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Abstract

DarkSide is a direct dark matter detection experiment searching for evidence of

Weakly Interacting Massive Particles (WIMPs), a well-motivated candidate for dark

matter. The DarkSide-50 Time Projection Chamber (TPC) has an active volume

containing 50 kg of liquid argon and has been in operation at Laboratori Nazionali

del Gran Sasso in Italy since late 2013. The DarkSide-50 TPC is surrounded by a

30 t boron-loaded liquid scintillator that acts as a Neutron Veto (NV). The NV is

immersed in a 1 kt ultra-pure water Cherenkov detector that acts as a Muon Veto

(MV) and passive shielding against external neutrons and 
-rays.

WIMP interactions are expected to be rare due to the low scattering cross section.

A majority of the signals in our detector are from background particles. There are

four primary sources of background: 
-rays and Cherenkov radiation from radioactive

decays in the detector’s construction materials, �’s from 85Kr and 39Ar dissolved in

the argon target, and neutrons from (�,n) and �ssion reactions from radioactive

contaminants in the detector’s materials.

The DarkSide-50 TPC is designed to e�ciently reduce background from �’s and


-rays as well as from Cherenkov radiation by applying pulse shape discrimination

and �ducial volume cuts. In this report, I will present detailed estimates of 
-ray

activities of the detector components based on spectra and rates measured with the

TPC and the NV.

The most important background in WIMP direct detection experiments are neu-

trons, which can produce elastic nuclear recoils that look exactly like WIMP inter-

actions. In DarkSide-50, we both actively suppress and measure the rate of neutron-

induced background events using the NV. The NV response was calibrated using two

radioactive neutron sources, 241Am13C and 241Am9Be. I will present the neutron veto

e�ciency based on this calibration data.
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Chapter 1

Introduction

According to recent astronomical observations, most of the energy budget of the

Universe is unknown: �27 % is dark matter and �69 % are inferred from its gravita-

tional e�ects such as the motions of visible matter, gravitational lensing, its in
uence

on the universe’s large-scale structure, and its e�ects on the Cosmic Microwave Back-

ground (CMB). The dark matter hypothesis plays a central role in current modeling

of cosmic structure formation, galaxy formation and evolution, and explanations of

the anisotropies observed in the CMB. All these pieces of evidence suggest that galax-

ies, clusters of galaxies, and the universe as a whole contain far more matter than

that observable via the electromagnetic spectrum.

Theoretical physicists have proposed several models and candidates for dark mat-

ter. One popular dark matter candidate is the weakly interacting massive particles [1].

Due to the extremely low interaction cross sections, dark matter experiments require

high sensitivity and very low background. In order to detect dark matter, experiments

must reduce background while maintaining sensitivity to a potential dark matter sig-

nal. This dissertation will focus on the study of the backgrounds of DarkSide-50 and

of the rejection e�ciency of the NV.
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1.1 Evidence for Dark Matter

1.1.1 Galaxy Rotation Curves

In 1993, Swiss astrophysicist Fritz Zwicky applied the virial theorem to the Coma

galaxy cluster and obtained evidence of unseen mass that he called \dunkle materie".

The mass of the cluster was estimated to be 400 times heavier than the visually observ-

able mass. Based on these observations, Zwicky suggested that some invisible matter

may provide the gravitational force required to hold the cluster together. Although

his estimate of dark matter density was o� by more than an order of magnitude, his

discovery was the �rst formal inference of the existence of dark matter [2].

The �rst robust indication of the existence of dark matter came from the measure-

ment of the galaxy rotation curves, which describe the rotational velocity of the stars

in a galaxy as a function of the object’s distance from the center. Near the center of

the galaxy, the rotation curve should rapidly increase due to the high matter density.

Further from the center, the rotation curve is expected to drop o� as 1/
p
R near the

edge of the galaxy [3]. This expectation does not match observations as shown for

the galaxy NGC 2974 in Figure 1.1: the data agree with the prediction based on the

gravitational contribution of stars and gas up to a radius of 12 kpc; at larger radii,

there is a large discrepancy, which can be explained by the existence of non-luminous

matter throughout the galaxy in form of a dark matter halo [4].

1.1.2 Galaxy Clusters and Gravitational Lensing

In the general theory of relativity, massive objects warp the local space-time struc-

ture, meaning the path of light can be signi�cantly de
ected in strong gravitational

�elds. This is the gravitational lensing e�ect, which can measure cluster masses

without relying on observations of dynamics. There are two types of lensing: strong

lensing produces multiple images or giant arcs near the cluster core, while weak lens-

2



1354 A. Weijmans et al.

Figure 17. Best-fitting models of a dark halo represented by a pseudo-
isothermal sphere. The top panel has a stellar M∗/LI of 2.34 M⊙/L⊙,I from
stellar population models, and the bottom panel has M∗/LI = 3.8 M⊙/L⊙,I

from the maximal disc model. The red dots are our observations from the
ionized gas (asymmetric drift corrected) and H I gas. The rotation curves
resulting from the potentials of the halo, stars and gas are plotted separately,
where the first two are unconvolved. The bold line denotes the fit to the data,
and is the convolved rotation curve resulting from the combined potential of
halo, stars and gas.

ρ0 = 19 M⊙ pc−3 and core radius rc = 2.3 arcsec = 0.23 kpc. The
second model with M∗/LI = 3.8 M⊙/L⊙,I provides a better fit
to the H I measurements, but has problems fitting the central part
of the rotation curve. The model has a lower central density ρ0 =
0.06 M⊙ pc−3 and larger core radius rc = 54 arcsec = 5.4 kpc. The
fit is worse than for the previous model, with χ2 = 133.

Fig. 18 shows the best-fitting models with an NFW dark halo.
This model fits the data less well than the pseudo-isothermal sphere:
for the model with M∗/LI = 2.34 M⊙/L⊙,I (top panel) we find a
minimal χ2 = 44 for 27 − 2 degrees of freedom. The corresponding
parameters of the density function are ρs = 1.1 M⊙ pc−3 and rs =
21 arcsec = 2.1 kpc. For M∗/LI = 3.8 M⊙/L⊙,I the fit is worse
(χ 2 = 144) but the outer part of the rotation curve is better fitted.
We find ρs = 1.1 × 10−3 M⊙ pc−3 and rs ≈ 1300 arcsec, which
corresponds to approximately 130 kpc.

Adopting H0 = 73 km s−1 Mpc−1, the critical density is given by
ρcrit = 3H2

0/8πG = 1.5 × 10−7 M⊙ pc−3. We calculate the concen-
tration parameter c, given that

ρs

ρcrit
= 200

3
c3

ln(1 + c) − c/(1 + c)
, (19)

and find c = 71 and 4.7 for the NFW profiles in the M∗/LI =
2.34 M⊙/L⊙,I and M∗/LI = 3.8 M⊙/L⊙,I models, respectively.
These values are quite deviant from the value that is expected from
cosmological simulations (c ∼ 10, Bullock et al. 2001). When fix-
ing c = 10 and fitting again an NFW halo to our observations with
M∗/LI and the scale radius as free parameters, we arrive at the
model shown in Fig. 19. We find M∗/LI = 3.3 M⊙/L⊙,I and
rs ≈ 380 arcsec ≈ 38 kpc, with a minimal χ2 value of 87 for

Figure 18. Same as Fig. 17, but now with a dark halo contribution given by
an NFW profile. The top panel has the stellar M∗/LI value from population
models (2.34 M⊙/L⊙,I ), and the bottom panel from the maximal disc model
(3.8 M⊙/L⊙,I ).

