Gaussian fit, the deviation
is σ ∼ 0.14. Hence there are more events observed outside a 3σ band in the data than it is expected by the
Gaussian model. Figure 6.2b shows the same result (σ =∼ 0.14) for 2013/14. Based on the numbers in
table 6.4, the leakage events do not fit the Gaussian background model.
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After the data selection and cuts of section 6.2 are applied, the number of events is determined (see

table 6.4). Furthermore a projection on the y-axis allows to observe the Gaussian distribution. The

y-projections are shown in figure 6.2a and 6.2b. In addition a preliminary fit is carried out. The fit

shows that to many events are observed outside a 3σ standard deviation with a standard deviation of

σ ∼ 0.14. Based on the total number of observed events for 2011/12 (15128 events) and 2013/14

(10589 events), it turns out that the number of observed events outside a 3σ standard deviation (48

events for 2011/12 and 45 events for 2013/14) differs from the expected numbers if the ER background

is analysed in slices of ∆S1 = 1pe. The total number of expected leakage events is given in table 6.4.

That overestimation of the ER background outside a band of Y < −3σ and Y > 3σ leads to the

assumption that another background contributes to the total ER background, the anomalous leakage

events.

S1
threshold

Total
events

Anomalous
Leakage

(Y <−3σ )

Anomalous
Leakage
(Y > 3σ )

Total
leakage
events

Expected
Gaussian
Leakage

2011/12 3 pe 15128 23 25 48 41
2013/14 2 pe 10589 29 26 55 28

Table 6.4 – Overview about the observed events from the 232Th and 60Co calibrations in 2011/12 and
2013/14. In addition the leakage event counts are compared to the expected number of events from a pure
Gaussian ER background (outside a 3σ standard deviation). This is a hint to an additional background
component, the anomalous leakage.

6.4.1. The Anomalous Leakage in the ER Background

The origin of the anomalous leakage events is unknown. A detailed description is not possible due

to the few events which are observed yet. Nevertheless, there are different approaches which aim to

explain this additional component in the ER background. Due to the few observed events, it is not

possible to restrict them to a specific fiducial volume, time dependence or source dependency. Due to

the S2 threshold in XENON100 that uncorrected S2 signals below 150pe are not used for further data

analysis, there is a certain probability left that anomalous leakage events origin from this additional

event distribution. Figure 6.3 shows the ER background for the 2013/14 data set with the same set

of cuts of table 6.3, but without the Xs2peaks cut. The ER background data set from 2011/12 shows

a similar behaviour. Another event population appears: The lowS2 events. The anomalous leakage

is between both populations and another model of the lowS2 events would allow to determine the

probability that the anomalous leakage events emerge from the lowS2 event region.

The characterisation of the lowS2 events is ongoing work and have to take additional issues into
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Figure (6.3): Another ”lowS2“ population arise from removing the S2 energy cut. There is a certain probability
left that the anomalous leakage origin from this population and only a few events exceed the S2 energy threshold.

account. The S2 trigger efficiency below 150pe decreases (see figure 3.17) and further correction

are necessary to calculate the true number of S2 signals below 150pe. To make things worse, not

every data selection cut of table 6.2 and 6.3 is defined below 150pe what requires further studies when

lowS2 events are analysed together with the ER background data. The lowS2 event distribution origin

from single, double or higher electrons. These electrons leave a typically S2 energy of S2 = 19.67pe

with an almost 80% detection efficiency [22].

Another possibility to explain the origin of the anomalous leakage are so called ”BiPo“ events. This

class of events was studied in detail by the XENON collaboration. Due to the Radon background in

the experimental setup, the isotopes 220Rn and 222Rn induce along the decay down to lead (208Pb and
210Pb) a specific signal in the TPC which consist of two large peaks from α which are followed by two

smaller peaks from β−’s. In detail, the Bismuth isotopes decay into Polonium along the decay chain

and therefore the name ”BiPo“ is chosen. Extended studied on the BiPo event selection criterion,

detection efficiency and the approach to model this event class is summarised in [113]. The resulting

BiPo data, which are independent from the ER background studies, shows also a contribution to the

region where the lowS2 are located. Therefore this class of events could be a suitable explanation for

the anomalous leakage events.
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6.4.2. Gaussian ER Background Model

The 232Th and 60Co data sets are analysed together. The XENON100 TPC has a given energy reso-

lution in S1 and therefore the ER background model is made in dependence of S1. Therefore the ER

data sets (see figure 6.1a and 6.1b) are separated in 30 slices of each ∆S1 = 1pe. Each data slice of

∆S1 is shown in figures A.1, A.2, A.3 and A.4 for 2011/12 data and A.5, A.6, A.7 and A.8 for 2013/14

data (see appendix A). Figure 6.4 presents an example of one of these ∆S1 slices. The selection is

made for 4pe ≤ S1 ≤ 5pe from the 2011/12 data set. The overall shape of the data distribution is

Gaussian as it is already sketched in figures 6.2a and 6.2b. The Gaussian fit to the data is shown by

the black line. The fit range is chosen to the expected 3σER standard deviation from the expectation

value µER. Figure 6.5c presents the single values of σER for each slice of S1 for 2011/12 and 2013/14.

From these figures, the Gaussian width is about constant with σER =∼ 0.14 for 2011/12 and 2013/14.

The exact mean values are < σ >ER,2011/12= 0.138 and < σ >ER,2013/14= 0.135. The fit range is then

3σER = ±0.42pe. The standard deviation σER describes the width of the ER background in Y . This

information is the most important outcome of the description of the ER background. The region of

interest for the WIMP search is below Y < −3σ in the ER background in Y direction and therefore

it is necessary to understand the ER background itself and to estimate how many events are expected

outside a certain deviation from the expectation value µER. Figure 6.5a is the amplitude of the Gaus-

sian fit in events per ∆S1 and ∆Y . The amplitude describes the scale factor which is used to seize up

the Gaussian distribution to the according number of counted events. That parameter depends on the

binning. Due to the decreasing acceptance of the detector at low S1 energies, the number of avail-

able events in each S1 slice for fitting decreases as shown in figure 6.1 or 6.5a. On the other side, a

saturation is already reached for S1 > 17pe and the number of events per S1 slice becomes almost

equal. Due to the definition of Y (equation (3.34)), the expectation value is µER ∼ 0 from the single

Gaussian fits (compare with figure 6.4 and see figure 6.5b). Deviations from zero in the fit parameter

µER are explained by the band flattening method itself. There is no perfect band flattening possible

and therefore the band flattening depends on the number of iterations itself.

The reduced χ2 (figure 6.5d) measures the goodness of the single fits. As long as the reduced χ2

depends on the degrees of freedom (NDF), the number of bins in each histogram of S1 influences the

result later. The data are approximated by a Gaussian distribution and due to the shape it is expected

that χ2/NDF ∼ 1, indicating a good fit. Subsection 6.10 discusses the goodness of the model.

The detection S1 threshold is set to 3pe in the Profile Likelihood analysis in 2011/12 and to 2pe

2013/14. This means that events with S1 < 3pe are observed and presented in the study of the ER

background, but the ER background model will be restricted to the boundaries of the data analysis and

their thresholds. Ongoing discussions and studies about lowering the S1 threshold from 3pe to 2pe are

the reason why the ER background model of 2013/14 includes the S1 energy slice 2pe ≤ S1 ≤ 3pe,
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6.4. The Electron Recoil Background Model

Figure 6.4 – Example for one distribution of the flattened space variable Y for the S1 energy of
4pe≤ S1≤ 5pe (upper figure) for the data taking period of 2011/12. The data is described by a Gaus-
sian model which fits the data very well. The lower figure shows the residual: “Data - Model“. Therefore
the Gaussian fit is subtracted bin by bin from the data distribution. The residual contains the leakage events.
The remaining S1 energy slices are presented in section A.1

.
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which was not used in 2011/12. As long as this is an ongoing discussion this extension is a possibility

and not mandatory. The final ER background model is influenced by the threshold in S1 and the edges

of the data space.

The outcome of the single fits in every S1 slice is summarised in figure 6.6 for 2011/12 and 2013/14

by a 2D histogram. The single parameters ”amplitude“, µER and σER describe the Gaussian back-

ground very well and result in a first order approximation of the ER background. Both Gaussian

approximations have two features, which are both addressed in the next step:

1. There are no anomalous leakage events in the Gaussian background model.

2. The first order approximation is symmetric due to the used Gaussian model.

After establishing the Gaussian ER background model in figure 6.6 for 2011/12 and 2013/14, the

residual is calculated. Therefore the fit result is subtracted bin by bin from the histogram of figures

6.6a and 6.6b. Each histogram contains 30 bins (i) in S1 and 30 bins ( j) in Y , in total 900 bins. The fit

yields a continuous description of the ER background model. Therefore the residual for each bin bi, j

is calculated by formula (6.1)

Ri, j = Di, j−MGaussian
i, j (6.1)

where Di, j describes the histogram of the data and MGaussian
i, j the Gaussian fit. The resulting residual

is shown in figure 6.7 for 2011/12 and 2013/14. To control the outcome of the residual, each slice in

S1 is plotted in figure 6.4 additionally (lower figure). The single S1 slices in the appendix contain the

residual (see figures A.1, A.2, A.3 and A.4 for 2011/12 data and A.5, A.6, A.7 and A.8 for 2013/14

data). The residual Ri, j contains non-Gaussian distributed events after the subtraction. Not every bi, j in

Ri, j is anomalous leakage necessarily and therefore the non-Gaussian background contain anomalous

leakage too.

The residual Ri, j contains a full description of the anomalous leakage events which are outside a 3σ

boundary around the expectation value µER. The anomalous leakage events are not described by the

first order approximation of the Gaussian ER background and their expected number of total events is

according to table 6.4 is higher. For 10589 (2013/14) observed ER background events with Gaussian

distribution, the number of expected leakage events outside 3σ is 55. There are 27 events more in the

leakage region of the ER background data than expected (see table 6.4).

Besides a proper explanation of their origin, a useful phenomenological description is needed to model

the observed leakage events. That description is called ”leakage model“.
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(a) Fit parameter: Amplitude (b) Fit parameter: Expectation value µ

(c) Fit parameter: Standard deviation σ (d) Fit parameter: χ2/NDF

Figure 6.5 – The fit parameter ”amplitude“, expectation value µER and standard deviation σER describe in
a first order approximation the ER background. These parameters are fit results with their fit errors (error
bars in figures 6.5a, 6.5b and 6.5c) and the reduced χ2 (figure 6.5d). The amplitude refers to the given
numbers of events inside each single slice of S1. The expectation value µER varies around Y =∼ 0 in the
flattened space variable Y and their standard deviation σER describes the resolution of the experimental
setup in the flattened space. From 2011/12 to 2013/14 the standard deviation does not change within its
errors of each bin, its value is σER =∼ 0.14. The reduced χ2 varies within 40% in 2011/12 and 2013/14
around χ2/NDF =∼ 1.
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(a) Gaussian ER background model of 2011/12. (b) Gaussian ER background model of 2013/14.

Figure 6.6 – These two figures present the ER background model from the Gaussian fits to the data. A
more detailed view on single Gaussian distributions is given in section A.1.1 for 2011/12 and A.1.2 for
2013/14. This model describes the pure Gaussian contribution to the real ER background. The distribution
follows the flattened band of Y = µER = 0. The leakage events are described in a separate model.

(a) Residual data of 2011/12. (b) Residual data of 2013/14.

Figure 6.7 – After establishing the ER background model from the single fits, the residual is calculated.
The Gaussian background model is subtracted from the data. The residual contains the leakage events and
it is the starting point to calculate a leakage model.
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6.4.3. Leakage Model of the ER Background

The leakage model in 2011/12 and 2013/14 is developed from the residual of figure 6.7. The basic idea

is to describe the distribution of the leftover events with a certain probability. This goal is achieved

by a 2D Gaussian distribution (kernel φ , see equation (6.2)) which weigh each event in the residual

and re-distributes it according to its event density correctly. A similar technique is used in digital

photography (”blur effect“) to remove hard edges in a picture by smearing the colour value of each

pixel with their neighbours.

In a general view, the 2D Gaussian distribution is one possible kernel (φ ). There is no physical motiva-

tion to choose a 2D Gaussian distribution. As long as the origin of the leakage events is not known the

model for the anomalous leakage is created from the simplest assumptions. An important condition

for φ is, that it is closed by definition, what means no singularities. Parameters σS1 and σY describe

the width of the distribution in the (S1,Y ) data space. This assumption takes into account that each

possible anomalous leakage event or non-Gaussian background event is smeared homogeneously in

the (S1,Y ) data space with a given probability. The most important assumption for the anomalous

leakage events is that their width σY is the same such for Gaussian distributed events (σER).

In detail, the residual Ri, j contains anomalous leakage events and the non-Gaussian background. The

latter background describes the leftover events after the Gaussian background model is subtracted

from the data Di, j within −3σ ≤ Y ≤ 3σ . As long as the origin of the leakage events is not ex-

plained, it is not possible to distinguish anomalous leakage from non-Gaussian background (within

−3σ ≤ Y ≤ 3σ ). By construction, the non-Gaussian background event distribution dominates the

residual between −3σ ≤ Y ≤ 3σ and only a few leakage events stick out. Equation (6.2) is applied to

each bin of the residual plot of figure 6.7 where the expectation values µS1 and µY define the position

of each bin in the data space.

φi, j = φ(S1,Y ) =
Ai, j

I 2 π σS1 σY
exp
(
−(S1−µS1)

2

2σ2
S1

)
exp
(
−(Y −µY )

2

2σ2
Y

)
(6.2)

I =
∫ 30pe

2 or 3pe

∫ 1.5

−1.5
φi, j dS1dY (6.3)

K(S1,Y ) =
i=30

∑
i=0

j=30

∑
j=0

φi, j (6.4)

The standard deviation in S1 is chosen to σS1 =
√

S1. This assumption takes the increasing S1 signal

uncertainty into account. The deviation in Y is developed from standard deviation σER of the Gaussian

fits to the data of the ER background (see figure 6.5c). That assumption takes into account that both

deviations σER and σY for the background and the leakage events are identical.
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Applying the kernel φ to describe the leakage model corresponds to folding the leftover residual again

with the detector resolution. This step reduces the precision in (S1,Y ). Nevertheless, the advantage

of this method is that localised single leakage events are re-distributed according to a Gaussian prob-

ability. As long as the non-Gaussian and leakage events of figure 6.7 are re-arranged, the number of

events changes a little due to numerical issues from the calculation of K(S1,Y ) and edge effects. Fig-

ure 6.8 shows an example for such a kernel with its parameters: µS1 = 5pe, σS1 =
√

5, µY = 0.5 and

σY = 0.14 and A(S1,Y ) = 1 event. The number of points in that distribution is chosen to the number

of bins: 30 bins in S1 and 30 bins in Y .

