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CHAPTER 1

Introduction

Over the last few decades, there has been tremendous progress in both theoretical

and experimental physics in terms of answering the fundamental questions of our

universe. In particle physics, the greatest success, known as the standard model,

has managed to explain the interaction of particles to the smallest scale of length

achievable to date. One of the beauties of the standard model lies in its ability

to divide observable matter into categories of only a few particles, which consists

of 6 leptons, 6 quarks, and the mediating bosons of the fundamental forces.

The results of a vast array of experiments in particle physics, whether it comes

to the measurements of the masses of the W and Z bosons, or the magnetic

dipole moment of a tiny electron, all agree with the standard model well within

experimental uncertainty. In astrophysics, on the other hand, scientists have

come to understanding many important aspects of the universe, such as stellar

dynamics and evolution, as well as the cosmic microwave background.

However, there remain unresolved problems regarding the most basic ques-

tions of the universe. It is still unknown how large scale structures were formed

in the early universe, which is homogeneous as predicted from the cosmic mi-

crowave background radiation. In terms of particle content, the composition of

the universe has puzzled physicists and astronomers. It is estimated that only

about 4.6% of the mass of the universe is made up of baryonic or 'ordinary' mat-

ter. About 23% of the mass is composed of so called 'dark matter', which does
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not, or rarely, interacts with baryonic matter, and thus cannot be easily observed

experimentally (Fig. 1.1). The remaining 72% of the mass is composed of dark

energy, whose content is even more unknown to us, but is crucial in explaining

the accelerating expansion rate of the universe. Finding out the content of dark

matter has become an obstacle in the quest of fully understanding the questions

about the universe. Theorists have been proposing numerous particle models to

provide candidates for the dark matter. Experimentalists, on the other hand,

have been carrying out di�erent experiments in detecting dark matter from var-

ious approaches. Experiments are done not only in hope of merely verifying the

existence of dark matter, but also towards the goal of measuring its properties

characterized by observable parameters, which may shed light on possible particle

models.

The �rst part of this dissertation describes the �rsts results of XENON100,

which is an experiment that is designed for direct detection of Weakly Interacting

Massive Particles (WIMP), a dark matter candidate, and which has established

one of the world's best experimental limits to date. The second part of this

dissertation describes future generation detectors which aim to achieve order of

magnitude improvements in the limit over current experiments. In particular,

the Monte Carlo studies of radioactive backgrounds in the future detectors will

be described.
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Figure 1.1: Composition of the Universe. Figure taken from [1]
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CHAPTER 2

Detection of Dark Matter

2.1 Detection Methods

There are numerous experiments that aim to verify the existence of dark matter.

They can be divided into 3 di�erent categories: (1) direct detection, (2) indirect

detection, and (3) accelerator search. Direct detection looks for dark matter by

detecting the energy deposits of a dark matter scattering o� of a target mate-

rial. These experiments look for cold dark matter candidates such as weakly

interacting massive particles (WIMPs) and axions in the dark matter halo of our

galaxy. WIMPs in the dark matter halo of the Milky Way are estimated to exist

with a density of � 0:3 GeV=c2 and average kinetic energy of a few tens of keV.

Major direct detection experiments include XENON [2], CDMS [3], DAMA [4],

CoGeNT [5], CRESST [6], and others, which will be further discussed in Sec. 2.2.

Indirect detection looks for pair annihilation products of dark matter particles

produced in the dark matter halo at the center of galaxies, including neutrinos

and anti-neutrinos, electrons and positrons, and gamma rays, and experiments

are commonly carried out by space telescopes. Major experiments in this cate-

gory include EGRET [7], Fermi (GLAST) [8], PAMELA [9], and VERITAS [10].

Accelerator experiments aim to �nd dark matter particles by actually producing

them through collision of high energy particles. Physicists at the Large Hadron

Collider (LHC) look for signatures of dark matter, such as lepton jets and large
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missing transverse energy [11].

2.2 Direct Detection Experiments

Over the past decade, there has been major disagreement and debate between the

results of several direct detection experiments. They are divided into experiments

with null results, which include XENON [2] and CDMS [3], and experiments

which claim discovery, which include DAMA [4], and recently CoGeNT [5].

In 2007, the XENON collaboration published the limits based on data ob-

tained from 5:4 kg�58:6 days of exposure [12]. XENON10, which is the detector

of the XENON collaboration at that time, uses 5:4 kg liquid xenon as the target,

and detects both scintillation and ionization signals from nuclear recoils of dark

matter [2]. It achieved good background rejection using self-shielding and S2/S1

discrimination. During the run between Oct 2006 and Feb 2007, it found 10

events consistent with background (Fig. 2.1) and achieved the world's best limit

at that time.

The CDMS experiment uses a Ge target which detects both ionization and

phonon produced by nuclear recoil from dark matter [13], and achieved extremely

good background rejection using ionization yield (ratio between ionization and

phonon energy) and timing parameter (rise time of phonon pulse) discrimination.

The previous runs of CDMS found zero events [14], and in the latest results

released in Dec. 2009 [3], 2 events were found, while the expected background is

0.6 events, which is also consistent with null results (Fig. 2.2).

The DAMA experiment, on the other hand, uses NaI crystals as its target

material, and detects scintillation due to nuclear recoils [4]. It is not a low back-

ground experiment compared to XENON and CDMS due to the intrinsic radioac-
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Figure 2.1: Events in the XENON10 data. Ten events were observed in the

acceptance region (taken from [12])
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Figure 2.2: Events in the new CDMS data. Two events were observed in the

acceptance region (red box). (taken from [3])
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tive contaminants in the NaI crystals. However it found a signal which modulates

annually and sinusoidally with a relative amplitude of a few percent [15] (Fig. 2.3).

Based on this annual modulation, the authors claimed discovery of dark matter

by noting that this high amplitude of modulation cannot be produced by any

background, which were monitored and analyzed closely.

Another experiment, CoGeNT, released their results recently in 2010 [5]. In

the low energy region of the event data (Fig. 2.4), an exponentially decreasing

spectrum is found with ten's of events and is well the above the background. The

energy spectrum between 0:4� 3:2 keVee is consistent with the energy spectrum

of a dark matter signal (zoomed-in in Fig. 2.4). Together with DAMA, the results

of CoGeNT show disagreement from the XENON and CDMS experiments.

However, theorists have found ways to explain the seeming inconsistency

among the results of the above experiments. By �tting the recoil energy spec-

trum of the DAMA modulation amplitude and the CoGeNT event rate to the

expected spectrum of the WIMP, the DAMA and the CoGeNT results are found

to be compatible with WIMP signal of low WIMP masses, which are 10 and 7

GeV respectively. At the same time, due to the fact that

(1) the target nucleus of XENON is heavy, and

(2) the high energy threshold of XENON and CDMS compared to DAMA

and CoGeNT,

the XENON and the CDMS detectors are relatively insensitive to light mass

WIMPs. Hence DAMA and CoGeNT remain compatible with XENON and

CDMS. The status of the cross section upper limit before the new results of

the XENON and CDMS experiments is shown in Fig. 2.5. In addition to low

WIMP mass WIMPS, theorists have also proposed inelastic dark matter (iDM)

as an alternative explanation (detailed in Sec. 3.3.6.1). Based on this new model,
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Figure 2.3: Top: Sinusoidal variation of the DAMA event rate. Bottom: Modu-

lation amplitude as a function of the recoil energy. (Figures taken from [15])
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Figure 2.4: Energy spectrum of the CoGeNT data. The exponentially decreasing

spectrum at low energy is consistent with a dark matter signal. (Figure taken

from [5])
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Figure 2.5: Status of the Spin-independent limits in 2009 before the release of the

XENON100 and new CDMS results. Plot shows the allowed regions of DAMA

(orange and black contours) and the upper limits of XENON10 (purple), CDMS

(blue), CoGeNT (red), CRESST (yellow), and TEXONO (light blue). Figure

taken from [16]
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a new parameter is introduced and the energy spectrum of the dark matter signal

is signi�cantly modi�ed, which allows for reconciliation between the experiments.

In the analysis of the XENON100 data, I will focus on the two explanations of

the DAMA results: low mass WIMPs, and inelastic dark matter. While these two

scenarios can reconcile the discrepancy between DAMA and other experiments,

the XENON100 data, with increased exposure and better background rejection,

will achieve better limit and shed light on the current situation. Here I look

at the XENON100 data in these two models and draw conclusion based on the

results.

2.3 Liquid Xenon as a Direct Detection Target

2.3.1 Spin-independent Interaction between WIMP and atomic nu-

cleus

2.3.1.1 Recoil Energy Spectrum

WIMP in the dark matter halo can undergo elastic scattering with atomic nuclei.

The di�erential event rate per unit nuclear mass for a recoil energy ER is [17]

dR

dER
=

���

2M��2
F 2

Z
1

v
f(~v)d3~v (2.1)

where M� is the WIMP mass, � is the WIMP-nucleus cross section, � is the

WIMP-nucleus reduced mass. The WIMP density of the dark matter halo �� is

taken to be 0:3 GeV=c2=cm3. Since � depends on the target material, we express

� in terms of the WIMP-nucleon cross section (Eq. 2.2) �n [16] (assuming the

WIMP has same coupling to proton and neutron). In Eq. 2.2, the coherence

factor A2 enhances the event rate for heavier nuclei.

� = �n(
�

�n
)2A2 (2.2)
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2.3.1.2 WIMP Velocity Distribution

In Eq. 2.1, the di�erential cross section has been integrated over the velocity

distribution f(~v) of the incident WIMP particle. The dark matter halo is assumed

to have a Maxwellian velocity distribution f(~v) � e�(~v+~vE)
2=v2o (where ~vE is the

velocity of the earth w.r.t. the halo) with a cuto� at the galactic escape velocity

vesc. The integral is carried between j~vj > 1
�

q
MNER

2
and j~v + ~vEj < vesc, with

vesc = 544 km=s, and MN is the nucleus mass. A WIMP characteristic velocity

vo = 220 km=s is assumed.

2.3.1.3 Form Factor Correction

The recoil energy spectrum describes the scattering process of a billiard-ball colli-

sion between two particles. However, due to the �nite size of the atomic nucleus,

it is necessary to correct the energy spectrum for the nuclear structure. The nu-

clear form factor F describes the structure of the nucleus and F 2 is multiplied to

the energy spectrum in Eq. 2.1. It is the Fourier transform of the spatial density

distribution of the nucleus. The commonly used Helm form factor (Eq. 2.3) has

the advantage of giving an analytic expression [17] for faster computation and so

is used here,

F (qrn) = 3
j1(qrn)

qrn
� e�(qs)

2=2 (2.3)

where s = 0:9 fm, q is the momentum transfer in the scattering process, rn is the

nuclear radius detailed in [17], and j1 is the Bessel function of the �rst kind.