Figure 19. Best-fitting model of a dark halo with an NFW profile, with
a concentration parameter c = 10 as indicated by cosmological simulation.
This model has a stellar M/L of 3.3 M⊙/L⊙,I . The red dots are the observa-
tions, and the black bold line the fit to these observations. The contributions
of halo, stars and gas are plotted separately, where the first two curves are
unconvolved.

27 − 2 degrees of freedom. We regard this model as more real-
istic than the two other NFW profiles mentioned above, but since
also here the fit is not perfect, we cannot conclude that therefore
M∗/LI = 3.3 M⊙/L⊙,I is a better estimate for the stellar M/L in
NGC 2974, than the value from the stellar population models.

The results of the halo models discussed above are summarized
in Table 4.
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Figure 1.1: Observed rotational velocities of stars (red dots) in the galaxy NGC 2974
compared with prediction (black curves) accounting for gravitational contributions
from stars, gas, and dark matter halo (Figure from Ref. [4]).

ing is observed as small shape distortions around the outer regions. By measuring

the geometry of the distortion, one can reconstruct the mass of the intervening non-

luminous matter [5].

Additional observation evidence for dark matter comes from the Bullet Cluster

as shown in Figure 1.2. The image is a composite of optical data, X-ray data and

a reconstructed mass map of two galaxy clusters that have recently collided. The

X-ray emission from the intergalactic gas within each cluster is shown in red. It is

concentrated near the point of impact due to the electromagnetic interactions that

slowed down the gas. The mass density, reconstructed using lensing, is shown in blue

and appears alongside the galaxies not within the intra-cluster matter, suggesting the

existence of non-luminous matter with a very low self-interaction cross section.
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Figure 1.2: Optical, X-rays, and gravitational lensing images of cluster 1E 0657-558,
the \Bullet Cluster". In red is shown the X-ray image; in blue the gravitational
lensing image; and in bright colors the optical image (Figure from Ref. [6]). See for
discussion and interpretation.

1.1.3 Cosmic Microwave Background

The Cosmic Microwave Background is thermal radiation leftover from the separa-

tion of matter and radiation following the Big Bang. In 1964, a mysterious microwave

background was found when Arno Penzias and Robert Wilson, scientists from Bell

Lab, studied the noise in a radio-wave antenna receiver [7]. This background per-

sisted day and night and was isotropic in the sky. Penzias and Wilson determined the

background was not from human activities, such as radio broadcasting or radar, nor

the Earth, the sun or the Milky Way. Later on, it was attributed to be the thermal

radiation of the big bang, usually referred as the CMB. The two scientists, along with

Pyotr Leonidovich Kapitsa, were awarded The Nobel Prize in Physics in 1978 for the
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discovery of the CMB. This work is also recognized as one of the greatest scienti�c

discoveries in the twentieth century [8].

The CMB is well explained as radiation leftover from an early stage in the devel-

opment of the universe, and its discovery is considered a landmark test of the Big

Bang model of the universe. When the universe was young, before the formation of

stars and planets, it was in an extremely hot and dense state as it was con�ned in a

small region. As the universe expanded, the temperature and energies of the particles

decreased. When the temperature of the universe dropped to the magnitude of 1 eV to

10 eV, protons and electrons combined to form neutral hydrogen atoms. These atoms

could no longer absorb the thermal radiation, and so the universe became transpar-

ent. This period is referred to as the recombination epoch. This led to the decoupling

of photon from matter, as photons started to travel freely through space rather than

constantly being scattered by electrons and protons in plasma. The photons grew

fainter and less energetic, since the expansion of space caused their wavelength to

increase over time. This is the origin of the CMB, which we observe nowadays as

the background radiation in the microwave region with a temperature equivalent to

�2:7 K [9]. Figure. 1.3 shows the temperature map of CMB as determined by the

Planck mission [9].

As the energy density of the Universe continued to decreased, other forms of

matter came progressively out of thermal equilibrium with the rest of the universe.

Although the CMB is mostly isotropic, there are small anisotropies in its dis-

tribution, originating from the temperature 
uctuations in the early universe that

were in turn caused by under- and over-densities. An over-dense region can grow

by attracting more mass, but pressure from photons tends to resist the infall as the

radiation increases. Therefore, the anisotropy of CMB provides a direct view of the

early Universe at the time of decoupling and today many cosmological parameters,

5



Figure 1.3: Temperature map of the CMB as measured by the Planck mission (Figure
from Ref. [9]. The bright horizontal strip across the center is due the distortions from
the Doppler shift caused by Earth’s motion.

including the universe expansion rate and the baryonic and matter densities, can be

reconstructed from the measurement of the CMB anisotropy.

The variations in temperature shown in Figure 1.3 is be characterized by the an-

gular power spectrum of the CMB. This spectrum contains information about the

formation of the Universe and its content. The amplitude of the angular power

spectrum as a function of the multipole momenta l o�ers the best quantitative rep-

resentation of the anisotropies in the CMB [10]. Recent measurements of the CMB

power spectrum from the WMAP group are shown in Figure 1.4.

The angular power spectrum of CMB can be used to estimate many cosmological

parameters. Speci�cally, it allows us to determine the fraction of baryonic matter in

the universe. Some of the �t results of the �CDM cosmological model to the WMAP

data are listed in Table 1.1. Based on the 9-year results from WMAP, the baryonic

matter is estimated to be only �5 % of the total mass of the universe while cold dark

matter accounts for �27 % [10]. The rest is dominated by dark energy, which is still

not well understood. Recent from the Planck mission and other experiments are con-
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Figure 1.4: Angular power spectrum of CMB from the WMAP data (Figure from
Ref. [11]).

sistent with the WMAP measurements. The consistency between CMB measurement

campaigns is one of the most compelling piece of evidence for the existence of dark

matter in the Universe.

Table 1.1: A list of parameter values of the �CDM cosmological model �t to the
WMAP nine-year data [11].

Parameter Symbol Value Unit
Baryon density 
b 0:0463� 0:0024 -
Cold dark matter density 
c 0:233� 0:023 -
Dark energy density 
� 0:721� 0:025 -
Hubble constant H0 70:0� 2:2 km s�1 Mpc�1

Age of the universe t0 13:74� 0:11 Gyr

7



1.2 Dark Matter Candidates

The existence of dark matter plays a central role in current models of cosmic struc-

ture formation, galaxy formation, and evolution, even though the composition of dark

matter remains unknown. There are several potential dark matter candidates with

di�erent energy ranges and modes of interaction with the Standard Model, which

provide methods to detect dark matter particles experimentally.