Figure 6.8 – Example of a single 2D Gaussian distribu-
tion with parameters: µS1 = 5pe, σS1 =

√
5pe, µY = 0.5

and σY = 0.14 and AS1,Y = 1 event. There are 900 of
these distributions added up to create a leakage model
of the ER background in XENON100.

These chosen parameters µS1, σS1, µY and σY

for each bin bi, j result in 900 single 2D Gaus-

sian distributions. To avoid boundary effects

during the normalisation by equation (6.3) of the

2D Gaussian distribution, each kernel φi, j is nor-

malised by I. This normalisation by the two di-

mensional integral with the boundaries in S1 ∈
[3,30] pe (2011/12), S1 ∈ [2,30] pe (2013/14)

and Y ∈ [−1.5,1.5] is important so that the fi-

nal ER background model is consistent with the

boundaries of the data space. This normalisation

results in a truncated Gaussian distribution on

each position in the (S1/Y ) data space. The trun-

cated Gaussian distribution is multiplied by Ai, j

to weigh the distribution to the number of events

for a given bin bi, j. With this definition, each of

the 900 Gaussian distributions have Events/∆S1∆Y

on the z-axis.

Figure 6.7 shows that the residual contains bins

with positive and negative entries and therefore

the amplitude Ai, j determines the sign of the kernel φi, j. The sum of these 900 kernels φi, j results in

the leakage model (K(S1,Y )). Due to the normalisation of each kernel φi, j and the multiplication with

the according amplitude Ai, j the leakage model is given in events per ∆S1 and ∆Y . After folding the

residual of figure 6.7 with kernel φi, j, the result is given in figure 6.9. After the smearing there are

negative and positive bin contents in the leakage model.

The reason for negative events in the leakage model comes from the fact that the residual is smeared

without further constrains. Fluctuations can hence to be negative. Based on the residual plot of figures
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6.7, there are negative entries in the histogram. These are expected from the subtraction. Therefore

each given histogram entry (Ai, j) is positive or negative and hence the 2D Gaussian distribution φ has

an ”upward direction“ (+AS1,Y ) or a ”downward direction“ (−AS1,Y ). Adding up positive and negative

distributions leads to a certain probability of having negative events per bin after all.

A leakage model with negative numbers of events would be useless to describe the whole ER back-

ground. But as long as the leakage model is only a part of the ER background description the negative

events are valid at this stage and become a feature after all. Reason for the leftover negative events is

the assumption of having a first order approximation of the ER background by a Gaussian distribution.

The ER background is not perfectly Gaussian shaped (see section 6.9). There is a small asymmetry in

the flattened space Y which is responsible for the observed pattern in the leakage model.

(a) Leakage model of 2011/12. (b) Leakage model of 2013/14.

Figure 6.9 – Using a 2D Gaussian distribution φ to convolve the residual from figure 6.7. The result is
a model of the leftover leakage events, the ”leakage model“. This leakage model contains also the small
asymmetry in the region of the ER background: −3σ ≤ Y ≤ 3σ . A hint for the asymmetry is seen in the
vertical change from positive to negative event distribution.

6.5. The Basic ER Background Model (”model-0“)

The previous subsections describe the Gaussian approximation and the 2D Gaussian smearing. Based

on the suitable normalisation during the smearing process, the total number of the Gaussian and the
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Leakage ER background model events are conserved. The sum of both models (Gaussian and leakage

model) is calculated bin by bin. The results are given in figure 6.10 for data taking periods 2011/12

and 2013/14. This model is named in the following as ”model-0“.

The region of the anomalous leakage is described ”by eye“ in both data taking periods. Unfortunately,

the total event number is not conserved at a satisfying level. The disadvantage of model-0 is the

negative event distribution which appears in some regions of the data space. As consequence, model-

0 predicts a negative number of events which is not in agreement with a physical measurement.

Comparing figures 6.1 and 6.10, it is obvious that the regions where the negative event distributions

dominate model-0 are those where no anomalous leakage events are observed. Due to the logarithmic

z-axis in figure 6.10 it is not possible to show the negative event distribution in detail. This is done

in figure 6.11 where the negative event distribution is multiplied by −1 for presentation. Without

further discussion, these areas of the model are inaccessible in a continuative data analysis procedure,

for example the Profile Likelihood approach [19]. A proper ER background model have to fulfil

that all predicted events are positive or at least zero. A more stronger constrain is to accepted only

positive event distributions. This is a fair assumption because after an infinite measurement with

XENON100 it is expected to observe events in the whole data space, distributed according to a certain

event distribution.

Based on the normalisation during the 2D Gaussian smearing process, the number of total events

is conserved. This statement is true for model-0 if all bins are summed up. The total number of

events is restored. This is summarised in table 6.5. The table summarises the positive and negative

event distribution separately. Finally, it is important to determine the number of leakage events in the

model-0 ER background compared to the observed number of events in the data. The data in 2011/12

shows n−3σ

LE = 23events below −3σ and n+3σ

LE = 25events above +3σ . These numbers are compared

to model-0 by n−3σ

LE−model = 21events and n+3σ

LE−model = 25events. The numbers for 2013/14 are also

given in table 6.5. The total number of leakage events are comparable in both data taking periods. By

construction the 2D Gaussian smoothing conserves the number of events in the ER background model

which indicates the robustness of the used method: The total number of events are re-distributed. The

number of anomalous leakage and non-Gaussian events in the residual are also restored.

In summary, the negative event distributions come from a slight overestimation of the Gaussian ER

background model and the fact that no or few anomalous leakage events are observed in areas where

the final ER background model has a negative event distribution.
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(a) Leakage model of 2011/12. (b) Leakage model of 2013/14.

Figure 6.10 – The model-0 approach for 2011/12 and 2013/14. After summing up the Gaussian ER
background model with the leakage model, regions of negative event distribution are left. Due to the
presentation with a logarithmic scale at the z-axis, a detailed view on the negative event distribution is
given in figure x for completeness.

(a) Leakage model of 2011/12. (b) Leakage model of 2013/14.

Figure 6.11 – Both figures give an overview about the negative event distribution in 2011/12 and 2013/14
and are the complementary to figure 6.10 (white areas). The negative event distribution is multiplied by
−1 to result a positive event distribution for this presentation.
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Final ER
background
model (total)

Final ER
background

model
(positive)

Final ER
background

model
(negative)

Anomalous
Leakage

(Y <−3σ )

Anomalous
Leakage

(Y >−3σ )

Total
leakage
events

2011/12 15128.01 15133.64 -5.64 21 25 46
2013/14 10589.71 10591.10 -1.39 22 27 49

Table 6.5 – Overview about the distribution of the ER background model in 2011/12 and 2013/14. Due to
the overestimation of the Gaussian ER background model at some regions in the (S1,Y) data space become
the leakage model negative. Negative event counts are non-physical and therefore these bins would be set
to zero in the final model. But from studies of systematic uncertainties it is determined if the leakage model
contributes to such areas or if the Gaussian ER background is dominant.

6.6. The Combined ER Background Model (”model-A“)

The combined ER background is the continuation of section 6.5 where model-0 is discussed. Due

to the negative event distribution, model-0 does not fulfil the necessary requirements to be used in a

PL analysis. The easiest approach is to set the negative event distribution to zero and re-normalise

the outcome due to the total number of observed events. This model is named as ”model-A“ in the

following. The assumption to set the negative event distribution to zero matches the observation: The

negative event distribution appears only out of the Y >±3σ area. At these positions are only a few or

zero anomalous leakage events observed. From this point of view, model-A fits the data at a certain

level. Figure 6.12 shows model-A for 2011/12 and 2013/14.

The negative event distributions (−AS1,Y ) results from the leakage model. By adding the Gaussian

background model, the individual bin i, j does not exceed the zero. This effect becomes dominant for

regions of Y <−3σ and Y > 3σ , here the Gaussian tails are already so small that the event distribution

is not enough to overcome the negative event distributions from the leakage model. The reason why

there is such a difference in the event distribution of figures 6.12a and 6.12b is the event distribution

of the anomalous leakage events for the data taking periods in 2011/12 and 2013/14. Compare figures

6.1a and 6.1b, in 2013/14 are more events observed for S1 > 15pe. These anomalous leakage events

and their remaining probability after applying φ to the certain bins lead to the increased number of

events in the model-A background model.

Model-A fulfil the minimum requirement to be a valid background model. Furthermore, the areas

around the observed anomalous leakage events are restored and described by model-A with a single

expectation. During 2013/14, an anomalous leakage event is observed where model-A predicts exact

zero events. Compare the white area of figure 6.12b with observed data (6.1b). This is a weak point

of model-A. This individual bin predicts zero events where obviously one event is observed and hence

this bin is not valid described by the model. A proper model should at least predict a positive event
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distribution, in particular at an individual bin where data is observed. Nevertheless, model-A predicts

events for low S1 energies down to the S1 threshold which is region of interest for e.g. low WIMP

mass search.

(a) Final background model of 2011/12. (b) Final background model of 2013/14.

Figure 6.12 – Model-A is the sum of the Gaussian ER background model and the leakage model. Both are
added up and bins which contain negative events are set to zero to avoid inconsistencies (white areas within
black lines as boundaries). The resulting model contains a full description of the pure ER, the anomalous
leakage and the asymmetry contribution.

6.7. Goodness of the Background Model

This section determine the goodness of the model by a bin by bin Log-Likelihood Ratio (LLR) analy-

sis. The method is explained in detail in section 6.7.1 and is then applied to test the goodness.

6.7.1. Goodness of the Model with Log-Likelihood Ratio

This subsection introduces a possibility to determine the goodness of the model by calculating the

log-likelihood ratio. On a regular basis which introduces a way to evaluate the global goodness of the

model, a first idea on the goodness can be estimated. Furthermore it becomes necessary to determine

the goodness of the model on a bin by bin basis to access smaller areas in the data space to quantify
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6. The Electronic Recoil Background

how well a certain model describes the data. The following procedure uses the term M (or Mi, j) for

the model which is tested with this method in general. A specific model is addressed separately. The

data are shorten by D (or Di, j).

Starting with the basic definition of the log-likelihood ratio in equation (6.5), the single components

Pois(Di, j|Mi, j) and Pois(Di, j|Di, j) are defined according to equation (6.6) and (6.7) for the underlying

Poisson statistic in a counting experiment. The upper end of the sum in equation (6.5) is specified by

N and is related to the largest bin number in S1 and Y and is 30 bins each according to the histogram

definition of the ER background data.

LLR(D|M) =
N

∑
i, j=1
−2× log

(
Pois(Di, j|Mi, j

Pois(Di, j|Di, j)

)
(6.5)

Pois(Mi, j|Di, j) =
exp(−Mi, j)×MDi, j

i, j

Di, j!
(6.6)

Pois(Di, j|Di, j) =
exp(−Di, j)×MDi, j

i, j

Di, j!
(6.7)

By putting equation (6.6) and (6.7) into (6.5), the LLR is calculated according to:

LLR(D|M) =
N

∑
i, j=1

2× (Di, j log(
Di, j

Mi, j
)−Di, j +Mi, j) =

N

∑
i, j=1

LLR(D|M)i, j (6.8)

The sum in equation (6.8) is shortened by

LLR(D|M)i, j = 2× (Di, j log(
Di, j

Mi, j
)−Di, j +Mi, j) (6.9)

This definition takes the number of observed events Di, j in the data and compare it to the expected

events Mi, j in the model. Therefore the model Mi, j is tested against the data Di, j. A total agree-

ment results LLR(D|M)i, j = 0 (and hence LLR(D|M) = 0). The log-likelihood ratio test is positive

defined and therefore the large deviation of the model from the data results LLR(D|M)i, j = +∞. The

summed log-likelihood ratio LLR(D|M) describes the global goodness (based on the individual good-

ness LLR(D|M)i, j which is indicated by the addition of the bin index). The LLR(D|M)i, j are under-

stood as a detailed goodness of the model for a certain bin. This assumption is valid because the

log-likelihood ratio must not necessarily calculated on the whole data space and therefore the sum in

equation (6.8) is reduces to a single addend to calculate LLR(D|M)i, j.

To implement equation (6.9) into the data analysis, four different use-cases are possible:
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6.7. Goodness of the Background Model

1. Di, j > 0 and Mi, j > 0: This is the usual situation in where the Gaussian ER background model

dominates. Hence the values for LLR(D|M)i, j are calculated according to equation (6.9).

2. Di, j = 0 and Mi, j = 0: Due to the requirement that a proper model predicts at every a bin certain

number of events, this use-case should not be necessary. But the discussed model-A in section

6.6 needs to take this possibility into account. Equation (6.9) shows that the smallest possible

values is LLR(D|M)i, j = 0 in case that the predicted number events is equal to the observed

number of events. This is also true for zero observed and predicted events. Hence a better

match can not be archived.

3. Di, j = 0 and Mi, j > 0: This use-case allows to form equation (6.6) and (6.7) to LLR(D|M)i, j =

2×Mi, j. In case that zero events are observed, the log-likelihood ratio only depends on the

model, there are no further information (e.g. correlation) available.

4. Di, j > 0 and Mi, j = 0: Calculating this use case with (6.6) and (6.7) results an extreme value of

LLR(D|M)i, j = +∞. This situation is observed for the data taking period 2013/14 for a single

bin at S1 = 25pe and Y =∼ 0.7. In case of testing model-A, this bin information is removed

from the summed log-likelihood ratio LLR(D|M) and also not accessible in the later individual

bin studies.