2.3.1.4 Event Rate for Xenon

Fig. 2.6 gives the recoil energy spectrum for di�erent target materials assuming

a WIMP mass of 100 GeV and a WIMP-nucleon cross section of 10�45 cm2.
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Figure 2.6: Recoil Energy Spectrum for Di�erent Target Nuclei for a 100 GeV

WIMP.
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Because of the coherence factor A2 in the energy spectrum, xenon, which has

high atomic mass, is favored as a target for Spin-independent interaction. The

dip at � 95 keV for xenon is due to the form factor correction. The dips for

lighter nuclei occur at higher recoil energies, which are not shown in the �gure.

2.3.2 Spin-dependent Interaction between WIMP and atomic nucleus

In the case of spin-dependent elastic scattering, the scattering amplitude changes

sign with spin-direction [17]. Since the scattering amplitude is summed over all

nucleons in a nucleus, only nuclei with an odd number of protons or neutrons are

more sensitive to spin-dependent interaction. A xenon atom has 54 protons, and

there are isotopes of xenon with odd number of neutrons, 129Xe and 131Xe, with

isotopic abundances of 26:4% and 21:2% respectively [18].

The recoil energy spectrum for spin-dependent elastic scattering is similar to

Eq. 2.1, except that the WIMP-nucleus cross section [19] is given [16] by:

�(q) =
4�2

2J + 1
(a2pSpp(q) + apanSpn(q) + a2nSnn(q)) (2.4)

In Eq. 2.4, J is the spin of the nucleus, and ap and an are the WIMP couplings

to proton and neutron. The structure functions [20] Spp, Spn, and Snn replace

the form factor correction.

2.3.3 Scintillation and Ionization Properties of Liquid Xenon

WIMP, neutrons, and gammas that interact with the LXe deposit energy in

the form of a recoiling nucleus (for WIMP and neutron) or a recoiling electron

(for gamma). The recoiling nucleus or electron travels along in the liquid and

excites (Xe�) and ionizes (Xe+) xenon atoms. An ionized xenon atom combines
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with another xenon atom, and some of them recombine with an electron, which,

after a series of processes (Eq. 2.5), will be converted to an excited xenon atom

(Xe�). The excited xenon atoms combine with another xenon atom to become

an excited dimer (Xe�2), which, upon de-excitation, emits scintillation photons of

175 nm wavelength [21]. The processes are illustrated in Fig. 2.7.

Xe� + Xe + Xe! Xe�2 + Xe (2.5)

Xe�2 ! 2 Xe + h� (2.6)

Xe+ + Xe! Xe+2 (2.7)

Xe+2 + e� ! Xe�� + Xe (2.8)

Xe�� ! Xe� + heat (2.9)

Xe� + Xe + Xe! Xe�2 + Xe (2.10)

Xe�2 ! 2 Xe + h� (2.11)

The fractions of energy that goes to scintillation and ionization will change

in the presence of an electric �eld. More importantly, it also depends on whether

the energy deposition comes from a recoiling nucleus or a recoiling electron. This

allows for discrimination between nuclear and electron recoils by the use of an

S2/S1 cut, which will be further discussed in Sec. 3.2 and 3.3.1.1.

2.3.4 Energy scale: keVr and keVee

Because of loss of energy to heat (phonon), not all of the energy deposited in the

form of a recoiling nucleus or electron is converted into scintillation and ionization.

Having a greater mass, a recoiling nucleus is more likely than an electron to lose

energy by phonon by inelastic collision in the liquid xenon. This is referred to
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Figure 2.7: Scintillation and Ionization Process in Liquid Xenon. Figure taken

from [22].
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as 'quenching' for nuclear recoils. The scintillation e�ciency of nuclear recoils

depends on the kinetic energy of the recoiling nucleus as well as the strength of

the electric �eld in the liquid xenon, and their relation is described in detail in

Sec. 3.3.2. One de�nes keVr (or keVnr) to be the unit for energy values calculated

from the number of photo-electrons assuming nuclear recoil scintillation e�ciency.

On the other hand, keVee is de�ned to be a unit linear to the number of detected

photo-electrons in the detector. For the XENON100 detector, it is calculated

using the light yield for 57Co 122 keV  rays.
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CHAPTER 3

The XENON100 Experiment

3.1 Introduction

The XENON100 experiment, located at the Laboratori Nazionali del Gran Sasso

(LNGS) under the Gran Sasso mountains in Italy, is designed for dark matter

direct detection with liquid xenon as the target. It is an ultra-low background

experiment utilizing the principle of time projection chamber. It is the successor

of the XENON10 experiment by the XENON collaboration, based on the same

detection principle but with greater target mass and better background rejection.

Below I describe the non-blind analysis on the 11:17 days data, which were ac-

quired in October and November 2009, and the results [23] released in May 2010

achieved one of the world's best limits to date.

3.2 The XENON100 Detector

In the XENON100 detector (Fig. 3.1), a total of 161 kg of liquid xenon (LXe)

is contained a double-walled stainless steel cryostat at about -91 degrees Celsius.

About 62 kg of the LXe is in a time projection chamber (TPC) made from a thin-

walled (6 mm thick) Teon cylinder (Fig. 3.2, top). The dimension of the LXe

is 30:5 cm in diameter and 30:6 cm in height. Two arrays of Hamamatsu R8520

photomultipliers (98 at top, 80 at bottom) are embedded in Teon structures
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at the top and the bottom of the TPC to detect scintillation light produced

from dark matter particle interacting with xenon nuclei (Fig. 3.2, bottom). The

Teon cylinder acts as light reector which increases the light collection e�ciency

of the detector. Between the liquid xenon and the top PMTs is a layer of gas

xenon, which is crucial in the production of S2 signals which will be described

below. The time projection chamber is further surrounded by a layer of 99 kg

of LXe forming the veto region, which is equipped with additional 64 PMTs. A

downward pointing electric �eld of 530 V=cm is applied in the LXe by a �eld cage

made from wires around the cylinder and metal grid meshes near the top and

the bottom of the liquid. A stronger electric �eld is applied in the GXe region

between two meshes near the liquid-gas boundary.

When a particle (WIMP, gamma, or neutron) comes into the detector, there

is a probability that it will interact with the LXe by scattering o� of either a

xenon nucleus (for WIMP or neutron) or an electron (for gamma). The recoiling

nucleus or electron will then cause the liquid to scintillate, producing photon of

175 nm wavelength, and ionize xenon atoms as it travels along in the liquid. The

scintillation light will be detected promptly by the top and the bottom PMTs

and known as the primary or prompt scintillation signal (S1). On the other hand,

the free electrons produced from ionization will be drifted upward by the electric

�eld at a speed of 1:8 mm=�s. As the electrons reach the liquid-gas boundary

and enters the high electric �eld region in the gas, it causes the gas to scintillate.

The scintillation light is detected by the PMTs as the secondary or proportional

scintillation signal (S2). The S1 and S2 signals together constitute the detection

of an event. Having both an S1 and an S2 signal in an event is crucial to the

principle of the XENON detector as follows. A WIMP particle interacts with

the LXe only by nuclear recoils, while a gamma ray interacts only by electron

recoils. An event from an electron recoil has a much greater S2/S1 ratio than
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Figure 3.1: The XENON100 detector at LNGS.
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Figure 3.2: Top: The Time Projection Chamber (TPC). Bottom: The top and

bottom PMT arrays.
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a nuclear recoil. Therefore using the S2/S1 ratio, one can discriminate gamma

events from WIMP events e�ectively, which greatly reduces background events

due to gammas (see Sec. 3.3.1.1 for the analysis). In addition, the time delay

between the S1 and the S2 signal allows for determination of the z position of an

event, and the S2 signal of each event creates a hit pattern for the top PMTs,

which allows for determination of the x and y position of the event (Sec. 3.2.1).

The x, y, and z position information allows for �ducialization of the detector

volume, which is useful in reducing background events from decays of radioactive

contaminants in materials around and external to the LXe.

3.2.1 Position Reconstruction

The �ducialization of the detector is implemented in the analysis as a software

cut, which selects events with their position within the �ducial region, and it is

described in Sec. 3.3.1. The z position of an event can be determined by the

time di�erence between the S1 and the S2 signal, i.e. the drift time, which is

equal to the time it takes for the ionization electrons to be drifted up from the

event location to the liquid-gas boundary by the electric �eld. The x and y posi-

tion can be determined by position reconstruction algorithms which take the hit

pattern of the top PMTs of the S2 signal as the input. It is based on the fact

that the PMTs that are directly above the event location will have the highest

signal output. In the analysis of the 11:17 days data, three di�erent position

reconstruction algorithms were used: �2 minimization, support vector machine

regression (SVM), and neural network (NN). The algorithms were trained using

Monte Carlo simulations results with the GEANT4 code. The three algorithms

produced consistent results inside the �ducial volume, with the x and y resolu-

tion better than 3 mm as determined from calibration with a collimated gamma
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source [24].

3.2.2 Radioactive Backgrounds

In dark matter direct experiments, one expects zero or very few dark matter

events to be observed. Hence one of the major challenges in improving the sen-

sitivity of the detector is to limit the number of background events. Background

events are gamma rays or neutrons which also interact in the LXe with electrons

or xenon nuclei. They may come from

(1) decays of radioactive contaminants in detector components, such as the

PMTs, the Teon cylinder, the stainless steel cryostat, and the detector shielding,

(2) gamma and neutrons from radioactivity in the rocks in the Gran Sasso

lab,

(3) high energy neutrons produced from cosmic-ray muons interacting with

the rocks, and

(4) intrinsic contaminants in the LXe, such as 85Kr.

Radioactive contaminants in detector components mainly include 238U, 232Th,

40K, and 60Co, which decay and produce gamma rays and � particles. The

� particles then interact with the detector materials and produce neutrons by

an (�; n) reaction. The techniques used in reducing the background include

�ducialization of the detector volume (Sec. 3.3.1.2), distinguishing electron recoils

from nuclear recoils by S2/S1 discrimination (Sec. 3.3.1.1), and external shielding

of the detector, which consists of a 20 cm thick layer of polyethylene and a 20 cm

thick outer layer of lead. The 85Kr level in the XENON100 detector is reduced

by orders of magnitude by partial distillation through the Krypton distillation

column. The Kr level was measured to be 143 (+130 � 90) ppt, which gives
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close to zero background events for the 11:17 days data of interest. Monte Carlo

simulations of the GEANT4 code show that the expected background in the

WIMP search region is less than 0.2 events for the 11:17 days data, and so

the probability of observing 1 or more background events is less than 20%. No

background subtraction is applied when deriving the resulting limit.

3.3 Data Analysis

3.3.1 Software Cuts and Acceptance

3.3.1.1 S2/S1 Cut

As described in Sec. 3.2, one of the advantages of the XENON100 detector is its

ability to e�ectively discriminate electron recoil (ER) background due to gamma

rays from nuclear recoil (NR) signal due to WIMP events. By de�ning an ac-

ceptance region in the parameter space of log10(S2=S1) and S1, most of the

electron recoil events, which has a higher value of log10(S2=S1) than nuclear

recoil events, can be rejected. The acceptance region is de�ned by calibrating

the detector with radioactive sources. A 60Co source, which produces gamma

rays of 1:17 and 1:33 MeV, was used for calibration of the electron recoil band.

A 241AmBe neutron source was used for calibration of the nuclear recoil band.