Possible dark matter candidates include dense baryonic matter and non-baryonic

matter. The main baryonic candidate is the Massive Compact Halo Objects (Ma-

chos), which include brown dwarf stars, jupyters, and black holes. Candidates for

nonbaryonic dark matter are hypothetical particles such as axions or supersymmetric

particles [12].

Dark matter can be classi�ed as cold, warm or hot based on its velocity. In partic-

ular, Cold Dark Matter (CDM) particles are more easily trapped in the gravitational

potentials, and, as a result, they form more well-de�ned large scale structures. Warm

dark matter candidates, such as right-handed or sterile neutrinos, reduce the forma-

tion of too many small galaxies, which is the missing satellite problem in cold dark

matter theory [13]. Hot dark matter does not seem to be capable of supporting galaxy

or galaxy cluster formation [14]. In this dissertation, I will discuss some of the most

promising dark matter candidates.

1.2.1 Axions

The axion is a hypothetical elementary particle postulated by Peccei and Quinn

in 1977 to resolve the strong CP problem in Quantum ChromoDynamics (QCD).

According to QCD, there could be a violation of CP-symmetry in the strong interac-

tions [15]. In theory, a generic CP violation in the strongly interacting sector would

give the neutron an electric dipole moment on the order of 1018 while the experimen-
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tal upper bound is roughly one trillionth that size. This problem can be explained

by an e�ective Standard Model Lagrangian describing QCD interactions [16]:

LQCD = �1

4
Ga
��G

a�� +
X
r

�qar (i��D
b
a �mr�

b
a)qrb +

��

32�2
Ga
��

~Ga�� ; (1.1)

where Ga
�� is the gluon gauge tensor �eld, qar is a quark of charge r, 
avor a, mass

mr, and ��D is the gauge-invariant di�erential operator.

The �rst term in Equation. 1.1 describes the interactions between gluons, while

the second term represents the interactions of quarks with gluons. Both terms con-

serve CP 
avor, which has been con�rmed in highly precise particle physics experi-

ments [17]. Although the third term obeys the symmetries expected from QCD, it

indicates CP violation in QCD interactions. So far, the terms related with electro-

magnetic and weak interactions have been observed in nature, no experiment has

con�rmed any CP violation in the strong interaction.

Peccei and Quinn came up with a P-Q symmetry that is spontaneously broken

and leads to CP conservation. The axion is the pseudo Goldstone boson associated

with this symmetry [17].

The interactions of an axion �eld with others can be described as:

Laxion = �1

4
(ga

aF�� ~F �� + gaggaG

i
��

~Gi��); (1.2)

where F�� is the electromagnetic �eld strength tensor, ga

 is the coupling of the axion

to a pair of photons, and gagg is the axion coupling to a pair of gluons. Equation 1.2

allows three primary axion-photon interactions: axion decay (a ! 2
), photon-to-

axion coalescence (2
 ! a), and Primako� conversion (a $ 
) [18]. Since it is

possible for the axion to couple with photons in a strong electromagnetic �eld, axion

becomes a potential dark matter candidate.
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The mass of the axion (ma) is predicted to depend on a single parameter f :

ma �
106 GeV

f
eV; (1.3)

The value of f , as well as the mass of the axion, is mainly constrained by cos-

mological parameters. The observed white-dwarf density of the galaxy and limits on

its cooling time set the limit: f > 109 GeV, which gives an upper limit for the mass

of the axion as ma < 3� 10�2 eV. A lower bound on the axion mass comes from

cosmological density, 
a � f/1012 GeV. The requirement that 
a < 1 then gives: ma

> 10�5 eV. As as result, the mass of the axion is on the �eV-meV scale [19].

1.2.2 Sterile Neutrino

There are three known 
avors of neutrino in Standard Model: electron neutrino

(�e), muon neutrino (��) and tau neutrino (�� ). Neutrino does not carry any charge,

thus it is not a�ected by the electromagnetic force. Neutrino interacts via the weak

force and is therefore di�cult to detect. Although neutrino is predicted to be massless

in the Standard Model, measurements of the neutrino oscillation demonstrate that

neutrino has a very light mass, with an upper limit of 0:5 eV. Experimental results

show that all produced and observed neutrinos have left-handed helicities (spins an-

tiparallel to momenta), while all antineutrinos have right-handed helicities. A sterile

neutrino could be either a fourth 
avor of neutrino that does not couple with any

other known leptons, or a right-handed neutrino [15].

The existence of the right-handed neutrino can potentially lead to the Dirac-type

neutrino mass term. Besides this mechanism, it is possible to have Majorana mass

term since the neutrino does not carry charge [13]. The right-handed neutrino is

not in
uenced by the strong, electromagnetic, or weak interactions, which indicates

its existence in the early epoch of the Universe. When the right-handed neutrino
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decouples at relatively high temperature (T ), their number density as a function of

T 3 is ten times smaller than that of the standard neutrino. Therefore, the mass of

the right-handed neutrino is on the order of 900h2 eV, which is in the range of warm

dark matter candidate [20]. Here h = H0/(100 km s�1 Mpc�1) where H0 is the Hubble

constant.

1.2.3 Weakly Interacting Massive Particles

Weakly Interacting Massive Particles (WIMPs) arise from the idea that obtaining

the correct abundance of dark matter today via thermal production requires a self-

annihilation cross section of < �A� >’ 3� 10�26 cm3 s�1 [21], which is expected for a

new particle at the level of GeV to TeV mass range that interacts via the electroweak

force. Supersymmetry, an extension to the Standard Model, also predicts a new

particle with these properties [21].

Supersymmetry was introduced to solve a number of independent problems in

particle physics, for instance the hierarchy problem, the �ne tuning problem and

uni�cation of the fundamental forces [22]. It proposed a type of spacetime symmetry

that relates two basic classes of elementary particles: bosons, which have an integer-

valued spin, and fermions, which have a half-integer spin. Each particle from one

group is associated with a particle from the other, known as its superpartner, the spin

of which di�ers by a half-integer. Besides this, supersymmetry adds an additional

discrete symmetry, R-parity, to the Standard Model. The interactions among particles

conserve this value. Due to energy conservation, particles can only decay into other

particles with equal or smaller mass. Therefore the Lightest Supersymmetric Particle

(LSP) predicted by supersymmetry must be stable. Since LSP only interacts with

the Standard Model particles via gravitational and weak interactions, it is a WIMP

as a potential candidate for dark matter [23].
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The time evolution of the number density (n�) of WIMPs (denoted �), can be

characterized as:

dn�
dt

+ 3Hn� = � < �A� > [(n�)2 � (neq
� )2]; (1.4)

where H=_a/a is the Hubble expansion rate, a is the scale factor of the Universe, and

the dot denotes derivative with respect to time. neq
� is the number density of WIMPs

at equilibrium state. The second term on the left side represents the expansion of the

universe. The �rst term in the brackets on the right side accounts for the depletion of

WIMPs due to annihilation, and the second term arises from the creation of WIMPs

from the inverse reaction [24].