Based on this definition it is possible to test two already discussed models, the Gaussian ER back-

ground model and model-A and determine the goodness of the model each. Obviously, the model-0

can not be test by a log-likelihood ratio test.

Based on the resulting model-A and the Gaussian ER background model, it is only possible to calculate

two global values of the LLR and one set of LLR(D|M)i, j for the individual bins for each model (see

section 6.7.2). This is not meaningful and a more complex test is carried out with a Monte Carlo

technique. This allows to use the log-likelihood ratio as test variable for the goodness of the model

and single bins.

The model is used to create another simulated event distribution (S or Si, j), similar to the input data. To

fulfil the necessarily boundaries, a multinomial statistic [47] is assumed during the sampling process.

This statistic guaranties to conserve the number of simulated events. The model is available as a 2D

histogram and therefore each bin is threaten as a probability observe an event at this position in case

the simulated event distributions are normalised.

The multinomial sampling is performed by the python package numpy [91]. Two possible results

are shown in figure 6.13 for the Gaussian ER background model and model-A from the data taking

period 2013/14. The simulated event distribution from the Gaussian ER background does not contain

any anomalous leakage events whereas the model-A results some anomalous leakage events. The
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6. The Electronic Recoil Background

results for the data taking period 2011/12 are similar. This allows to compute a huge set of simulated

(a) From Gaussian ER background. (b) From Model-A

Figure 6.13 – Example for two multinomial distributed random draws from the Gaussian ER background
(6.13a) and model-A (6.13b). Based on the individual probabilities, a simulated event distribution is created
from the models by using the numpy package in python.

event distributions and calculate their according log-likelihood ratio values and determine individual

distributions of the log-likelihood ratios for each bin. Hence the log-likelihood ratio itself become a

test statistic to evaluate the goodness of the model. The following subsections discuss the global and

individual log-likelihood ratio distributions and test these with data. As a large sample, there are 10000

simulated event distributions created. To be conform with the previous notation of the log-likelihood

ratio calculation rule, the simulated distributions are named S and for example the log-likelihood ratio

of a single bin would be named as LLR(S|M = Gaussian)i, j if the simulated event distribution is

created from the Gaussian ER background model.

6.7.2. Global Goodness of the Model

To compare the Gaussian ER background model and model-A with the data the global log-likelihood

ratio is calculated such it is defined in equation (6.8). These values are listed in table 6.6 for 2011/12

and 2013/14 (first row). Just by comparing both results without further information it is obvious that

model-A matches the data better than the Gaussian ER background model. This is expected because
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the anomalous leakage events are not described by the Gaussian ER background. The result is an

increase in LLR(D|M) caused by these few bins where anomalous leakage events are observed.

2011/12 2013/14

Gaussian
background

model

Model-A Gaussian
background

model

Model-A

LLR(D|M) 509 286.7 778 329
<LLR(S|M)> 302 342.5 299.2 401

RMS(LLR(S|M)) 24.8 25.3 23.6 27.9

Table 6.6 – Overview about both data taking periods and the related calculated log-likelihood ratios where
the data are compared to both models. Furthermore the mean and root mean square values are extracted
from figure 6.14 to specify the log-likelihood ratio calculations with the 10000 simulated event distributions
from both models.

To compare these values with the simulated event distributions, the according quantities LLR(S|M = Gaussian)

and LLR(S|M = Model−A) are calculated such it is described in section 6.7.1. The result is given in

figure 6.14. It is important to mention that the according log-likelihood ratio test, with e.g. the model-

A, is carried out with simulated events from the model-A distribution. The mean and root mean square

values are also listed in table 6.6 and extracted from the histograms (figure 6.14). The result of the

simulated event distributions is counter-intuitive compared to the results from measured event event

distributions: The simulated event distributions from the Gaussian ER background model matches

better the Gaussian ER background model (LLR(S|M = Gaussian)) better than the event distributions

from model-A which is tested with model-A LLR(S|M = Model−A). The reason for this is the dom-

inant Gaussian part of the ER background which is similar in both models. The worse matching of

model-A results from the simulated anomalous leakage events. These events are also multinomial

distributed and therefore a simulated event distribution from model-A starts to differ in cases of sin-

gle anomalous leakage events which are somewhere else in the data space by a given probability.

From these simulated anomalous leakage events, the LLR(S|M = Model−A) increases by only a few

bins i, j in equation (6.8). From the 10000 simulated event distributions for model-A, the anoma-

lous leakage varies and hence the LLR(S|M = Model−A) increases. This compares to the Gaussian

part of model-A which also varies but its variation has less influence on the LLR(S|M = Gaussian).

This result shows a weak point of the idea to characterise the goodness of the model by a global

description. The log-likelihood ratio can be used to compare two models to each other directly as

it is done in table 6.6 by the first line but a further approach with multinomial distributed event dis-

tributions leads to counter-intuitive result. Every random distributed anomalous leakage event from

the model-A distribution increases LLR(S|M = Model−A) when this event does not fit the model-

A distribution exactly. Hence the observed result of the simulated model-A distributions is inter-

223



6. The Electronic Recoil Background

(a) 2011/12 (b) 2013/14

Figure 6.14 – An overview for the data taking periods in 2011/12 and 2013/14 about the log-likelihood
ratio tests with simulated event distributions. Therefore 10000 multinomial distributed simulated event dis-
tributions are created from the Gaussian ER background and model-A. This information is used to calculate
the global LLR (see equation (6.8)). It turns out that the simulated Gaussian ER background matches the
Gaussian background model better (red histograms) compared to the match of simulated model-A distri-
butions with the model-A.
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6.7. Goodness of the Background Model

preted that the smallest possible LLR varies around the mean value of the model-A distribution (blue

histograms). Finally, by comparing the outcome of the simulated event distributions with the data

(LLR(S|M)↔ LLR(D|M)), the Gaussian ER background model fits the data worse than model-A. This

can be seen by calculating a symmetric p-value around the mean value based on the log- likelihood ra-

tio distributions in figure 6.14 for the red histograms with the according values LLR(D|M = Gaussian)

and LLR(D|M =Model−A) from table 6.6. The p-values are in both cases 0%. The situation becomes

better when data is compared to model-A. The p-values are LLR(D|M =Model−A)2013/14 =∼ 0.03%

and LLR(D|M = Model−A)2011/12 =∼ 1.03%. Due to the reason that both LLR(D|M = Model−A)

values from table 6.6 are smaller than the mean values of the simulated event distributions leads to the

assumption that the model-A over-fits the data, in particular. Comparing the Gaussian ER background

(LLR(S|M =Gaussian), red histograms) with LLR(D|M =Gaussian) also leads to the assumption that

this model over-fits the data. At this point, the Gaussian approximation over-fits the data already.

6.7.3. Detailed Goodness of the Model

According to the definition of the log-likelihood ratio test in section 6.7.1, the global goodness of the

model test is tuned to a more meaningful description on a level of single bins.

The log-likelihood ratio test is carried according to formula (6.9) where a single value of LLR(D|M)i, j

is calculated. Based on the chosen number of 900 single bins, the result for 2011/12 and 2013/14 is

shown in figure 6.15 for a test of LLR(D|M = Gaussian)i, j. Figure 6.16 shows the test with model-A

(LLR(D|M = Model−A)i, j). The log-likelihood ratio values are presented by the colour code.

Both log-likelihood ratio tests of LLR(D|M = Gaussian)i, j and LLR(D|M = Model−A)i, j show low

values of LLR(D|M)i, j in the region of the Gaussian part (Y <±3σ ). This is expected because the first

approximation describes the observed data pretty well and the leakage model adjust the Gaussian part

only a little. Hence there is almost no different for the choice of the model within the 3σ region. The

region of interest is outside the 3σ region where LLR(D|M)i, j is calculated for the anomalous leakage

events. Due to the reason, that the Gaussian ER background model does not describe the anomalous

leakage event, the large LLR(D|M = Gaussian)i, j values in figure 6.15 are explained. These bins

contain anomalous leakage events in the data space. The situation changes for model-A where the

anomalous leakage events are described by the additional leakage model. The single bins where

anomalous leakage events are observed in the data are distinguishable from their neighbours because

of the slightly larger log-likelihood ratio. Nevertheless, the leakage model results a better agreement

with the data compared to the Gaussian ER background model. The log-likelihood ratio values are

presented by the colour code in figure 6.16 and the lowest value is limited to LLRi, j = 0.001. Below

this value are log-likelihood ratio values calculated but not shown in this figures. Only exception is
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6. The Electronic Recoil Background

the already discussed empty space where the model results zero predicted events (see section 6.6), this

regions does not provide any log-likelihood ratio information.

(a) 2011/12 (b) 2013/14

Figure 6.15 – The log-likelihood ratio values of single bins for the test: LLR(D|M = Gaussian)i, j for the
data taking periods 2011/12 and 2013/14. It shows that the anomalous leakage events are worse described
by the Gaussian background model. The Gaussian approximation works pretty well, within the 3σ region
are log-likelihood ratio values observed within ∼ 1≤ LLRi, j ≤∼ 10.

This result shows that model-A describes the data better in the regions of the anomalous leakage

events. Based on a large number of simulated event distributions, a log-likelihood ratio distribu-

tion is created for each bin where again the two tests are carried out: LLR(S|M = Gaussian)i, j and

LLR(S|M = Model−A)i, j. There are two examples shown in figure 6.17 for different bins and tested

models.

The LLR(D|M)i, j distributions have a bin size of ∆LLR(D|M)i, j = 0.001. The choice of the bin width

is made according to the computing time. Further steps need to calculate different quantiles based on

the input of each single log-likelihood distribution. Hence, a finer binning increases the computing

time. This is a boundary condition for the log-likelihood interpretation. There are individual bins

observed where the log-likelihood ratio test with simulated event distributions from a Gaussian ER

background model or model-A results LLR(D|M)i, j < 0.001 at any time. These bins predict a good

agreement of the model with the data and based on the boundary condition, the model agrees with

the data up to an log-likelihood ratio test of LLR(D|M)i, j < 0.001. There is a special situation in

where this boundary condition of the log-likelihood ratio is translated into predicted events from the

model directly: If no data are observed in individual bins and the model predicts a certain number of
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(a) 2011/12 (b) 2013/14

Figure 6.16 – The log-likelihood ratio values of single bins for the test: LLR(Data|M = Model−A)i, j for
the data taking periods 2011/12 and 2013/14. This model describes the observed anomalous leakage events
with a better agreement compared to the Gaussian ER background model of figure 6.15. The Gaussian
region (Y < ±3σ ) results an almost similar description to the Gaussian ER background. The leakage
model adjust the Gaussian ER background only a little in this region.
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events (see case three of the enumeration in section 6.7.1), the number of predicted events become

Mi, j < 0.0005 at minimum for LLR(D|M)i, j < 0.001. If less events are predicted, the model agrees

with the data automatically.

The two given examples (figure 6.17) for LLR(D|M)i, j distributions are taken out of 900 distribu-

tions in total for the data taking period 2013/14 and for simulated event distributions from model-A

(LLR(S|M = Model−A)i, j). Both show a wide range of log-likelihood ratios. Other bins such as

figure 6.17b have a maximum up to LLR(S|M)i, j ∼ 100. Log-Likelihood distributions which are de-

rived from the regions where anomalous leakage is observed are looking like figure 6.17a where for

almost all log-likelihood ratio a good agreement of model and data is archived. These log-likelihood

distributions allow to define a confidence level which is demanded to verify how well a model fits the

observed data and at individual bins.

6.7.4. Detailed Goodness of the Model Based on a Confidence Level

With respect to a detailed analysis of the previous section 6.7.3, a criterion is introduced to define

the goodness of the model for each single bin. A confidence level of 5% is demanded for the log-

likelihood ratio distributions to decide if a model is accepted or rejected. Hence a 95% quantile is

calculated for each log-likelihood distribution (two examples given in figure 6.17).

For each quantile a LLR(S|M = Gaussian)95%
i, j value exists to quantify the Gaussian ER background

model. These values are shown in figure 6.18 for 2011/12 and 2013/14, where the colour code de-

scribes the log-likelihood ratios which fulfil the 5% criterion. For both data taking periods, the result

is pretty similar to figure 6.15 (mind the different z-axis).

The same 5% confidence level is also demanded for LLR(S|M = Model−A)95%
i, j to verify the accep-

tance of single bins for model-A. The result is given in figure 6.19 and is again similar to figure 6.16.

The 5% confidence limit is presented by the hard edge in figure 6.19 which does not appear in figure

6.16.

The decision to accept only events which fulfil the 5% C.L. is given in equation (6.10).

LLR(D|M)i, j < LLR(S|M)5%
i, j (6.10)

With this confidence level each ER background model is evaluated. The result is given in figure 6.20

for the Gaussian ER background model in data taking periods 2011/12 and 2013/14. It contains the

Gaussian background model which is accepted on a 5% C.L. with the corresponding event distribu-

tions which is presented by the colour code. The white bins in between indicate single regions where
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(a) 2011/12 (b) 2013/14

Figure 6.17 – These two log-likelihood ratio distributions are created from 10000 simulated event distribu-
tions where the LLR(S|M = Model−A)i, j are calculated. The here presented examples show a bin inside
(figure 6.17b) and outside (figure 6.17a) the Y <±3σ region.

(a) 2011/12 (b) 2013/14

Figure 6.18 – Both figures show a 95% quantile (5% C.L.) at which the Gaussian ER background model
for both data taking periods results which log-likelihood ratio value based on 10000 simulated event dis-
tributions for the Gaussian ER background model.
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(a) 2011/12 (b) 2013/14

Figure 6.19 – Both figures show a 95% quantile (5% C.L.) for model-A and for both data taking periods.
The result is based on 10000 simulated log-likelihood ratio test values with simulated event distributions
of model-A.

the Gaussian ER background model is rejected. In both data taking periods, the Gaussian distribution

approximate the data within Y <±3σ pretty well and only three bins are not covered by the 5% C.L.

Based on the large number of tested bins, it is statically expected that some bins are not covered by

the confidence level. The white bins in the Gaussian tails fail the 5% C.L, this is expected because the

Gaussian ER background model does not describe the anomalous leakage events.

