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BACKGROUND SIMULATION AND VERIFICATION FOR DM-ICE

Bethany Reilly

Under the supervision of Professor Albrecht Karle

At the University of Wisconsin-Madison

The search for dark matter is motivated by measurements that show there exists ap-

proximately five times more dark matter than the ordinary (baryonic) matter which has

been the focus of scientific study since the dawn of science. The field of direct dark matter

searches is an exciting one, with many different experiments performing their searches with

different target materials and experimental methods. Their results have also varied, leading

to a great deal of tension and uncertainty as to the characteristics of dark matter and our

understanding of the low energy behavior of certain materials. Some experiments have seen

hints of a dark matter signal, only to later determine their results consistent with expected

backgrounds. Only one experiment, DAMA/LIBRA, claims a dark matter discovery; this

stands out starkly in the field due to the strong exclusion limits measured by other exper-

iments. It would be a giant step forward if we were able to resolve the tension between

DAMA and the rest of the direct detection experiments.

DM-Ice is an experiment designed for a direct detection search for dark matter. Using

a NaI(Tl) target, DM-Ice searches for WIMP (weakly interacting massive particles) dark

matter via scintillation associated with nuclear recoil in the crystal, which is then observed

by PMTs. DM-Ice can test the DAMA/LIBRA result, using the same target material while

running in the Southern Hemisphere. The DM-Ice prototype runs at the South Pole station,

deployed underneath the IceCube Neutrino Observatory. This thesis describes the simulation

work performed in order to understand the prototype detector, DM-Ice17.

Dark matter background, evidence, and current understanding are discussed by way

of introduction to the field. Description and discussion of detection methods and current

experimental dark matter detection results follows.
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The DM-Ice detector itself is then considered in detail, in terms of motivation, design,

and function. The assembly, deployment and operation of DM-Ice17 is also discussed.

The purpose of simulating the radioactive backgrounds present in the DM-Ice17 detector

is to understand the detector and the contamination levels present in each of its components,

and to provide information needed for design and material selection for the full-scale DM-Ice

detector. The Geant4 simulation toolkit was used to simulate the detector. The simulation

is described in terms of geometry, particle decay and propagation, and producing an energy

spectrum. This simulated energy spectrum was then used to characterize the detector, and

this process is described as well.

Future work in simulation for DM-Ice is then discussed, as well as future plans for the

experiment as a whole.

This thesis demonstrates that the simulation I have created aligns well with the data

from DM-Ice17. This simulation allows insight into and verification of the radioactive con-

tamination of each of the component of the detector, as well as that of its surroundings.

The simulation also allows for detailed consideration of the contamination levels in different

materials, which is needed in order to select materials and designs for the full-scale DM-Ice

detector. Details regarding contributions of different isotopes in each region of the detector

to the region of interest (low-energy; ∼ 0-10 keV) are extracted from the simulation, which

allows optimization of understanding what degree of cleanliness is needed for purposes of

our dark matter search.
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Chapter 1

Introduction

Dark matter makes up nearly 27% of the universe; only about 5% is understood at

present (the baryonic matter) [1]. The effects of dark matter have been seen through a

variety of astronomical observations (see section 2.1). Cosmology provides a great deal

of information relevant to understanding dark matter, and provides a means for creating

feasible dark matter theories. Given testable theories, we can perform dark matter searches.

DM-Ice is a new dark matter experiment which will provide a unique perspective on the dark

matter search. My work is to understand and model the backgrounds which are present in

DM-Ice. This is key since dark matter detection is a low-signal, rare event search. We need

to understand the backgrounds in order to interpret the data from our prototype, DM-Ice17,

and in order to devise the best design and materials purity requirements for the full scale

DM-Ice.

Chapter 1 of this thesis consists of this introductory section. Chapter 2 discusses evidence

for the existence of dark matter, and goes through some of what we know or guess about

dark matter, which guides our experimental searches.

Chapter 3 discusses the state of tension in which we find the dark matter detection field

at this time. Many direct detection experiments are reporting results, but only one group

reports a definite signal. This group is DAMA, a NaI target experiment located in the Gran

Sasso underground laboratory in Italy. DAMA claims a dark matter discovery at the level

of 11 σ, but while other experiments have seen hints of a dark matter signal, none have
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confirmed DAMA’s signal. In fact, many dark matter experiments have ruled out the phase

space (mass and cross section) of the dark matter DAMA claims to see. DM-Ice seeks to

resolve this tension once and for all, by essentially replicating the DAMA experiment in the

Southern Hemisphere in order to improve background vs. signal discernment. Further detail

regarding the DM-Ice experiment is found in Chapter 4.

Chapter 5 introduces the Geant4 background simulation created for DM-Ice; Chapter 6

discusses comparison between data from DM-Ice17 and the DM-Ice17 simulation, and what

we gain from this comparison. Chapter 7 is a brief discussion of the upcoming work to be

done for the experiment, and Chapter 8 summarizes conclusions and results of the simulation.
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Figure 1.1: Distribution of “stuff” in the universe, based on measurements of the cosmic

microwave background by the Planck space telescope [1]. Recall E = mc2, so mass and

energy are effectively equivalent.
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Chapter 2

Dark Matter

2.1 Evidence for Dark Matter

Dark matter has been a topic of scientific consideration for more than eighty years, and

the evidence of the existence of dark matter is now extremely strong. This evidence comes

from both astronomy and cosmology, and is quite varied. Most of the evidence of highest

significance is discussed in this chapter.

2.1.1 Galaxy Clusters: First evidence

Jan Oort first postulated dark matter in 1932, which he thought was present in the disk

of the Milky Way. This was later found to be based on erroneous assumptions, but was

quickly followed by Fritz Zwicky’s observations of the Coma cluster. Zwicky’s measurements

were the first indications of dark matter as we understand it today (1933). Zwicky measured

the gravitational mass of the Coma cluster by the virial theorem, and the luminous mass by

observations of the stars. The discrepancy between these results gave the first real evidence

for the presence of dark matter in galaxy clusters.

2.1.2 Galaxy Rotation Curves

The speed at which spiral galaxies rotate has provided a means to detect the presence of

dark matter. The rotation speed of objects in spiral galaxies can be measured by considering

the Doppler shifting of spectral lines. By Newton’s second law and the law of gravitation,
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we know that (Equation 2.1)

Fcentripetal = macentripetal =
mv2

r
=

GmM

r2
(2.1)

Therefore for a mass which depends on galactic radius r, v2(r) = FM(r)

r
. By this reasoning

we expect that v(r) for r greater than the radius of the visible disc of a galaxy should fall off

as 1√
r
. Measurements (see Figure 2.1) show, however, that the rotation speed remains steady

beyond the visible disc, indicating the presence of invisible matter. This matter forms an

additional halo of the galaxy, with a density proportional to 1

r2
.

When we consider the mass-to-light ratio M/L, this ratio becomes exceedingly high be-

yond the visible portion of the galaxy disk; in some cases in the thousands or higher. M/L is

standardized according to the mass and light of the Sun; M/L = 1 represents the Sun. Thus

M/L less than one implies high brightness relative to mass, and M/L greater than one implies

low brightness relative to mass. The high M/L values agree well with the proposed dark

matter model, since M/L ratios above order 10 can’t be explained well by luminous matter

(this statement is valid only when considering the joint M/L ratio of an entire galaxy; indi-

vidual stars can have M/L ratios that are quite high, but stars of this sort are not common

enough to explain what we see).

The observation of galaxy rotation curves began rather simply; Zwicky was able to observe

the Coma cluster by using optical telescopes. When radiotelescopes became available, it

became possible to observe the 21 cm spectral line of neutral hydrogen. Observing this

line out beyond the optical disk of a galaxy allows the measurement of rotation curves in

this region. The flat rotation curves within the optical disk may possibly be explained by

regular matter, but the behavior of the rotation curves beyond the optical disk is a significant

evidence for dark matter. [11]

2.1.3 Gravitational Lensing

Gravitational lensing occurs when light is deflected around a cluster of dark matter by

general relativistic factors. Strong lensing is based only on gravitational optics theory, and

only probes matter inside a small region. Weak lensing modifies the shape of all sources, and
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Figure 2.1: Galaxy rotation curves provide evidence for missing matter based on the rotation

rates of galaxies. Here is the rotation curve measured for spiral galaxy NGC 3198. The top

line is observed speed. The dashed line is the speeds we would expect for visible matter.

The dotted line is gases, and the dash-dotted line is the dark halo. [6]

changes the ellipticity of galaxies. Strong and weak lensing together can probe structural and

dynamical properties of dark haloes in all regions, and predictions of cosmological models

can be tested. Strong and weak lensing provide almost direct probes of matter and gravity

over physical scales between 1 kpc and 100 Mpc.

2.1.3.1 Strong gravitational lensing

Strong lensing can estimate mass content of objects or regions; this gives evidence for

dark matter by gravitational lensing. What is actually calculated is the mass-to-light ratio

(M/L). Strong lensing produces distortions of galaxies which are significant enough to be

visible by the eye on telescope images. Weak lensing is much more common but more

difficult to detect. Strong lensing is relatively rare since it requires a very massive galaxy

cluster between Earth and the lensed object, and galaxy clusters of this size are not terribly

common. Strong gravitational lensing is also differentiated from weak lensing by forming

multiple images from the “lens.” Presuming that general relativity is valid, galaxies are
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dominated by dark matter, judging from the measured mass-to-light ratios from strong

lensing. M/L ratio increases with mass and radius. The light and matter distributions are

not misaligned. Galaxies are observed fairly well via strong lensing, but in order to achieve

similar results for clusters of galaxies, weak lensing must be used.

2.1.3.2 Weak gravitational lensing

Weak lensing is observed by measuring the shape and orientation of sets of galaxies in

proximity to one another. The effects are significantly reduced in comparison to strong

lensing, as one expects, but careful analysis still yields a great deal of useful knowledge.

Reconstruction of weak lensing effects is a well-developed technique, and is limited by ob-

servational or other limited knowledge rather than anything inherent to the method.

2.1.3.3 Microlensing

Microlensing reveals that Cold Dark Objects or MaCHOs (such as black holes) have a

mass fraction of < 0.1. (i.e., the mass allowed for MaCHOs is too small to explain dark

matter) MaCHOs are Massive Compact Halo Objects; they are baryonic matter but radiate

very little light. Gravitational lensing can occur when one star passes behind another,

causing the more distant star to appear brighter due to the lensing effect. Microlensing

occurs when the nearer star has a planet in orbit which lines up with the distant star. This

also causes a brightening of the distant star, but more faintly due to the small mass of the

planet relative to its star. The ruling out of MaCHOs has been extremely significant in

the search to discover the identity of dark matter; focus largely shifted to WIMPs after the

MaCHOs fell from favor.
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Figure 2.2: Gravitational lensing involves light from distant sources being bent by the

gravity of objects between the source and observers on Earth. The degree of bending can

be reconstructed from the light received at Earth, and can then be used itself to infer the

amount of mass needed to produce that result. Evidence of non-visible matter based on

these methods is therefore another handle on dark matter. This image depicts strong lensing.

Credit: Tony Tyson, Greg Kochanski and Ian DellAntonio; Frank OConnell and Jim

McManus, adopted from The New York Times [7].



9

2.1.3.4 Bullet Cluster

The Bullet Cluster provides perhaps the most striking evidence for dark matter, as it

involves the collision of two galaxy clusters and has an interesting and beautiful image to

show. There are three types of observational tools used here. An optical telescope, an X-ray

telescope (Chandra) and gravitational lensing. The pink is the X-ray observations, the blue

is the lensing, and the stars are optical (visible) images. The clumping of the gas at the

center of the collision between the two galaxy clusters, since gas interacts with other gas

particles. The dark matter is inferred to be in the blue region; since it interacts very seldom

(if ever), the dark matter of one galaxy cluster may pass through the other cluster’s dark

matter without slowing down. The bullet cluster image combines weak and strong lensing

mass reconstructions. Found are two massive substructures, offset with Chandra’s baryon

distribution, observed by X-rays. The bullet and lensing cluster observations give a dark

matter cross section limit. Conservative upper limits from collisionless dark matter give

cross section divided by matter is less than 1.25 (for bullet cluster) or 4 (for lensing cluster)

cm2/gram
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Figure 2.3: The “Bullet Cluster” collision observation provides evidence of the existence of

dark matter. Two galaxy clusters collided/passed through each other, and the interaction (or

non-interaction) between the two galaxy clusters is what is of interest. In the image, it can

be seen that the pink regions appear to have interacted with each other, and slowed down.