Equation 1.4 can be approximately solved based on the assumptions of entropy

conservation across the evolution of the Universe. At early Universe (T � m�, where

m� is the mass of �), H / T 2, while n� / T 3, so the number density of �’s drops more

drastically than the expansion rate. Therefore, 3Hn� from Equation. 1.4 is negligible

and the number density tracks its equilibrium abundance. At that time, �’s are

rapidly converting to lighter particles and vice versa. While at late times (T � m�),

the expansion rate dominates and the term on the right size of Equation 1.4 becomes

negligible, which indicates that the abundance of �’s remains unchanged [24].

The current dark matter density (
�) can be calculated using the present entropy

density (�4000 cm�3) and the critical density today (�crit�10�5h2 GeV cm�3, where

h = H0/(100 km s�1 Mpc�1) [25]. The relation is denoted as:


�h
2 =

m�n�
�crit

’ 3� 10�27 cm3 s�1= < �A� > : (1.5)

The result is independent of the mass of the WIMP and is inversely proportional to

its annihilation cross section. Figure. 1.5 shows the annihilation cross section < �A� >

to produce the present dark matter density is estimated to be 2:2� 10�26 cm3 s�1
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Figure 1.5: Cosmological WIMP abundance as a function of x = m=T . The evolution
of the equilibrium abundance (solid black) is calculated based on the WIMP mass (m)
of 100 GeV c�2. With that WIMP mass, the WIMP annihilation cross section < �� >
here includes weak interaction (dashed red), electromagnetic interaction (dot-dashed
green), and strong interaction (dotted blue). For the weak interaction, the WIMP
mass dependence for m =103 GeV c�2 (upper dashed red) and m =103 GeV c�2 (lower
dashed red) are plotted here (Figure from Ref. [24]).

for WIMP mass from 10 GeV c�2 up to 10 TeV c�2, and the value is approximately

5� 10�26 cm3 s�1 for WIMP mass below 1 GeV c�2. The QCD transition in the Uni-

verse when the temperature was at the QCD scale (0:1-1 GeV c�2) results in the drop

between 1 GeV c�2 and 10 GeV c�2 WIMP mass [26].
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1.3 WIMP Dark Matter Detection

So far, I have gone through some of the potential dark matter candidates. WIMPs

are particularly well motivated due to the WIMP miracle. Since WIMPs have a low

interaction cross section, they are extremely di�cult to detect. However, WIMPs are

predicted to have a non-zero coupling to baryons and could be detected with existing

or developing technologies. There are many experiments underway to detect WIMPs

both directly and indirectly.

1.3.1 WIMP Event Rate

Dark matter particles may interact with the atoms of the target in the detectors.

The characteristics of WIMP interaction can be represented by the WIMP-nucleus

di�erential cross section, which is derived from the Lagrangian that describes the

interaction of WIMP with the Standard Model. The di�erential rate for the scattering

can be expressed as:

dR

dER
= NT

�dm

m�

Z 1
�min

d~�f(~�)�
d�

dER
; (1.6)

where NT is the number of target nuclei, �dm is the local dark matter density in the

galactic halo, m� is the WIMP mass, ~� and f(~�) are the WIMP velocity and velocity

distribution function in the Earth frame and d�=dER is the WIMP-nucleus di�erential

cross section. The nuclear recoil energy (ER) is equal to �2
N�

2(1�cos�)=mN , where � is

the scattering angle in the center-of-mass frame, mN is the mass of target nucleus and

�N is the WIMP-nucleus reduced mass. The minimum velocity �min is
p
mNEth=2�2

N ,

where Eth is the energy threshold of the detector [1].

The integral of the di�erential event rate over all possible recoil energies gives the

total event rate with a unit of per kilogram per day is:

R =

Z 1
Eth

dERNT
�dm

m�

Z 1
�min

d~�f(~�)�
d�

dER
; (1.7)
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In general, the di�erential cross section is the combination of a Spin-Independent

(SI) and a Spin-Dependent (SD) component:

d�

dER
=
� d�

dER

�
SI

+
� d�

dER

�
SD
; (1.8)

=
mN

2�2
N�

2
(�SI

0 F
2
SI(ER) + �SD

0 F 2
SD(ER)); (1.9)

where �SI,SD
0 are cross sections with zero momentum transfer [26]. The form fac-

tor, F (ER) dependent on the momentum transfer (q =
p

2mNER), accounts for the

coherence loss, which decreases the event rate for heavy WIMPs or nuclei.

The cross section from SD part is contributed by the interactions of WIMP with

the quark axial current. The SI cross section originates from the coupling of the

WIMP with particles in the Standard Model. The SI component is proportional to

the square of the mass of nucleus (A2). Although both the SI and SD components

are important, the SI cross section usually dominates for heavy targets (A>20). This

leads to the dark matter experiments based on targets such as silicon, germanium,

xenon, or iodine. For a heavier target nuclei, the WIMP di�erential event rate de-

creases more rapidly as the nuclear recoil energy increase [26].

In the standard halo model, the expression for the WIMP di�erential event rate

can be simpli�ed as:

dR

dER
�
� dR
dER

�
0
F 2(ER)e�

ER
Ec ; (1.10)

where
�

dR
dER

�
0

is the event rate in the E ! 0 limit. The characteristic energy scale

is given by Ec = (c12�2
N�

2
c )=mN where c1 is a parameter of order unity that depends

on the target nuclei. If the WIMP mass is much smaller than the target nuclei,

m� � mN , then Ec / m2
�=mN . If the WIMP mass is much larger than the target

nuclei, then Ec / mN . The total nuclear recoil rate is proportional to the WIMP

number density, which varies as 1=m� [27].
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The dependence of the di�erential event rate on the WIMP and target mass leads

to some considerations for the experiments. As the cross section �xed, in order to

detect heavy WIMPs, a larger target mass is necessary since the total event rate relies

on it. For very light WIMPs, the event rate above the detector threshold energy, Eth,

may be small due to the rapid decrease of the energy spectrum with increasing recoil

energy. If the WIMP is light, < O(10 GeV c�2), a detector with a low, < O(keV),

threshold energy will be required [26].

1.3.2 Direct WIMP Search

The expected WIMP interaction rate varies for di�erent target materials. As shown

in Figure 1.6, the total WIMP interaction rate for Xe and Ar varies in di�erent energy

regions. Heavy WIMPs are more likely to produce high energy nuclear recoils, but

the total interaction rate is suppressed by the low WIMP 
ux. On the contrary, light

WIMPs may produce very high nuclear recoil rates but they are concentrated in the

low energy regions; as a result, an argon-based detector with a typical nuclear recoil

energy threshold above �20 keV would essentially have no sensitivity to �10 GeV c�2

light WIMPs [26].