The situation changes for Model-A which is given in figure 6.21 for both data taking periods. Again,

in the Gaussian tails are a few bins which are not covered by the 5% C.L. This bins are not necessarily

the same bins such they are already observed in figure 6.20. This shows that model-A describes the

region of the anomalous leakage in a better way. Just by comparing the number of ”white bins“, less

bins fail the 5% confidence level criterion in case of looking at model-A. The grey area which appears

for the mode-A confidence level calculation shows that there is no 5% C.L. available because in these

regions are negative event distributions observed in model-A.
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(a) 2011/12 (b) 2013/14

Figure 6.20 – A 5% confidence level determines which individual bins of the Gaussian ER background
model are accepted and which fail. The Gaussian ER background model is not supposed to describe the
anomalous leakage correctly and therefore these bins fail the 5% C.L. (white bins).

(a) 2011/12 (b) 2013/14

Figure 6.21 – A 5% confidence level determines which individual bins of model-A are accepted and which
fail. The model-A is supposed to describe the anomalous leakage therefore less bins fail the 5% C.L. test
in comparison to the Gaussian ER background in figure 6.20. In addition, another set of grey bins arises.
Due to the zero event distribution of model-A in the grey region, there is no information available about
the acceptance of model-A.
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6.8. Alternative Background Model with Log-Likelihood Correction

The question after an alternative ER background model arises from the question if either the Gaussian

ER background model or model-A describes the data better. In particular, the definition of model-A

with single bins which predict zero events do not fulfil the demands of a well defined background

model. The previous subsection 6.7.4 has already determined the acceptance of a certain model based

on a 5% C.L. The confidence level introduces a possibility to define an alternative background model

which is based on the Gaussian ER background model and model-A. This section will evaluate two

possible alternative ER background models which are called in the following ”model-B“ and ”model-

C“.

6.8.1. ER Background Model (”model-B“) with Gaussian Assumption

Model-B uses the Gaussian ER background as main ingredients in the model. As already pointed

out, there a few bins which are not covered by the 5% confidence limit. To answer the question for

an alternative background model, figure 6.18 is transformed into another presentation: The predicted

events are drawn on the x-axis and the LLR(S|M)95%
i, j value on the y-axis. This is shown in figure

6.22 and 6.23 for both data taking periods. This presentation allows to define an envelope (blue line)

which acts as upper limit on a 95% quantile (5% C.L.) for the log-likelihood ratio for the Gaussian ER

background model. This helps to identify the regions in the followed LLR(D|M)i, j test at which data

the log-likelihood ratio test is rejected. This condition is formulated by equation (6.11).

LLR(D|M = Gaussian)i, j > LLR(S|M = Gausian)95%
i, j (6.11)

The Gaussian ER background is a proper description for the main part of the data. This is quantified

by the according log-likelihood ratio test values. In regions where the log-likelihood test fails (see

equation (6.11)) the Gaussian ER background description is replaced by Model-A. This definition

results a positive ER background model at each single bin. The resulting model-B is shown in figure

6.24 for both data taking periods. Based on equation (6.11) only a single bin fails the upper limit

and therefore the Gaussian ER background model dominates model-B. The z-axis is limited a lower

boundary of bi, j > 10−10 events per bin and therefore the leftover white bins result a positive event

distribution. In the 2011/12 data taking period is one bin (grey) which fails the selection criterion on

equation (6.11) and at these bins, the leakage model is added to the Gaussian ER background model.

This results again to set these bins to zero instead of accepting the negative event distribution. The

2013/14 data taking period shows one single grey bin. This bin is left out during the data analysis

with the log-likelihood ratio test. The reason is given in bullet point four of the use-case list in section
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6. The Electronic Recoil Background

6.7.1.

Besides this exceptions, the here presented model-A has another disadvantage. The first Gaussian

approximation is symmetric and based on the input of Gaussian ER background model, only a few

bins are adjusted by equation (6.11). This leads to a dominating Gaussian approximation which does

not reflect any asymmetries anymore. A detailed discussion on the asymmetry is in section 6.9

(a) 2011/12 (b) 2013/14

Figure 6.24 – A final presentation of model-B which is based on the Gaussian ER background model and
minor corrections from Model-A. These corrections are applied to individual bins, in particular bins where
anomalous leakage events are observed. The corrections are calculated according to equation (6.11), which
is used to reject the Gaussian ER background model and modify it by the leakage model.

6.8.2. ER Background Model (”model-C“) with Model-A Assumption

The previous section introduces a necessary criterion which is used to create an alternative ER back-

ground model (model-B). This model makes the valid assumption that the Gaussian ER background

model itself is a proper description of the ER background itself and only a few corrections from the

leakage model are applied.

There is another approach which solve the question for the correct choice of the model which one

works in the opposite way: First it is assumed that model-A is the correct one and there is a choice

necessary to decide which of these bins needs to be adjusted by the Gaussian ER background model.

This reverse definitions allows to correct model-A by the simplest assumption of the Gaussian ER

background model. The tested model model-A is already given in figure 6.6 for both data taking peri-
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6.8. Alternative Background Model with Log-Likelihood Correction

ods.

Such it is already described in section 6.7.1, the simulated event distributions are used to calculate

the log-likelihood ratio test for each bin. Hence each bin is presented by a log-likelihood ratio his-

togram LLR(S|M = Model−A)i, j. The result of these histograms is pretty similar to the already given

examples in figure 6.17 for the Gaussian ER background model and therefore no further examples

are shown here. The 900 log-likelihood ratio histograms are used to define a similar criterion such it

already introduced in section 6.8.1. Again a confidence level of 5% is demanded and hence a 95%

quantile is calculated for each log-likelihood ratio histogram. The result of the quantile calculation is

shown in figure 6.19. The outcome is similar to the confidence level which is calculated on the basis

of the Gaussian ER background model (compare figure 6.18). Only the regions of the anomalous

leakage events show a different behaviour. Here the behaviour of the 95% quantile is similar to event

distribution in model-A.

LLR(D|M = Model−A)i, j > LLR(S|M = Model−A)95%
i, j (6.12)

Then the 95% quantile and the number of predicted events of model-A are transferred into a single

graph (see figure 6.25 and 6.26). With this, it is possible to define an envelope (blue line) which is used

to define a simple criterion at which level the model-A is rejected. This criterion tests the calculated

log-likelihood ratio with the data (LLR(D|M = Model−A) in equation (6.12). This allows to keep

the model-A at most of the bins and adjust some bins by the most basic knowledge, the Gaussian ER

background prediction. The outcome of this method for both data taking periods is given in figure

6.27.

The advantage of model-C is the acceptable definition for the later Profile Likelihood analysis. Each

bin of model-C is positive defined and no bin predicts zero events. Figure 6.27 is limited to a lower

limit of 10−10 events per bin for the presentation but lower event numbers are also calculated. Another

advantage of model-C is the restored asymmetry in the Gaussian ER background. Model-C is devel-

oped from model-A where the Gaussian ER background is already adjusted by the leakage model and

hence the observed asymmetry is re-stamped to the model itself. The asymmetry itself is discussed

in section 6.9. The biggest advantage is the Gaussian ER background assumption which is fulfilled at

the areas of the negative event distributions.

6.8.3. Compare ER Background Models

In summary, there are four ER background models available which describe the observed ER back-

ground data and at least the question remains which of these models is the best one. The previous
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(a) 2011/12 (b) 2013/14

Figure 6.27 – A final presentation of model-C which is developed from model-A. This model assumes that
model-A describes the observed data well enough and only a few bins have to be modified. The sufficient
assumption of describing the data with the Gaussian ER background model is made for these bins. The
result is a well defined ER background which takes the smearing of the anomalous leakage into account
and furthermore restore the characteristic asymmetry.

237



6. The Electronic Recoil Background

sections evaluated the goodness of the models by a log-likelihood ratio test on single bins. This

method is also used to develop to further models model-B and model-C. A final overview is given

in figure 6.28 for 2011/12 where the log-likelihood ratio test values for each bin are shown for each

model. The logarithmic z-scale is set to the same range in each figure. It is seen that each model has

it advantages and disadvantages:

For example, figure 6.28a contains a few bins (Y ∼ 0.9) where a log-likelihood ratio of almost ∼ 34 is

reached. This is expected because the Gaussian ER background model does not describe the anoma-

lous leakage events and the result is a larger log-likelihood ratio value in these single bins. Neverthe-

less, Model-A assures a better coverage of the model with the data (see figure 6.28b). The same bins

result a log-likelihood ratio value of ∼ 2− 3. With this knowledge, the model-B (see figure 6.28c)

would be preferred because its construction allows to select the model-A event distribution only in

these few bins and the other bins are described by the Gaussian ER background model. In contrast,

model-C uses model-A as input and replace the model-A bin content by the Gaussian ER bin content

in these bins. The outcome is a model where a few bins have a lower event distribution compared

to its neighbours. From this point of view, model-B is the best choice because according to its log-

likelihood ratio values results the best agreement with the data.

This example shows that a single bin analysis allows to determine the goodness of the model in a very

detailed way. This allows to find more bins, such as they are described in the example above, to select

another model. After all, it is important to evaluate which model seems to be the best to describe

the the whole data space. A first try to quantify the global goodness of the model is already intro-

duced in section 6.7.2. This method is picked up and improved: Instead of calculating the summed

log-likelihood ratio on the whole histogram such as it is done (see table 6.6), subtotals are calculated.

These subtotal log-likelihood ratio test depend on the data space. The region of interest is below the

Gaussian ER background band (Y ∼−0.42) and therefore the data space is splitted into:

• −1.5≤ Y ≤−0.5 := Low Y-LLR

• −0.5≤ Y ≤ 1.5 := Middle Y-LLR

• 0.5≤ Y ≤ 1.5 := High Y-LLR

This splitting is chosen according the bin width in Y and allows to determine the partial goodness of

the model above and below the Gaussian band. With this boundaries from the splitting, the partial

summed log-likelihood ratios are calculated according to equation (6.8) by replacing N by the bound-

ary conditions. The result is given in figure 6.30. In addition the global summed log-likelihood ratio

test is also shown in the left column. The right three histograms show the subtotal log-likelihood ratio

tests which are normalised to the global log-likelihood ratio test for comparison.

Based on the summed log-likelihood ratio test, model-B matches the data best (blue). The individual
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6.8. Alternative Background Model with Log-Likelihood Correction

slots show that model-B is the best choice in the regions of the anomalous leakage, followed by model-

A and model-C. The Gaussian ER background results the worst agreement. Based on the definitions

of the single models, the outcome of the subtotal log-likelihood ratio test agrees with the expectation.

Such it is shown, model-A and model-B result a lower subtotal log-likelihood ratio value compared

to model-C in the regions of the anomalous leakage. This is also expected because there are more

individual bins in the model-C which predict events at position where zero events are observed. This

is true in model-C for more bins than in model-B.

By looking at the middle Y-LLR, it is observed that model-C and the Gaussian ER background model

matches the data better than model-A and model-B. This is the result of the leakage model which is

added to the Gaussian ER background model where difference to the data are stamped on and as a

result the subtotal log-likelihood ratio test increases. Due to the definition of model-B, a few bins are

adjusted within the Gaussian band, this and statically fluctuations results an increase in the summed

partial log-likelihood ratio test.

Nevertheless, Gaussian ER background itself is not as important as the Low Y-LLR region and there-

fore the choice of the model is done by the lowest summed partial log-likelihood ratio test what results

model-B as the favoured model to describe the ER background data. This model does not contain any

possible asymmetries in the Gaussian band anymore but as long as the region of interest, for example

the low WIMP mass search, is within Low Y-LLR this feature is neglected. From this point, model-

B assumes an overall Gaussian ER background which is adjusted in individual bins by the leakage

model to describe the anomalous leakage events correctly. The discussed observations are also ob-

served in the data taking period of 2013/14. Hence the according partial summed log-likelihood ratio

test is available in figure 6.29. From this result, model-B is also the preferred choice to describe the

anomalous leakage events.
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6. The Electronic Recoil Background

(a) 2011/12: Gaussian ER Background (b) 2011/12: Model-A

(c) 2011/12: Model-B (d) 2011/12: Model-C

Figure 6.28 – Overview about the log-likelihood ratio test of 2011/12 for Gaussian ER background model,
model-A, model-B and model-C. Each figure shows the LLR(D|M) values for each bin in the 2D his-
tograms. Based on this log-likelihood ratio values, a bin dependent choice of the model is possible.
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(a) 2013/14: Gaussian ER Background (b) 2013/14: Model-A

(c) 2013/14: Model-B (d) 2013/14: Model-C

Figure 6.29.: Overview about the log-likelihood ratio test of 2013/14 for Gaussian ER background
model, model-A, model-B and model-C. Each figure show the LLR(D|M) values for
each bin in the 2D histograms. Based on this log-likelihood ratio values, a bin dependent
choice of the model is possible.
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(a) 2011/12 (b) 2013/14

Figure 6.30 – Overview about the partial summed log-likelihood ratio test with three pre-defined slices in
the data space. The slices are chosen to quantify goodness of the model(s) for the Gaussian part (Middle
Y-LLR) and the both regions of the anomalous leakage below and above Middle Y-LLR. These regions
are named: High Y-LLR and Low Y-LLR. In partially, the Low Y-LLR is region of interest for low WIMP
mass searches. From these results, model-B results the best agreement with the data.

242



6.9. Asymmetry in the ER Background

6.9. Asymmetry in the ER Background

An interesting aspect of the ER background model (model-A and model-C) is the asymmetry in Y

within ±3σ , indicating small corrections to the Gaussian distributions in individual slices of S1. This

asymmetry is contained in the residuals of figure 6.7 for 2011/12 and 2013/14. It is not necessarily

expected that the ER background data is Gaussian distributed in Y , but if a small asymmetry is a fea-

ture of the ER background it has to be taken into account at some point to understand the background

model.

Section 6.4.2 show that the first approximation of the ER background data fits almost pretty well.