The blue regions have become separated from each other, as though they passed through

without interacting. The behavior of the pink region is consistent with x-ray emitting hot

gas, and the blue region is consistent with non-interacting dark matter. The pink has been

superimposed on the optical image (white/yellow, stars) by observation of x-rays, and the

blue regions have been inferred from the effects of gravitational lensing. [7]

2.1.4 Planck

The Planck space telescope [1] measures the Cosmic Microwave Background in impressive

detail. The map’s variations are due to the interactions of the CMB with various objects in

the universe (which change the intensity detected) before being detected by the probe. This

map of the CMB allows us to calculate the Ωb, the baryonic fraction of the universe (how

much baryonic matter there is of all the “stuff” in the universe). Note: Ωi is defined as a

relative density, equal to ρi/ρcrit, where ρcrit is the density required for a flat universe.
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Planck measures Ωbh2 = 0.02207 ± 0.00033 [1], where h is the reduced Hubble constant,

h = H0
100(km/s)/Mpc

= 0.719 [12]. This gives 4.9% baryonic matter in the universe. Planck

values for a few more key variables are reproduced in table 2.1.

Parameter Mass Fraction

ΩΛ 0.683

Ωb 0.049

Ωc 0.268

Ωbh2 0.022

Ωch2 0.12

Table 2.1: Planck ΛCDM parameter measurements [1]

Planck collaboration: CMB power spectra & likelihood

Table 5. Overview of cosmological parameters used in this analysis, including symbols, the baseline values if fixed for the standard
ΛCDM model, and their definition (see text for further details). The top block lists the estimated parameters, with (uniform) prior
ranges priors given in square brackets. The lower block lists derived parameters.

Parameter Prior range Baseline Definition

ωb ≡ Ωbh2 . . . . . . . [ 0.005, 0.1 ] . . . Baryon density today
ωc ≡ Ωch2 . . . . . . . [ 0.001, 0.99] . . . Cold dark matter density today
100θMC . . . . . . . . . [ 0.5 , 10.0 ] . . . 100× approximation to r∗/DA (used in CosmoMC)
τ . . . . . . . . . . . . . . ( 0.088 ± 0.015 ) . . . Thomson scattering optical depth due to reionization
ΩK . . . . . . . . . . . . [−0.3 , 0.3 ] 0 Curvature parameter today with Ωtot = 1 −ΩK
YP . . . . . . . . . . . . . [ 0.1 , 0.5 ] BBN Fraction of baryonic mass in helium
ns . . . . . . . . . . . . . [ 0.9 , 1.1 ] . . . Scalar spectrum power-law index (k0 = 0.05 Mpc−1)
ln(1010As) . . . . . . . [ 2.7 , 4.0 ] . . . Log power of the primordial curvature perturbations (k0 = 0.05 Mpc−1)

ΩΛ . . . . . . . . . . . . . . . Dark energy density divided by the critical density today
Age . . . . . . . . . . . . . . Age of the Universe today (in Gyr)
Ωm . . . . . . . . . . . . . . . Matter density (inc. massive neutrinos) today divided by the critical density
zre . . . . . . . . . . . . . . . . Redshift at which Universe is half reionized
H0 . . . . . . . . . . . . [ 20 , 100 ] . . . Current expansion rate in km s−1Mpc−1

Table 6. Overview of parameters describing astrophysical foreground modeling, instrumental calibration and beam uncertainties,
including symbols, definitions, and prior ranges (see text for further details). Square brackets denote hard priors, parentheses indicate
Gaussian priors. The ‘Likelihood’ column indicates whether a parameter is used by the CamSpec (C) and/or Plik (P) likelihood.
Note that the beam eigenmode amplitudes require a correlation matrix to fully describe their joint prior, and that all but β1

1 are
marginalized over internally rather than sampled explicitly.

Parameter . . . Prior range Likelihood Definition

APS
100 . . . . . . . [0, 360] C Contribution of Poisson point-source power toD100×100

3000 for Planck (in µK2)
. . . . . . . . . . . [0, 400] P
APS

143 . . . . . . . [0, 270] C As for APS
100 but at 143 GHz

. . . . . . . . . . . [0, 400] P
APS

217 . . . . . . . [0, 450] C As for APS
100 but at 217 GHz

. . . . . . . . . . . [0, 400] P
rPS

143×217 . . . . . [0, 1] C,P Point-source correlation coefficient for Planck between 143 and 217 GHz
ACIB

143 . . . . . . . [0, 50] C,P Contribution of CIB power toD143×143
3000 at the Planck CMB frequency for 143 GHz (in µK2)

ACIB
217 . . . . . . . [0, 80] C As for ACIB

143 but for 217 GHz
. . . . . . . . . . . [0, 120] P
rCIB

143×217 . . . . . [0, 1] C,P CIB correlation coefficient between 143 and 217 GHz
γCIB . . . . . . . [−2, 2] (0.7 ± 0.2) C Spectral index of the CIB angular power spectrum (D� ∝ �γ

CIB )
. . . . . . . . . . . [−5,+5] P
AtSZ . . . . . . . . [0, 50] C,P Contribution of tSZ toD143×143

3000 at 143 GHz (in µK2)
AkSZ . . . . . . . [0, 50] C,P Contribution of kSZ toD3000 (in µK2)
ξtSZ×CIB . . . . [0, 1] C,P Correlation coefficient between the CIB and tSZ (see text)
ADust . . . . . . . [0, 0.001] P Amplitude of Galactic dust power (in µK2)

c100 . . . . . . . . [0.98, 1.02] C Relative power spectrum calibration for Planck between 100 GHz and 143 GHz
. . . . . . . . . . . (1.0006 ± 0.0004)
c217 . . . . . . . . [0.95, 1.05] C Relative power spectrum calibration for Planck between 217 GHz and 143 GHz
. . . . . . . . . . . (0.9966 ± 0.0015)
βi

j . . . . . . . . . (0 ± 1) C Amplitude of the j−th beam eigenmode ( j = 1–5) for the i−th cross-spectrum (i = 1–4)

δ0
j . . . . . . . . . [−3,+3] P Amplitude of the calibration eigenmode for the i−th detector (set) (i = 1–13)
δi

j . . . . . . . . . [−3,+3] P Amplitude of the j−th beam eigenmode ( j = 1–5) for the i−th detector(set) (i = 1–13)

cluded by the ACT and SPT high resolution CMB experiments
(Reichardt et al. 2012). For the CIB amplitudes, the upper bound
on e.g., ACIB

143 is significantly weaker than the ACT and SPT con-
straints. To accurately estimate the foreground parameters at the
� µK2 level, we need to supplement the Planck power spec-
tra with temperature data from ACT and SPT, as described in
Planck Collaboration XVI (2013). The fiducial model and fore-
ground parameters used in the CamSpec likelihood are therefore

derived from a joint Planck+ACT+SPT analysis and is not based
on the parameters listed in Table 8. In the rest of this section, we
will use the parameters of Table 8 to discuss inter-frequency re-
siduals.

Figure 13 shows the foreground residuals and total residuals
after removing the best-fit foreground model for all spectra (in-
cluding the 100× 143 and 100× 217 spectra, which are not used
in the CamSpec likelihood). The first point to note here is that
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c100 . . . . . . . . [0.98, 1.02] C Relative power spectrum calibration for Planck between 100 GHz and 143 GHz
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straints. To accurately estimate the foreground parameters at the
� µK2 level, we need to supplement the Planck power spec-
tra with temperature data from ACT and SPT, as described in
Planck Collaboration XVI (2013). The fiducial model and fore-
ground parameters used in the CamSpec likelihood are therefore

derived from a joint Planck+ACT+SPT analysis and is not based
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Figure 2.4: Useful definitions from Planck [1]

Planck and MaCHOs

Why do we expect dark matter to be non-baryonic? Could quarks combine to form some

sort of matter that could explain the effects we ascribe to dark matter? MaCHOs (Massive

Compact Halo Objects) were a valid theory for dark matter for a time (comparisons between

the names “MaCHOs” and “WIMPs” are excellent). However, Planck calculates the mass
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Figure 2.5: Anisotropy in cosmic mi-

crowave background as measured by

Planck. The yellow and white (light)

areas indicate a higher temperature

and the blue (dark) areas indicate a

lower temperature. CMB anisotropy

is used to calculate a power spec-

trum for these fluctuations, which can

then be analyzed to measure the frac-

tions that make up the ΛCDM model.

http://www.esa.int/spaceinimages/

Images/2013/03/Planck_CMB

Planck collaboration: CMB power spectra & likelihood
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-� values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.

Table 8. Constraints on the basic six-parameter ΛCDM model using Planck data. The top section contains constraints on the six
primary parameters included directly in the estimation process, and the bottom section contains constraints on derived parameters.

Planck Planck+WP

Parameter Best fit 68% limits Best fit 68% limits

Ωbh2 . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022032 0.02205 ± 0.00028

Ωch2 . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.12038 0.1199 ± 0.0027
100θMC . . . . . . . 1.04122 1.04132 ± 0.00068 1.04119 1.04131 ± 0.00063

τ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0925 0.089+0.012
−0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . 3.098 3.103 ± 0.072 3.0980 3.089+0.024
−0.027

ΩΛ . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6817 0.685+0.018
−0.016

Ωm . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3183 0.315+0.016
−0.018

σ8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
−2.8 11.37 11.1 ± 1.1

H0 . . . . . . . . . . 67.11 67.4 ± 1.4 67.04 67.3 ± 1.2

109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
−0.060

Ωmh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14305 0.1426 ± 0.0025
Age/Gyr . . . . . . 13.819 13.813 ± 0.058 13.8242 13.817 ± 0.048
z∗ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.48 1090.43 ± 0.54
100θ∗ . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04136 1.04147 ± 0.00062
zeq . . . . . . . . . . . 3402 3386 ± 69 3403 3391 ± 60

33

Figure 2.6: How does Planck take observations of

the cosmic microwave background and turn that

data into information about the mass fractions of

the universe? The process is complex, but an im-

portant step is creating the above plot. The multi-

pole moment (on the x-axis) is related to the struc-

ture of the fluctuations in the CMB. The y-axis

indicates the intensity of the fluctuations. The

features of this power spectrum (i.e., the heights

and positions of the peaks) represent proportions

of dark matter, dark energy and baryonic matter.

Analyzing fits of this plot allows measurement of

the values reported in table 2.1.

fraction of the baryonic matter to be much too low for MaCHOs to account for a significant

portion of the dark matter in the universe.

Planck Power Spectrum

Planck measures mass fractions via observations of the Cosmic Microwave Background

(CMB). These ancient photons permit gains of insight into the history and structure of the

http://www.esa.int/spaceinimages/Images/2013/03/Planck_CMB
http://www.esa.int/spaceinimages/Images/2013/03/Planck_CMB


13

universe. The fluctuations in the CMB have been meticulously mapped by Planck (and

others); see figure 2.5 The temperature fluctuations are measured, and their amplitudes and

structures are mapped to a power spectrum; see figure 2.6. The power spectrum is then

fitted with lambda-CDM variables and others to calculate the outputs as in Table 2.1.

2.1.5 Cosmology: Early Universe

After the Big Bang, many phases follow (see Figure 2.7). Immediately after the Big

Bang is known as the Planck epoch, which was quickly followed by the inflationary period.

At this time the universe was composed of a quark-gluon plasma. Baryogenesis is the next

phase, meaning the breaking of the matter/antimatter symmetry. Then baryons formed

from the quarks. As the more massive particles cooled/slowed, radiation came to dominate

the universe. Next is the period of nucleosynthesis, or (light) element formation. After this,

matter dominated the universe. The CMB (cosmic microwave background) decoupled from

matter. Then galaxies began to form. Today, the universe is dominated by dark energy.

Figure 2.7: The phases of the Big Bang and evolution of the Universe. (Source: U. of

Arizona Lectures: http://ircamera.as.arizona.edu/NatSci102/lectures/eraplanck.htm - orig-

inally from ”The Essential Cosmic Perspective”, by Bennett et al.)



14

2.1.6 Cosmology: Structure

Considerations of how structure in the Universe formed gives arguments for cold rather

than hot dark matter. The moment when the exchange of momentum between WIMPs and

radiation ceases to be effective is called kinetic decoupling. The time at which this decoupling

occurs affects WIMP speeds. If kinetic decoupling happens during the reheating phase of

LTR (low temperature reheating) models, WIMP speeds decrease. This could cause much

smaller dark matter structures, mini-haloes in our galaxy, hotter WIMPs, warm instead of

cold dark matter. Cold Dark Matter would decouple from the primordial plasma before

baryons do, thus providing potential wells to trap the baryons in, so that the universe can

form with the levels of structure that we observe [13]. If galaxies formed in an environment

where the dark matter was warm, the structure would form “from the top down;” cold dark

matter would allow a “bottom-up” type of structure formation. Observations of the structure

of galaxies favor bottom-up formation, therefore cold dark matter is preferred.