Compared with the extremely low WIMP interaction rate, the cosmic ray back-

ground and environmental radioactivity background are enormous. It is necessary

to e�ectively suppress the background sources in order to make the dark matter ex-

periment feasible. In direct WIMP detection experiment, the main challenge is to

suppress and measure the background. The main background sources are 
-rays and

Cherenkov radiation from radioactive decays in the detector’s construction materi-

als, neutrons from (�,n) and �ssion reactions from radioactive contaminants of the

detector materials, and radioactive isotopes residual in the target medium.

Current detectors commonly deploy large water shields, which e�ectively re-

duce cosmic rays, radioactive sources from the surrounding environment, and
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Figure 1.6: Di�erential event rate of a 100 GeV c�2 WIMP with a cross section of
10�45 cm2 in target elements, tungsten (green), xenon (black), iodine (magenta), ger-
manium (red), argon (blue), and sodium (grey) (Figure from Ref. [27]).

muon-induced neutrons by acting as a MV detector. With the water shield, the

underground 
-rays and radiogenic neutron 
ux can be reduced by a factor of

106 [28]. The (�,n) and �ssion neutrons generated via 238U, 235U, and 232Th decays

in the detector materials, which are close to the target, dominate the sources of

background. The neutron energy spectra and yields are calculated using the source
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activity of 238U, 235U, and 232Th in each material and the exact composition of these

materials. The neutrons that are di�cult to distinguish from a potential WIMP

signal are evaluated by simulating them in the detector materials and scaling by the

corresponding rate.

In liquid noble gas detectors, some residual radioactive noble isotopes, such as

136Xe, 39Ar, 85Kr, and 222Rn, in the WIMP target medium, can potentially increase

the background for dark matter detectors. For example, ton-scale experiments, like

XENON1t, trying to reach the WIMP-nucleon cross section down to 10�47 cm2 level,

require purity levels of � 1 ppt in natural krypton and � 1 µBq kg�1 radon. On that

level, the background rates from external sources must drop below 1 event per tonne

of target material per year in XENON1t [1].

The dark matter experiments based on liquid noble elements, such as xenon and

argon, have proven the capability of operating at low background while maintaining

high detection e�ciency. Since Liquid Xenon (LXe) and Liquid Argon (LAr) are

excellent scintillators, the scintillation and ionization signals provide the separation

of the incident particles in the detector. In particle, the ratio of the ionization to

scintillation signals can e�ectively distinguish Nuclear Recoil (NR) from Electron

Recoil (ER) events. Besides that, the position of an interaction can be reconstructed

with precisions up to sub-mm in the z direction and mm in the x-y direction. These

features of LXe and LAr along with the capability of scale up to large detectors make

them ideal and powerful target medium for the WIMP search. Table 1.2 summarizes

some basic properties of xenon and argon. Since xenon is a heavier element, its high

liquid density is useful to design a compact detector with e�cient self-shielding. It

is relatively more expensive to obtain xenon than argon since the fraction of xenon

is very low in the atmosphere [29]. In the contrary, the activity of the 39Ar, a �

decay emitter, in the atmospheric argon is estimated to be 1 Bq kg�1. Therefore the

depletion of 39Ar by distillation or extracting from underground argon is necessary.
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So far, a depletion factor of (1:4� 0:2)� 103 has been achieved by DarkSide-50 using

argon extracted from underground mine [30].

Table 1.2: Physical properties of the noble elements Xe and Ar (Table from Ref. [1]).

Property [unit] Xe Ar
Atomic number 54 18
Mean atomic weight 131.3 40.0
Boiling point Tb at 1 atm [K] 165.0 87.3
Melting point Tm at 1 atm [K] 161.4 83.8
Gas density at 1 atm and 298 K [g l�1] 5.40 1.63
Gas density at 1 atm and Tb [g l�1] 9.99 5.77
Liquid density at Tb [g cm�3] 2.94 1.40
Dielectric constant of liquid 1.95 1.51
Volume fraction in Earth’s atmosphere [ppm] 0.09 9340
Radioactive isotopes 136Xe 39Ar

So far, the most stringent limits for spin-independent WIMP-nucleon couplings

come from the dual-phase LXe experiments XENON [31] and LUX [32]. XENON1T

is a dual-phase xenon TPC with total (active) mass of 3:3 t (� 2 t) operating at LNGS

in Italy. The active LXe volume is viewed by 248 Hamamatsu R11410-21 3" Photo-

Multiplier Tubes (PMTs), arranged in two arrays. The PMTs simultaneously detect

the Xe scintillation light (S1) at the few keVee level (keV electron equivalent) at the

bottom and top array and ionization (S2) at the single electron level at the top array,

induced by particles interacting in the xenon volume. The additional �1200 kg of the

same high-purity LXe, optically separated from the target volume, is instrumented as

a veto shield against background events. The ratio of S2 to S1 produced by a WIMP

(or neutron) interaction is di�erent from that produced by an electromagnetic inter-

action, allowing a rejection of the majority of the �/
 background with an e�ciency

around 99:6 % at 50 % nuclear recoil acceptance. In order to remove the intrinsic

contaminants from the xenon, a careful screening and selection campaign for all the

detector construction materials, especially those in close proximity to the xenon tar-

get, was deployed along with powerful puri�cation techniques. The external 
-rays
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and neutrons from the muon and laboratory environment are reduced to negligible

level by operating the experiment deep underground at LNGS and also by placing

the detector inside a 4 m thick water shield, contained in a stainless steel tank [31].

From November 22, 2016 to January 18, 2017, the XENON1T took 34.2

live-days of blind dark matter search data. The natKr concentration in LXe

was reduced to 0:36� 0:06 ppt by the end of the run with the help of cryo-

genic distillation. Some other radioactive isotopes like 214Pb and 222Rn were

at the level of (0.8-1.9)�10�4 events/(kg�day�keVee) (214Pb) and reduced by

�20% (222Rn) respectively. In summary, the electronic recoil background was

(1:93� 0:25)�10�4 events/(kg�day�keVee), the lowest ever achieved background

level, in the 5-40 keVnr WIMP dark matter energy range. The nuclear recoils

backgrounds includes (0:05� 0:01) events from radiogenic neutrons, �0.02 coherent

neutrino-nucleus scattering events while the cosmogenic neutrons at the negligible

level. XENON1T also set the most stringent exclusion limits on the spin-independent

WIMP-nucleon interaction cross section for WIMP masses above 10 GeV c�2, with a

minimum of 7:7� 10�47 cm2 for 35 GeV c�2 WIMPs at 90% con�dence level [33].