Fig. 3.3 shows the data in the electron recoil (top) and the nuclear recoil (bot-

tom) calibration. The data are shown for the chosen �ducial volume of 40 kg and

the energy window of 4 � 20 photo-electrons (PE) (vertical dashed lines). An

S2 software threshold of 300 PE (long dashed line) is applied in the data. The

blue and the red lines show the median value of of log10(S2=S1) for the electron

and the nuclear recoil events respectively. The acceptance region is de�ned to be

below the neutron median, which gives an acceptance of 50% for the S2/S1 cut.
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Figure 3.3: log10(S2=S1) as a function of recoil energy for
60Co (top) and 241AmBe

(bottom) calibration data. The electron and nuclear recoil band median values are

shown as blue and red lines. Also shown are the WIMP search window between

4� 20 PE (vertical dashed lines) and the S2 software threshold of 300 PE (long

dashed line). Figure from Ref. [23].
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Since the nuclear recoil and the electron recoil events follow Gaussian distribu-

tions centered near the neutron and electron medians respectively, the choice of

the neutron median as the boundary of the acceptance box is favored for being

able to maximize the acceptance and minimize the electron recoil backgrounds.

As seen in Fig. 3.3 (top), most of the electron recoil events are above the neutron

median and are rejected by the cut. The rejection e�ciency of the S2/S1 cut is

determined to be above 99% by counting events in the electron recoil calibration

data. This rejection e�ciency happens to be su�cient for the 40 kg� 11:17 days

data, as it gives an expected background of less than 0.2 events between the

4� 20 PE WIMP search window.

3.3.1.2 Fiducial Volume Cut

One of the techniques to reduce the background in the XENON100 detector is

self-shielding of the liquid xenon. A �ducial volume is de�ned in the detector

which consists of an inner central portion of the LXe, and the rest of the xenon is

considered as a passive shield. Only events that occur within the �ducial volume

are counted toward the data. This passive shielding of liquid xenon, a high

density material, e�ectively prevents gamma rays and neutrons, produced from

decays of the radioactive contaminants in detector components, from reaching

the �ducial volume. The radioactive background can thus be greatly reduced, as

shown in Fig. 3.6 for the 11.17 days data as an example. The �ducial volume cut

is de�ned to select the events with r < 135 mm and �276 mm < z < �33 mm,

which corresponds to a self-shielding of 33 mm, 29 mm, and 17:4 mm at the top,

bottom, and side respectively.
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3.3.1.3 Multiple-hit Cut

One way to discriminate background events from WIMP signal events is to re-

ject events with more than one scatters in the detector volume. Due to its low

scattering cross section, a WIMP particle that enters the LXe does not interact

with more than one xenon nucleus. On the other hand, background events from

gamma rays and neutrons may scatter o� of more than one electron or xenon

nucleus, producing two or more hits in a single event. Although these multiple

hits occur within a few ns, they can be seen separately in the form of multiple

S2 signals. The di�erence in z locations of two hits is translated into a time

separation of two S2 signals, as given by the drift velocity of the electrons which

is 1:8 mm=�s. The multiple hit cut is de�ned to be a software cut that reject

events with their second largest S2 signal greater than 300 photoelectrons. The

choice of 300 PE is a balance between

(1) rejecting events that are real multiple scatters and

(2) keeping events that is a single scatter but with a noise peak that is acci-

dentally too large and is misidenti�ed as a second S2 signal.

Area of 2nd largest S2 peak < 300 PE (3.1)

3.3.1.4 Veto Anti-coincidence Cut

In the same spirit of removing background, an active-veto anti-coincidence cut

is applied to remove events from a particle that interacts not only in the �ducial

volume, but also in the active veto region. Similar to the multiple hit cut, this

can reduce background events that scatter more than once in the detector. The

cut is de�ned to keep only events that have no signal peaks in the veto region
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within 100 ns of the largest S1 peak:

(Coincidence of largest veto peak < 1) (3.2)

or

(Time difference between largest S1 peak and largest veto peak > 100 ns)

(3.3)

3.3.1.5 2-fold PMT Coincidence Cut

A software cut is applied to remove events that may come from a PMT dark

count, or a single electron S2 signal misidenti�ed as an S1 signal. This cut keep

only events with more than one PMT hit in the S1 peak:

Coincidence of largest S1 peak > 1 (3.4)

3.3.1.6 Signal-to-noise Ratio Cut

A software cut is applied to reject events with their noise level too high. This cut

is de�ned to keep only the events with the sum of the S1 and S2 signals greater

than the time integral of the noise:

(S1 + S2)=(Total area� S1� S2) > 1 (3.5)

3.3.1.7 Other Software Cuts

Other software cuts that are used include a cut that remove anomalous events

with more than one S1 peaks. This cut is de�ned to reject events with a second

S1 peak that has at least a 2-fold PMT coincidence. An S2 width cut is applied

to remove some of the events that happen above the anode. Some software cuts
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are applied to remove events from a few of the PMTs that that has too high noise

level.

3.3.1.8 Total Acceptance of the Software Cuts

While the software cuts described above reject events that are due to gamma

and neutron background, they also potentially remove dark matter signals. This

results in a loss of e�ciency of the detector. In order to calculate the cross section

upper limit in Sec. 3.3.5, one needs to obtain the acceptance of the software cuts,

which is the probability that a WIMP event will pass all the cuts. This acceptance

is determined experimentally by analyzing the 241AmBe neutron calibration data.

This is based on the assumption that WIMP events have the same acceptance as

neutron events, since both of them are due to nuclear recoils. Since we know that a

WIMP signal is always a single scatter while a neutron could be multiple scatters,

the multiple-hit cut and the veto anti-coincidence cut are not included when

determining the acceptance. Also, this e�ciency does not include the acceptance

of the S2/S1 cut, which is found separately to be 50% in Sec. 3.3.1.1. The

acceptance is then computed using the neutron calibration data as:

Number of events passing all cuts

Number of events passing all cuts+Number of events failing exactly one cut
(3.6)

where the set of cuts considered in the above expression include the 2-fold PMT

coincidence cut, the signal-to-noise ratio cut, and the remaining cuts in Sec. 3.3.1.7.

The reason that the neutron events that fail two or more cuts are not counted

towards the calculation of the acceptance is that they are considered to be non-

valid events which will not occur in WIMP signals. This was con�rmed by visual

inspection of the waveforms of hundreds of such events [24]. The e�ciency of the

detector (not including the S2/S1 acceptance), or the total software cut accep-
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Figure 3.4: Acceptance of the software cuts vs. number of detected photo-elec-

trons.

tance, is shown in Fig. 3.4 as a function of number of photoelectrons. It is about

65% at 4 PE and rises to about 90% above 35 keVr.

3.3.2 Nuclear Recoil Scintillation E�ciency

In the XENON100 detector, the recoil energy of a particle scattering o� of a xenon

nucleus is measured by detecting the light from the prompt scintillation (S1).

Since the amount of scintillation light is not proportional to the recoil energy,

several measurements of the scintillation e�ciency were carried out in the range

of recoil energy of interest to �nd out the dependence of scintillation light on the

nuclear recoil energy. To account for the fact that the amount of scintillation light

produced varies among di�erent detectors depending on the detector geometry
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and light collection, measurements results are expressed relative to a reference

point of energy, which is the scintillation signal of 122 keV  rays from radioactive

57Co isotopes. Also, in the presence of an electric �eld, the scintillation light is

reduced, which can be characterized by a constant factor. Hence the recoil energy

can be expressed in terms of the S1 scintillation signal as:

Enr = S1=Ly � 1=Le�(Enr) � See=Snr (3.7)

Here Ly is the light yield of 122 keV  rays, which was measured to be 2:2 PE=keVee

in the XENON100 detector. See and Snr are quenching factors of electron and

nuclear recoils respectively due to the electric �eld, and were measured to be

0:58 and 0:95 at 530 V=cm at which the detector is operated [25]. The Lind-

hard factor [26], Le�, is the scintillation e�ciency of nuclear recoils relative to

122 keV  rays. Several sets of measurements of Le� were made in the range

of 3:9 � 100 keVr with varying results, all with large statistical errors. For the

purpose of choosing the Le� values for further calculations, three di�erent �ts to

the measurements data are described below, and the �nal results obtained from

the di�erent �ts are compared (Sec. 3.3.5).

3.3.2.1 Fits to Le� Measurements

Global best �t A global �t to all the available sets of direct measurements

data is made in Fig. 3.5 (top). The �t utilizes the data points of the experi-

mental measurements ( [27], [28], [29], [30], [31], [32], and [33]) as well as their

uncertainty values. A cubic-spline �t is performed, with the spline knots �xed

at 5; 10; 25; 50; 100 keVr. Above the highest spline point 100 keVr, a constant

value of Le� is assumed. Below the lowest spline point 5 keVr, a linear extrap-

olation assuming constant value of Le�, as implied by the trend of the Aprile et

al. data points [32], is used for the global �t.
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Figure 3.5: Top: Global �t to Le� measurements (thick blue curve) and the 90%

con�dence contours (thin blue curves) (Figure from Ref. [23]). The linear and

logarithmic extrapolations at low energy are shown in dashed lines. Bottom: Fit

to Yale Le� measurements (red) with a logistic function. The global best �t is

also shown (orange curve) for comparison.
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Lower 90% Con�dence Contours of the global �t We also consider the

90% con�dence contours of the global �t, which are shown as the thin lines in

Fig. 3.5 (top). From Eq. 3.7, it can be seen that a lower Le� value will give

a higher recoil energy for a given number of photo-electrons. Since the WIMP

recoil energy spectrum is exponentially decreasing, a higher energy window will

result in fewer expected dark matter events. Therefore, aside from the global

�t, the results are also computed using the lower 90% con�dence contour and

consider it as the most conservative choice. Similar to the global �t, a constant

value of Le� is assumed above the highest spline point 100 keVr. Below the lowest

spline point 5 keVr, a logarithmic extrapolation is made using a slope from the

lowest Manzur et al. data points, which shows a trend of decreasing Le�. This

extrapolation gives lower Le� values, and so is consistent with the fact that the

�t is being used as the conservative case.

Manzur �t Due to the large experimental uncertainties of Le�, I also consider

an additional �t based on results from a single set of measurements. A �t to the

Manzur et al. (Yale) measurements [33] is used as an intermediate case between

the global �t and the lower 90% con�dence contour mentioned above. The �t

to the Yale data is done using a logistic function (Eq. 3.8), with �t parameters

c0 = 4:852� 10�2, c1 = 7:906, c2 = 0, and c3 = 0:1953.

Le�(E) = c3 � (c2 +
1� c2

1 + e�c0(E�c1)
) (3.8)

The �t curve is shown in Fig. 3.5 (bottom). Since the measurements were

made between 3:9 � 66:7 keVr, assumptions need to be made for the Le� values

beyond this range. Again, above the highest data point 66:7 keVr, a constant

value of Le� is assumed. Below the lowest data point 3:9 keVr, a linear extrapo-
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lation assuming constant value of Le� down to zero recoil energy is used similar

to the global �t.