The leftover residual contains the anomalous leakage events and the non-Gaussian background which

shows an asymmetry. As long as the Gaussian approximation holds for the region with−3σ ≤Y ≤ 3σ

deviation, the residual should contain random fluctuations based on the data distribution. That as-

sumption does not hold during the smearing process with the 2D Gaussian kernel. Within the ±3σ

the smearing produces areas of negative and positive events. The observed pattern in figure 6.9 is

not random any more within ±3σ . Reason for that behaviour are small asymmetries in the ER back-

ground in the region of the non-Gaussian background. These asymmetries arise from the fact that the

approximation with the Gaussian distribution. Another reason is the flattening method: The flattened

ER background varies around Y ∼ 0 with respect to the polynomial which is used for the flattening

process. Therefore the flattened polynomial introduces another possible asymmetry.

S(X) :=
1
N

N

∑
i=binY

(xi−< x >)3

s3 (6.13)

The following subsection takes a detailed look at the asymmetries observed mainly between ±3σ .

The asymmetry itself is measured by the skewness S which is defined according to equation (6.13)

[92]. In this formula, the skewness of a random variable xi is calculated using the mean value < x >

and standard deviation s from the event distributions (slices in S1) where N denotes the total event

number of the S1 slice. The skewness measures the deviation from symmetric distributed data. To

stick with the nomenclature the variable of observation is the discrimination space Y and therefore the

index ”binY” in equation (6.13) refers to the chosen binning in Y . An excess on the left side of normal

distributed data is called ”positive skew“ and an excess on the right side is called ”negative skew“ (see

figure 6.31). For example, a normal distributed data set results in a skewness of S = 0 and can become

±∞ for huge excesses.

According to the ER background data distribution around Y = 0 with a deviation of±3σ , the Gaussian

assumption is tested and measured. Therefore the range of interest to calculate the skewness is between
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µER−3σER ≤Y ≤ µER+3σER. Events outside these 3σER band are assigned to be anomalous leakage

events and not follow a Gaussian distribution any more. The result is shown in figure 6.32 for data

period 2011/12 and 2013/14.

Figure (6.31): The sketch illustrate the behaviour of a left-skewed and right-skewed deviation from a normal
distribution. Both possibilities can be separated by the skewness parameter S with S > 0 for a right-skewed
distribution and S < 0 for a left-skewed distribution. An ideal equal distributed data set results a skewness of
S∼ 0.

The calculated skewness is shown in figure 6.32 by the blue stars. It turns out, that the slices of

S1 <∼ 15pe tend to be right-skewed and slices with S1 >∼ 15pe tend to be left-skewed (compare to

sketches in figure 6.31). The subtraction of the Gaussian ER background model transfers the skewness

into the residuals of figure 6.7. The subtraction underestimates the data in the residual for Y > 0 for

right-skewed distributions and vice versa for left-skewed distributions. The resulting leakage model

contains the observed skewness.

The uncertainties in figure 6.33 are developed with a Monte Carlo technique. For a huge number of

Monte Carlo generated ER backgrounds (with underlying Poisson statistics), the skewness is calcu-

lated within −3σ ≤ Y ≤ +3σ . The mean value (blue marker) of the skewness fits pretty well the

observed skewness (blue stars). The deviation from the mean value is shown by the error bars in Y .

This shows that it is possible to distinguish between the left and right-skewed behaviour. To test the

ER background data set, another Monte Carlo study was done. This study with a huge number of

simulated Gaussian distributed events results the skewness which is shown by the red markers. The

conditions which are applied to Gaussian distributions are Y = 0 and σER = 0.14. The red band is the

uncertainty based on the deviation from the mean value of the skewness. Such it is expected, Gaussian

distributed data result a much lower skewness compared to the ER background data.
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(a) (b)

Figure 6.32 – The result of the skewness for 2011/12 and 2013/14 is given by the star-shaped markers.
An additional Monte Carlos study confirms the observed skewness in the data and allows to determine the
uncertainties which are based on the Poisson variation of the input data (blue markers). In the same way,
another Monte Carlo study is done with a Gaussian distributed event selection. This confirms that the ideal
Gaussian distributed ER data results a much smaller skewness.
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The behaviour of the skewness with the underlying data is shown in figure 6.33. This illustrates the

event distribution and point to the areas where the Gaussian assumption over and under estimate the

data. In any case, the result of the skewness is similar for 2011/12 and 2013/14. Both data sets show

a shift from right-skewed to left-skewed behaviour. The polynomial which is used to flatten the ER

background data is adjusted from 2011/12 to 2013/14. This indicates that the asymmetry is influenced

by the flattening process but that there is also a more global effect that the ER background data are not

Gaussian distributed perfectly.

Nevertheless, the asymmetry is small compared to ideal Gaussian assumption because their uncertain-

ties from the Monte Carlo overlap. The general trend of the skewness shift is taken into account by

analysing the residual with the 2D Gaussian kernel φ .

(a) (b)

Figure 6.33 – The skewness of 2011/12 and 2013/14 with underlying data distribution. Due to the right-
skewed distributions for lower S1 signals and the left-skewed distributions for higher S1 signals, the sub-
traction of the Gaussian approximation transfers the skewness into the residual of figure 6.7.

6.10. Goodness of the Model in Signal Bands

The previous sections introduced the log-likelihood ratio test to quantify the goodness of ER back-

ground model. The test itself allows to define further alternative models to describe the data. Hence a

subtotal log-likelihood ratio is calculated to verify the goodness of the models in a region of interest

(Y < −3σ ). This is necessary for future data analysis approaches where the flattened space is used
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directly. The actual Profile Likelihood analysis [19] approach foresees to divide the data space into

twelve bands. Each of these bands predicts then a certain number of signal, NR background and ER

background events. The exact band definition is given in section 3.10 with a well described example.

The evaluated ER background models (Gaussian ER, model-A, model-B and model-C) are tested with

regard to the band definition. This allows to determine the goodness of a specific model for single

bands.

To begin with, the ER background data of figure 6.1 for the data taking periods 2011/12 and 2013/14 is

transformed into the band space. The result is shown in figure 6.34. Remarkable is signal band twelve

where most of the ER background events are sorted in. Due to the band definition, almost all the

Gaussian ER background component and the upper tail is transformed into this band. The remaining

eleven bands are related to the region of interest which was already used in section 6.8.3 to compare

the ER background models. In particular, the lowest bands (b1 to b4) describe the region which is far

away from the Gaussian ER background band (> 99.75%). Therefore it is important to test the ER

background model for lower band numbers. Higher bands (> b5) still overlap with the Gaussian ER

background within the 3σ .

Figures 6.35 and 6.36 show the band transform of the discussed models for both data taking periods.

The histograms are limited to 10−2 events per bin (z-axis). The event distribution fades out to the left

lower edge which is similar to the left lower edge in the usual flattened space where the low energy S1

signals are located. The result is pretty similar for both data taking periods. The transformed models

show a good comparison to the input data of figure 6.34. A detailed comparison is made band by

band. With this band definition and the previous developed ER background models in sections 6.4.2,

6.6, 6.8.1 and 6.8.2 the transformation looks such it is shown in figure 6.35 for the data taking period

2011/12 and in figure 6.36 for 2013/14. In both data taking periods, the similarity between Gaussian

ER background model and Model-A is conserved as well as the similarity of model-A and model-C.

The lower left edge contains more events in model-A and model-C. This is a result of the dominating

leakage model in the construction of the models. It is seen that the Gaussian ER background and

model-B predicts less background events for low S1 energies and within bands one to five.

Based on figures 6.35 and 6.36, the total number of entries per band is determined. Figure 6.37 shows

the number of observed events in the data by the magenta bars (based on figure 6.34) and compares

these numbers to the predicted number of events from the models. In addition the statistically error

is presented by the error bars in black. Deviation between different models and the data are observed

in the lower signal bands. The higher signal bands show overlap within their error bars. The different
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(a) Data taking period: 2011/12 (b) Data taking period: 2013/14

Figure 6.34 – The observed ER background data in 2011/12 and 2013/14 after the transform into the band
space. The main part of the Gaussian distributed data is transformed into band twelve and the lower tail is
described by eleven bands.

models are compared to the observed data. This is done by the relative deviation in figure 6.38 which

is defined by:

Relative Deviation =
Mb−Db

Db
×100 [%] (6.14)

The relative deviation between model and data for band seven is less than 20% and this trend decreases

up to a deviation of less than 0.3% in band twelve. The bands one to six show deviations up to∼ 95%,

depending on the data taking period and model. These bands show the similarity of the models in

detail.

With the differences and similarities a hypothesis test is chosen to compare model and data to predict

which model fits the data as best as possible. The test is formulated by the null hypothesis H0 and

H1.

H0 := The model is true (6.15)

H1 := The model is false (6.16)

Therefore the definition of the p-values is shown in equation (6.17) with the number of predicted events

Mb per band. The asymmetry of the Poisson distribution becomes important for less predicted events

Mb per band and therefore the statically test is defined by the asymmetric left and right boundary z0

and z1 which is ordered by z0 < Mb < z1. With a proper defined Poisson distribution the following
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(a) Gaussian ER background (2011/12) (b) Model-A (2011/12)

(c) Model-B (2011/12) (d) Model-C (2011/12)

Figure 6.35 – Result of the four discussed ER background model: Gaussian, model-A, model-B and
model-C during the data taking period 2011/12. The Gaussian part and the upper tail is transformed mainly
into the highest band. The remaining events are distributed into eleven lower bands. Hence it is possible to
predict the number of events per band from each model.
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(a) Gaussian ER background (2013/14) (b) Model-A (2013/14)

(c) Model-B (2013/14) (d) Model-C (2013/14)

Figure 6.36 – Result of the four discussed ER background model: Gaussian, model-A, model-B and
model-C during the data taking period 2013/14. The Gaussian part and the upper tail is transformed mainly
into the highest band. The remaining events are distributed into eleven lower bands. Hence it is possible to
predict the number of events per band from each model.
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criterion must be fulfilled: Pois(z0|Mb) = Pois(Db|Mb) = Pois(z1|Mb) to define an asymmetric region

around the Poisson expectation value Mb. This definition allows to quantify the goodness of the model

by a p-value. The larger the p-value is as better matches the model the data.

p-value = 1−
x<z1

∑
x=z0

Pois(x|Mb) (6.17)

Outcome of the hypothesis test is shown in figure 6.39. Again the similarity between model-A/model-

C and Gaussian ER/model-B is observed. By looking and single histogram entries, sometimes the

Gaussian dominated ER background fits the data better and vice versa.

From this point, there is no favoured model. In case the four different models compared directly to

each other, it is possible to determine a model of choice based on the observed similarities in the

p-values. Looking at model-B and the Gaussian ER model both result similar p-values compared to

model-A and model-C. Nevertheless, the model of choice is model-B. The reason is given in figure

6.15 where the log-likelihood ratio test has already showed that the anomalous leakage is not well

described by the Gaussian ER background. Therefore, the small adjustments in the Gaussian ER

background model which result model-B increases the probability to describe the anomalous leakage.

A similar argument holds for the choice between model-A and model-C: A proper ER background

model predicts a positive event distribution in every bin. However, the definition of model-A set

a bunch of bins to zero if no further information is available what is corrected by the approach in

model-C. Therefore the leakage model have a larger impact on model-A and model-C and due to the

definition of model-C which avoids single bins with zero predicted events, model-C is the model of

choice. Nevertheless, by looking only at the data taking period 2011/12 (see figure 6.39a) the Gaussian

ER and model-B result a better agreement with the data compared to model-A and model-C in the

lower bands 1, 3, 4 and 5. Only in band 2, the additional leakage model results a better agreement

with the data but in any case, the calculated p-values exceed 75%. According to the p-values, model-B

fits the data as best as possible in 2011/12 under the condition to focus on the lower bands (b < 5).

The situation changes in 2013/14, where band 1 and 2 is better described by mode-C. The reason to

prefer a model which results a better description of the anomalous leakage events is the anomalous

leakage event distribution. The anomalous leakage events are distributed widely in the data space in

2013/14 compared to 2011/12. This affects the leakage model: A single 2D Gaussian distribution is

added completely to the leakage model in case a single event has no direct neighbours within a certain

distance which contain a negative residual. The widely spread anomalous leakage events in 2013/14

result than a widely spread leakage model which affects in particular band 1 and 2 more than it is

possible by the 2011/12 data.

Overall, the band by band comparison with the here calculated p-values shows at last for band 12 a

high agreement for data and the four models. The statically error for the predicted and observed events
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(see figure 6.37) in band 12 overlaps for all models and data. This points to an over-fitting of the ER

background model in band 12 which contains the main part of the Gaussian approximation. Hence the

Gaussian approximation already over-fit the data.
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(a) 2011/12

(b) 2013/14

Figure 6.37 – The total number of entries for four different models: Gaussian ER background, model-A,
model-B and model-C for each data taking period and band. In addition, the number of observed events
per band and data taking period are shown. The black error bars refer to the statistically error of the
observed/predicted events.
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(a) 2011/12

(b) 2013/14

Figure 6.38 – The relative deviation of the models to the observed data for each band. It reflects the
similarity of the Gaussian ER/model-B and model-A/model-C. The highest two bands show less than 5%
deviation. In general, the deviation becomes important for the lower bands in where the goodness of models
needs to be as good as possible to describe the occurring anomalous leakage events. The here presented
symmetric error bars are the result of the error propagation with the relative uncertainty on data and model
based on the statistical errors.
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(a) 2011/12

(b) 2013/14

Figure 6.39 – A hypothesis test is carried out to verify how well the different models fit the data. The
p-values describe the goodness of the model for each band separately. As larger the p-value is as better fits
the model the data.
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6.11. Impact on the XENON100 WIMP Exclusion Limit

Based on the comparison of the four ER background models in section 6.10 there is no final conclu-

sion on the right choice of the model. In case of zero WIMP observation a WIMP exclusion limit is

calculated. The actual WIMP-nucleus exclusion limit of the data taking period 2011/12 is presented

in a past publication [17]. With this result and the four ER background models which are discussed

here, it is interesting to determine the impact of the ER background model on the exclusion limit cal-

culation. The published background model in 2011/12 was used in the PL to calculate the limit for

spin-independent WIMP [17] interactions. The standard limit takes the ER background and the NR

background into account. The PL approach is described in a past XENON100 publication [19]. The

exclusion limit calculation is done by XEPHYR (see also section 3.11). The program is developed in

the XENON collaboration for e.g. limit calculations. The here presented comparison of the exclusion

Figure 6.40 – This a sketch of the ER background model in 2011/12. The first approximation with a Gaus-
sian distribution is done similar to section 6.4.2. The remaining anomalous leakage events are analysed by
a one dimensional exponential description (red). Adding up both descriptions in a 2D histogram results the
figure 3.32a in section 3.10.

limits is done under assumes that there is no NR background. Hence ER background is the only back-

ground. With this background contribution, the WIMP exclusion limit is tested for each background

model and the comparison is based on the past ER background model from 2011/12. The past ER

background is also a phenomenological model which uses the same Gaussian approximation such it

is described in section 6.4.2. The remaining anomalous leakage events are described in a one dimen-

sional projection on S1 and are approximated by a exponential function. This is sketched in figure 6.40

where the Gaussian background is drawn in black and the underlying exponential anomalous leakage

is drawn in red. The ER background model of 2011/12 is already shown in figure 3.32a (see chapter
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3.10). The comparison is done directly: The four ER background models are plugged into XEPHYR

and the limits are calculated with the DM data of 2011/12 (after cuts). Based on the limit calculations

from XEPHYR, it is not possible to conclude which of the four models is better or worse. This is only

possible by comparing ER background data to the model. Nevertheless, the choice of the background

model has an impact on the exclusion limit which is evaluated in this section.