The large Underground Xenon (LUX) experiment is a 370 kg (250 kg) total (active)

mass LXe TPC in a water Cherenkov shield operated 4850 feet below ground at the

Stanford Underground Research Facility (SURF) in Lead, South Dakota, USA. The

TPC is 47 cm in diameter and 48 cm in height, viewed by two arrays of 61 PMTs

that one array is in the liquid and the other one is in the gas region. The resolution

of (x,y) position for small S2 signals (such as those in the WIMP search region in

terms of both energy and �ducial volume) is 4 mm to 6 mm, and even better at higher

energies. Recent results from LUX includes 332.0 live-days dark matter search data

taken from September 11, 2014 to May 2, 2016. The ER background includes compton

scattering of 
-rays from radioactive materials in the detector and � decays from 85Kr

and 222Rn residual in LXe. The NR background comes from neutrons generated by
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detector components and cosmic muons, and coherent elastic nuclear scattering of

8B solar neutrinos. The multiple scatter neutron event rates are much higher than

the single scatter events, which have been estimated through radioactivity screening

data and simulations. The calibration data taken with dedicated 83mKr and d-d

neutron gun were used to understand and develop analysis algorithm during the initial

analysis of the �rst low-background operation of the instrument. At a WIMP mass of

50 GeV c�2, the WIMP-nucleon spin-independent cross sections above 2:2� 10�46 cm2

are excluded at the 90% con�dence level [32].

Besides the dark matter detection experiments based on xenon, there are some

collaborations using argon as a target of dark matter experiment. DarkSide-50 is

a dual-phase argon detector with 46:4 kg (33 kg) active (�ducial) mass, viewed by

38 Hamamatsu R11065 3" PMTs. The TPC is surrounded by a 30 t boron loaded

liquid scintillator NV and both detectors are deployed in the Borexino Counting Test

Facility (CTF), a 1 kt MV at LNGS. The collaboration has published blind analysis

results with 532.4 live-days of dark matter search data taken from August 2, 2015

to October 4, 2017, indicating no evidence of dark matter in the selection region.

The Single-PhotoElectron (SPE) response of PMTs in the detector are measured by

the insertion of laser pulses via optical �bers. The S1 light yield is measured with

83mKr injected into the argon circulation system. The null-�eld Underground Argon

(UAr) photoelectron yield at the TPC center, at the 83mKr peak energy of 41:5 keV

is 8:0� 0:2 PE keV�1 (PE means PhotoElectron) and this value was stable within

�0.4% during the data taking period [34].

Another experiment using argon as the detection medium is Dark matter Experi-

ment using Argon Pulse-shape discrimination (DEAP-3600), which has collected and

published results from 4.4 live-days dark matter search data. It is located 2 km un-

derground at SNOLAB in Sudbury, Ontario, Canada. The spherical acrylic vessel

cryostat is viewed by 255 Hamamatsu R5912-HQE PMTs operated near room tem-
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perature [35]. Di�ering from other dark matter experiments, DEAP-3600 uses 2"

thick ultraclean acrylic vessel with inner radius of 85 cm as the primary containment

for the 3:6 t of liquid argon. The background in DEAP-3600 comes from � activity,

neutrons, 39Ar decay and other ER interactions. The sources of � decays are 222Rn,

218Po and 214Po, which are identi�ed with an activity of 1:8� 10�1 µBq kg�1. The

radiogenic neutrons are mainly generated from the radioactive sources, 232Th and

238U, in PMTs. As expected, there is no existence of those neutrons seen in the 4.4

live-days data. DEAP-3600 also has achieved stable light yield of 7:36 PE keV�1 and

demonstrated better PSD that has leakage probability less than 1:2� 10�7 at 90% NR

acceptance in the energy region [16,33] KeVee. DEAP-3600 set the spin-independent

WIMP-nucleon cross section limit in LAr of 1:2� 10�44 cm2 for a 100 GeV c�2 WIMP

(90% C.L.) [36].

Figure 1.7: Spin-independent WIMP-nucleon cross section 90% C.L. exclusion plot
based on results from DarkSide-50, LUX, XENON1T, DEAP-3600 and projected
sensitivities of future experiments (Plot from Ref. [34]).
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Chapter 2

The DarkSide-50 Experiment

DarkSide-50, a direct search for dark matter, is operating at the underground Labo-

ratori Nazionali del Gran Sasso (LNGS) and searching for rare nuclear recoils possibly

induced by WIMPs. The DarkSide-50 detector, as shown in Figure 2.1, is a dual-

phase LAr TPC with a 46:4� 0:7 kg active target mass. The TPC is viewed by two

arrays of low-radioactivity PMTs to detect photons induced by particle interactions

in the argon. The TPC is placed inside a 4 m diameter stainless steel sphere that

is �lled with 30 t boron-loaded organic liquid scintillator acting as a NV. The NV

is installed at the center of a steel cylinder, which is 11 m in diameter and 10 m in

height. This vessel is �lled with 1000 t of highly puri�ed water, referred as MV. This

detector can detect Cherenkov light produced by cosmic rays, especially muons.

2.1 TPC Detector

The DarkSide-50 TPC in Figure 2.2 is contained in a cylindrical cryostat that

is supported at the center of the NV on a set of leveling rods. The TPC is �lled

with a total (active) mass of 150 kg (46:4 kg) LAr as the target material. The active

volume of LAr is surrounded by Te
on re
ector around the sides along with fused

silica windows on the top and bottom. The cylindrical wall is a 2:54 cm thick te
on
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Figure 2.1: Artist rendering of the DarkSide-50 detector.

re
ector, as shown in Figure 2.3. Both the te
on re
ector and fused silica windows

are coated with a wavelength shifter, TetraPhenyl Butadiene (TPB), that absorbs

the 128 nm scintillation photons emitted by LAr and re-emits visible photons with

a peak wavelength of 420 nm that are re
ected, transmitted and detected with high

e�ciency. The fused silica anode window has a cylindrical rim extending downward

to form the \diving bell" that holds a 1 cm thick gas layer of the TPC, produced by
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boiling argon within the cryostat (outside the TPC active volume) and delivering the

gas to the diving bell. The gas then leaves the bell via a bubbler that maintains the

LAr/gas interface at the desired height [37].

Figure 2.2: DarkSide-50 LAr TPC.

The active LAr is viewed by a total of 38 low-background, high quantum e�ciency

Hamamatsu R11065 3" PMTs, 19 on the top and 19 at the bottom. The average

quantum e�ciency of the PMTs at room temperature is 34 % at 420 nm. These

PMTs are submerged in LAr and view the active LAr through fused silica windows.

The windows are coated with 15 nm thick Indium Tin Oxide (ITO), a transparent

conductor that allows the inner window faces to serve as the grounded anode (top)
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and cathode (bottom) set at High Voltage (HV) of the TPC while maintaining their

outer faces at the average PMT photocathode potential. When the PMTs are hit by

an incident photon, an electron can be generated via the photoelectric interactions.

The electron is accelerated under electric �eld applied between the photocathode

and the dynode. Once the fast moving electron strikes the dynode, it generates

multiple electrons. This process is repeated multiple times on the dynodes inside the

TPC. This cascade process produces electrons exponentially, until �nally the resulting

current is collected through the readout cable. This collected signal is digitized and

processed by dedicated electronic circuits. The total charge is the integral of the

current collected in the electronic systems over the duration of the pulse. In order to

get the number of photons that hit the photocathode of the PMTs, the total collected

charge is normalized by the charge of the SPE. A loss of photons is due to the limited

collection e�ciency of the PMTs, which is reported by Hamamatsu to be �85 %.