3.3.3 Energy Resolution

When calculating the sensitivity of the XENON100 detector, two detector e�ects,

the detector e�ciency (detailed in Sec. 3.3.1.8) and the energy resolution, need

to be considered. Since these two e�ects start to dominate at low recoil energy,

they become important limiting factors of the sensitivity of the detector at low

WIMP mass range where majority of recoils are expected to be at low energy

(Sec. 2.3.1). To properly estimate the expected number of WIMP events in the

energy window, the �nite energy resolution of the detector needs to be taken

into account. In the XENON100 detector, the nuclear recoil energy of an event

is obtained by measuring the number of photo-electrons detected by the PMTs.

The number of photo-electrons that are detected is much smaller than the number

of photons produced in a scattering event. This is due to the �nite light collection

e�ciency of the detector as well as the quantum e�ciency (� 30%) of the PMTs.

Therefore one can assume that the number of detected photo-electrons follows a

Poisson distribution. To account for the �nite energy resolution when calculating

the limits, the expected WIMP energy spectrum is obtained by convoluting the

theoretical spectrum given in Sec. 2.3.1 with a Poisson distribution, so that the

spectrum is redistributed, or 'smeared'. The calculation of smearing is done as

shown in Eq. 3.9, where dR
dE

and dR
dE0

are the smeared spectrum and the theoretical

spectrum, and n is the number of detected photo-electrons. In Eqs. 3.10 and 3.11,

� relates the recoil energy to the number of photo-electrons according to the

measured light yield and the scintillation e�ciency as detailed in Eq. 3.7.

dR

dE
=

1

n!�(E)

Z
dR

dE 0
(
E 0

�(E 0)
)ne�(E

0=�(E0))dE 0 (3.9)
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E = n � �(E) (3.10)

�(E) = 1=Ly � 1=Le�(E) � See=Snr (3.11)

After smearing the energy spectrum, the detector e�ciency (Fig. 3.4), which be-

gins to roll o� at about 5 keVr, is then multiplied to the energy spectrum to give

the �nal expected results. Finally, because of the steepness of the energy spec-

trum, the sensitivity of LXe detectors strongly depends on the energy threshold.

Due to unknown factors that could a�ect the e�ciency and that the e�ciency

may not be well determined at low energy, a threshold of 4PE has been chosen

for the XENON100 results. However, three di�erent cases of 4PE, 3PE, and

2PE threshold are considered here to investigate the possibility of improving low

WIMP-mass sensitivities by lowering the energy threshold.

3.3.4 Dark Matter Data

The results shown here are based on a non-blind analysis of 11:17 live days of

data acquired in October and November 2009. Fig. 3.6 (top) shows the location

of each event in the TPC cylinder. The external background has been greatly

reduced by de�ning a �ducial region of 40 kg (dashed line). We consider only

events in the energy window of 4� 20 PE and use the global �t of Le� to convert

the unit of photoelectrons to energy. After applying the software cuts, there are

22 events remaining in the �ducial region (black dots). In addition, the S2/S1 cut

is used to discriminate electron recoil backgrounds. Fig. 3.6 (bottom) shows the

log10(S2=S1) values of the remaining events and the e�ect of the S2/S1 cut. Most

of the events fall around the electron median (blue), which is indicative of being

 events. The acceptance region is de�ned to be below the neutron median (red),

which leads to a 50% acceptance of neutron and WIMP events as described in

Sec. 3.3.1.1. After applying the S2/S1 cut, no events are observed in the �ducial
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Figure 3.6: Top: r vs z distributions of all events (dots) in the 11:17 days data set

and below the neutron median (red circles) in the 8:67� 32:59 keVr (4� 20 PE)

energy window. Bottom: log10(S2=S1) as a function of recoil energy in the 40 kg

�ducial region during the 11:17 days (The 4 � 20 PE energy window and the

S2 software threshold of 300 PE are indicated by vertical dashed lines and long

dashed line). Figures taken from Ref. [23].
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region (red dot), which our calculation of the cross section upper limit will be

based on.

3.3.5 Case Studies of DAMA and CoGeNT

3.3.5.1 Introduction

The allowed regions suggested by the DAMA [15] and the recent CoGeNT [5]

results appear in the low WIMP mass range. Although most of these regions

have been ruled out by the current limits of previous experiments, there are still

remaining areas that are still allowed. It becomes important to consider the

possibility of the 40 kg� 11:17 days data being able to exclude all of the DAMA

and the CoGeNT areas. For the DAMA region I consider a benchmark case

of 10 GeV WIMP mass and 10�5 pb WIMP-nucleon cross section, and for the

CoGeNT region the case of 7 GeV WIMP mass and 5� 10�5 pb cross section is

considered. The DAMA and CoGeNT allowed regions are taken from [16] and [5].

3.3.5.2 Recoil Energy Spectrum at Low WIMP Masses

As shown in Sec. 2.3.1, the recoil energy spectrum of WIMP-nucleon elastic scat-

tering is exponentially decreasing in general. The shape of the recoil energy

spectrum is a�ected by (1) the incident velocity of the WIMP as determined by

the WIMP velocity distribution in the dark matter halo, (2) kinematics of the

collision between the WIMP and the atomic nucleus, and (3) the structure of

the atomic nucleus which determines the nuclear form factor. The most relevant

factor when looking at the case of DAMA and CoGeNT and their allowed region

is the mass of the WIMP, which is relatively low in the parameter space and

lies below 15 GeV. As expected from kinematics, the recoil energy of the nu-
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cleus tends to be lower when the WIMP is less massive compared to the nucleus.

Therefore the shape of the recoil energy spectrum varies with the WIMP mass in

a way such that it is steeper and decreases more sharply for lower WIMP mass,

and this is more so for heavy target, or, as in our case, xenon nucleus. This

leads to very few expected WIMP events and low sensitivity for xenon detectors.

Therefore, in order to achieve better sensitivity in the lower WIMP mass range,

it is important for our detector to be able to have a low energy threshold, i.e. the

lower bound of the energy window, as the expected number of WIMP-induced

recoils decreases quickly with increasing recoil energy.

3.3.5.3 Energy Spectra and Cross Section Limits for Di�erent Le�

Fits

Here I apply the three Le� �ts described in Sec. 3.3.2.1 and investigate the energy

spectra for the DAMA and the CoGeNT benchmark points respectively. I also

compare the cross section upper limits for the di�erent �ts based on the 40 kg�

11:17 days data, which has no observed events even with 2 PE threshold. The

expected background between 2�20 PE is less than 0:2 events and so is negligible.

3.3.5.4 Best global �t

The theoretical spectrum, without detector e�ects, is shown in Fig. 3.8 and 3.9

(top, dashed black) for the DAMA and CoGeNT benchmark cases. The spectrum

is close to 0 above 3PE, and in the case of CoGeNT, very low even at 2PE.

However, thanks to the �nite energy resolution of the detector, the spectrum

is redistributed (solid black), and many low energy WIMP events are observed

above the energy thresholds due to Poisson uctuations. The energy dependent

detector e�ciency (Fig. 3.7) reduces the spectrum at low energy and gives the
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Figure 3.7: Acceptance of the software cuts for di�erent Le� �ts. Solid red: global

best �t. Dashed blue: Manzur et al. �t. Dotted pink: lower 90% con�dence

contour of the global �t.
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Figure 3.8: Top: WIMP Energy spectrum for perfect energy resolution (dashed

black), �nite energy resolution (solid black), �nite energy resolution with e�-

ciency (red) at 10 GeV WIMP mass and 10�5 pb cross section, using the best

global �t to Le�. Bottom: Number of WIMP events as a function of energy

threshold for the 40 kg � 11:17 days data.
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Figure 3.9: Top: WIMP Energy spectrum for perfect energy resolution (dashed

black), �nite energy resolution (solid black), �nite energy resolution with e�-

ciency (red) at 7 GeV WIMP mass and 5 � 10�5 pb cross section, using the

best global �t to Le�. Bottom: Number of WIMP events as a function of energy

threshold for the 40 kg � 11:17 days data.
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Figure 3.10: Top: 90% CL upper limit of cross section for the 40 kg� 11:17 days

data with energy threshold of 4PE (solid), 3PE (dotted), and 2PE (dashed) using

best global �t to Le�. Bottom: Limit near the DAMA and CoGeNT allowed

region.
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�nal (red) spectrum. Fig. 3.8 and 3.9 (bottom) show the total expected number

of WIMP events as a function of energy threshold. At 4PE threshold, the number

of events is 5.5 and 2.7 for the DAMA and the CoGeNT case, both of which are

> 2:3 and so are above the 90% CL upper limit of the 11.17 days data. Hence in

the case of the best global �t, a threshold of 4PE is enough to exclude both the

DAMA and the CoGeNT regions completely, as con�rmed in Fig. 3.10 (bottom).

3.3.5.5 Manzur et al. (Yale) �t

The study is repeated using a �t to the Yale measurements of Le�. Compared to

the best global �t, the Le� values are lower, and so the energy becomes higher

given the same number of PE, which in general gives a more conservative re-

sult. The energy spectrum with and without detector e�ects are shown again in

(Fig. 3.11 and 3.12, top, red). At 4PE threshold, the expected number of events

is 2.6 and 1.1 for DAMA and CoGeNT respectively (Fig. 3.11 and 3.12, bottom,

red), and so only DAMA (> 2:3) is excluded by the 90% CL upper limit but

not CoGeNT (< 2:3). At 3PE threshold, the number of events is 10.0 (DAMA)

and 7.5 (CoGeNT) and so both are ruled out by the 11.17 days data. As shown

in Fig. 3.13 (bottom), the limit curve for 4PE threshold (solid black) can only

exclude DAMA fully but not CoGeNT. If the threshold is lowered to 3PE (dashed

black), both DAMA and CoGeNT can be completely excluded.

3.3.5.6 Most conservative �t

Lastly, the most conservative case is considered, using the lower 90% con�dence

contour of the Le� global �t. The energy spectrum for the DAMA and the

CoGeNT cases is plotted in Fig. 3.8 and 3.9 (top, red). The kinks of the spectrum

are due to the Le� function where the spline �t and the logarithmic extrapolation
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Figure 3.11: Top: WIMP Energy spectrum for perfect energy resolution (dashed

black), �nite energy resolution (solid black), �nite energy resolution with e�-

ciency (red) at 10 GeV WIMP mass and 10�5 pb cross section, using the �t to

Le� from Yale data. Bottom: Number of WIMP events as a function of energy

threshold for the 40 kg � 11:17 days data.
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Figure 3.12: Top: WIMP Energy spectrum for perfect energy resolution (dashed

black), �nite energy resolution (solid black), �nite energy resolution with e�-

ciency (red) at 7 GeV WIMP mass and 5� 10�5 pb cross section, using the �t to

Le� from Yale data. Bottom: Number of WIMP events as a function of energy

threshold for the 40 kg � 11:17 days data.
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Figure 3.13: Top: 90% CL upper limit of cross section for the 40 kg� 11:17 days

data with energy threshold of 4PE (solid), 3PE (dotted), and 2PE (dashed) using

�t to Le� from Yale data. Bottom: Limit near the DAMA and CoGeNT allowed

region.
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Figure 3.14: Top: WIMP Energy spectrum for perfect energy resolution (dashed

black), �nite energy resolution (solid black), �nite energy resolution with e�-

ciency (red) at 10 GeV WIMP mass and 10�5 pb cross section, using the lower

90% con�dence contour of the global �t to Le�. Bottom: Number of WIMP

events as a function of energy threshold for the 40 kg � 11:17 days data.