The outcome of the WIMP exclusion limit is given in figure 6.41a. Due to small changes in the

ER background there is no large change expected in the WIMP exclusion limit and therefore all five

exclusion curves are near to each other. To access the differences, the relative deviation is calculated

in relation to the official ER background model (black line in figure 6.41a). This is shown in figure

6.41b. The relative deviation is defined to (MD = {Gaussian ER, model-A, model-B, model-C}):

Relative Deviation =
σMD

χ −σ
2011/12
χ

σ
2011/12
χ

×100 [%] (6.18)

First of all, an already observed similar behaviour of the Gaussian ER and model-B, although for

model-A and model-C, is observed in the relative deviations of the exclusion limits. The band by

band comparison of section 6.10 showed this already. Due to the definition of the relative deviation

figure 6.41b shows a higher exclusion limit with the four discussed ER background models compared

to the previously used ER background model in 2011/12. The limit rises up to 10% for Gaussian ER

background/model-B and up to 6% for model-A and model-C. Based on this observation, the former

ER background model results the lowest WIMP exclusion limit. The phenomenological approach to

model the anomalous leakage events by a 2D Gaussian distribution describes the observed data with

higher details than an exponential approximation and hence differences arise in the limit calculation.

By construction the Gaussian ER and model-B are Gaussian dominated models. The Gaussian only

approximation of the Gaussian ER background model is adjusted by a few bins which result from the

2D Gaussian approximation. In contrast to the models Gaussian ER and model-B, the models model-

A and model-C are strongly adjusted in the regions of observed anomalous leakage. This adjustment

results a higher detailed model and therefore the relative deviation of the exclusion limits between

model-A/model-C is lower than in the Gaussian dominated models.

Any of the four models result a higher exclusion limit what points to the fact, that each of these models

predict not enough background events. In particular the inadequate description of the anomalous

leakage with the Gaussian ER and model-B background models is responsible for the rise in the

exclusion curve up to 10%. Model-A and model-C improve in the event prediction of the anomalous

leakage and therefore the additional predicted events increase the relative deviation to maximal 6%.

Pointing to the tested WIMP mass mχ , the relative deviation is ∼ 0.5% for model-A/model-C and

∼ 1.5% for Gaussian ER/model-B within mχ <∼ 11GeV. Then a rise is observed in the relative
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deviation within ∼ 11GeV ≤ mχ ≤∼ 100GeV and above ∼ 100GeV it becomes flat. The relative

deviation becomes smaller for lower WIMP masses.

(a) (b)

Figure 6.41 – The four discussed ER background models and the previous used ER background model of
2011/12 result similar WIMP exclusion curves. The lowest exclusion curve is calculated for the previous
2011/12 ER background model. To compare the four discussed models: Gaussian ER, model-A, model-B
and model-C, the relative deviation is calculated (figure 6.41b). The Gaussian ER/model-B show larger
relative deviations compared to model-A/model-C what comes from the higher detailed description of the
anomalous leakage region in model-A/model-C.

This comparison does not vote for a particular background model but shows the impact on the ex-

clusion limit. This favours to reject Gaussian dominated ER background models and advertise the

need of a proper description of the anomalous leakage, which was the goal of this section. The here

presented model-A and model-C show a higher detailed description of the anomalous leakage of the

ER background in the discrimination space.

6.12. Summary

The here presented work on the electronic recoil background describes a possible way to develop a

phenomenological ER background model from the data. The 232Th and 60Co data are approximated by

a Gaussian model in a first step. After the Gaussian ER model is subtracted from the data, the residual
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which contains the anomalous leakage events, is smeared by a 2D kernel (second approximation).

By adding up both models to model-0 it turns out that there are negative events predicted. To correct

this miss-behaviour model-A is created where the negative event distribution is set to zero. Another

log-likelihood ratio criterion quantify the goodness of the model and allows to create two other models

(model-B and model-C) which combine the Gaussian ER background model with the leakage model

in a certain way.

The comparison of these four models (Gaussian ER, model-A, model-B, model-C) in the band space

does not result a satisfying criterion which favours a specific model. After all the Gaussian approxi-

mation over-fits the data in band 12.

The observed asymmetry is quantified with a Monte Carlo method to verify if the observed asymmetry

is observed by chance or results from the data. It turns out that there is a small asymmetry along the

S1 axis.

Finally, the impact on the XENON100 WIMP exclusion limit is calculated with XEPHYR. It turns out

that the choice of the 2D Gaussian models (model-A/model-C) worse the limit by ∼6% compared to

previous used ER background model of the data taking period 2011/12. The exclusion limit is not a

good indicator for the goodness of the model but it turns out that Gaussian dominated ER background

models worse the limit up to ∼ 10% at maximum. From this point, the Gaussian ER background

predict the lowest anomalous leakage event rate and every better phenomenological model of the

anomalous leakage will lower the exclusion curve.

The here shown techniques to develop the uncertainties on the ER background model are tested with

the here described ER background models. There are further methods available to calculate the un-

certainties on the ER background and therefore the study is not yet finished. The question of which

of the here presented ER background models match the data at best is not yet answered. Besides the

phenomenological approach to develop the ER background further physical motivated background

models are possible if the anomalous leakage is better understood.
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“But it has something to do with Dark Matter. – It has
everything to do with Dark Matter.”

Dr. Chester Ray Banton,
The X-Files, “Soft Light”
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7.1. Summary on the XENON100 Data Analysis

Modern experiments have become much more complex nowadays and the amount of taken data also

has risen. The use of computer technology for the data analysis allows to implement statistical methods

for an extensive analysis. Experiments such as the XENON100 or its successor experiment XENON1T

take a huge amount of data. This starts with the control of the environment such as temperature of the

liquid xenon, the pressure inside the TPC or even the room temperature where the experimental setup

is mounted. Furthermore the data of interest (Dark Matter or calibration data) is taken and stored as

raw data and therefore it is necessary to have a high quality in the data selection and to prove a good

understanding of the detector to extract real physical events out of this huge amount of data. This

needs to take many methods into account which must be evaluated.

The presented work on some of the specific XENON100 data analysis procedure show this effort.

Therefore the goals of the single data analysis procedures were emphasised and the difficulties were

discussed in detail. This work uses the input of different calibration sources, which at least are needed

to understand the TPC response completely. The here given selection of data analysis procedures are

developed from XENON100 calibration data. The method itself, once it is proven that it is working

well, can be also applied for future experiments.

The presented work is subtracted into three parts of data analysis topics. Based on the 232Th and
60Co calibration data, a background model is made. Dark Matter search experiments have such a low-

radioactive environment, that the few events which describe the background are important to show a

good understanding of the background. Therefore a model is made to describe the ER background

event distribution which predicts the number expected background events for the Dark Matter data

analysis. The model itself relay on a proper description, which is in case of the ER background, a

Gaussian distribution in the discrimination space parameter Y vs. S1 (3D and light collection effi-

ciency corrected S1). Unfortunately, the description become more complicate by another background

population, the leakage events. This leakage events are populated outside a 99.75% band in Y and

hence the number of observed events is not comparable to the number of expected events by the Gaus-

sian assumption.

This work includes an extensive description of the ER background data set (for data taking periods

2011/12 and 2013/14) which separates the data into a first approximation (Gaussian) and is then sub-

tracting the Gaussian model from the data. This procedure yields a residual plot which includes the

leakage events and the variations of the Gaussian model inside a 3σ deviation.

The residual is analysed by a kernel φ(S1,Y ) which re-distributes the observed number of events in

the residual. This smearing decreases the resolution, but allows to quantify the regions of the leakage

events. This is possible because the leakage events stick out of the residual. They are not influence
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(and described) by the Gaussian first approximation. This smearing yields to a leakage model and,

at least, the leakage model is added up (bin by bin) to the Gaussian model. This yields the final ER

background model in where the number of events are conserved.

Finally different tests are done to check the goodness of the model by e.g. different hypothesis tests:

A first one calculates a table of p-values for each bin. In that way the data is compared to the fi-

nal model and to the Gaussian-only approximation. This yields a p-value corrected ER background

model. Another approach is tested by a coordinate transform from the discrimination space Y vs. S1

into a pre-defined set of horizontal bands vs. S1. This transformation becomes interesting because

only the total number of expected events per band is used in the Profile Likelihood analysis at the

moment. In that way, the ER background description lose information but becomes easy comparable

to a previous used ER background model in 2011/12. The transformation does not need the p-value

corrected ER background model necessarily. Based on another hypothesis test, the p-values shows a

better agreement of the here described model, in comparison to the previously used ER background

model. Finally, an exclusion limit is calculated with XEPHYR to see the impact of the here described

model, compared to the previously used: The exclusion limit is higher for the here described ER

background model by up to 7% (without p-value correction). This outcome rises the question on the

goodness of ER background model itself and leave the unanswered question on a better way to esti-

mate the uncertainties of the background model itself and furthermore what is the best way to compare

two different ER background models.

This work on the ER background model presents a method to predict the ER background based on the

observed data. In case of not observing any leakage events the smearing with the kernel φ(S1,Y ) does

not lead to proper scientific results. This is a limit if a background model is developed from the data

directly. In case of modelling the leakage events, there are only a few leakage events from which the

model is made from. Different approaches are tested at the moment to describe the ER background

as good as possible and hence the presented work here will be a basic working principal for further

tests.

Such it is described in section 3.7, it is important to define a set of cuts which select only physic driven

events from the data. Therefore a certain set of cuts is defined and applied to data. One important cut

is the Xs2peaks and hence its acceptance. This cut introduces a threshold on the S2 signal of 150 pe.

This assures a almost 100% trigger efficiency for S2 triggered signals. In the usual case, the S2 signal

will be larger than the previous S1 signals and therefore the trigger on the S2 signals is useful. Once a

cut is defined it is important to determine its acceptance which means to see how likely it is to observe

an event for a given cut and energy. The energy is driven from the defined variables in XENON100

which is a 3D and light detection efficiency corrected S1 signal. Therefore the data (cS2) is sorted

into histograms of single slices in S1, where each S1 slice has a width of ∆S1 = 1pe. The shape of
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each cS2 histogram is approximated by an adjusted Poisson distribution. This adjustment introduces

another fit parameter (β ) which allows to scale the width of the Poisson distribution additional. Due

to the original definition of the Poisson distribution, it would be enough to have one parameter, the

expectation value λ . Therefore a wide range of possible, but fixed, values of β were tested on each of

the cS2 histograms at the same time. Based on the log-likelihood values of the different fits, the best

choice for the additional parameter β is made at the maximum likelihood. From the best choice of β ,

the related expectation values λ for each cS2 histogram are selected and fitted by with a simple linear

approximation. This results a function λ (S1) which predicts the cS2 signal for a certain S1 signal.

The advantage is given by the continuous description, even down to 0 pe in S1.

Keystone of the Xs2peaks acceptance calculation is the Monte Carlo technique which is used calculate

the acceptance. This method uses λ (S1) as an input to draw random values of λ , which present ex-

pectation values (together with the best choice β ) of a Poisson distribution. Random draws from these

cS2 - Poisson distributions allows to create S2 signals below the “corrected S2” threshold. This leaves

a certain probability, after the modelled cS2 signal is corrected back into S2 signal, that this signal is

acceptance and therefore these signals are counted for each slice of S1 to evaluate the acceptance of

S2 signals for a certain S1.

The reliability of the method is proven by simulated neutrons. The simulation takes the XENON100

TPC into account. The simulated neutrons were created under the science run condition of 2011/12

and compared to the both 241AmBe neutron data sets. It turns out that the proper selection of single

neutron scatter events in the simulated neutrons is quite easy in comparison to the data, where the

number of scatters inside the TPC is not available. This event selection of single scatters for simulated

neutrons results a higher S2 acceptance compared to the acceptance which is calculated for the both
241AmBe data sets. Hence this outcome proves the method itself, but results just a kind of upper S2

acceptance limit, based on perfect selected single simulated neutrons scatters in the TPC.

In common for all three 241AmBe data sets and the simulated neutrons, the uncertainty on the S2 ac-

ceptance is estimated. This becomes important for analysis at some point when the uncertainties of

single cuts were taken into account during the Profile Likelihood analysis. The uncertainties for the

S2 acceptance results from the choice of parameter β and λ . Therefore an additional variation around

the expectation value λ is tested to estimate its uncertainty. Based on both uncertainties, a multidi-

mensional 1σ level of significance is calculated and the resulting uncertainties are used in an extensive

Monte Carlo procedure. This allows to calculate an uncertainty band around the already calculated S2

acceptance. In summary, the significance level yields to larger uncertainties on the S2 acceptance for

lower values of S1. This is understood because these S1 energies will refer to lower S2 energy (well

almost). The Poisson distribution description becomes more important for lower slices of S1 because

its probability change of cS2 events below the “corrected S2” threshold. In this cases the probability

increases for these events but also the uncertainties (which again are defined by β and λ ).
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Finally, another set of simulated WIMPs is used to determine a WIMP acceptance. As long as it is

not important to prove the reliability of the chosen method to determine the Xs2peaks cut from data,

the WIMP acceptance is evaluated by a simple counting experiment. Different WIMP masses up to

1000 GeV are simulated and the it is tested how much simulated WIMPs exceeds the threshold in S2

of 150 pe. The WIMP acceptance in XENON100, based on simulations yields to highest acceptances

for WIMPs between 51 GeV and 100 GeV.