Besides that, residual gases inside the PMTs can result in the production of other

ionizations moving towards the dynode and ampli�ed by the dynodes. This signal

ranges from 1 to a few PE’s with a characteristic time delay after the initial signal.

These delayed signals, referred as afterpulses, generally happen on a time scale of

10 ns to 20 µs.

The electron drift system consists of the ITO cathode and anode planes, a �eld

cage, and a grid, as shown in Figure 2.4, that separates the drift and electron extrac-

tion regions. The grid, 5 mm below the liquid surface, is a hexagonal mesh etched

from a 50 µm-thick stainless steel foil and has an optical transparency of 95% at

normal incidence. Electric �eld is applied between the cathode and grid to verti-

cally drift the ionization electrons upwards. In order to keep the drift �eld uniform

throughout the entire active volume, copper rings as shown in Figure 2.3 are installed

at graded potentials outside the cylindrical te
on wall. An independently adjustable

potential between the grid and anode creates the �eld that extracts the electrons
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Figure 2.3: Left: Te
on wall of DarkSide-50 TPC. Right: Copper rings along with
the resistors outside te
on wall.

into the gaseous argon and accelerates them to create a secondary scintillation signal.

Over the regular Underground Argon (UAr) data campaign, the electric �eld is set

as 200 V cm�1, which results in a maximum drift time of 373 µs and drift speed of

(0:93� 0:01) mm µs�1.

Figure 2.4: Left: Bottom TPC PMT array after being coated with ITO. Right: Mesh
grid to be installed between liquid and gaseous argon in TPC.
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2.1.1 Scintillation and Ionization

The goal of the DarkSide-50 TPC is to detect the signal from possible WIMP-

nucleon interactions. If WIMPs exist, they are expected to collide with nuclei and

produce recoil atoms with kinetic energy up to a few tens of keV. The argon atoms

may lose a fraction of their energy by scattering o� other argon atoms through the

detector. Some of these recoiling nuclei have too little energy to scintillate and dissi-

pate the kinetic energy as heat. Meanwhile some percentages of these recoiling argon

nuclei can slow down and potentially scintillate through the same process as the orig-

inal recoil nuclei. The remaining fraction of initial energy from the recoiling argon

nuclei can ionize and excite the nearby argon atoms, which become ionizations and

excitons.

As the energy of the recoiling argon is larger enough, it is possible to excite an

electron in the argon exciton to a higher energy state, which leaves a vacancy in the

orbit of the exciton. The exciton can then combine with another ground state argon

atom nearby to form a Ar�2 dimer [38]. However, the dimer is not stable and decays

to the ground state by emitting a photon with a wavelength of 128 nm. The whole

process can be described as:

Ar� + Ar ��! Ar�2; (2.1)

Ar�2 ��! 2 Ar + 
; (2.2)

In addition, an argon ionization can also form a dimer with a nearby ground state

argon atom by sharing one valence electron of the atom. The charged dimer can

combine with a free electron that escapes from a nearby argon atom. As a result of

this recombination process, the dimer then divides into a doubly excited atom and a

ground state atom. The doubly excited atom eventually decay to the ground state
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after going through a single excited state and exciton, as described:

Ar+ + Ar!Ar+
2 ; (2.3)

Ar+
2 + e�!Ar�� + Ar; (2.4)

Ar��!Ar� + heat; (2.5)

Ar� + Ar!Ar�2; (2.6)

Ar�2!2 Ar + 
; (2.7)

The recombination probability depends on the fraction of an electron absorbed

by the Ar+
2 dimer and the density of ionizations in the LAr. The probability can

drastically drop below 1 when the magnitude of the electric �eld increases, which can

force the electrons to travel upwards before the recombination occurs [39].

As one of the products from the processes that the argon exciton and ionization

form the dimer, the dimer can end up in the singly excited state with a bound electron

orbiting around the Ar+
2 core. Both the Ar+

2 core and the bound electron have a spin

of 1/2. There are four di�erent possible spin combinations due to the variations of

the spin directions.

singlet

�
1p
2
(j "#i � j #"i) (2.8)

triplet

8>>>>>><>>>>>>:
j ""i

1p
2
(j "#i+ j #"i)

j ##i

(2.9)

The decay from the singlet state to the ground state occurs within a timescale of

�6 ns [40] due to the same spin of 0. However, the decay of the triplet state, with a

total spin of 1, lasts much longer (�1:5 µs [40]) because the transition is limited by
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the conservation of angular momentum. Both decay processes are accompanied with

the emission of 128-nm scintillation photons [40].

The di�erent methods that argon exciton and ionization form dimers lead to dif-

ferent probabilities for both channels to form singlet and triplet states. In general, the

ratio of exciton to ionization in LAr is �0:21 for ER and �1 for NR [37]. The relative

population of the fast (singlet) and slow (triplet) components is strongly correlated

with the ionization density and hence the nature of the primary ionization particle

and the deposited energy. Speci�cally, the non-unitary recombination probability

decreases with the number of ionizations that eventually produce photons, while it

increases with the ionization density. The typical fraction of the scintillation light in

the fast component is �0:7 for the heavily-ionizing nuclear recoil events, and �0:3

for �/
 events - this is the basis of Pulse Shape Discrimination (PSD) [41].

In a dual-phase TPC, ionizing events in the active volume of the TPC result in

a prompt scintillation signal referred as \S1". The ionization electrons that escape

recombination drift upwards in the LAr under the application of a uniform electric

�eld. Once the electrons reach the surface of the LAr, a much larger electric �eld

extracts the electrons fully into the gaseous argon phase between the LAr surface

and the TPC anode. The electric �eld in the gas is large enough to accelerate the

electrons so that they excite the argon, resulting in a secondary photons, \S2", that

is proportional to the collected ionization. The S2 signals are detected by the top

PMTs as a delayed coincidence relative to S1. The drift time of the electrons give

the vertical position to sub-millimeter precision [42]. Since S2 production occurs very

close to the top PMTs, the signal distribution will be strongly disuniform and can be

used to locate the ionization event in the horizontal plane with precision to <1 cm.

Therefore, the TPC provides the complete 3D-position information for the event. In

this mechanism of a dual phase TPC, an event is detected by observing both the

scintillation photons and the free electrons [43].
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Besides the powerful discrimination of S2/S1 ratio, it is also possible to separate

the ER and NR by the time pro�le of LAr scintillation pulses, which is the PSD

technique as mentioned above. f90, a common parameter as shown in Figure 2.5,

identi�es the fraction of the scintillation light that occurs in the �rst 90 ns of the

scintillation pulse. The di�erence of the decay time of the singlet and triplet state

dimers leads to the development of the f90 parameter. Within 90 ns, basically all

of the singlet dimers have decayed while only few of the triplets have done so. The

combination of the S2/S1 ratio and f90 has excellent discrimination power for ER and

NR events, as shown in Figure 2.6.
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Figure 2.5: Distribution of events in the f90 vs S1 plane surviving all cuts in the energy
region of interest. Shaded blue with solid blue outline is the WIMP search region.
The red curves with red cross points are derived from the SCENE measurements of
NR acceptance (Plot from Ref. [37]).