2.1.7 Cosmology: Nucleosynthesis

Big Bang nucleosynthesis (BBN) occurs 200 seconds after the Big Bang, when T � 0.8

MeV. The trace we have for this period is the abundance of light elements such as D, 4He, and

7Li. BBN only lasts while the universe was hot enough for nucleosynthesis. The temperature

of the universe is reliant on its expansion rate, which is in turn reliant on the baryon-to-

photon ratio. Therefore, by measuring the relic abundances of light elements and the cosmic

microwave background we can infer the baryon fraction or density of the universe. Since this

turns out to be only about 4%, any other matter must be accounted for by non-baryonic

particles. [14] WIMPs with mass � 100 MeV will freeze-out before BBN; therefore any

such WIMPs that still exist today would have formed before the period of nucleosynthesis.

WIMPs would thus be the earliest remnants and give (if discovered) the first pre-BBN

information. Since they interact so seldom, it’s reasonable to assume that if we find one, it

was not only created before nucleosynthesis, but likely hasn’t interacted since then either.

The results from the Planck telescope observations and calculations working back from light
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element abundance today via nucleosynthesis theory are in exceptional agreement. This is

quite validating to the premise that dark matter exists, since these methods are independent.

2.2 Dark Matter Halo

The basic structure of the dark matter halo can be inferred from astronomical obser-

vations such as galaxy rotation curves, as well as simulations. We believe that the dark

matter is located in a spherical, nonrotating halo, concentric with the galaxy it permeates

and surrounds. Kinematic analyses indicate dark matter particles likely travel at velocities of

approximately 200 km/s. The dark matter mass density throughout our galaxy is generally

assumed to be approximately 0.3 GeV/c2 per cubic centimeter. These results come from

detailed models of the dark matter halo, as described in [15], for instance. These values are

commonly assumed among dark matter experiments.

2.3 Dark Matter Candidates

Dark matter candidates need to fulfill many requirements. They must match relic density,

be cold, neutral, be consistent with Big Bang nucleosynthesis (BBN), leave stellar evolution

unchanged, be suitable for direct dark matter searches, be compatible with gamma ray

constraints and astrophysical bounds, and (preferably) be experimentally discoverable.
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Figure 1. A schematic representation of some well–motivated WIMP–type particles
for which a priori one can have ω ∼ 1. σint represents a typical order of magnitude
of interaction strength with ordinary matter. The neutrino provides hot DM which is
disfavored. The box marked “WIMP’ stands for several possible candidates, e.g., from
Kaluza–Klein scenarios.

can in principle extend up to the Planck mass scale, but not above, if we are talking about
elementary particles. The interaction cross section could reasonably be expected to be of
the electroweak strength (σEW ∼ 10−38 cm2 = 10−2 pb) but could also be as tiny as that
purely due to gravity: ∼ (mW /MP)

2 σEW ∼ 10−32σEW ∼ 10−34 pb.
What can we put into this vast plane shown in Fig. 1? One obvious candidate is the

neutrino, since we know that it exists. Neutrino oscillation experiments have basically
convinced us that its mass of at least ∼ 0.1 eV. On the upper side, if it were heavier than
a few eV, it would overclose the Universe. The problem of course is that such a WIMP
would constitute hot DM which is hardly anybody’s favored these days. While some like
it hot, or warm, most like it cold.
Cold, or non–relativistic at the epoch of matter dominance (although not necessarily at

freezeout!) and later, DM particles are strongly favored by a few independent arguments.
One is numerical simulations of large structures. Also, increasingly accurate studies of
CMB anisotropies, most notably recent results from WMAP [1], imply a large cold DM
(CDM) component and strongly suggest that most (∼ 90%) of it is non–baryonic.
In the SUSYworld, of course we could add a sneutrino �ν, which, like neutrinos, interacts

weakly. From LEP its mass ∼> 70GeV (definitely a cold DM candidate), but then Ω�ν � 1.
Uninteresting and �ν does not appear in Fig. 1.
The main suspect for today is of course the neutralino χ. Unfortunately, we still know

little about its properties. LEP bounds on its mass are actually not too strong, nor are they
robust: they depend on a number of assumptions. In minimal SUSY (the so-called MSSM)

2

Figure 2.8: A number of dark matter candidates exist. WIMPs are considered by many to

be the preferred candidate, due to their well-motivated theoretical background (see WIMP

“miracle”) and the good likelihood that, if real, they could be detectable. Other prominent

candidates which are being investigated include axions and neutrinos, but all those listed in

this figure are in theory possible dark matter candidates. Time will tell which one, few, or

whether any of these are actually what dark matter consists of. [8]

2.3.0.1 WIMPs

WIMPs (weakly interacting massive particles) are appealing for a number of reasons.

WIMPs exist in well-motivated particle theories, such as Supersymmetry. WIMPs are natu-

rally produced with the correct thermal relic density (this is the WIMP “miracle”). WIMPs

predict signals that are experimentally testable now and soon.

WIMPs in the early universe In the early universe, when WIMPs were first formed

annihilation took place as in the left side of figure 2.9, before the flat line starts to curve down,

meaning that WIMPs frequently annihilated and were produced in turn. Some time later,

the temperature dropped, so that WIMP production ceased, although annihilation continued
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(this is the negative-slope, curved portion of the graph). “Freezeout” occurs when the

WIMPs cease annihilating due to low cross section and low number density, leaving a steady

relic density that we anticipate to be essentially unchanged from the original time of freezeout

to present day. It is interesting to note that WIMPs with mass � 100 MeV will freeze-out

before BBN (Big Bang Nucleosynthesis). WIMPs would thus be the earliest remnants and

give (if discovered) the first pre-BBN information. Since WIMPs interact so seldom, it’s

reasonable to assume that if we find one, it was not only created before nucleosynthesis, but

likely hasn’t interacted since then either. If dark matter really is WIMPs, then this will

provide an intriguing window into the early universe.

WIMP Freezeout WIMP freezeout occurs when density and temperature drop low enough

so that the annihilation rate is less than the Hubble expansion rate. Then WIMP number

per comoving volume becomes (approximately) constant. Thus, number density decreases

as volume increases. (Speaking in terms of comoving volumes is necessary, since the uni-

verse is continually expanding.) At freezeout temperature (when the WIMP annihilation

rate ∼ O(Hubble expansion rate)), WIMP annihilation becomes negligible and the WIMP

abundance per comoving volume becomes steady. Then:

Tfo �
mχ

20
; vfo = (

3Tfo

2mχ

)
1/2

� 0.27c (2.2)

Smaller annihilation cross sections lead to larger relic densities, thus the saying: “the weak-

est wins”. WIMPs with stronger interactions are in chemical equilibrium for longer, and

decouple when the Universe is colder, so their density is suppressed more than the density

of WIMPs with smaller interaction rates.
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Figure 2.9: Early in the universe, WIMPs were produced and annihilated in similar numbers.

As the temperature of the universe decreased, WIMP production was no longer possible. As

the WIMPs annihilated and were not replaced, their number density decreased over time. At

some point (known as “freezeout,” the WIMPs became so spread out, that given their low

interaction rate, annihilation rates dropped to approximately zero. This is why we anticipate

a steady amount of WIMPs in the universe today. The point of freezeout depends on the

interaction rate of the WIMPs. [9]

WIMP relic density What is meant by relic density? WIMPs in chemical equilibrium

in the early Universe naturally have the right abundance (or density) to be CDM (cold dark

matter). In addition, the interactions that give the right WIMP density make the detection

of WIMPs possible. The current density of WIMPs (number density = n):

dn

dt
= −3Hn− �σannν�(n2 − n2

eq
) (2.3)

where H is the Hubble parameter.

The law of entropy conservation is:
ds

dt
= −3Hs (2.4)
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where s is entropy density. Also:

dY

dx
=

1

3H

ds

dx
�σannν�(Y 2 − Y 2

eq
) (2.5)

where Y = n/s, x = m/T, and T = photon temperature.

At high temperatures, Y (=n/s) closely tracks its equilibrium value. As time increases

and temperature decreases, the Y equilibrium value falls off but Y freezes out and becomes

constant. (see Figure 2.9)

Relic density is: Ωνh2. Freezeout happens later (at smaller WIMP densities) if WIMP

annihilation cross section is larger. The present WIMP relic density is:

Ω · h2 ≈ 3× 10−27cm3/s

�σannν�
(2.6)

Weak cross sections give the right order of magnitude dark matter density. Weak cross

sections give freezeout time

Tfo �
m

20
(2.7)

where m is the WIMP mass. Standard WIMP productions says that WIMPs were produced

in collisions between particles of the thermal plasma during the radiation-dominated era.

WIMP pairs are from/to particle/antiparticle pairs. The WIMP couples to neutrons or

protons very similarly (fn ≈ fp).

Assumptions for WIMP “miracle” The freezeout temperature depends on the mass

of the WIMPs, the interactions of the WIMPs, and the Hubble parameter. The freezeout

temperature plays a prominent role in determining WIMP relic density. In calculating the

relic density of WIMPs, we assume some conditions for the pre-BBN Universe. We assume

that entropy of matter and radiation was conserved, that WIMPs were produced thermally,

that the WIMPs decoupled while the Universe’s expansion was dominated by radiation, and

that WIMPs were in kinetic and chemical equilibrium before decoupling.

Calculating Backgrounds When searching for WIMP dark matter, we can calculate the

differential event rate. Usually reported in units of counts/kg/day/keV (this is the differential
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rate unit: “dru”), this rate is as follows:

dR

dER

=
ρ0

mNmχ

� ∞

vmin

vf(v)
dσWN

dER

(v, ER) dv (2.8)

Differential Event Rate. ρ0 is the local WIMP density. dσWN

dER
(v, ER) is the differential

cross-section for WIMP-nucleus elastic scattering. f(v) is the WIMP speed distribution.

TheWIMP-nucleon relative speed∼ 100 km/s. Elastic scattering of WIMPs and nucleons

is extremely non-relativistic. (p.348) The recoil energy of a nucleon after a WIMP scatter

is:

ER =
µ2

N
v2(1− cosθ∗)

mN

(2.9)

where µN = mχmN

mχ+mN
, the WIMP-nucleus reduced mass, and θ∗ is the scattering angle in the

center of mass frame. The minimum WIMP speed to cause a nuclear recoil energy of energy

ER is:

vmin =

�
mNER

2µ2

N

(2.10)

Event rate R (/kg/day):

R =

� ∞

ET

dER

ρ0
mNmχ

� ∞

vmin

vf(v)
dσWN

dER

(v, ER)dv (2.11)

where ET is the threshold energy, the smallest detectable recoil energy for a detector.

The WIMP-nucleus differential cross section depends on particle physics inputs, WIMP

interaction properties, WIMP-quark interaction strength, microscopic description of model,

and effective Lagrangian for interactions of WIMPs with quarks and gluons. The WIMP-

nucleus cross-section can be separated into spin-independent (scalar) and spin-dependent

contributions.

The WIMP-nucleus cross section:

dσWN

dER

=
mN

2µ2

N
v2

(σSI

0
F 2

SI
(ER) + σSD

0
F 2

SD
(ER)) (2.12)

The form factor F depends on q, the momentum transfer (q =
√
2mNER). σ0 is the cross

section at zero momentum transfer. (p.349) The differential event rate is directly propor-

tional to the local WIMP density, and uncertainties in local WIMP densities directly affect
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WIMP differential event rates. The canonical local WIMP density is:

ρ0 = 0.3 GeV/cm3 (2.13)

This is the value traditionally used to calculate exclusion limits.

2.3.0.2 non-WIMP candidates

Motivations for non-WIMP candidates include minimality, experimental anomalies, and

to highlight our dark matter ignorance. Non-WIMP candidates share many desired proper-

ties with WIMPs, including superWIMP candidates that inherit correct relic density through

decays, and WIMPless candidates that have no weak-scale mass, no weak interactions, but

the correct thermal relic density. WIMPless dark matter provides new indirect target sig-

nals: WIMPless dark matter→ neutrinos in the Sun (detectable by Super-K), and additional

targets for photons, positrons, and other annihilation products.

Axions and axinos Axions are a proposed particle which was invented to solve a puzzle in

particle physics. Experiments regarding CP violation in QCD gave very different results from

those which were expected; introducing a new symmetry alleviates the problem. Breaking

this symmetry produces a particle which has a very small mass and interacts very slightly

with the strong and weak forces. This particle, the axion, is a boson, and can interact

with photons. Experiments look for this process by creating strong magnetic fields in their

detector. Axions have not been detected but could in theory be a dark matter candidate.