48



Figure 3.15: Top: WIMP Energy spectrum for perfect energy resolution (dashed

black), �nite energy resolution (solid black), �nite energy resolution with e�-

ciency (red) at 7 GeV WIMP mass and 5�10�5 pb cross section, using the lower

90% con�dence contour of the global �t to Le�. Bottom: Number of WIMP

events as a function of energy threshold for the 40 kg � 11:17 days data.
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Figure 3.16: Top: 90% CL upper limit of cross section for the 40 kg� 11:17 days

data with energy threshold of 4PE (solid), 3PE (dotted), and 2PE (dashed) using

lower 90% con�dence contour of global �t to Le�. Bottom: Limit near the DAMA

and CoGeNT allowed region.
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are joined together non-smoothly at 5 keVr. Fig. 3.8 and 3.9 (bottom, red)

show the total number of WIMP events as a function of energy threshold. At

4PE threshold, the expected number of events is 1.0 and 0.09 for DAMA and

CoGeNT respectively, and so neither DAMA nor CoGeNT can be excluded. At

3PE threshold, the expected number of events is 3.5 (DAMA) and 0.6 (CoGeNT),

and so only DAMA (> 2:3) is excluded by the 90% CL upper limit but not

CoGeNT (< 2:3). At 2PE threshold, the number of events is 10.5 (DAMA) and

3.8 (CoGeNT) and so both are ruled out by the 40 kg � 11:17 days data. The

results above are con�rmed by Fig. 3.16 (bottom), in which the limit curve for

4PE threshold (solid black) cannot exclude either DAMA or CoGeNT. The limit

curve for 3PE threshold (dashed black) can exclude DAMA but not CoGeNT. If

the threshold is lowered to 2PE (dotted black), both DAMA and CoGeNT can

be completely excluded.

3.3.5.7 Summary

Table 3.1 summarizes the energy thresholds and the number of expected WIMP

events in all three cases of Le� �t. The �nal results of the cross section limits of

the 40 kg � 11:17 days data between 5 � 1000 GeV WIMP mass are shown in

Fig. 3.17 (top). The minimum of the limit is at a cross section of 3:4� 10�44 cm2

for a WIMP mass of 55 GeV. Due to a much greater �ducial mass and a high

background rejection power, this limit, based only on 11:17 days of exposure,

shows the capability of the XENON100 detector, as it has achieved limits com-

parable to the previous XENON10 and the current CDMS experiments, both of

which have much longer live time. It also demonstrates that, with increased live

time for which the detector is currently being run, a much better limit with order

of magnitude improvements over other experiments will be reached. In terms of
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Figure 3.17: Final cross section upper limit for the 40 kg � 11:17 days data.

The XENON100 and CDMS [3] limits are shown as solid and dashed black lines.

CoGeNT [5] and DAMA [16] (with and without channeling) allowed regions are

shown as green, blue, and red contours. Grey areas show the expectations from

a theoretical model [34]. Figure taken from [23].
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Global �t Yale �t Lower 90% CL

Threshold (PE) 4PE 3PE 2PE 4PE 3PE 2PE 4PE 3PE 2PE

Threshold (keVr) 8.67 7.02 4.90 10.66 8.42 5.97 9.60 8.16 6.49

# events 5.5 17.8 46.1 2.6 10.0 30.5 1.0 3.5 10.5

(DAMA case)

# events 2.7 14.5 60.2 1.1 7.5 38.4 0.09 0.6 3.8

(CoGeNT case)

Table 3.1: Expected number of WIMP events in the DAMA and the CoGeNT

case study for all three Le� �ts

ruling out low mass WIMPs as an explanation for the DAMA and CoGeNT sig-

nal, additional improvements are still needed in order for a convincing statement

to be made. As shown above, the resulting limit is highly dependent on the choice

of Le� �ts. Because of the high experimental uncertainty of Le� and the absence

of its measurements at low energy, one could not estimate the limit at low WIMP

masses with high accuracy due to the steepness of the energy spectrum. Because

of the high mass of the xenon nucleus, the sensitivity of the XENON detector is

limited at low WIMP masses by nature. With (1) more accurate measurements

of Le� at lower energy, (2) lower energy threshold, and (3) increased exposure in

future detectors, it will become possible for a better conclusion to be drawn.
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3.3.6 Inelastic Dark Matter (iDM) Analysis

3.3.6.1 Introduction

In addition to low mass WIMPs, other models have been proposed [35] to reconcile

the discrepancy between the DAMA [15] experiment and the other experiments

with null results. The theory of inelastic dark matter [36] was �rst motivated

by the upturn of the positron fraction in the PAMELA [37] experiment and the

electron+positron excess in the ATIC [38] experiment. However, it was found

to be possible to attribute the modulated signal in DAMA to an inelastic dark

matter signal. The theory of inelastic dark matter requires that, in addition to

the dark matter particle �, there exists an excited state �� with a higher mass

[39] (Eq. 3.12). The di�erence in mass of the two states is referred to as the mass

splitting �.

m�� = m� + � (3.12)

A dark matter particle, after scattering inelastically o� of an atomic nucleus, will

turn into the excited state, such that some of the kinetic energy is converted to

the mass of the dark matter particle (Eq. 3.13).

�N ! ��N (3.13)

The iDM theory has the properties of having an enhanced modulation amplitude,

and a drastically di�erent shape of the energy spectrum that decreases to zero

at low energy. Both of these are helpful in reconciling DAMA and the other

experiments.

Below I will �rst describe the recoil energy spectrum for scattering of in-

elastic dark matter. Then a data analysis will be performed on the same 11:17

days dataset, except that the upper bound of the energy window is extended to

100 keVr (see Sec. 3.3.6.4). The upper limit of cross section will be computed in
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the parameter space of mass splitting � and WIMP mass M�. The results will

then be compared with the region in the parameter space allowed by the DAMA

results, and conclusion will be drawn on whether the 11:17 days data can rule

out inelastic dark matter (with 90% CL) as an explanation for the signals found

in the DAMA experiment.

3.3.6.2 Energy Spectrum

The iDM di�erential event rate per unit detector mass for a recoil energy ER is

[39]

dR

dER
= A2 �����p

2M��2
ne

F 2

Z
1

vmin

1

v
f(~v)d3~v (3.14)

where M� is the WIMP mass, ���p is the WIMP-nucleon cross section, and �ne

is the WIMP-nucleon reduced mass. vmin =
q

1
2MNER

(MNER
�

+�) is the minimum

velocity for a DM particle to scatter, which depends on the mass splitting � =

M�� �M�. MN is the nucleus mass, and � is the WIMP-nucleus reduced mass.

Similar to spin-independent scattering, a Maxwellian velocity distribution f(~v) �

e�(~v+~vE)
2=v2o with a cuto� at escape velocity vesc is used. Since the choice of the

value of the escape velocity has a greater e�ect on the iDM energy spectrum

than in the case of elastic scattering, I consider various escape velocity values:

vesc = 490; 544; 650 km=s, which is the range the galactic escape velocity is likely

to lie within ([44] [45]). A WIMP characteristic velocity of vo = 220 km=s and

WIMP density of �� = 0:3 GeV=c2=cm3 have been assumed. For the nuclear

form factor F 2, the Helm form factor detailed in [17] is used.

55



Figure 3.18: Recoil energy spectrum in summer (red) and winter (blue) for

40 kg � 11:17 days of exposure for M� = 60 GeV and � = 110 keV (Escape

velocity vesc = 500 (dashed line), 550 (solid), 600 (dotted) km=s)
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Figure 3.19: Recoil energy spectrum in summer (solid) and winter

(dashed) for 40 kg � 11:17 days of exposure at � = 120 keV for

M� = 10; 20; 50; 100; 200; 500; 1000 GeV (Escape velocity vesc = 500 (top),

550 (middle), 600 (bottom) km=s)
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Figure 3.20: Recoil energy spectrum in summer (solid) and winter

(dashed) for 40 kg � 11:17 days of exposure at M� = 60 GeV for

� = 0; 25; 50; 75; 100; 125; 150 keV (Escape velocity vesc = 500 (top),

550 (middle), 600 (bottom) km=s)
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3.3.6.3 Annual Modulation

The annual modulation e�ect has also been considered and is introduced into the

WIMP velocity distribution through the earth velocity ~vE, which is the velocity

of the earth w.r.t. the dark matter halo, and is given by

~vE = ~ur + ~us + ~uE; (3.15)

where

1. ~ur = (0; vo; 0) is the rotation velocity of the local standard of rest (L.S.R.).

2. ~us is the sun velocity w.r.t. the L.S.R. which is taken from [40].

3. ~uE is the earth's orbital velocity around the sun taken from [17].

To account for annual modulation, I numerically average the recoil energy spec-

trum for varying values of ~uE over the data-taking period. Fig. 3.18 gives an

example of the e�ect of annual modulation on the energy spectrum for di�er-

ent DM escape velocities for WIMP mass M� = 60 GeV and mass splitting

� = 110 keV.

3.3.6.4 Data Analysis

Data Set The limits on inelastic dark matter is calculated based on a 11:17 days

data set taken between Oct. and Nov. 2009 with a �ducial mass of 40 kg. The

energy window is chosen to be 8:67� 100 keVr, which corresponds to an energy

threshold of 4 photo-electrons. The choice of 100 keVr as the upper bound of the

energy window is a compromise between obtaining more iDM events and limiting

the number of background events. In most of the iDM parameter space, the recoil

energy spectrum is peaked within the energy window and decreases to well below
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the peak value at 100 keVr. Also, the �rst zero of the form factor occurs at about

100 keVr as seen in Fig. 3.19 and 3.20. Therefore raising the upper bound of

the energy window above 100 keVr would not improve the limit signi�cantly but

may lead to more observed events due to backgrounds. The same software cuts

detailed in Sec. 3.3.1 have been applied to reject the background events.

3.3.6.5 Allowed regions and upper limits

Allowed regions The DAMA allowed region was obtained based on a goodness-

of-�t test with 90%CL on the DAMA modulation amplitude data [15]. The

DAMA modulation data is available between 2� 20 keVee in 0:5 keVee bins. The

data is consistent with zero above � 10 keVee, and there are various choices in

the literature [41] in choosing the energy window when �tting the data, which

may a�ect the results. Noting that the modulation amplitude is close to zero

above � 10 keVee, I adopt the choice of binning in [16] by combining the data

between 10� 20 keVee into one single bin. The allowed region is then computed

based on 17 bins (16 equally-sized bins between 2� 10 keVee and 1 bin between

10� 20 keVee) with 17 d.o.f. (�2 = 24:77; 33:41 for 90%; 99% CL). The e�ect of

ion-channeling [42] is not included in the calculation as it will have negligible ef-

fect on the allowed region based on newly computed channeling fraction in recent

paper [43]. The allowed regions are obtained in the parameter space of M�, �,

and ���p. Slices of the regions for various constant values of � andM� are plotted

in Fig. 3.21 (� = 20; 40; 60; 80; 100; 120; 140; 155 keV) and Fig. 3.22, 3.23

(M� = 10; 20; 40; 60; 80; 100; 150; 200 GeV) respectively for vesc = 544 km=s.