The previous two data analysis procedures use the radioactive calibration sources. Another important

procedure is the weekly PMT calibration. Here the gain is determined by blue LEDs which distribute

their light homogeneously in the XENON100 TPC. Due to the LED trigger, the DAQ records the LED

pulse right after it is sent out. A usual LED calibration is done by taking the full LED waveform

(for each PMT) without zero length encoding and analyse that by another software separately. This

software is not used when the calibration data or Dark Matter data are reprocessed (xerawdp). By

default, xerawdp is not able to reprocess LED data directly and to determine the PMT gain. This work

will introduce a method to use xerawdp for the LED data reprocessing. After software adjustments

which are necessary in xerawdp and a specific cut set which is developed only for LED data, first

results of the identified S1 peaks are presented. To verify the outcome and the quality of the identified

S1 peaks, the single photo- electron peaks are used to predict the single PMT response to the single

LED photons. The results show a good agreement with the expected SPE response at S1 =∼ 1pe.

Nevertheless, to calculate the SPE response it is necessary to use the gain values from the standard

PMT calibration when xerawdp is reprocessing LED data. After the SPE response is shown, the

next approach is to calculate the gain directly out of the identified S1 peaks. Therefore the raw S1

area is used. This variable, which is defined in xerawdp, measures the area of a S1 peak between

its boundaries. In that way, the gain is calculated from histograms which counts the raw area of

the S1 peaks. Hence, the gain is the most likely value of the signal part which is described by a

Poisson distribution. By comparing these alternative gains (PMT by PMT) to the gains from the LED

calibration, it turns out that both measurements are match within a 68% level.

The here described method have not been used before in XENON100. LED calibration and data

reprocessing is done by two different pieces of software. With that new approach it could be possible

to use only one piece of software for LED calibration in the future. Due to the end of the XENON100

experiment, further tests with the software code of xerawdp are not done any more. Nevertheless,

the successor experiment XENON1T will use a piece of software which will be used for all possible

data.
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7.2. Outlook on XENON1T

Figure 7.1 – Picture from the XENON1T
experiment in the hall B of the LNGS.
The foreground shows the support building
where the ReStoX, xenon purification sys-
tem and further electronic is mounted. In
the background, there is the XENON1T wa-
ter tank shown [44].

The here presented analysis topics are applications which

are necessary and useful for the future XENON1T experi-

ment. At that time, the XENON1T experiment is mounted

in the Hall B of the underground laboratory “Laboratori

Nazionali del Gran Sasso” (LNGS). The basic technology

is not changes: There is still a TPC used which is filled with

liquid XENON. The improvements coming from the phys-

ical constrains and hence, a larger target volume would in-

crease the interaction probability. The new TPC has a size

of 1 m in height and 1 m in diameter and will there will be

up to 3.3 tons of liquid xenon are in use. The target mass

will be then around 2 tons which allows to have a fidu-

cial volume of 1 ton. The shelf-shielding properties which

were already exploited in XENON100 to reduce γ intro-

duced events will here also help to reduce the background.

All materials of the TPC and for the cryostat are screened

and chosen for the purpose of low-radioactivity. With this

it is expected to have a 100 times lower background than

in XENON100.

Another big advantage, compared to XENON100, is the

active muon veto. This is realised by a water tank of 10 m

height and 10 m diameter. There are 84 PMTs distributed

inside the water tank which looking for Cerenkov light.

This helps to select events from atmospheric muons. These events can fake a WIMP signal in the

TPC. The active muon veto allows to select events which are in coincidence with events inside the

TPC. This type of event is rejected.

The enlarged TPC, together with the active muon veto allows to exploit the WIMP search region.

Even in case that there is no WIMP found, it push the actual exclusion curve by a factor of 2 down

to lower limit. The water tank and the PMTs of the active muon veto are already mounted in the

experimental hall (see background structure in figure 7.1). Inside of the water tank, the cryostat is

mounted and first tests are done 7.2. The TPC is not yet mounted. In addition, a support building is

right besides the water tank which provides enough space for the xenon recovery and storage facility
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(ReStoX). This is able to hold up to 7 tons of liquid or gaseous xenon. Furthermore the ReStoX is

used in case of an emergency recuperation. Krypton (85Kr) contamination causes due to its beta decays

an addition background and therefore it is distilled out in a Kr-column which is also mounted in the

support building. The xenon purification system and further electronic devices (e.g. DAQ) are also

mounted there. The support building (foreground of figure 7.1) itself is already mounted together with

the xenon purification system, Kr-column and ReStoX. After the TPC is mounted into the cryostat,

the XENON1T experiment will start to take data. First data are expected until the end of 2015.

The XENON100 experiment itself is still running and used for further tests with e.g. new calibration

sources to test the understanding of XENON100 detector. At least, with the start of the XENON1T

data taking the XENON100 experiment will come to an end.

Figure 7.2 – A view inside the active muon veto of XENON1T: The cryostat in where the TPC will be
mounted is already installed. The scaffold on the site of the walls will be removed as well as the black
protection layers of the veto PMTs [44].
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“Dark Matter density is nearly one order of
magnitude higher than in similar nebulae.
Life-forms here may have developed in ways
never before observed.“

Lieutenant Commander Data,
Star Trek: The Next Generation, ”In Theory“
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A.1.1. Data Run10
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(a) S1 energy slice: 0≤ S1≤ 1 pe (b) S1 energy slice: 1≤ S1≤ 2 pe (c) S1 energy slice: 2≤ S1≤ 3 pe (d) S1 energy slice: 3≤ S1≤ 4 pe

(e) S1 energy slice: 4≤ S1≤ 5 pe (f) S1 energy slice: 5≤ S1≤ 6 pe (g) S1 energy slice: 6≤ S1≤ 7 pe (h) S1 energy slice: 7≤ S1≤ 8 pe

Figure A.1.: Data: 2011/12– Single S1 energy slices of the ER background. The blue line show s the additional Gaussian approximation. The residuum is plotted below each data distribution. Its defined by: ”Data - Model“
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(a) S1 energy slice: 8≤ S1≤ 9 pe (b) S1 energy slice: 9≤ S1≤ 10 pe (c) S1 energy slice: 10≤ S1≤ 11 pe (d) S1 energy slice: 11≤ S1≤ 12 pe

(e) S1 energy slice: 12≤ S1≤ 13 pe (f) S1 energy slice: 13≤ S1≤ 14 pe (g) S1 energy slice: 14≤ S1≤ 15 pe (h) S1 energy slice: 15≤ S1≤ 16 pe

Figure A.2.: Data: 2011/12– Single S1 energy slices of the ER background. The blue line show s the additional Gaussian approximation. The residuum is plotted below each data distribution. Its defined by: ”Data - Model“
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(a) S1 energy slice: 16≤ S1≤ 17 pe (b) S1 energy slice: 17≤ S1≤ 18 pe (c) S1 energy slice: 18≤ S1≤ 19 pe (d) S1 energy slice: 19≤ S1≤ 20 pe

(e) S1 energy slice: 20≤ S1≤ 21 pe (f) S1 energy slice: 21≤ S1≤ 22 pe (g) S1 energy slice: 22≤ S1≤ 23 pe (h) S1 energy slice: 23≤ S1≤ 24 pe

Figure A.3.: Data: 2011/12– Single S1 energy slices of the ER background. The blue line show s the additional Gaussian approximation. The residuum is plotted below each data distribution. Its defined by: ”Data - Model“
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(a) S1 energy slice: 24≤ S1≤ 25 pe (b) S1 energy slice: 25≤ S1≤ 26 pe (c) S1 energy slice: 26≤ S1≤ 27 pe (d) S1 energy slice: 27≤ S1≤ 28 pe

(e) S1 energy slice: 28≤ S1≤ 29 pe (f) S1 energy slice: 29≤ S1≤ 30 pe

Figure A.4.: Data: 2011/12– Single S1 energy slices of the ER background. The blue line show s the additional Gaussian approximation. The residuum is plotted below each data distribution. Its defined by: ”Data - Model“
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A.1.2. Data Run12
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(a) S1 energy slice: 0≤ S1≤ 1 pe (b) S1 energy slice: 1≤ S1≤ 2 pe (c) S1 energy slice: 2≤ S1≤ 3 pe (d) S1 energy slice: 3≤ S1≤ 4 pe

(e) S1 energy slice: 4≤ S1≤ 5 pe (f) S1 energy slice: 5≤ S1≤ 6 pe (g) S1 energy slice: 6≤ S1≤ 7 pe (h) S1 energy slice: 7≤ S1≤ 8 pe

Figure A.5.: Data: 2013/14– Single S1 energy slices of the ER background. The blue line show s the additional Gaussian approximation. The residuum is plotted below each data distribution. Its defined by: ”Data - Model“
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(a) S1 energy slice: 8≤ S1≤ 9 pe (b) S1 energy slice: 9≤ S1≤ 10 pe (c) S1 energy slice: 10≤ S1≤ 11 pe (d) S1 energy slice: 11≤ S1≤ 12 pe

(e) S1 energy slice: 12≤ S1≤ 13 pe (f) S1 energy slice: 13≤ S1≤ 14 pe (g) S1 energy slice: 14≤ S1≤ 15 pe (h) S1 energy slice: 15≤ S1≤ 16 pe

Figure A.6.: Data: 2013/14– Single S1 energy slices of the ER background. The blue line show s the additional Gaussian approximation. The residuum is plotted below each data distribution. Its defined by: ”Data - Model“
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(a) S1 energy slice: 16≤ S1≤ 17 pe (b) S1 energy slice: 17≤ S1≤ 18 pe (c) S1 energy slice: 18≤ S1≤ 19 pe (d) S1 energy slice: 19≤ S1≤ 20 pe

(e) S1 energy slice: 20≤ S1≤ 21 pe (f) S1 energy slice: 21≤ S1≤ 22 pe (g) S1 energy slice: 22≤ S1≤ 23 pe (h) S1 energy slice: 23≤ S1≤ 24 pe

Figure A.7.: Data: 2013/14– Single S1 energy slices of the ER background. The blue line show s the additional Gaussian approximation. The residuum is plotted below each data distribution. Its defined by: ”Data - Model“
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(a) S1 energy slice: 24≤ S1≤ 25 pe (b) S1 energy slice: 25≤ S1≤ 26 pe (c) S1 energy slice: 26≤ S1≤ 27 pe (d) S1 energy slice: 27≤ S1≤ 28 pe

(e) S1 energy slice: 28≤ S1≤ 29 pe (f) S1 energy slice: 29≤ S1≤ 30 pe

Figure A.8.: Data: 2013/14– Single S1 energy slices of the ER background. The blue line show s the additional Gaussian approximation. The residuum is plotted below each data distribution. Its defined by: ”Data - Model“
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A.2. Evaluate the acceptance of the Xs2peaks cut
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(a) S1 energy slice: 1≤ S1≤ 2 pe (b) S1 energy slice: 2≤ S1≤ 3 pe (c) S1 energy slice: 3≤ S1≤ 4 pe

(d) S1 energy slice: 4≤ S1≤ 5 pe (e) S1 energy slice: 5≤ S1≤ 6 pe (f) S1 energy slice: 6≤ S1≤ 7 pe

Figure A.9.: 241AmBe data: 2011/12 – Single histograms of the cS2 signal for S1 energy slices. Additional adjusted Poisson fits to the data within 163 ≤ S2 ≤ 5000 pe are plotted in blue. The left fit boundary is calculated out of the
electron life time correction for S2 signals.
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(a) S1 energy slice: 7≤ S1≤ 8 pe (b) S1 energy slice: 8≤ S1≤ 9 pe (c) S1 energy slice: 9≤ S1≤ 10 pe

(d) S1 energy slice: 10≤ S1≤ 11 pe (e) S1 energy slice: 11≤ S1≤ 12 pe (f) S1 energy slice: 12≤ S1≤ 13 pe

Figure A.10.: 241AmBe data: 2011/12/February11 – Single histograms of the cS2 signal for S1 energy slices. Additional adjusted Poisson fits to the data within 163≤ S2≤ 5000 pe are plotted in blue. The left fit boundary is calculated
out of the electron life time correction for S2 signals.
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(a) S1 energy slice: 13≤ S1≤ 14 pe (b) S1 energy slice: 14≤ S1≤ 15 pe

Figure A.11.: 241AmBe data: 2011/12/February11 – Single histograms of the cS2 signal for S1 energy slices. Additional adjusted Poisson fits to the data within 163≤ S2≤ 5000 pe are plotted in blue. The left fit boundary is calculated
out of the electron life time correction for S2 signals.
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(a) S1 energy slice: 1≤ S1≤ 2 pe (b) S1 energy slice: 2≤ S1≤ 3 pe (c) S1 energy slice: 3≤ S1≤ 4 pe

(d) S1 energy slice: 4≤ S1≤ 5 pe (e) S1 energy slice: 5≤ S1≤ 6 pe (f) S1 energy slice: 6≤ S1≤ 7 pe

Figure A.12.: 241AmBe data: 2011/12/April12 – Single histograms of the cS2 signal for S1 energy slices. Additional adjusted Poisson fits to the data within 163≤ S2≤ 5000 pe are plotted in blue. The left fit boundary is calculated out of
the electron life time correction for S2 signals.
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(a) S1 energy slice: 7≤ S1≤ 8 pe (b) S1 energy slice: 8≤ S1≤ 9 pe (c) S1 energy slice: 9≤ S1≤ 10 pe

(d) S1 energy slice: 10≤ S1≤ 11 pe (e) S1 energy slice: 11≤ S1≤ 12 pe (f) S1 energy slice: 12≤ S1≤ 13 pe