Axions also have a proposed supersymmetric superpartner, the axino, which is also a possible

dark matter candidate.

Neutrinos Neutrinos could possibly account for some of the observed dark matter, but

various reasons preclude it from being ”the” dark matter particle. First of all, neutrinos

travel at such high speeds that they are relativistic and therefore classified as hot dark

matter. Although we have not yet pinned down the masses of the three standard model

neutrinos, the upper limits indicate that the neutrino mass is just too small to account for
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all the dark matter in the Universe. The reason why you can’t just have more neutrinos of

a small mass has to do with the fact that neutrinos are fermions. Since fermions must abide

by the Pauli exclusion rule and not share the same quantum state, it turns out that there

is a finite number of neutrinos that can be packed into a given amount of space. Given the

space available in galaxies and galaxy clusters relative to the mass of the neutrino and the

expected mass of the dark matter, there just isn’t enough space for neutrinos to account for

the dark matter. We also know that mapping of the cosmic microwave background radiation

points toward cold (nonrelativistic) dark matter rather than hot, as do simulations regarding

the structure formation of the Universe. Neutrinos, then, at the least cannot be the primary

dark matter particle.

2.4 Dark Matter Detection

2.4.1 Colliders

Dark matter could be created in a particle collider such as the LHC, but would not

be directly detectable. Rather, it would be “seen” in terms of missing energy or missing

momentum (as neutrinos are). Colliders have not found dark matter or SUSY, and have

made exclusion regions. Colliders can see very low in energy (in comparison to direct/indirect

experiments) due to their precise energy measurements of particles.

2.4.2 Indirect Detection

Indirect detection of dark matter involves measuring products which result from dark

matter annihilations. When dark matter particles annihilate together, they can produce

neutrinos, photon pairs, electron/positron pairs, and others. Excesses in some of these chan-

nels have been detected, pointing toward dark matter signals, although nothing conclusive

has been confirmed as of yet.

While most annihilation of dark matter ended after freezeout due to low density of

WIMPs, dark matter can be ”caught” in large objects like the Sun or Earth, and a higher

density builds up in these bodies, to the point where annihilation rates are significant. [11]
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Satellite telescope experiments in space provide much of the most interesting indirect dark

matter experimental results. (Taking the detector above the atmosphere is a requirement

for many experiments, as once particles interact with the atmosphere, a whole new level of

complexity enters the picture.) PAMELA and Fermi both see excesses in cosmic ray positrons

which could be explained by dark matter, although the results cannot be considered definite

proof of dark matter due to uncertainties in rate expectations due to pulsars, the complexity

of the galactic center, and other factors.

Neutrino telescopes also contribute to the indirect dark matter search, as neutrinos from

the Sun or the galactic center could come from dark matter annihilations. One prominent

neutrino detector, IceCube, sees no sign of an excess in neutrinos consistent with a dark

matter result; neither has any other neutrino detector reported signs of dark matter.

2.4.3 Direct Detection

Dark matter is directly detected when a WIMP scatters off a nucleus in a detector,

whose recoil can be detected. There are particle physics uncertainties in the determination

of scattering cross section, and astrophysical uncertainties in the local density and velocity

of WIMPs. The WIMP direct detection rate depends on astrophysical input (local dark

matter density, local dark matter velocity distribution) and particle physics input (nuclear

form factors, interaction cross sections, and theoretical framework). Events which scatter off

electrons are not likely to be WIMPs and are considered background.

Since direct detection is based on measuring collisions between WIMPs and nuclei, a

method for detecting these collisions is needed. In fact there are three primary methods of

detecting this sort of collision: Scintillation, Ionization, and Phonons. These methods are

discussed in Chapter 3.
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Figure 2.10: A particle scatters off a nucleus or an electron. WIMPs are expected to interact

only with the nucleus, so electron recoil events are significant backgrounds. Distinguishing

between nuclear and electron recoils is a very useful feature of a dark matter detector. http:

//cdms.berkeley.edu/Education/DMpages/essays/science/directDetection.shtml

http://cdms.berkeley.edu/Education/DMpages/essays/science/directDetection.shtml
http://cdms.berkeley.edu/Education/DMpages/essays/science/directDetection.shtml
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Chapter 3

Direct Detection: State of the Field

This chapter is intended to give brief summaries of most of the relevant direct detection

experiments that are operating or about to be operating as of summer 2014, as well as an

overview of their detection methods. The chapter opens with discussion of channels used for

direct detection accompanied by brief descriptions of experiments. The most important ex-

periments will then be discussed in further detail, including consideration of possible signals

and the effect of certain important exclusion results.

3.1 Detector Channels

There are three types of signals which can be observed in direct detectors. They are

all results of WIMP-nucleus recoil and are proportional to the recoil kinetic energy. Some

experiments detect two types of signals, which is especially useful for distinguishing between

electron recoil and nucleus recoil events. Quenching behaves differently.

3.1.1 Scintillation

Scintillation occurs when photons created as the recoiling particle collides with other

particles escape the crystal and can be detected. Collisions with detector material excites

the nuclei, which then emit photons as they return to their ground state. These photons

then can be detected with a photomultiplier tube (PMT). In direct detection dark matter

experiments, most scintillation detectors use liquid noble gas or inorganic crystals as their

target material. Pulse-shape discrimination can give useful information about the event as
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well as simply the amount of light. In some cases, pulse-shape analysis can discriminate

between electron recoil and nuclear recoil events, which is extremely useful for dark matter

detection since electron recoil events are a very high background. A brief overview of selected

direct detection experiments which use scintillation follows.

NaIAD, DAMA, DM-Ice, ANAIS

These experiments use NaI(Tl) as their target. These experiments read out scintilla-

tion signal only. NaI(Tl) crystals have been used for particle detection experiments since

1948, and was the material used in the first widely used scintillation detectors. Hofstadter

developed the thallium-infused NaI detector material around this time. NaI needs to be

shielded from water, so is usually encased in a thin copper casing, or otherwise shielded

from the atmosphere. Crystals will absorb water and lose their usefulness if exposed to even

small amounts. NaI crystals must also be protected from rapid changes in temperature and

mechanical shock in order to preserve their function. NaI(Tl) has a light yield of 38,000 pho-

tons/MeV. Some other properties of NaI(Tl) include a density of 3.67 g/cm3, a wavelength

of maximum emission of 415 nm, an index of refraction of 1.85, a decay time of 230 ns, and

an alpha-to-beta ratio (or quenching factor; see chapter 6) of about 0.66 or 0.67 [16].

NaIAD (NaI Advanced Detector) is an early example of a sodium iodide dark matter

detector. Gathering data from 2000-2003, NaIAD placed limits on the WIMP phase space,

but these limits were not sufficient to speak to the DAMA claim (made in 2000 and often

since that time). 10.6 kg-years of data was gathered. Interestingly, NaIAD notes that DAMA

originally began with a similar analysis to that of NaIAD (pulse shape analysis), with null

results, but then switched to an annual modulation analysis method, which yielded their

discovery claim. [17]

DAMA (DArk MAtter)
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KIMS

KIMS stands for Korea Invisible Mass Search. This experiment, located at Seoul National

University, uses CsI(Tl), scintillation only. CsI(Tl) has a light yield of 65,000 photons/MeV

[16], and is more durable in terms of mechanical shock and hygroscopic sensitivity than

NaI(Tl). KIMS is a ∼ 100 kg detector composed of twelve crystals, and reports on data

taken over a full year (nearly 25,000 kg-days of data). The crystals are arranged in a 3x4

array, and signal is read out via PMT. The search uses pulse shape discrimination to search

for individual dark matter events. No dark matter signature is found, and much of the

DAMA region is excluded (see section 3.2.1 for discussion on DAMA result and discovery

claim). [18] KIMS has also reported on an analysis they have done on annual modulation,

for further comparison to the DAMA result. This analysis considers 2.5 years of detector

operation, amounting to more than 75 ton-days of data. The modulation is reported to be

consistent with null [19].

MiniCLEAN, DEAP-3600

MiniCLEAN and DEAP-3600 search for dark matter via scintillating liquid Ar. LAr

is less expensive than liquid Xe, another liquid scintillating noble gas often used for dark

matter searches. MiniCLEAN consists of a tank of 500 kg of liquid Ar, surrounded by

photomultiplier tubes which detect the scintillation light; it can also run with liquid neon.

DEAP-3600 runs with liquid Ar only, but can accommodate 3600 kg. Both detectors purify

their liquid targets throughout operation. MiniCLEAN and DEAP-3600 are in many ways

very similar (including location; both run at the SNOLAB underground laboratory), but

have several key differences. One is the temperature at which their PMTs run; DEAP

has “warm” PMTs, while MiniCLEAN’s PMTs operate at a cooled temperature, inside

the cryogen which holds the liquid scintillator. [20] Of particular interest with regard to

MiniCLEAN; the opportunity to run with two different target materials in the same detector

may allow special insight into differences both in background as well as potential dark matter

signals when the target nuclei have different atomic numbers. MiniCLEAN is on track to
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begin taking data sometime in 2014 [21]. DEAP-3600 is on a similar schedule, looking to

commission their detector in summer 2014 and begin data taking in the fall [22].

3.1.2 Phonons (heat, vibration)

Phonon excitations occur when the recoil kinetic energy excites the crystal. Thermal

sensors then detect the change in temperature of the crystal. These experiments are usually

cryogenic in order to increase the sensitivity to small changes in temperature. A brief

overview of selected direct detection experiments which use phonons follows.

CRESST

CRESST (Cryogenic Rare Event Search with Superconducting Thermometers) is a low-

temperature (10 mK) experiment which uses phonon detection as its primary method of

measuring deposited energy. Its target is a scintillator, CaWO4. The phonon signal is read

out using TES (transition edge sensors). The change of temperature in the calorimeter is

then analyzed to determine the energy deposited. [23]

CUORE

CUORE (Cryogenic Underground Observatory for Rare Events) is a tellurium dioxide

(TeO2) bolometry experiment designed to search for neutrinoless double beta decay. Its

low threshold, however, allows it to also carry out a direct dark matter detection search.

CUORE is located in the Gran Sasso Underground Laboratory in Italy. Its TeO2 crystals

are instrumented with Ge thermistors to measure temperature changes from the standard

detector temperature of 10 mK. CUORE cannot distinguish between electron and nuclear

recoils, but will search for dark matter via the annual modulation properties of the expected

WIMP signal. CUORE-0, with 52 bolometers of 750 g TeO2 each, and CUORE (98 bolome-

ters) anticipate being able to report limits or signs of discovery with only a few years of

operation. [24]
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3.1.3 Ionization

The ionization signal is created as the recoiling particle collides with ions and electrons,

creating ionized electrons which can be collected by means of an electric field.

CoGeNT

CoGeNT (Coherent Germanium Neutrino Technology) is a PPC (p-type point contact)

Germanium detector deployed in 2009 at the Soudan Underground Laboratory in Minnesota.

The detector mass is 443 g. PPC detectors allow a very low energy threshold, which is of

course quite useful in a dark matter search, since an exponential rise at low recoil energies is

expected. The CoGeNT prototype, a small detector in a shallow underground location, was

able to exclude in 2008 [25] the last unexplored area of the DAMA preferred region. With

only one channel in use, CoGeNT focuses on an annual modulation search. CoGeNT has

seen a modest modulation, which has persisted over several years. The reported statistical

significance of the modulation has actually reduced somewhat as CoGeNT gathers more

data: in 2011 [26] , they report 2.8 sigma with 442 live days of data-taking, while in 2014

the corresponding number is 2.2 sigma, with 1129 live days. [27] This annual modulation is

accompanied by an unexplained excess of events in the energy region where the modulation is

observed. While the statistical significance does not amount to a discovery (nor do they claim

it to), the phase is consistent with what we expect for WIMPs (and with the modulation

seen by DAMA). CoGeNT data is publicly available.

3.1.4 Multiple Channels

Many recent direct detection experiments instrument their target material with two types

of readout capabilities. Comparing these two signals (scintillation and ionization, ionization

and phonons, etc) allows in many cases a determination to be made whether the recoil was

due to a nuclear collision or a collision with an electron. This eliminates most forms of

backgrounds, and allows a particular event to be labeled background or consistent with the

expectations for a WIMP.
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Scintillation+Ionization: XENON, LUX These experiments use liquid Xe as their

target. They use scintillation and ionization as their dual signal. Liquid Xe is expensive,

and a significant amount is required in order to have enough fiducial volume.