Upper limits The 90%CL upper limit of ���p is based on 40 kg � 11:17 days

of exposure with 0 observed events in the 8:67�100 keVr energy window. Similar
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to the Spin-independent limit calculation, it is a 1-sided limit (the expected

number of DM events is 2.303 at the 90% CL upper limit). The limit does not

have background subtraction. Since the 11:17 days data set was taken between

Oct20� Nov12, the annual modulation e�ect in the recoil energy spectrum needs

to be included, which gives a lower event rate during winter than summer. I also

take into account the �nite energy resolution by using a simple assumption of

smearing based on photo-electron statistics and convolute the energy spectrum

with a Poisson distribution. The best global �t in Sec. 3.3.2.1 is used when

converting the energy between keVr and photo-electrons. After smearing the

recoil energy spectrum, it is multiplied by the nuclear recoil acceptance and the

energy dependent detector e�ciency in Fig. 3.4, and I integrate the spectrum

between 8:67 � 100 keVr to �nd the expected number of events for any given

���p. The resulting limits for 11:17 days of exposure are shown in Fig. 3.21,

3.22, and 3.23.

For comparison I also computed the upper limit based on an exposure of

137 days for part of a run during the �rst half of 2010. The data have not

been unblinded, and it is unknown how many events will be found. I consider

a pessimistic scenario where 30 events are observed, which is well above the

expected background of � 20 events [24]. The 90% CL upper limit is computed

using Poisson method without background subtraction. Given the cross section at

the upper limit, the probability of observing more than 30 events in an experiment

is 90%, and since the observed number of events follows a Poisson distribution,

the expected number of events at the upper limit is 38.3 (Eq. 3.16). The limit for

this exposure bene�ts from the annual modulation e�ect as it includes live time

in summer.
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Figure 3.21: Allowed regions of DAMA with 90%CL (red), 99%CL (blue)

and ���p upper limits of 11:17 days (solid black) and 137 days (dotted

black) exposure versus DM mass M� for di�erent values of mass splitting

� = 20; 80; 120; 150 keV. (Escape velocity of 544 km=s has been assumed).
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Figure 3.22: Allowed regions of DAMA with 90%CL (red), 99%CL (blue) and

���p upper limits of 11:17 days (solid black) and 137 days (dotted black) exposure

versus mass splitting � for di�erent values of DM massM� = 10; 20; 40; 60 GeV.

(Escape velocity of 544 km=s has been assumed)

63



Figure 3.23: Allowed regions of DAMA with 90%CL (red), 99%CL (blue)

and ���p upper limits of 11:17 days (solid black) and 137 days (dotted

black) exposure versus mass splitting � for di�erent values of DM mass

M� = 80; 100; 150; 200 GeV. (Escape velocity of 544 km=s has been assumed)
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X
k>31

�ke��

k!
= 0:9 ! � ' 38:3 (3.16)

Finally, Fig. 3.24 shows, in the parameter space of WIMP mass M� and mass

splitting �, allowed regions of DAMA that are completely ruled out for all values

of ���p by the 11:17 days and 137 days exposure. The grey region represents

values of WIMP mass and mass splitting for which there exist a cross section

allowed by the DAMA results at 90%CL. The pink and blue contours show areas

in which the DAMA-allowed regions are excluded at 90%CL by the 11:17 days

and 137 days exposure. The results are plotted for vesc = 490; 544; 650 km=s.

The 11:17 days data set almost completely excludes DAMA, except for small

region near M� � 60 GeV; � � 120 keV. This can be partly attributed to the

annual modulation e�ect, since the WIMP event rate in winter can be lower than

in summer by a factor of � 2 or more as shown in Fig. 3.18, depending on the

value of �. The 137 days exposure, even with 30 observed events, will exclude all

of the allowed regions for escape velocities between 490�650 km=s. The excluded

regions for XENON10 and CDMS [3] are shown in Fig. 3.25 for comparison.

3.3.6.6 Summary

Using the above method, the 40 kg � 11:17 days data set can almost, but not

fully, reject all DAMA regions with 90%CL as seen in Fig. 3.24. This is mainly

because of annual modulation as the WIMP event rate in winter is much lower,

and also because of insu�cient exposure. However, the limits achieved by the

11:17 days data show much better improvement compared to current limits from

previous experiments. It excludes substantial regions that have not been excluded

by previous experiments such as XENON10 and CDMS (Fig. 3.25), and there are

only very small regions that still remain compatible. Also, increased exposure
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Figure 3.24: (Left) Regions in the parameter space of M� and � allowed by

DAMA with 90%CL (grey). Colored contours show regions excluded by the

11:17 days (pink) and 137 days (blue) exposure (vesc = 490 (top), 544 (middle),

650 (bottom) km=s). (Right) Con�dence level with which the 90% CL DAMA

region is excluded by the 11:17 days data.
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Figure 3.25: Regions in the parameter space of M� and � allowed by DAMA

with 90%CL (green). Also shown are regions excluded by CDMS II (black) and

XENON10 (red) [46]. Figure taken from [3].
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that contains summer data will be able to reject DAMA results.
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CHAPTER 4

Background Simulations of Future Detectors

4.1 Introduction

Given the success of the XENON100 detector, the possibility of improving the

sensitivity in the future with larger detectors, using not only liquid xenon but

also liquid argon as the target material, is considered here. The ideas and ad-

vantages of using two di�erent types of targets for direct detection are discussed

in detail in [47]. By combining Xe and Ar in future large detectors, one will

not only be able to achieve better sensitivity, but will also allow for veri�cation

of the A2 dependence of spin-independent scattering, as well as measurements

of WIMP parameters such as WIMP mass, WIMP velocity, and WIMP-nucleon

cross section. In this chapter I look into an important aspect that needs to be

studied for future detectors, that is, background estimation. The radioactive

background will be estimated for four di�erent future detectors: Xenon1T, Ar-

gon5T, Xenon10T, Argon50T. As implied by their names, The �ducial masses of

these detectors are approximately 1 ton Xenon, 5 ton Argon, 10 ton Xenon, and

50 ton Argon. The geometries used in the estimation are based on past designs

by the UCLA dark matter group [48]. Although they may be di�erent from the

actual geometries which are to be �nalized in the future, they provide approxi-

mate estimation of the background level, which will serve as useful information

for the design of these detectors. Lastly, the sensitivity of the future detectors
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will also be studied, including the cross section upper limits (in the case of zero

or very few observed events) and measurements of WIMP parameters (in the case

of many observed events).

4.2 Detector Designs

Each detector is contained in a Teon cylinder inside a cylindrical double-walled

titanium cryostat, with two arrays of Quartz Photon-Intensifying Detectors

(QUPIDs) [47] at the top and the bottom of the detector for collection of scintil-

lation light. The cryostat is contained in a tank of liquid scintillator [49] doped

with 0.5% Gd (for high absorption of thermal neutrons) and equipped with PMTs,

which is used as an active veto for rejecting neutron background events. The liq-

uid scintillator veto is further surrounded by a water tank (also equipped with

PMTs), which is used as a muon veto. Fig. 4.2 shows the detailed dimensions

and masses of each detector component in the Xenon1T detector. Argon5T,

Xenon10T, and Argon50T share a similar geometry but with larger detector

sizes.

4.3 Background Estimation Method

The estimation of the background level in these future detectors are done by a

detailed Monte Carlo simulation using the GEANT4 code [50] [51] and analyzed

using ROOT [52] program. The detailed geometry is put into the code for accu-

rate results. Fig. 4.1 and Fig. 4.2 show parts of the geometry for Xenon1T as put

into the GEANT4 code. Radioactive contaminants including 238U, 232Th, 40K,

and 60Co in each detector components are simulated for both the gamma and

the neutron background. Simulations were run with UCLA dark matter group's
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Table 4.1: The location and size of each detector component in the Xenon1T

detector.
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computer cluster which consists of � 30 machines.

4.4 Background Rejection Techniques

After the background events have been simulated, various software cuts are ap-

plied to the data. These cuts are designed to discriminate the backgrounds from

the WIMP signals, and ideally they would reject all of the background events

and none of the signal events. In reality this is not achievable, as some of the

backgrounds will survive the cuts, resulting in a contamination of background

events in the data; likewise a fraction of the signal events will be removed by the

cuts, which causes a loss of e�ciency of the detector. When de�ning the cuts,

usually these two factors work against each other, and one would always want

to maximize one without compromising the other. The goal is that the cuts are

optimized in a way such that the number of background events left after all cuts

is far less than 1 per year, so that after one year of running the detector, one

could hope for a dataset of 0 observed events in the absence of signal.

The software cuts that are applied to the Monte Carlo background data in-

clude (1) multiple-hit cut (2) active-veto cut (3) �ducial-volume cut (4) S2/S1

discrimination cut. The de�nition of these cuts are given in Sec. 3.3.1. Below is

a description of how the software cuts are applied in the Monte Carlo simulation.

After the results of the simulations have been shown, the rejection power of these

cuts will be studied.

4.4.1 Multiple-hit cut

The multiple-hit cut can be applied in the simulation by simply rejecting events

that contain more than in one scatter in the detector. Due to the larger size of
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Figure 4.1: The Xenon1T geometry as put into the GEANT4 code. The detector

is surrounded by the liquid scintillator veto which is equipped with PMTs
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Figure 4.2: The Xenon1T geometry as put into the GEANT4 code. The TPC is

shown with QUPIDs at the top and the bottom.
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the future detectors, the rejection power of the multiple-hit cut may be increased

as compared to the XENON100 detector.

4.4.2 Active-veto cut

The active veto cut is applied in the simulation by rejecting events that deposit

energy in the liquid scintillator veto. The rejection power will be dependent on

the energy threshold of the veto region.

4.4.3 Fiducial-volume cut

The �ducial volume cut is applied by requiring that the position of the simulated

events lie within the �ducial region. The �nite position resolution has been

ignored, as its e�ect on the total volume is negligible. In the simulation, the

event rate for di�erent �ducial volumes will be compared, which will show that

the current choice of �ducial volume is optimized and achieved a good balance

between �ducial mass and background level.

4.4.4 S2/S1 cut

The S2/S1 cut is applied in the simulation simply as a constant factor of 0.01

(99% rejection) with no energy dependence. Since the energy spectrum of the

gamma background is relatively at, the use of a constant S2/S1 rejection power

will not lead to increased errors of the estimation.
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4.5 Radioactivity of materials

The cryostat of the future detectors, which are made with titanium, has lower

radioactive contaminants than the stainless steel material that is currently used in

XENON100. The conventional Hamamatsu R8520 phototubes will be replaced

by the ultra-low radioactive QUPIDs, which are made from pure Quartz and

contain no resister chains, further reducing the background [47]. The radioactivity

of the QUPIDs were measured with a dedicated screening facility consisting of

a 2.2 kg high purity Ge detector in an ultra-low background Cu cryostat and

Cu/Pb shield, operated at LNGS. The radioactivity of the materials are listed in

Table 4.2 [24]. The radioactivity of the R8520 phototubes and stainless steel in

XENON100 is also listed for comparison.