2.1.2 39Ar Background

Argon-based dark matter experiment must confront the presence of 39Ar. In the

atmosphere, 39Ar is mostly produced when a cosmogenic neutron interacts with an
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Figure 2.6: Combined discrimination power from S2/S1 and f90 to distinguish ER
(f90 � 0:3) from NR (f90 � 0:75) (Plot from Ref. [37]).

40Ar target and knocks out two neutrons as follows:

40Ar + n ��! 39Ar + 2n: (2.10)

The 39Ar isotope is a � emitter with an endpoint energy of 565 keV and half-life

of 268 yr [44]. 39Ar can decay as follows:

39Ar ��! 39K + e� + ��e: (2.11)

39Ar is present with an activity of (1:01� 0:02) Bq kg�1 in commercial argon

extracted from the atmosphere [44]. The corresponding isotope abundance ratio of

39Ar to 40Ar is (8:0� 0:6)� 10�16 [44].

Although the relative 39Ar abundance is small, the background from 39Ar decay

in a large scale detector �lled with Atmospheric Argon (AAr) can be enormous. In

the �rst commissioning runs of DarkSide-50, AAr was used, which contained a large
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fraction of background from 39Ar decays, as indicated by the black curve shown in

Figure 2.7. The 39Ar decay rate in 1 t of atmospheric argon is approximately 3� 1010

in one year. Compared with 39Ar rate, the expected WIMP induced signal rate is

at the level of 10 t�1 yr�1 above a 20 keV energy threshold, assuming that the dark

matter density of �0:3 GeV m�2 in the Earth’s neighborhood can be attributed to

100 GeV c�2 mass WIMPs, and the estimation of the WIMP-nucleon elastic scattering

cross section is 10�45 cm2. It leads to the ratio of signal to background close to 10�10,

which is a big challenge for argon-based direct dark matter searches [45].
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Figure 2.7: S1 spectra from single-scatter events in AAr (black) and UAr (blue) data
taken with 200 V cm�1. The 85Kr (green) and 39Ar (orange) levels come from a MC
�t (Plot from Ref. [30]).

In addition, it is important for the argon-based detector to scale to large mass as

required by modern dark matter search. However, the 39Ar activity in the atmospheric

argon restricts the size of the detector. An ionization electrons travel with the velocity

of a few millimeters per microsecond. The drift time in a ton scale detector (�1 m

dimension) is estimated to be �500 µs [46]. With an 39Ar activity of �1 Bq kg�1, the
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expected 39Ar rate would be �1000 Hz, which means one or more 39Ar decay signals

are present within �50 % of the �500 µs electron drift windows.

Besides the AAr, 40Ar can be found underground as a result of 40K decay, which

exists along with 39K. 39K can produce 39Ar via the 39K(n,p)39Ar interaction with

neutrons emitted from uranium and thorium chains in the surrounding rocks un-

derground. Although there is still trace of 39Ar underground, the concentration is

signi�cantly lower than that in the atmosphere [47]. Therefore, the AAr was replaced

with UAr in DarkSide-50. The 39Ar activity of the UAr was �rst measured in 2011

using a small detector at the KURF underground laboratory, which set an upper limit

of 6:6 mBq kg�1, or factor 150 reduction compared to 39Ar activity in atmospheric ar-

gon. After puri�cation, the 39Ar activity in UAr was reduced to 0:73� 0:11 mBq kg�1

as shown in the energy spectrum (the blue curve) in Figure 2.7. The 39Ar activity in

UAr corresponds to a reduction by a factor of (1:4� 0:2)� 103 relative to AAr [30].

2.2 Outer Detector

2.2.1 Liquid Scintillator Detector

The DarkSide-50 TPC is immersed inside the NV, as shown in Figure 2.8. The NV

is a 4 m in diameter stainless steel sphere �lled with 30 t of boron-loaded liquid scin-

tillator. The NV is viewed by 110 Hamamatsu R5912 8" PMTs, which are mounted

on the inner surface of the sphere. The sphere is covered with Lumirror, a re
ecting

foil used to increase the light collection e�ciency. Since the TPC is fully surrounded

by the NV, the 
-rays and neutrons that leave prompt signals in the NV after scat-

tering in the TPC are highly likely to be vetoed, and that helps us understand the

coincidence backgrounds in DarkSide-50.

The need for the NV is motivated by the di�culty of separating neutrons from

WIMP-nucleon interactions, which are indistinguishable in the TPC even with the
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Figure 2.8: Inside view of the NV with the TPC cryostat in the center, suspended by
three adjustable support rods.

help of PSD and the S2/S1 ratio. The NV is composed of a volume of material

with a high neutron interaction cross section so that neutrons can be captured in

the liquid scintillator after scattering in the TPC. In addition to labeling the neu-

tron backgrounds, the NV can also hep us understand the 
-rays from the detector

materials.

The boron-loaded liquid scintillator has three components: 1,2,4-Trimethylbenzene

also known as PseudoCumene (PC, C6H3(CH3)3) as the primary solvent, TriMethylB-

orate (TMB, B(OCH3)3) as the second solvent loaded with boron, and 2,5-

Diphenyloxazole (PPO, C15H11NO) as wavelength shifter. The liquid scintillator is

currently composed of 95 % PC by mass, 1:4 g L�1 PPO and 5 % TMB [48].
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2.2.2 Scintillation and Neutron Capture Mechanism

The primary scintillator, PC, is an organic 
ammable colorless liquid with a strong

odor. It occurs naturally �3 % in coal tar and petroleum. The same scintillator was

�rst used in the Borexino experiment, which obtained high purity scintillator along

with good scintillation e�ciency [49].

Scintillation light production in liquid organic scintillator is mainly due to the

hydrocarbon compounds that contain benzene ring structure in the molecules. An

ionizing particle can lose a fraction of its energy when it passes through the organic

material, which produces excitations with a time scale of 10�12 s to 10�11 s. The

excitations are not stable and quickly relax into singlet and triplet states. The process

includes de-excitation with light emission. The transition from the singlet state to the

ground state takes a few nanoseconds and emits 
uorescence (prompt light). That

from the triplet state to the ground state lasts much longer (on the time scale of

�s-ms) with the emission of phosphorescence (delayed light) [50].

The light emission, especially in the singlet excitations, may be suppressed by in-

teractive processes including singlet ionization quenching. In this process, two singlet

states interact, leaving one in the ground state while the other jumps to a super-

excited singlet state. The super-excited state may emit only half the amount of

light that could have been produced by the original two singlet excitations [50]. The

fraction of prompt light becomes dramatically lower when the density of the singlet

excitations are higher.

The e�ects of these interactive processes are observed in di�erent interactions

induced by neutron and 
-ray events. When neutron interacts in the material, the

NR deposits energy with much higher dE=dx than the ER from 
-ray interactions. As

the dE=dx gets larger, it leads to higher excitation density and more singlet ionization

quenching. In turn, there is relatively more delayed light and less prompt light in

neutron interaction events.
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