Scintillation+Phonons: CRESST-II CRESST-II is the upgrade of CRESST, and adds

another channel: scintillation. This is particularly useful for discrimination between nuclear

and electron recoil.

Ionization+Phonons: CDMS, EDELWEISS CDMS is a cryogenic experiment which

reads out phonons and ionization signal. EDELWEISS uses phonons and ionization as well.

3.1.5 Bubble Chamber: COUPP

Chicagoland Observatory for Underground Particle Physics (COUPP) is a bubble cham-

ber dark matter experiment. Searching for dark matter via bubble chamber is a threshold-

based process, in that either nucleation occurs (i.e., a bubble is formed) or it does not. No

energy measurement is made; the bubble is formed if the interaction gives off energy above

a particular threshold. The COUPP chamber is filled with CF3I.

3.1.6 Annual Modulation

Dark matter interactions are expected to modulate annually due to the orbit of the earth

around the sun and the sun’s path through the galaxy as it rotates. The speed of the Sun

through the galaxy is 220 km/s, so this is the effective velocity of the dark matter if we

consider the Sun to be unmoving. The dark matter halo does not rotate. We then have an

effective “dark matter wind” from the perspective of a stationary sun. When the earth’s path

travels with the wind, we have a dark matter interaction minimum, but when the earth’s

path travels against the wind, we have a dark matter interaction maximum.
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Figure 3.1: The WIMP dark matter peaks at June 2nd, and is at a minimum six months

later. This is due to the rotation of the Earth about the Sun and the motion of the Sun itself;

the dark matter is itself nonrotating. Although the dark matter does not rotate, the effect

to us on Earth is often compared to a wind; hence you will find references to the “WIMP

wind”.

3.2 Dark matter exclusion results vs. possible dark matter signals

3.2.1 DAMA

DAMA finds an annual modulation with a significance of 9σ in the range of a few eV [28]

[29]. Their dark matter claim is complicated by the null results of CDMS(Ge), XENON100,

and LUX, which all exclude the DAMA region. DAMA’s extremely radiopure crystals, large

mass and long run time make testing their claim a tall order.

XENON

The XENON collaboration began with XENON-10 (10-kg of liquid xenon), and then

progressed to XENON-100 (operating today). XENON-1T (one ton) is funded and will

operate in the future. XENON uses the ionization and scintillation channels. Their threshold
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is quite low, and their result one of the most severe limits. There is some question as to their

understanding of the behavior of liquid xenon at very low energies.

LUX

LUX is to first order quite similar to XENON. The basic search method is the same,

and their null results agree, although LUX’s limit is even more restricting than that of

XENON-100.

CDMS

CDMS (Cryogenic Dark Matter Search) uses phonon and ionization detection to search

for dark matter. CDMS operates Ge and Si ZIP (Z-sensitive ionization and phonon) detectors

at a temperature of 40 mK. They have not seen dark matter in their Ge detectors (aside

from two inconclusive events in the signal region) and have published an exclusion limit [ref].

Their analysis hinges on calculating the ”ionization yield,” which is the ratio of ionization

signal to phonon signal. Electron recoil events have a high ionization yield, while nuclear

recoil events have a low ionization yield. This allows for discrimination between background

and signal. The primary background is due to surface effects. Surface (electron recoil) events

have an artificially low ionization yield, due to reduced ionization signal. CDMS has not

found annual modulation. The CDMS experiment is composed of two types of detectors, Ge

and Si. The Si detectors have detected 2 unexplained WIMP-like events [10] The data set

used for this analysis was gathered by 8 of the 11 CDMS Si ZIP detectors (each detector is

106 grams), over a 15-month period. There is a 5.4% chance that the backgrounds expected

could be responsible for these events. The CDMS collaboration considers these events to

be more likely to be explained by WIMPs than by known backgrounds, but refrains from

making a discovery claim. The CDMS Ge detectors do not detect any excess; all events are

consistent with known backgrounds. This possible disparity could be most informative; why

might the Si detectors register WIMPs while the Ge detectors in the same apparatus does

not? This could be due to differences in the two elements: Si has an atomic mass of 28
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g/mol, while the atomic mass of Ge is 72.6 g/mol. The lighter Si nuclei are more likely to

interact with a lower-mass WIMP (∼10 GeV/c2) in terms of scattering kinematics. [10]

CRESST-II

CRESST-II, the successor of CRESST, is a cryogenic dark matter detector which has

measured a signal unaccounted for by background, which may be explained as a WIMP

signal. CRESST-II has gathered 730 kg-days of data between 2009 and 2011. Sixty-seven

events have been found in the phase space in which WIMPs would be expected, which were

originally found at a 4-sigma level to be insufficiently explained by known backgrounds. [23]

However, further data-taking and detector upgrades has not confirmed the potential signal,

and the newest results instead report exclusion limits. [30]

3.2.2 Summary of possible signals

DAMA The DAMA experiment sees a definite modulation which is roughly in phase with

the expected behavior of dark matter WIMPs.

CoGeNT CoGeNT finds some dark matter candidate events, and sees a possible annual

modulation.

CDMS-Si See figure 3.2. The Si detectors of CDMS have detected two events which

cannot be explained by known backgrounds. [10]



34This result constrains the available parameter space of
WIMP dark matter models. We compute upper limits on
the WIMP-nucleon scattering cross section using Yellin’s
optimum interval method [27]. We assume a WIMP mass
density of 0:3 GeV=c2=cm3, a most probable WIMP

velocity with respect to the Galaxy of 220 km=s, a mean
circular velocity of Earth with respect to the Galactic
center of 232 km=s, a Galactic escape velocity of
544 km=s [28], and the Helm form factor [29]. The effect
of an annual modulation of the 10 GeV=c2 WIMP rate
found by integrating over the specific data-taking periods
for this analysis with the above assumptions introduces a
<2% shift downward in the cross sections of our results
and is thus neglected. Figure 4 shows the derived upper
limits on the spin-independent WIMP-nucleon scattering
cross section at the 90% C.L. from this analysis and a
selection of other recent results. The present data set an
upper limit of 2:4! 10"41 cm2 for a WIMP of mass
10 GeV=c2. We are completing the calibration of the
nuclear-recoil energy scale using the Si-neutron elastic
scattering resonant feature in the 252Cf exposures. This
study indicates that our reconstructed energy may be
10% lower than the true recoil energy, which would
weaken the upper limit slightly. Below 20 GeV=c2, the
change is well approximated by shifting the limits parallel
to the mass axis by#7%, making the limits weaker at low
masses. In addition, neutron calibration multiple-scattering
effects improve the response to WIMPs, thus shifting the
upper limit down to a lower cross-section axis and making
the limits stronger by #5%.
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FIG. 4 (color online). Experimental upper limits (90% confi-
dence level) for the WIMP-nucleon spin-independent cross
section as a function of WIMP mass. We show the limit obtained
from the exposure analyzed in this work alone (blue dotted line),
and combined with the CDMS II Si data set reported in
Refs. [21,25] (blue solid line). Also shown are limits from the
CDMS II Ge standard [17] and low-threshold [20] analysis
(dark and light dashed red), EDELWEISS low-threshold [30]
(long-dashed orange), XENON10 S2 only [31] (dash-dotted
green), and XENON100 [32] (long-dash-dotted green). The
filled regions identify possible signal regions associated with
data from CoGeNT [33] (dashed yellow, 90% C.L.), DAMA/
LIBRA [10,34] (dotted tan, 99.7% C.L.), and CRESST [12,35]
(dash-dotted pink, 95.45% C.L.) experiments. The 68% and
90% C.L. solid contours for a possible signal from these data
alone are shown in light blue. The blue dot shows the maximum
likelihood point at (8:6 GeV=c2, 1:9! 10"41 cm2).

FIG. 2 (color online). Ionization yield versus recoil energy in
all detectors included in this analysis for events passing all signal
criteria except (top) and including (bottom) the phonon timing
criterion. The curved black lines indicate the signal region
(" 1:8! andþ1:2! from the mean nuclear-recoil yield) between
7 and 100 keV recoil energies for detector 3 in tower 4, while the
gray band shows the range of charge thresholds across detectors.
Electron recoils in the detector bulk have yield near unity. The
data are colored (dark to light gray) to indicate recoil energy
ranges of 7–20, 20–30, and 30–100 keV to aid the interpretation
of Fig. 3.

FIG. 3 (color online). Normalized ionization yield (standard
deviations from the nuclear-recoil band centroid) versus normal-
ized phonon timing parameter (normalized such that the median
of the surface-event calibration sample is at "1 and the cut
position is at 0) for events in all detectors from the WIMP-search
data set passing all other selection criteria. The black box
indicates the WIMP-candidate selection region. The data are
colored (dark to light gray) to indicate recoil energy ranges of
7–20, 20–30, and 30–100 keV. The thin red curves on the bottom
and right axes are the histograms of the data, while the thicker
green curves are the histograms of nuclear recoils from 252Cf
calibration data; both are normalized to have the same arbitrary
peak value.
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Figure 3.2: CDMS Si and Ge results and others. CDMS-Si results are represented by the blue

dotted and solid lines/regions. CDMS-Ge results are in dark and light dashed red. EDEL-

WEISS is long-dashed orange, XENON10 (S2 only) is dash-dotted green, and XENON100

is long-dash-dotted green. CoGeNT preferred region is in yellow, DAMA/LIBRA region is

in tan, and CRESST (signal no longer relevant) is in pink. Thus, we see that the tension in

the field persists, and agreement between experiments which see signals is low.” [10]

3.2.3 Summary of Current Limits

XENON-100 XENON sees no WIMP events, and excludes the phase space favored by

CDMS-Si, DAMA, and CoGeNT.

LUX LUX reports an exclusion limit which is even stronger than that of XENON-100.

CRESST CRESST-II does not see dark matter.

CDMS-Ge The Ge detectors of CDMS see no WIMP events, and excludes the CDMS-Si

result as well as the potential signals found by DAMA and CoGeNT.
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3.3 DAMA’s annual modulation signal

Does DAMA really see dark matter? This is up for dispute despite their consistent and

unquestioning claim in the affirmative. Determining the validity of their claim has been

made more difficult as DAMA prefers to release only limited portions of their data to the

scientific community for consideration.

3.3.1 DAMA: Discrepancy, potential explanations

DAMA’s preferred region is excluded by CDMS-Ge, XENON, LUX, others...what does

this mean? The community largely is skeptical of DAMA’s results, but a reasonable alternate

explanation of their results which has been difficult to come by.

DAMA’s result clearly shows an annual modulation. If it were dark matter, we would

expect confirming results from other direct detection experiments. Since this is not the

case, the question arises: could DAMA be seeing the modulation of some known particle?

One possibility stems from cosmic ray muons. These high-energy particles are reduced in

quantity at the depths of DAMA and other dark matter experiments, but they are not

entirely blocked. The flux of muons reaching the surface of the earth (or below it) correlates

with the temperature of the atmosphere. This leads to a seasonal modulation, which is

peaked in the warm summer months and at a minimum in the winter. In the Northern

Hemisphere, this phase agrees, broadly speaking, with the phase expected for dark matter.

So is DAMA seeing muons? In fact no: DAMA shields against muons, and implements a

muon veto. However, the muons may not be entirely blameless. Muons have been known

to interact with rock, knocking out neutrons. These neutrons are difficult to shield entirely,

and would mimic a WIMP interaction quite well. So then is DAMA seeing muon-induced

neutrons? It turns out that while the phases of muons and WIMPs are similar, they are not

exactly aligned. Muons or particles produced by modulating muons are unlikely to explain

DAMA’s signal. For more discussion on this, please see these references: [31], [32], [33],

[34]. For one interesting new proposal for an explanation for DAMA’s observed modulation,

please see [35].
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3.4 Tension in the field, but also promise

While a great deal remains unknown, it does appear that we are on the cusp of under-

standing many things that are as of yet just outside our grasp. This is an intriguing time

to be working in the dark matter field. In many ways, the most important issue in the

field of direct detection is the conflict between the results of DAMA/LIBRA and the other

experiments (LUX, CDMS-Ge, etc.). Resolving this confusion is a crucial step in moving our

understanding of what dark matter either is or is not. The DM-Ice experiment is intended

to produce results which will allow for this resolution.
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Chapter 4

DM-Ice Detector

DM-Ice is a dark matter direct detection search for the annual modulation of dark matter.

The prototype, DM-Ice17 (17 kg of NaI crystals) was deployed at the South Pole in December

2010. The primary purpose of the prototype was to demonstrate the feasibility of operating

a dark matter detector deep under the ice, under irretrievable circumstances, rather than

in a mine or underground laboratory, as is traditional. The full-scale DM-Ice detector, the

components of which are beginning to be gathered together for assembly, will consist of order

250 kg NaI crystals, in order to give a decisive test of the DAMA/LIBRA result.