Material Unit Quantity 238U 232Th 40K 60Co

[mBq/unit]

QUPID QUPID 242 <0.49 <0.4 <2.4 <0.21

PTFE kg 40 <0.31 <0.16 <2.2 <0.11

Titanium kg 400 <0.25 <0.2 <1.3 -

Acrylic kg 130 <0.014 <0.0045 - -

Copper kg 140 <0.07 <0.03 - <0.0045

R8520 PMT - 0.31�0.04 0.24�0.06 11�2 0.6�0.1

S.S. kg - <1.7 <1.9 <9.0 5.5�0.6

Table 4.2: Radioactivity of materials
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4.6 Simulation Results

4.6.1 Electron Recoil Backgrounds

The internal electron recoil (ER) background is due to gamma rays from the

decay chains of radioactive contaminants, mainly 238U, 232Th, 40K, and 60Co.

Based on the radioactivity values in Table 4.2, the ER background from the

detector materials is simulated with the GEANT4 code. The ER background is

lowered by the S2/S1 discrimination with a � 99% rejection e�ciency.

4.6.1.1 Xenon1T

For Xenon1T, the ER background is greatly reduced, compared to XENON100,

by allowing a 10cm LXe self-shielding, as shown in Fig. 4.5. Fig. 4.4 and 4.3

show the energy spectrum with and without multiple-hit cut for various �ducial

volume cuts. The estimated number of ER background events are compared in

Fig. 4.6.1.3, and the number of events is 0:07 in the 1:1 ton �ducial volume in

a 1-ton-year exposure. It can be seen that the rejection power of the multiple-

hit cut is very low in the case of electron recoil background. The self-shielding

of LXe is very e�ective in attenuating gamma rays, and the background rate

decreases quickly with deeper �ducial cuts. The (r,z) distribution as well as the

dru (di�erential rate unit, events/kg/day/keV) level of the background events

is shown in Fig. 4.6 for a 1-year exposure. It can be seen that QUPID is the

dominant source of gamma background.

4.6.1.2 Xenon10T

For the Xenon10T detector, the gamma background exhibits similar behavior.

Figs. 4.8 and 4.7 show the energy spectrum with and without multiple-hit cut
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Table 4.3: Number of gamma background events for Xenon1T in a 1-ton-year

exposure after 99% S2/S1 cut for di�erent detector components. Results are

shown with and without multiple-hit cut and for various �ducial cuts (0, 5, and

10 cm).

for various �ducial volume cuts. Since LXe self-shielding is very e�ective, the

background level is further reduced to a negligible level after a 20 cm �ducial

volume cut. The (r,z) distribution of the background events is shown in Fig. 4.9

for a 1-year exposure.

4.6.1.3 Argon5T and Argon50T

For argon detectors, electron recoil background can be signi�cantly reduced by

pulse shape discrimination [54] and becomes negligible and so were not simulated.
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Figure 4.3: Energy spectrum of ER backgrounds (no S2/S1 cut) for Xenon1T

without multiple-hit cut. Background rates are plotted for di�erent �ducial cuts:

0 cm (black), 5 cm (pink), 10 cm (green), 15 cm (light blue), 20 cm (brown),

and 30 cm (purple). Also shown are the WIMP spectrum at � = 10�45 cm2 for

various WIMP masses: 50 GeV (dashed), 100 GeV (solid), 200 GeV (dotted),

500 GeV (dash-dotted).
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Figure 4.4: Energy spectrum of ER backgrounds (no S2/S1 cut) for Xenon1T

with multiple-hit cut. Background rates are plotted for di�erent �ducial cuts:

0 cm (black), 5 cm (pink), 10 cm (green), 15 cm (light blue), 20 cm (brown),

and 30 cm (purple). Also shown are the WIMP spectrum at � = 10�45 cm2 for

various WIMP masses: 50 GeV (dashed), 100 GeV (solid), 200 GeV (dotted),

500 GeV (dash-dotted).
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Figure 4.5: Energy spectrum of ER backgrounds (no S2/S1 cut) for Xenon1T for

10 cm �ducial cut with (bottom) and without (top) multiple-hit cut. Background

rates are plotted for di�erent detector materials: QUPID (pink), PTFE (green),

titanium (light blue), acrylic (brown), and total (black). Also shown are the

WIMP spectrum at � = 10�45 cm2 for various WIMP masses: 50 GeV (dashed),

100 GeV (solid), 200 GeV (dotted), 500 GeV (dash-dotted).
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Figure 4.6: Left: r vs z distribution of Xenon1T ER background events (no S2/S1

cut) in a one-year exposure with (bottom) and without (top) multiple-hit cut,

for QUPIDs (red), PTFE (green), titanium (blue), and acrylic (pink). Right: r

vs z distribution of ER background rate in units of druee ( =kg=day=keVee) with

(bottom) and without (top) multiple-hit cut
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Figure 4.7: Energy spectrum of ER backgrounds (no S2/S1 cut) for Xenon10T

without multiple-hit cut. Background rates are plotted for di�erent �ducial cuts:

0 cm (black), 5 cm (pink), 10 cm (green), 15 cm (light blue), 20 cm (brown),

and 30 cm (purple). Also shown are the WIMP spectrum at � = 10�45 cm2 for

various WIMP masses: 50 GeV (dashed), 100 GeV (solid), 200 GeV (dotted),

500 GeV (dash-dotted).
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Figure 4.8: Energy spectrum of ER backgrounds (no S2/S1 cut) for Xenon10T

with multiple-hit cut. Background rates are plotted for di�erent �ducial cuts:

0 cm (black), 5 cm (pink), 10 cm (green), 15 cm (light blue), 20 cm (brown),

and 30 cm (purple). Also shown are the WIMP spectrum at � = 10�45 cm2 for

various WIMP masses: 50 GeV (dashed), 100 GeV (solid), 200 GeV (dotted),

500 GeV (dash-dotted).
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Figure 4.9: Left: r vs z distribution of Xenon10T ER background events (no

S2/S1 cut) in a one-year exposure with (bottom) and without (top) multi-

ple-hit cut. Right: r vs z distribution of ER background rate in units of druee

( =kg=day=keVee) with (bottom) and without (top) multiple-hit cut
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4.6.2 Nuclear Recoil Backgrounds

The internal nuclear recoil (NR) background is due to neutrons produced by

spontaneous �ssion and (�; n) reactions of U/Th decays. Using the radioactivity

values in Table 4.2, the NR background is estimated with the GEANT4 code,

using the neutron spectra given in [53].

4.6.2.1 Xenon1T

Due to the large size of the Xenon1T detector, the neutron background can be

reduced by rejecting multiple-scattered neutrons in the detector volume. The

predicted number of NR background events is 0.1/ton/year (Table 4.5). The

total background level from the detector materials is well below the event rate

of a dark matter signal at 100 GeV WIMP mass and 10�45 cm2 WIMP-nucleon

cross section, as shown in Fig. 4.11. Fig. 4.12 shows the (r,z) distribution of

the neutron background events in a 100-year exposure both with and without

multiple-hit cut. The number of events is greatly reduced after the multiple-hit

has been applied.

4.6.2.2 Xenon10T

Fig. 4.13 shows the energy spectrum of the neutron background for the Xenon10T

detector. Fig. 4.12 shows the (r,z) distribution of the neutron background events

in a 100-year exposure without multiple-hit cut, with multiple-hit cut, and with

both the multiple-hit and active-veto cuts applied. The background is lowered

by a factor of � 1=7 by the multiple-hit cut, and is lowered by a factor of � 1=4

by the active veto cut. The expected number of neutron background events is

0:03 neutron/year.
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4.6.2.3 Argon5T

Fig. 4.15 shows the energy spectrum of the neutron background for the Argon5T

detector. Compared to the xenon detectors, the neutron energy spectrum in argon

is relatively at, and so with the wider energy window of 45 � 200 keVr, more

neutron background events are expected to be seen. Fig. 4.16 shows the (r,z)

distribution of the neutron background events in a 100-year exposure without

multiple-hit cut, with multiple-hit cut, and with both the multiple-hit and active-

veto cuts applied. The background is drastically lowered by a factor of � 1=17

by the multiple-hit cut, and is lowered by a factor of � 1=8 by the active veto

cut. This shows that the rejection power of the multiple-hit cut is much higher

in an argon detector than in a xenon detector. The expected number of neutron

background events is 0:1 neutron/year.

4.6.2.4 Argon50T

Fig. 4.17 shows the energy spectrum of the neutron background for the Argon50T

detector. Fig. 4.16 shows the (r,z) distribution of the neutron background events

in a 100-year exposure without multiple-hit cut, with multiple-hit cut, and with

both the multiple-hit and active-veto cuts applied. The background is drastically

lowered by a factor of � 1=20 by the multiple-hit cut, and is lowered by a factor

of � 1=5:5 by the active veto cut. The rejection power of the multiple-hit cut in

the Argon50T detector is higher than that of the Argon5T detector as expected,

since a neutron will have a higher chance of scattering multiple times in a larger

volume. The expected number of neutron background events is 0:39 neutron/year.