Figure A.13.: 241AmBe data: 2011/12/April12 – Single histograms of the cS2 signal for S1 energy slices. Additional adjusted Poisson fits to the data within 163≤ S2≤ 5000 pe are plotted in blue. The left fit boundary is calculated out of
the electron life time correction for S2 signals.
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(a) S1 energy slice: 13≤ S1≤ 14 pe (b) S1 energy slice: 14≤ S1≤ 15 pe

Figure A.14.: 241AmBe data: 2011/12/April12 – Single histograms of the cS2 signal for S1 energy slices. Additional adjusted Poisson fits to the data within 163≤ S2≤ 5000 pe are plotted in blue. The left fit boundary is calculated out of
the electron life time correction for S2 signals.
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(a) S1 energy slice: 1≤ S1≤ 2 pe (b) S1 energy slice: 2≤ S1≤ 3 pe (c) S1 energy slice: 3≤ S1≤ 4 pe

(d) S1 energy slice: 4≤ S1≤ 5 pe (e) S1 energy slice: 5≤ S1≤ 6 pe (f) S1 energy slice: 6≤ S1≤ 7 pe

Figure A.15.: 241AmBe data: 2013/14/May13 – Single histograms of the cS2 signal for S1 energy slices. Additional adjusted Poisson fits to the data within 159≤ S2≤ 5000 pe are plotted in blue. The left fit boundary is calculated out of
the electron life time correction for S2 signals.
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(a) S1 energy slice: 7≤ S1≤ 8 pe (b) S1 energy slice: 8≤ S1≤ 9 pe (c) S1 energy slice: 9≤ S1≤ 10 pe

(d) S1 energy slice: 10≤ S1≤ 11 pe (e) S1 energy slice: 11≤ S1≤ 12 pe (f) S1 energy slice: 12≤ S1≤ 13 pe

Figure A.16.: 241AmBe data: 2013/14/May13 – Single histograms of the cS2 signal for S1 energy slices. Additional adjusted Poisson fits to the data within 159≤ S2≤ 5000 pe are plotted in blue. The left fit boundary is calculated out of
the electron life time correction for S2 signals.
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(a) S1 energy slice: 13≤ S1≤ 14 pe (b) S1 energy slice: 14≤ S1≤ 15 pe

Figure A.17.: 241AmBe data: 2013/14/May13 – Single histograms of the cS2 signal for S1 energy slices. Additional adjusted Poisson fits to the data within 159≤ S2≤ 5000 pe are plotted in blue. The left fit boundary is calculated out of
the electron life time correction for S2 signals.

290



A
.2.

E
valuate

the
acceptance

ofthe
X

s2peaks
cut

(a) S1 energy slice: 0≤ S1≤ 1 pe (b) S1 energy slice: 1≤ S1≤ 2 pe (c) S1 energy slice: 2≤ S1≤ 3 pe

(d) S1 energy slice: 3≤ S1≤ 4 pe (e) S1 energy slice: 4≤ S1≤ 5 pe (f) S1 energy slice: 5≤ S1≤ 6 pe

Figure A.18.: Simulated neutron data with Nuclear Recoil/WIMP Simulation Code with 2011/12 configuration. Single histograms of the cS2 signal for S1 energy slices. Additional adjusted Poisson fits to the data within 159≤ S2≤ 5000
pe are plotted in black. The left fit boundary is calculated out of the electron life time correction for S2 signals.
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(a) S1 energy slice: 6≤ S1≤ 7 pe (b) S1 energy slice: 7≤ S1≤ 8 pe (c) S1 energy slice: 8≤ S1≤ 9 pe

(d) S1 energy slice: 9≤ S1≤ 10 pe (e) S1 energy slice: 10≤ S1≤ 11 pe (f) S1 energy slice: 11≤ S1≤ 12 pe

Figure A.19.: Simulated neutron data with Nuclear Recoil/WIMP Simulation Code with 2011/12 configuration. Single histograms of the cS2 signal for S1 energy slices. Additional adjusted Poisson fits to the data within 159≤ S2≤ 5000
pe are plotted in black. The left fit boundary is calculated out of the electron life time correction for S2 signals.
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(a) S1 energy slice: 12≤ S1≤ 13 pe (b) S1 energy slice: 13≤ S1≤ 14 pe (c) S1 energy slice: 14≤ S1≤ 15 pe

Figure A.20.: Simulated neutron data with Nuclear Recoil/WIMP Simulation Code with 2011/12 configuration. Single histograms of the cS2 signal for S1 energy slices. Additional adjusted Poisson fits to the data within 159≤ S2≤ 5000
pe are plotted in black. The left fit boundary is calculated out of the electron life time correction for S2 signals.
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A.4. LED XML Config File

(a) (b)

Figure A.21 – Two examples of the combined fit to the noise and signal part (PMT 17 and 130) which
show an unusual behavior in the fit parameter outcome (see figure 4.9a and 4.8a). There the fit parameter
AG and µG deviates strong from PMTs around.

A.4. LED XML Config File
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Listing A.1: Descriptive Caption Text

<xerawdp>

< g l o b a l >

< v e r b o s i t y >0< / v e r b o s i t y > < !−− 0 : none , 1 : minimal , 2 : e x t e n s i v e , 3 : debug −−>

< d a t a s e t _ n a m e _ f o r m a t >xe100_YYMMDD_hhmm_NNNNNN< / d a t a s e t _ n a m e _ f o r m a t >

< r a w _ d a t a _ d i r > / a r c h i v e / d a t a / xenon100 / run_12 / < / r a w _ d a t a _ d i r >

< p r o c e s s e d _ d a t a _ d i r > / home / b a u e r m e i s t e r / xenon100_temp / s c r a t c h / < / p r o c e s s e d _ d a t a _ d i r >

< m e r g e d _ d a t a _ d i r > / home / b a u e r m e i s t e r / xenon100_temp / r u n _ 1 2 _ l e d / < / m e r g e d _ d a t a _ d i r >

< m i n i m u m _ b i a s _ d a t a _ d i r > / home / b a u e r m e i s t e r / xenon100_temp / run_12_ledmb / < / m i n i m u m _ b i a s _ d a t a _ d i r >

< p r o c e s s i n g _ l e v e l >2< / p r o c e s s i n g _ l e v e l >

< / g l o b a l >

<pmts>

< top_pmts >1−98< / top_pmts >

<bot tom_pmts >99−178< / bot tom_pmts >

< t o p _ v e t o _ p m t s >179−210< / t o p _ v e t o _ p m t s >

< bo t tom_ve to_pmts >211−242< / bo t tom_ve to_pmts >

< c a l i b r a t i o n _ s o u r c e >

< h e r e >

< !−− average g a i n s from run_11 −−>

< h e a d e r > g a i n g a i n _ e r r qe< / h e a d e r >

< v a l u e s >

< !−−Tab le w i t h ga in v a l u e s −−>

< / v a l u e s >

< / h e r e >

< / c a l i b r a t i o n _ s o u r c e >

< / pmts>

< r a w _ d a t a >
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< n b _ b a s e l i n e _ s a m p l e s >46< / n b _ b a s e l i n e _ s a m p l e s >

< / r a w _ d a t a >

< p e a k _ f i n d i n g >

<s1 >

< !−− < ex c luded_pmts >1−2, 145 , 148 , 157 , 171 , 177< / exc luded_pmts > −−>

<max_nb_peaks>32< / max_nb_peaks>

< f i l t e r >

< r a i s e d _ c o s i n e >

< low_pass >1< / low_pass >

< l i m i t > 0 . 0 3 < / l i m i t >

< r o l l _ o f f > 0 . 2 < / r o l l _ o f f >

< l e n g t h >31< / l e n g t h >

< / r a i s e d _ c o s i n e >

< / f i l t e r >

< r i g h t _ l i m i t _ h e i g h t _ t h r e s h o l d > 0 . 0 5 < / r i g h t _ l i m i t _ h e i g h t _ t h r e s h o l d > < !−− v o l t s −−>

< s i g n a l _ t h r e s h o l d > 0 .003 < / s i g n a l _ t h r e s h o l d > < !−− v o l t s −−>

<peak_window>5< / peak_window> < !−− sample s ( s t a n d a r d : 60) −−>

< p r e _ p e a k _ s a m p l e s >10< / p r e _ p e a k _ s a m p l e s > < !−− samples ( s t a n d a r d : 10) −−>

< max_leng th >5< / max_leng th > < !−− sample s ( s t a n d a r d : 60)−−>

<pre_peak_avg_window >2< / pre_peak_avg_window > < !−− sample s 50 −−>

<post_peak_avg_window >2< / pos t_peak_avg_window > < !−− sample s 10−−>

< p r e _ p e a k _ a v g _ t h r e s h o l d > 0 . 0 1 < / p r e _ p e a k _ a v g _ t h r e s h o l d >

< p o s t _ p e a k _ a v g _ t h r e s h o l d > 0 . 0 4 < / p o s t _ p e a k _ a v g _ t h r e s h o l d > < !−− 0 . 0 4 −−>

< f i l t e r e d _ w i d t h _ t h r e s h o l d >50< / f i l t e r e d _ w i d t h _ t h r e s h o l d > < !−− sample s −−>

< n e g a t i v e _ e x c u r s i o n _ f r a c t i o n _ t h r e s h o l d > 3 . < / n e g a t i v e _ e x c u r s i o n _ f r a c t i o n _ t h r e s h o l d >

< h e i g h t _ f r a c t i o n _ t h r e s h o l d > 0 .005 < / h e i g h t _ f r a c t i o n _ t h r e s h o l d >

< s a m p l e s _ b e l o w _ t h r e s h o l d >2< / s a m p l e s _ b e l o w _ t h r e s h o l d > < !−− sample s 2 −−>
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< c o i n c i d e n c e _ t h r e s h o l d > 7 . e5< / c o i n c i d e n c e _ t h r e s h o l d > < !−− e− −−>

< / s1 >

<s2 >

S2 peak f i n d e r c o n d i t i o n s a r e l e f t o u t h e r e

< / s2 >

< / p e a k _ f i n d i n g >

< s i g n a l s >

< s i g n a l _ t h r e s h o l d > 0 . 3 5 < / s i g n a l _ t h r e s h o l d > < !−− pe −−>

< s a t u r a t i o n _ t h r e s h o l d > 2 .196 < / s a t u r a t i o n _ t h r e s h o l d > < !−− v o l t s −−>

<s1 >

< c o i n c i d e n c e _ e x c l u d e d _ p m t s >1−2, 145 , 148 , 157 , 171 , 177< / c o i n c i d e n c e _ e x c l u d e d _ p m t s >

< t o t a l _ s i g n a l _ e x c l u d e d _ p m t s >1−2, 145 , 148 , 157 , 171 , 177< / t o t a l _ s i g n a l _ e x c l u d e d _ p m t s >

< co inc idence_window >2< / co inc idence_window > < !−− sample s −−>

< / s1 >

< !−− <s2 >

< c o i n c i d e n c e _ e x c l u d e d _ p m t s >< / c o i n c i d e n c e _ e x c l u d e d _ p m t s >

< t o t a l _ s i g n a l _ e x c l u d e d _ p m t s >< / t o t a l _ s i g n a l _ e x c l u d e d _ p m t s >

< / s2 > −−>

< / s i g n a l s >

< p o s i t i o n _ r e c o n s t r u c t i o n >

D e t a i l s f o r t h e p o s i t i o n r e c o n s t u c t i o n a r e l e f t o u t .

I s n o t i m p o r t a n t f o r t h e S1 peak f i n d e r a l g o r i t h m on LED waveforms

< / p o s i t i o n _ r e c o n s t r u c t i o n >

< p o s i t i o n _ c o r r e c t i o n >

D e t a i l s f o r t h e p o s i t i o n c o r r e c t i o n a r e l e f t o u t .

I s n o t i m p o r t a n t f o r t h e S1 peak f i n d e r a l g o r i t h m on LED waveforms

< / p o s i t i o n _ c o r r e c t i o n >
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< s i g n a l _ c o r r e c t i o n s >

D e t a i l s f o r t h e s i g n a l c o r r e c t i o n a r e l e f t o u t .

I s n o t i m p o r t a n t f o r t h e S1 peak f i n d e r a l g o r i t h m on LED waveforms

< / s i g n a l _ c o r r e c t i o n s >

< e v e n t _ s e l e c t i o n >

D e t a i l s a r e l e f t o u t .

I s n o t i m p o r t a n t f o r t h e S1 peak f i n d e r a l g o r i t h m on LED waveforms

< / e v e n t _ s e l e c t i o n >

< e x t r a s >

D e t a i l s a r e l e f t o u t .

I s n o t i m p o r t a n t f o r t h e S1 peak f i n d e r a l g o r i t h m on LED waveforms

< / e x t r a s >

<bl ind_mode >

< !−− < c u t > ( log10 ( cS2sTo tBo t tom [ 0 ] / c S 1 s T o t [ 0 ] ) ) > ( ( 2 . 4 3 5 7 ) + ( −0 .0733998)*( c S 1 s T o t [ 0 ] )

+ ( 0 . 0 0 3 5 9 1 9 7 ) * ( ( c S 1 s T o t [ 0 ] ) ^ 2 ) + (−9.39834 e−05 ) * ( ( c S 1 s T o t [ 0 ] ) ^ 3 )

+ ( 1 . 3 4 2 3 9 e−06)*( ( c S 1 s T o t [ 0 ] ) ^ 4 )

+ (−9.79347 e−09)*( ( c S 1 s T o t [ 0 ] ) ^ 5 )

+ ( 2 . 8 4 8 1 4 e−11)*( ( c S 1 s T o t [ 0 ] ) ^ 6 ) ) | | ( c S 1 s T o t [ 0 ] < 2 . ) | | ( cS1sTot [ 0 ] > 1 0 0 . )

< / c u t > −−>

< c u t >< / c u t >

< / b l ind_mode >

<minimum_bias>

< !−− < c u t > ( NbS2Peaks > 0) && ( S1sCoin [ 0 ] > 1) && ( c S 1 s T o t [ 0 ] < 2 0 0 . )

</ c u t > −−>

< p r e f i x >mb_< / p r e f i x >

< / minimum_bias>

< / xerawdp>
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