4.1 Motivation

The conflict between the DAMA dark matter discovery claim [28] and exclusion results

from other detectors needs further results to resolve the matter. DM-Ice is a DAMA-like

detector which can confirm or refute the DAMA results.

4.2 Special characteristics of DM-Ice

DM-Ice has several special characteristics to help with such a demanding and essential

task as checking the DAMA claim. These include operating in the Southern Hemisphere,

deployment in radioactively clean ice, and proximity to the IceCube Neutrino Observatory.
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4.2.1 Southern hemisphere

The DM-Ice experiment will run in the southern hemisphere. The muon background

(which is a possible explanation or component of an explanation for the observed DAMA

modulation) is dependent on seasonal temperature variations in the atmosphere. This back-

ground is still present in the southern hemisphere, but is reversed in phase as the seasons

are also. This phase reversal will allow for good resolution of the matter when results from

DM-Ice are compared with DAMA data. Muon seasonal fluctuation has been measured by

IceCube [36] (similar measurements at Gran Sasso also exist [37]).

4.2.2 Antarctic ice: a clean environment

DM-Ice will be located deep underground as DAMA is, but in an extremely radiopure

environment. DAMA runs in the Gran Sasso underground laboratory in Italy, and has

extensive shielding to reduce radioactive contamination from the rock (radon, etc) which

surrounds the mine. DM-Ice will be surrounded by Antarctic ice, which has negligible

background (see table 4.1). These estimates of isotope contamination in the glacial ice

are derived from measurements of dust in the ice from core samples taken from glacial ice

near Vostok [38] [39]. This dust is then assumed to have typical contamination as that

of standard soil/rock. Contamination in the ice itself can then be inferred. Since the ice

background is so low (≥ 106) less than in any underground rock environment), we may forgo

extensive shielding of the detector: the predominant background will be from the crystal

itself. DM-Ice may also be run in a traditional underground (in rock) setting before being

deployed at the South Pole.

4.2.3 IceCube

DM-Ice will be installed below the IceCube detector, the largest neutrino telescope in

the world. IceCube is located in a cubic kilometer of ice located beneath the surface of

the South Pole which has been instrumented with more than five thousand DOMs (Digital
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Optical Modules) containing PMTs to detect Cherenkov light from neutrino events as they

interact in the ice.

IceCube can also function as a useful muon check for DM-Ice as it detects neutrinos

for its own purposes, giving DM-Ice an external means of both determining muon rates

near our detector and specifically identifying background events. Muon events in DM-Ice17

can be distinguished from gamma and alpha events by examination of pulse height (energy

deposition) and pulse shape. Muon events have higher energy than gamma events, and can

be distinguished from alpha events by the longer pulse shape of the muon events. Cross

checking what we believe to be muon events with IceCube detection results confirms our

ability to identify muon events in DM-Ice17. Another essential benefit for DM-Ice from the

IceCube project is of course the existence of the technology and equipment which makes

deep ice deployment possible. The Enhanced Hot Water Drill that can, in a matter of a few

days, drill a hole a mile deep in the ice, is a key component of how this project is feasible.

4.3 DM-Ice17 Prototype

DM-Ice17, a prototype detector, was deployed in December 2010. This 17-kg NaI detector

is composed of two detectors, each with one crystal (8.5 kg) and two PMTs. The PMTs

output a signal which is processed, routed through the DAQ and sent north via satellite for

analysis. It is necessary to protect the detector with a sturdy stainless steel pressure vessel

in order to withstand the significant pressures which occur when the detector is frozen in

upon deployment.

The two detector units have been deployed by attaching them to the bottom of two

IceCube strings 7 and 79; see Figure 4.1 , which were themselves deployed toward the end

of IceCube construction. Assembled using IceCube electronics and crystals from the NAIAD

experiment, this prototype has proved the feasibility of running a dark matter detector at

the South Pole deep in the Antarctic ice. The prototype has steadily sent data up north via

satellite, and we have been optimizing and analyzing and using this information to inform
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the planning of the full-scale DM-Ice detector. A report on the first data from this detector

will be published in fall 2014; a draft may be viewed on the ArXiv at [40]

APS-April 2012Reina Maruyama, U. of Wisconsin
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IceCube In-Ice array
80 strings each with
60 DOMs

DeepCore
6 strings each with 
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DOMs; optimized for low
energies

Goals:
• Assess the feasibility of 

deploying NaI(Tl) crystals in 
the Antarctic Ice for a dark 
matter detector

• Assess the environmental 
stability

• Establish the radiopurity of 
the antarctic ice / hole ice
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IceCube to veto muons 

Installed Dec. 2010 24

DM-Ice-17: First Step 

Detectors:
• Two 8.5 kg NaI detectors 

from NAIAD (17 kg total)

String 7 String 79 

Figure 4.1: The DM-Ice17 detectors were deployed on the bottom of two IceCube strings:

one near the center of IceCube, and one near the edge, as indicated.

4.3.1 DM-Ice17 construction

The NaI(Tl) crystals used in DM-Ice17 are inherited from NAIAD [17]. The entire

crystal setup was effectively taken out of storage, sent to the Physical Science Laboratory in

Stoughton , and used as the heart of the prototype detectors. Each of the two units consists

of a NaI crystal (encapsulated in copper), two quartz light guides, two PMTs. Each of the

two crystals weighs about 8.5 kg, and is equipped with its own light guides and PMTs. The

crystals are encased in a thin layer of copper in order to protect the NaI from water and

atmosphere on the curved edges, and have a thin quartz window protecting each flat end.

These crystals were created to be very pure NaI(Tl), so as to provide a good target for the

NAIAD dark matter search. Since the production of the DM-Ice17 crystals , crystal growing



41

techniques have improved, such that modern NaI(Tl) crystals can be produced at greater

purity.
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Figure 4.2: Engineering sketch of one of the prototypes. The

NaI crystal (8.5 kg) is shown in white, the quartz light guides

in pink, and the PMTs are in teal. Teflon rings are visible in

white, stabilizing the intersections between crystal, light guides,

and PMTs. For a detailed description and picture of the current

geometry for DM-Ice17, please see figure 5.1.
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Figure 4.3: NAIAD crystal just arrived at

PSL from Boulby

Figure 4.4: Stainless Steel Pressure Ves-

sel. A pressure vessel is needed to protect

DM-Ice17 from the high pressures during

refreezing in the ice after deployment.
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Figure 4.5: Prototype top, showing one

of the PMTs, copper rods, and stabilizing

teflon beneath the PMT

Figure 4.6: Prototype without pressure

vessel
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Figure 4.7: Prototype being placed into

pressure vessel at Physical Sciences Lab-

oratory

Figure 4.8: Prototype complete with pres-

sure vessel and top hanging at Physical

Sciences Lab before being packed for ship-

ment to the South Pole in November 2010.
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Figure 4.9: View of the top of the proto-

type detector before attaching the top of

the pressure vessel

Figure 4.10: Packaging for shipping

Figure 4.11: Packaging for shipping Figure 4.12: Packaging for shipping
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Figure 4.13: Prototype sendoff

Figure 4.14: Prototype on plane

Figure 4.15: Prototype going down hole
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4.3.2 Radio-Purity of DM-Ice Components

In preparation for data analysis, at the time of detector construction, certain pieces of

material used in the detector were set aside for measurement purposes. Scraps from the

stainless steel used to fashion the pressure vessel, for instance, as well as copper from the

supporting copper rods were sent along with samples of drill ice water (the water melted

during hot water drilling of the hole in which the detector was deployed) to SNOLAB to be

counted.

The SNOLAB Low Background Gamma Facility is located deep underground (4600 feet)

in Sudbury, Ontario, Canada. The DM-Ice17 samples were counted here, and measurements

can be found in table 4.1. The SNOLAB counting facility operates by utilizing HPGe

detector(s) which count gammas.

Table 4.1: Contamination levels of DM-Ice17 detector components in mBq/kg. Quartz

measurements are from ILIAS database for ‘Spectrosil B silica rod’ [2], and PMT levels are

from the low-background ETL 9390B datasheet (with increased U238). Components that were

measured specifically for this experiment at SNOLAB [3] are indicated by *. Components

not shown in gamma/beta sim/data comparison are indicated by †.

.

Material 40K 232Th 238U 238U 235U 60Co

(234Th) (226Ra)

Quartz Light Guides 0.50 ± 0.03 < 4.9 12 – –

ETL 9390B PMT 9300 1000 2400 – –

Steel Pressure Vessel * 13.77 ± 6.38 6.49 ± 0.96 118.31 ± 60.11 2.28 ± 0.72 8.79 ± 1.68 7.19± 0.82

Drill Ice * 3.71± 1.36 0.55 ± 0.17 6.69 ± 3.02 0.39 ± 0.14 0.38 ± 0.21 0.12± 0.05

Silicone Optical Gel * † 39.50 ± 18.60 < 0.12 2.08± 1.10 38.50 ± 61.00 0.96± 1.30 0.32± 0.42

PTFE Supports * † 0.34± 5.09 0.52± 0.44 < 0.41 24.46 ± 21.37 1.92± 0.72 < 0.089

Copper Plate * †
< 5.13 < 1.22 0.17 ± 0.92 < 0.67 3.56± 1.79 < 0.12

Glacial Ice † ≈ 3 ×10−3 ≈ 4 ×10−3 ≈ 10−3 – –
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4.4 DM-Ice status: R&D for full scale detector

The full scale DM-Ice detector will be on the order of 250 kg of NaI(Tl). We anticipate

using an array of smaller crystals in order to benefit from coincidence studies. See figure ??

for one idea of how the full scale detector may look; two detectors of 125 total kg each is the

plan. A crucial aspect of assembling the full-scale DM-Ice detector is to obtain crystals of

sufficient purity. As we consider different designs for the detector, we must determine what

radioactive contamination is acceptable for all components of the detector.
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Chapter 5

DM-Ice Background Simulation

5.1 Geant4 Background Simulation: Purpose and Goals

In order to understand the data received from DM-Ice17, it is necessary to understand

our background. Since we are using an annual modulation search method, and not a zero-

background method, we do not need to classify events as signal or background; still, in

order to conclude whether or not a modulation is present, we must have a clear and detailed

understanding of where our backgrounds come from. We should know the levels of radioactive

contaminants in all parts of the detector and its surroundings.

Some of our materials were measured (see section 4.3.2 and table 4.1 ) at SNOLAB’s

Low Background Gamma Facility [41]. Other components of the detector were not able to be

measured. These must be evaluated via simulation. Beyond understanding and interpreting

the operation and data of DM-Ice17, simulation of these backgrounds from each component

is essential in order to create the best possible design for the full-scale DM-Ice detector. We

need to know what levels of cleanliness in each component will be acceptable in order to allow

us to achieve our dark matter measurement goals. Further, the radioactive contributions

from a particular component will impact choices of material and more. For instance, if the

radioactive background from the stainless steel used for the pressure vessel is too large, then

we may need to choose another material for the full-scale detector; for instance, titanium.

Titanium is of course very expensive, so we prefer to use the steel if possible. Simulation

provides essential information needed for decisions regarding materials selection for the full-

scale detector.
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Simulation also guides design of the light detection of the detector. DM-Ice17 has two

quartz light guides between the crystal and its two PMTs, one guide and one PMT on each

end of the crystal [see image]. This is done so that the radioactivity of the PMTs (primarily

the glass in the windows) is a bit removed by distance from the crystal, to minimize the

effect of the PMTs’ impurities. Questions that need to be answered by simulation include,

are the quartz light guides clean enough to do their job? Do we need more or less quartz

to block the radiation from the PMTs? What degree of cleanliness in the PMTs would be

needed in order to justify removing the light guides entirely? If we increase the purity of our

crystal, how clean do the PMTs or PMT/light guide combos need to be in order to remain

secondary backgrounds to the internal background of the crystal? Then, in terms of external

background, how much contribution will the drill ice and Antarctic ice surrounding the

detector contribute to the background as a whole? Is there a need to shield the detector from

the ice itself, as is done in mine deployments? Simulating all these backgrounds thoroughly

allows for decisions to be made on all these topics.

In order to answer all these questions, the Geant4 simulation package is used. GEANT

means ”GEometry ANd Tracking.” This is a toolkit. ROOT then processes output simula-

tion data (facilitates plotting). Geant4 is a descendant of GEANT3, which was originally

developed for use by the collider experiments at CERN in Geneva, Switzerland. GEANT3

is FORTRAN based, while Geant4 is written in C++. GEANT3 was in use primarily from

1974 to 2000. Geant4 is today used primarily in particle physics, medical physics, space

science, and other scientific areas.