Fig. 4.6.2.4 summarizes the number of events in di�erent detectors for various

�ducial volume cuts.
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Figure 4.10: Energy spectrum of NR backgrounds for Xenon1T between

0 � 100 keVr with (bottom) and without (top) multiple-hit cut. Background

rates are plotted for di�erent �ducial cuts: 0 cm (black), 5 cm (pink), 10 cm

(green), 15 cm (light blue), 20 cm (brown), and 30 cm (purple). Also shown

are the WIMP spectrum at � = 10�45 cm2 for various WIMP masses: 50 GeV

(dashed), 100 GeV (solid), 200 GeV (dotted), 500 GeV (dash-dotted).
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Figure 4.11: Energy spectrum of NR backgrounds for Xenon1T for 10 cm �du-

cial cut with (bottom) and without (top) multiple-hit cut. Background rates are

plotted for di�erent detector materials: QUPID (pink), PTFE (green), titanium

(light blue), acrylic (brown), and total (black). Also shown are the WIMP spec-

trum at � = 10�45 cm2 for various WIMP masses: 50 GeV (dashed), 100 GeV

(solid), 200 GeV (dotted), 500 GeV (dash-dotted).
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Figure 4.12: Left: r vs z distribution of Xenon1T NR background events in a

100-year exposure with (bottom) and without (top) multiple-hit cut, for QUPIDs

(red), PTFE (green), titanium (blue), and acrylic (pink). Right: r vs z distri-

bution of NR background rate in units of drunr (=kg=day=keVnr) with (bottom)

and without (top) multiple-hit cut
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Figure 4.13: Energy spectrum of NR backgrounds for Xenon10T between with

(middle) and without (top) multiple-hit cut. Bottom plot shows the spectrum

with both the multiple-hit cut and the active LS veto. Background rates are

plotted for di�erent �ducial cuts: 0 cm (black), 5 cm (pink), 10 cm (green),

15 cm (light blue), 20 cm (brown), and 30 cm (purple). Also shown are the

WIMP spectrum at � = 10�45 cm2 for various WIMP masses: 50 GeV (dashed),

100 GeV (solid), 200 GeV (dotted), 500 GeV (dash-dotted).
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Figure 4.14: Top: r vs z distribution of Xenon10T NR background events in a

100-year exposure with (middle) and without (left) multiple-hit cut. Right plot

shows the events with both the multiple-hit cut and the active LS veto. Bottom:

r vs z distribution of NR background rate in units of drunr (=kg=day=keVnr)
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Figure 4.15: Energy spectrum of NR backgrounds for Argon5T between with

(middle) and without (top) multiple-hit cut. Bottom plot shows the spectrum

with both the multiple-hit cut and the active LS veto. Background rates are

plotted for di�erent �ducial cuts: 0 cm (black), 5 cm (pink), 10 cm (green),

15 cm (light blue), 20 cm (brown), and 30 cm (purple). Also shown are the

WIMP spectrum at � = 10�45 cm2 for various WIMP masses: 50 GeV (dashed),

100 GeV (solid), 200 GeV (dotted), 500 GeV (dash-dotted).
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Figure 4.16: Top: r vs z distribution of Argon5T NR background events in a

100-year exposure with (middle) and without (left) multiple-hit cut. Right plot

shows the events with both the multiple-hit cut and the active LS veto. Bottom:

r vs z distribution of NR background rate in units of drunr (=kg=day=keVnr)
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Figure 4.17: Energy spectrum of NR backgrounds for Argon5T between with

(middle) and without (top) multiple-hit cut. Bottom plot shows the spectrum

with both the multiple-hit cut and the active LS veto. Background rates are

plotted for di�erent �ducial cuts: 0 cm (black), 5 cm (pink), 10 cm (green),

15 cm (light blue), 20 cm (brown), and 30 cm (purple). Also shown are the

WIMP spectrum at � = 10�45 cm2 for various WIMP masses: 50 GeV (dashed),

100 GeV (solid), 200 GeV (dotted), 500 GeV (dash-dotted).
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Figure 4.18: Top: r vs z distribution of Argon50T NR background events in a

100-year exposure with (middle) and without (left) multiple-hit cut. Right plot

shows the events with both the multiple-hit cut and the active LS veto. Bottom:

r vs z distribution of NR background rate in units of drunr (=kg=day=keVnr)
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Table 4.4: Expected number of neutron background events per ton-year (top)

and per year (bottom) of exposure, with and without multiple-hit cut, with and

without liquid scintillator veto, for di�erent �ducial volume cuts (0, 5, 10, 15, 20,

and 30 cm). Also listed are the �ducial mass for di�erent �ducial volume cuts.
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4.6.3 Summary

Table. 4.5 summarizes the number of background events for both gamma rays

and neutrons in the case of the Xenon1T detector. Their energy spectra are

plotted together for the 1.1 ton �ducial volume in Fig. 4.19. It has been shown

that, by e�ectively reducing the background with self-shielding and multiple-hit

cut, the Xenon1T can achieve a background level that is well below 1 event per

year, while being able to reach a sensitivity down to 10�46 cm2.

Background ER NR

Unit [10�7 druee] [10�9 drunr]

QUPID <8.50 <2.18

PTFE <0.84 <4.84

Titanium <2.13 <0.34

Acrylic <0.02 <0.01

Total BG <11.5 <7.4

# of BG events <0.07 <0.10

# of WIMP events

(M� = 100 GeV/c2, ���p = 10�46 cm2) 5.6

Table 4.5: Predicted background rate and the number of events in a 1-ton-year

exposure in the WIMP search region (7 � 45keVr). 99% S2/S1 ER rejection

e�ciency, 50% NR acceptance, and 80% software acceptance has been assumed.
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Figure 4.19: Energy spectrum of both the ER (dashed) and NR (solid) back-

grounds for Xenon1T for 10 cm �ducial cut with (middle) and without (top)

multiple-hit cut. Bottom plot shows the spectrum with both the multiple-hit cut

and the S2/S1 cut. Background rates are plotted for di�erent detector materi-

als: QUPID (pink), PTFE (green), titanium (light blue), acrylic (brown), and

total (black). Also shown are the WIMP spectrum at � = 10�45 cm2 for various

WIMP masses: 50 GeV (dashed), 100 GeV (solid), 200 GeV (dotted), 500 GeV

(dash-dotted).
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4.7 Sensitivities

4.7.1 Upper Limits of Spin-independent Cross Sections

Using the recoil energy spectrum given in Sec. 2.3.1, the upper limits can be

calculated in a similar way as the XENON100 detector in Sec. 3.3.5. Fig. 4.20

shows the spin-independent cross section upper limits for Xenon1T, Argon5T,

Xenon10T, and Argon50T. With increased �ducial mass and data-taking time,

they are able to achieve improvements of more than 3 orders of magnitude over

the current XENON100 results and start to probe further into the parameter

space predicted by supersymmetry. Shown in �g. 4.20 as an example is the region

(grey area) favored by the constrained minimal supersymmetric standard model

(CMSSM), as determined by a Markov Chain Monte Carlo scanning technique

with 95% CL in the case of � > 0 [56]. If no events are observed in the Xenon10T

and the Argon50T detector, it will be possible to almost fully exclude the above

parameter space.

4.7.2 Measurements of WIMP Mass and WIMP-Nucleon Cross Sec-

tion

If dark matter events are seen in the future detectors, the WIMP mass and

WIMP-nucleon cross section can be found with precision depending on the num-

ber of events observed. While the recoil energy spectrum changes proportionally

with the WIMP-nucleon cross section, the slope of the energy spectrum varies

with the WIMP mass (with lower WIMP masses having steeper slopes). There-

fore knowing the observed spectrum will allow us to measure both the cross

section and the WIMP mass. Fig. 4.21 and 4.22 shows the 1� and 2 � � error

of WIMP mass and WIMP-nucleon cross section by a goodness-of-�t test of the
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Figure 4.20: Upper limits of spin-independent WIMP-nucleon cross section for

WIMP masses between 5 and 1000 GeV. Limits and sensitivities are shown for

di�erent experiments: 10 ton Xenon (solid black), 50 ton Argon (solid pink), 1

ton Xenon (dotted black), 5 ton Argon (long dashed pink), XENON10 (green)

[12], CDMS (light blue) [3], ZEPLIN III (purple) [55]. Also shown are the

DAMA-allowed region at 90% and 99% CL (red and blue) and the parameter

space favored by CMSSM (grey) [56].
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Figure 4.21: 1� and 2�� error (red and blue) of WIMP mass and WIMP-nucleon

cross section by a goodness-of-�t test of the energy spectrum from a LXe detector.

Results are shown for WIMP masses of 20, 50, 100, 200, and 500 GeV, labeled

with the expected number of events. Top: 1 ton-year exposure with a cross section

of 10�45 cm2. Middle: 10 ton-year exposure with a cross section of 10�45 cm2.

Bottom: 10 ton-year exposure with a cross section of 10�44 cm2.
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Figure 4.22: 1� and 2�� error (red and blue) of WIMP mass and WIMP-nucleon

cross section by a goodness-of-�t test of the energy spectrum from a LAr detector.

Results are shown for WIMP masses of 50, 100, 200, and 500 GeV, labeled with

the expected number of events. Top: 5 ton-year exposure with a cross section

of 10�45 cm2. Middle: 50 ton-year exposure with a cross section of 10�45 cm2.

Bottom: 50 ton-year exposure with a cross section of 10�44 cm2.
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Figure 4.23: 1 � � error of WIMP mass and WIMP-nucleon cross section by

a goodness-of-�t test of the energy spectrum from a LXe (red), a LAr (blue)

detector, and with both combined (grey). Results are shown for WIMP masses of

20, 50, 100, 200, and 500 GeV, labeled with the expected number of events. Top:

1 ton-year LXe and 5 ton-year LAr exposure with a cross section of 10�45 cm2.

Middle: 10 ton-year LXe and 50 ton-year LAr exposure with a cross section of

10�45 cm2. Bottom: 10 ton-year LXe and 50 ton-year LAr exposure with a cross

section of 10�44 cm2.
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energy spectrum for xenon and argon detectors separately, with di�erent assumed

values of the actual cross section. Furthermore, by combing both the results from

a xenon and a argon detector, a better constraint on the parameter values can

be obtained, as shown in Fig. 4.23.

4.7.3 Measurements of WIMP Mass and WIMP Characteristic Ve-

locity Using Annual Modulation

In addition to the WIMP mass and the WIMP-nucleon cross section, the WIMP

velocity in the dark matter halo can also be measured. The modulation ampli-

tude varies with the WIMP mass (Fig. 4.24 and 4.25) and the WIMP velocity

(Fig. 4.25) for both the xenon and argon detectors. If considerable number of

events are seen in a one-year exposure, it will be possible to estimate the WIMP

velocity based on the observed modulation amplitude.
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Figure 4.24: Recoil energy spectrum for Xe (top) and Ar (bottom) in summer

(solid) and winter (dashed) for WIMP masses of 20, 50, 100, 200, 500, and

1000 GeV.
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Figure 4.25: Modulation amplitude with 1�� error for 10 ton-year LXe (top) and

50 ton-year LAr (bottom) with a cross section of 10�45 cm2. Results are shown

for di�erent WIMP characteristic velocities: 170, 195, 220, 245, and 270 km=s.
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CHAPTER 5

Conclusion

The 40 kg�11:17 days results presented here have demonstrated the capability of

XENON100 as an ultra-low background detector. With only 11:17 days of expo-

sure, it has achieved competitive limits in both the elastic and the inelastic dark

matter explanations. With ongoing data-taking this year and increased exposure,

it will be able to either challenge or reinforce the results of other experiments in

a serious way. In particular, it will shed light on the current situation of the low

mass WIMP and inelastic dark matter, and make stronger statements on these

two scenarios.

For the future detectors, the ability to limit the background to less than 1

event is important in obtaining the best sensitivity. With Monte Carlo sim-

ulations, it has been shown to be possible to reduce the gamma and neutron

background respectively by adopting ultra-low radioactive QUPIDs and back-

ground rejection techniques. On the other hand, in the case that WIMPs with

parameters predicted by supersymmetry do exist, one will be able to learn a lot

from the prominent signals of these detectors.

For my dissertation work, I was involved in the analysis of the Spin-independent

cross section limit for the 11:17 days results, and I calculated the inelastic dark

matter limit. I performed the studies on future detectors, including internal

gamma and neutron background simulations for Xenon1T, Xenon10T, Argon5T,

and Argon50T, as well as the prediction of their sensitivities. I also participated
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in shifts for the XENON100 detector at LNGS, particularly the Kr distillation

run in summer 2009.
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