5.1.1 Geometry

One way to describe a simulation such as that used for DM-Ice is that it consists of

two basic parts: a virtual geometry, and instructions for what to do with this geometry.

I inherited a rough version of the DM-Ice simulation from Matt Robinson of NAIAD; this

was a working simulation with a preliminary geometry of the DM-Ice17 prototype. This

simulation was used to create plots of anticipated backgrounds for the prototype, DM-Ice17.
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This information indicated that the background from the ice would be negligible, and that

the background from the crystal was likely to dominate. These were important pieces of

information, which encouraged the group to go ahead with building and deploying the pro-

totype in the first place. However, once the prototype was built and deployed, the simulation

originally used was rather out of date. One of my first tasks was to update the geometry

used in this simulation so that it was accurate to the final design of the prototype detectors.

All major elements of the geometry of the detector were simulated in this preliminary

geometry. The cylindrical NaI crystal is placed at the origin, with the ends of the cylinder

facing up and down along the z-axis. Cylindrical quartz light guides sandwich the crystal,

allowing light to travel through while distancing the crystal from the radioactivity of the

glass in the PMTs. These photoelectric tubes are implemented in a few segments: base,

body, and cathode. (See engineering drawing 4.2 .)

In updating the simulation geometry, I made several changes. These changes include:

-replacing mineral oil with nitrogen gas

-adjusting dimensions of crystal and pressure vessel

-addition of copper rods

-addition of steel midplate

For a detailed description and picture of the current geometry for DM-Ice17, please see

figure 5.1.
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Figure 5.1: Simulated Geometry and Components of DM-Ice17. Also visible in the pho-

tograph are the white PTFE stabilizer rings, and the array of vertical copper rods which

support the detector components. Please see table 6.7 for contamination levels in each

component.

5.2 Physics List

Geant4 references physics lists in order to propagate and decay particles properly. These

physics lists contain tables of data measured experimentally. A physics list contains in-

formation about particles, physics processes (such as scattering or radioactive decay), and

production thresholds. Many physics lists exist for general use, although anyone can compile

their own physics list if they wish. Some commonly used physics list include QGSP INCLXX,

QGSP BIC HP, FTFP BERT, and many more variations. Each is optimized for a certain

purpose (you may visit the Geant4 documentation online for further information on physics

lists, and which applications for which each list is useful). Some are intended for use in
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simulating collider physics, others for neutrino experiments, and others for medical physics

applications, and many more. Usually this optimization involves a sort of tradeoff between

level of detail and quickness of processing speed. Each experiment needs to decide what

physics list is most suitable for their experiment.

For DM-Ice, we have used only physics lists created (and tested) by others, so that we

know they are reliable, and for easier comparison to other results. Different physics lists are

appropriate for different situations. Since we are focused on low energy when performing

a dark matter search, we have primarily used the physics list “exrdmPhysicsList”. This

list contains primarily Livermore physics processes. We chose this physics list because it is

used in example rdecay02, which had similar energy region and particle type priorities to

DM-Ice (as opposed to the physics lists used by the LHC for high energy experimentation

and simulation). I ran briefly with the “shielding” physics list in order to compare to the

usual list when troubleshooting a decay problem. Physics list selection is a topic that will

be revisited as we go on, to make sure we are using the most optimized and accurate version

for our particular experiment and simulation.

5.2.1 Isotope Decays

Particles can be placed at a particular location within the geometry (inside or outside

the detector itself) and then allowed to propagate. Particles can be given an initial en-

ergy/momentum. A stable particle will propagate in space and time as it would in the

actual detector. A radioactive particle can be placed either with kinetic energy/momentum

or be at rest. For the DM-Ice simulation, particles are placed at rest in order to simulate

the decay of radioactive nuclei within the materials of and surrounding the detector. This

is because the most significant anticipated backgrounds are from the crystal and detector

components, as opposed to particles coming from the surroundings, due to the excellent

shielding properties of the ice. These nuclei then decay, and the decay products are tracked.

If a daughter nucleus is created, which then decays itself, a chain of decays and decay prod-

ucts is created, and all resulting particles are then tracked and recorded.
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Particles can also be distributed throughout a volume. For instance, instead of running a

certain number of 40K decays at one location in the steel pressure vessel, Geant4 can be in-

structed to evenly distribute these decays throughout the whole pressure vessel volume. This

allows us to simulate the actual situation of the radioactive contaminants in our detector.

5.3 Simulation Verification

60Co provides a convenient first check on Geant4 simulation results. Its most notable

peaks are at 1170 and 1333 keV. This is also the isotope which was used to calibrate the

crystals at Boulby, and therefore comparison among pre-deployment calibration data, in-ice

data, and simulation provided useful information for detector calibration. When run in the

crystal, these peaks are easily seen. This indicates that the package is working properly, at

least to first order. 40K is also a convenient option to verify things are working correctly; a

40K spectrum may be seen in Chapter 6. Alpha locations are another useful check, looking

at 238U and 232Th chains, but beta shoulders and x-ray peaks are also important to check.

These have all been verified and checks have been made regarding propagation and radiation

length/attenuation length to check reasonableness of results.

5.4 Selecting backgrounds

Distributing decays throughout volumes is well and good, but what rate is needed to

replicate what is seen in our detector? The materials used are not pre-measured, so that

upon assembling and deploying DM-Ice17, we did not have data available on exact levels of

contamination.

5.4.1 Measurements

Several materials were explicitly measured at SNOLAB. Steel (pressure vessel), drill ice,

optical gel, PTFE supports. These measurements either come with error bars or are simply

an upper limit. While I tweaked these values considerably from time to time, in the end for
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our paper [40], we took the “central” value of the measurements. Broken (out of equilibrium)

chains were observed in this SNOLAB data. and are noted in table 4.1.

Several materials have unknown exact contamination levels, and we have been unable to

measure them directly (quartz light guides, PMT, crystal). The PMTs have a data sheet

that we referenced, but since they were manufactured a while back, it’s unknown whether

the data sheet is exactly accurate. The quartz we have an idea of what might be reasonable

contamination levels, but no exact figures at all. The NaI crystals have been characterized

in a few ways during their time as NAIAD detectors but their contamination levels were

never measured that we are aware of. We do know that they are significantly dirtier than

the crystals used by DAMA.

5.4.2 Simulation and Data

For these components of unknown contamination, I have used a crude “by eye” fitting

method to estimate the contamination levels. First, I determined what seemed to be a

reasonable level of contamination for each component based on various resources (datasheets,

etc) and measurements of similar materials (ILIAS [2] and others). Then I simulated those

components using those levels, and plotted the resulting spectrum against the data spectrum

(see Chapter 6). By looking at particular peaks and shoulders, I determined whether these

estimates seemed to be too high or too low for each contaminant in each material, and

corrected accordingly.

This method was particularly essential in the alpha region of the spectrum (≈ 2-5 MeVee).

The relative heights of these peaks allowed an estimate of the 238U and 232Th chain contam-

inations in the crystal, as well as information on each segment of their broken chains (see

table 6.4). This estimate was then used in the beta/gamma energy region plots (≈ 0-2 MeV)

since there are no distinguishing features for 238U and 232Th in the crystal in this region.
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5.5 Matching to data

Once matched to data, these estimates were again verified to be reasonable for the ma-

terials present. These levels were used in the simulation plots in our paper [40]. See figures

in Chapter 6 to see how well data and simulation agree.

5.6 Simulation Overview

Simulation provides a key insight into both understanding our detector and planning for

the next phase of the experiment. Chapter 6 will continue discussion of simulation in the

context of data from DM-Ice17.
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Chapter 6

Comparison of Simulation with DM-Ice17 Data

6.1 Plotting from simulation: ROOT

ROOT is a plotting package created by the LHC collaboration at CERN. Geant4 conve-

niently outputs simulated events into a ROOT file which can then be plotted as a histogram

using the ROOT package.

6.2 Matching to data

The background simulation is intended to represent the radioactive contamination of

the detector. A number of components of the detector have been measured, so that we

know what their contamination levels are for various isotopes. Other components are not

known, although we have an idea of the general range of amounts and types of backgrounds

which would be typical for that material. For the measured components, I simply take the

activity rate for each isotope, and (having already run sufficient statistics of each isotope

in each material) scale the contribution to mimic what we see in the actual detector. If all

components had been measured, I would do this for every component and every isotope, and

then we would expect the compiled simulation to match the data from DM-Ice17.

6.2.1 Levels set by “fitting” to data

Since we do not know all of the levels of contamination, we do a bit of matching or fitting

between simulation and data. I began with the alphas. Peaks for the various alpha particles

expected in the NaI crystal have known energies. This allows me to simulate the 232Th and
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238U chains in the crystal, and then scale the amounts in order to match what we see in the

data. There are no contributions to these alpha peaks from outside the crystal, since the

range of alpha particles in matter is so small. This scaling has been done by eye, and it

remains for future work to improve the fit by using an actual fitting function to determine

the contributions from each alpha peak. What has been done is sufficient for the present

purpose, and is estimated to be accurate to about 30%. These results for alphas are shown

in table 6.4.

6.2.2 Alpha Quenching

Electron equivalency/electron equivalent energy is what we usually think of, but the

alphas are actually quenched. This quenching factor refers to the fact that only about half

of the energy of a given alpha particle will be detected in the crystal. This is due to a

reduced scintillation efficiency for alphas. Quenching is reported via a comparison of the

true energy of the alpha and what is visible in the crystal. Enr (nuclear recoil) and Eee

(electron equivalent) reflect quenched and unquenched energies as well.

The quenching factor in DM-Ice17 has been estimated by comparing simulation to data;

see equation 6.4. DAMA gives a quenching factor in their paper (see equation 6.1 ), as well

as posted plots of several alpha sections of their crystals (see figure 6.1 ). I used the DAMA

alpha plots to practice estimating quenching factors from plots, and got answers quite similar

to theirs as reported in the paper. I then used the same general method to estimate the

DM-Ice17 quenching factors. I found that in order to get good agreement, I had to use two

terms in the relationship, as DAMA does. Other references which quote quenching factors

usually quote a single term, with no energy-dependent term. DAMA does not explain why

they use this method, but it seems to fit their published alpha plots well, and also fits our

data quite well.
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Material Reference Link

Crystal (238U, 232Th) Simulation alpha analysis Section 6.3.3, table 6.4

Crystal (40K) Beta shoulder Section 6.4.1, table 6.4

Quartz ILIAS Radiopurity

Database (Silica Rod)

http://hepwww.rl.ac.uk/ukdmc/radioactivity/uk.html

PMT ET Enterprises 9390KB 5” http://icecube.wisc.edu/~breilly/researcharea/9390KB.pdf, Figure 6.9.

Steel SNOLAB measurements Table 4.1

Drill Ice SNOLAB measurements Table 4.1

Table 6.1: DM-Ice-17 Contamination references

6.3 Alpha Analysis

6.3.1 Overview and Goals

The alpha region of the background spectrum for NaI detector was simulated, and then

compared to DAMA’s published results and DM-Ice17 spectrum. Estimates of contamination

of 238U and 232Th in the NaI crystal were obtained, including different portions of the 238U

chain since the chain is not in equilibrium. Estimates of quenching factors were also obtained,

and it was determined that these may vary from crystal to crystal to some extent. Energy

resolution is considered as well. Since we need to reproduce via simulation both the amounts

of alpha contamination as well as the quenching factor, a test case was desirable. DAMA

has published images of their alpha regions for several crystals as well as a quenching factor

for a typical crystal [4]. Therefore, I first compared my simulation to DAMA’s results to

test whether I could reproduce their results accurately. Once I confirmed I could extract

contamination levels from comparing alpha data with simulation, I used this process to

estimate the 238U and 232Th content of the DM-Ice17 crystals.

6.3.2 Analysis of DAMA alphas

DAMA quotes contaminations of 0.7-10 ppt 238U in NaI crystal and 0.5-7.5 ppt 232Th in

NaI crystals.

http://hepwww.rl.ac.uk/ukdmc/radioactivity/uk.html
http://icecube.wisc.edu/~breilly/researcharea/9390KB.pdf


61

DAMA reports that the 238U chain is not in equilibrium but broken into five pieces (see

table 6.2). Decay rates are also provided by DAMA for the “d” crystal (see figure 6.1),

both for the broken 238U chain and the 232Th chain.

Chain portion isotopes Chain portion number Chain portion rate

238U-234Pa (1) 4.4 uBq/kg

234U (2) 15.8 uBq/kg

230Th (3) 15.8 uBq/kg

226Ra-214Po (4) 21.7 uBq/kg

210Pb-206Pb (5) 24.2 uBq/kg

(232Th) (-) (8.5 uBq/kg)

Table 6.2: DAMA crystal d broken 238U chain and 232Th rates; taken from paper [4]

6.3.2.1 DAMA plots introduction

In figure 6.1, 5 distinct peaks are resolved from the alphas (as shown in figure 6.2).

These alphas come from the 238U and 232Th chains, and are accounted for in the peaks as in

table 6.3:
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However, the hypothesis of equilibrium for the 238U chain in
the detectors is not confirmed by the study of the energy
distributions of the a particles, which can allow in principle the
determination of the various contributions from the 238U
subchains. In Fig. 8, we show—as an example—the distributions
of a from 238U and 232Th chains in some of the new NaI(Tl) crystals
as collected in a live time of 570h; there the a energies are given
in keV electron equivalent.

In particular, starting from the low energy peak, the five a
peaks in the energy spectra of Fig. 8 can be associated with5: (i)
232Th ðQa ¼ 4:08MeVÞ þ 238U ð4:27MeVÞ; (ii) 234U ð4:86MeVÞ þ
230Th ð4:77MeVÞ þ 226Ra (4.87MeV); (iii) 210Po ð5:41MeVÞ þ
228Th ð5:52MeVÞ þ 222Rn ð5:59MeVÞ þ 224Ra (5.79MeV); (iv)
218Po ð6:12MeVÞ þ 212Bi ð6:21MeVÞ þ 220Rn (6.41MeV) and (v)
216Po (6.91MeV). Thus, the contribution of each a decay has been
simulated and fitted to the experimental energy spectra (some
examples are given in Fig. 8) considering the 238U radioactive
chain split into five segments ð238U ! 234U ! 230Th ! 226Ra !
210Pb ! 206PbÞ and the 232Th chain at equilibrium.

The fit of the measured alpha spectra allows the determination
of the activities of the five 238U subchains and of the 232Th chain.
The results confirm the hypotheses that the 238U chain is broken
in these NaI(Tl) crystals. As an example in the detector ðdÞ of Figs.
6 and 8 the 232Th and 238U contents obtained by the fit are: (1)
8:5% 0:5mBq=kg of 232Th (that is, 2:1% 0:1ppt, value in agreement
with the two determinations given above using the time–
amplitude and the Bi–Po analyses); (2) 4:4% 0:7mBq=kg for
238U ! 234U decay subchain (that is, 0:35% 0:06ppt of 238U);

(3) 15:8% 1:6mBq=kg for 234U ! 230Th þ 230Th ! 226Ra decay
subchains (they all contribute to the same peak); (4) 21:7%
1:1mBq=kg for 226Ra ! 210Pb decay subchain and (5) 24:2%
1:6mBq=kg for 210Pb ! 206Pb decay subchain.

As it is clear e.g. from Fig. 8, the residual contaminants may be
slightly different even among detectors made from NaI(Tl) crystals
grownwith the same selection of materials, purification processes
and protocols. In fact, some casual pollutions during the growth
and handling procedures may in principle be possible, being the
detectors built in an industrial environment. Differences may also
arise depending on the use of different bulks or on which part of a
crystallized bulk has been used to build the detector. In fact, the
purification during crystallization may be not uniform in the
whole bulk mass. Moreover, the uniformity of the contaminants
distribution inside the total material needed to construct each
part of the detectors cannot be assured. Obviously, casual
pollution may also occur when handling the detectors in
industrial environment or deep underground without the needed
extreme care.

5.3. natK

An estimate of the potassium content in the DAMA/LIBRA
crystals has been obtained investigating over large exposure the
presence of peculiar double coincidences. In fact, the 40K (0.0117%
of natK) also decays by EC to the 1461keV level of 40Ar (b.r. 10.66%)
followed by X-rays/Auger electrons, that are contained in the
crystal with efficiency &1, and a 1461keV de-excitation g. The
latter one can escape from one detector (hereafter A) and hit
another one, causing the double coincidence. The X-rays/Auger
electrons give rise in the detector A to a 3.2 keV peak, binding
energy of shell K in 40Ar.6

The experimental data have been analyzed searching for these
double coincidences; Fig. 9 shows as an example a scatter plot of
the energies of the detector A and all the other detectors involved
in the coincidence. It is evident a spot that correlates the 1461keV
events in the other crystals with the 3.2 keV peak in crystal A. The
detection efficiency for such coincidences has been evaluated for
each crystal by Monte-Carlo code. The analysis has given for the
natK content in the crystals values not exceeding about 20 ppb. It is
worth noting that the identification of the 3.2 keV peak offers also
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Fig. 8. The a energy distributions in some of the NaI(Tl) crystals corresponding to a
live time of 570h. The energy is given in keV electron equivalent.
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Fig. 9. Example of the analysis to determine natK contamination in one of the 25
crystals (see text). The scatter plot shows the low energy region of the considered
crystal, A, as a function of the energy detected in the other crystal involved in the
double coincidence. The threshold of each PMT is at single photoelectron level.
For comparison, the software energy threshold used in the data analyses of the
single-hit events for Dark Matter particle investigation: 2 keV, is shown as
continuous line.

5 It is worth noting that the a associated with the decays of 212Po and of 214Po
are not present in the shown a plots because they belong to a Bi–Po event and they
are mainly vetoed by the acquisition system (see later).

6 In the 76:3% 0:2% of the cases an electron from shell K ðEK ¼ 3:2keVÞ is
involved in the process, in the 20:9% 0:1% an electron from shell L ðEL ¼ 0:3keVÞ
and in 2:74% 0:02% electron from upper shells.

R. Bernabei et al. / Nuclear Instruments and Methods in Physics Research A 592 (2008) 297–315304

Figure 6.1: DAMA has published alpha spectra from four of their crystals [4]. These spectra

are shown in electron equivalent units (quenched energy), and were used in order to test the

alpha contamination estimation process using the DM-Ice simulation.

6.3.2.2 DAMA plots (d) and (c) with simulation

In figure 6.4, plots (a) - (d), I have simulated the same concentration over the same

period of time as DAMA (570 hours). The binning is the same (50 keV/bin).

DAMA quotes their quenching factor (cited for crystal “d”) in equation 6.1 as:

alpha/beta = 0.467 + 0.0257× Eα (6.1)
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However, the hypothesis of equilibrium for the 238U chain in
the detectors is not confirmed by the study of the energy
distributions of the a particles, which can allow in principle the
determination of the various contributions from the 238U
subchains. In Fig. 8, we show—as an example—the distributions
of a from 238U and 232Th chains in some of the new NaI(Tl) crystals
as collected in a live time of 570h; there the a energies are given
in keV electron equivalent.

In particular, starting from the low energy peak, the five a
peaks in the energy spectra of Fig. 8 can be associated with5: (i)
232Th ðQa ¼ 4:08MeVÞ þ 238U ð4:27MeVÞ; (ii) 234U ð4:86MeVÞ þ
230Th ð4:77MeVÞ þ 226Ra (4.87MeV); (iii) 210Po ð5:41MeVÞ þ
228Th ð5:52MeVÞ þ 222Rn ð5:59MeVÞ þ 224Ra (5.79MeV); (iv)
218Po ð6:12MeVÞ þ 212Bi ð6:21MeVÞ þ 220Rn (6.41MeV) and (v)
216Po (6.91MeV). Thus, the contribution of each a decay has been
simulated and fitted to the experimental energy spectra (some
examples are given in Fig. 8) considering the 238U radioactive
chain split into five segments ð238U ! 234U ! 230Th ! 226Ra !
210Pb ! 206PbÞ and the 232Th chain at equilibrium.

The fit of the measured alpha spectra allows the determination
of the activities of the five 238U subchains and of the 232Th chain.
The results confirm the hypotheses that the 238U chain is broken
in these NaI(Tl) crystals. As an example in the detector ðdÞ of Figs.
6 and 8 the 232Th and 238U contents obtained by the fit are: (1)
8:5% 0:5mBq=kg of 232Th (that is, 2:1% 0:1ppt, value in agreement
with the two determinations given above using the time–
amplitude and the Bi–Po analyses); (2) 4:4% 0:7mBq=kg for
238U ! 234U decay subchain (that is, 0:35% 0:06ppt of 238U);

(3) 15:8% 1:6mBq=kg for 234U ! 230Th þ 230Th ! 226Ra decay
subchains (they all contribute to the same peak); (4) 21:7%
1:1mBq=kg for 226Ra ! 210Pb decay subchain and (5) 24:2%
1:6mBq=kg for 210Pb ! 206Pb decay subchain.

As it is clear e.g. from Fig. 8, the residual contaminants may be
slightly different even among detectors made from NaI(Tl) crystals
grownwith the same selection of materials, purification processes
and protocols. In fact, some casual pollutions during the growth
and handling procedures may in principle be possible, being the
detectors built in an industrial environment. Differences may also
arise depending on the use of different bulks or on which part of a
crystallized bulk has been used to build the detector. In fact, the
purification during crystallization may be not uniform in the
whole bulk mass. Moreover, the uniformity of the contaminants
distribution inside the total material needed to construct each
part of the detectors cannot be assured. Obviously, casual
pollution may also occur when handling the detectors in
industrial environment or deep underground without the needed
extreme care.

5.3. natK

An estimate of the potassium content in the DAMA/LIBRA
crystals has been obtained investigating over large exposure the
presence of peculiar double coincidences. In fact, the 40K (0.0117%
of natK) also decays by EC to the 1461keV level of 40Ar (b.r. 10.66%)
followed by X-rays/Auger electrons, that are contained in the
crystal with efficiency &1, and a 1461keV de-excitation g. The
latter one can escape from one detector (hereafter A) and hit
another one, causing the double coincidence. The X-rays/Auger
electrons give rise in the detector A to a 3.2 keV peak, binding
energy of shell K in 40Ar.6

The experimental data have been analyzed searching for these
double coincidences; Fig. 9 shows as an example a scatter plot of
the energies of the detector A and all the other detectors involved
in the coincidence. It is evident a spot that correlates the 1461keV
events in the other crystals with the 3.2 keV peak in crystal A. The
detection efficiency for such coincidences has been evaluated for
each crystal by Monte-Carlo code. The analysis has given for the
natK content in the crystals values not exceeding about 20 ppb. It is
worth noting that the identification of the 3.2 keV peak offers also
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Fig. 8. The a energy distributions in some of the NaI(Tl) crystals corresponding to a
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Fig. 9. Example of the analysis to determine natK contamination in one of the 25
crystals (see text). The scatter plot shows the low energy region of the considered
crystal, A, as a function of the energy detected in the other crystal involved in the
double coincidence. The threshold of each PMT is at single photoelectron level.
For comparison, the software energy threshold used in the data analyses of the
single-hit events for Dark Matter particle investigation: 2 keV, is shown as
continuous line.

5 It is worth noting that the a associated with the decays of 212Po and of 214Po
are not present in the shown a plots because they belong to a Bi–Po event and they
are mainly vetoed by the acquisition system (see later).

6 In the 76:3% 0:2% of the cases an electron from shell K ðEK ¼ 3:2keVÞ is
involved in the process, in the 20:9% 0:1% an electron from shell L ðEL ¼ 0:3keVÞ
and in 2:74% 0:02% electron from upper shells.

R. Bernabei et al. / Nuclear Instruments and Methods in Physics Research A 592 (2008) 297–315304
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Figure 6.2: DAMA alphas, peaks labeled

for reference (see table 6.3 ) [4]

Peak ID Contributing isotopes

peak 1 232Th†, 238U*

peak 2 234U*, 230Th*, 226Ra*

peak 3 210Po*, 228Th†, 222Rn*, 224Ra†

peak 4 218Po*, 212Bi†, 220Rn†

peak 5 216Po †

Figure 6.3: Alpha peak components; Peak ID

as in figure 6.2. A † indicates isotope is a

member of the 232Th chain; * indicates a mem-

ber of the 238U chain.

Equation 6.2 shows a modified version of DAMA’s quenching factor:

alpha/beta = 0.45+ 0.0257× Eα (6.2)
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Simulated alpha energies in simulation are

quenched according to equation 6.3
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Simulated alpha energies in simulation are

quenched according to equation 6.2
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Simulated alpha energies in simulation are

quenched according to equation 6.3
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Simulated alpha energies in simulation are

quenched according to equation 6.1

Figure 6.4: DAMA plots (a) - (d) and simulation adapted to match each. Concentrations of

238U chain (broken) and 232Th chain (equilibrium) are used in simulation as shown in table

6.2. Alpha energies in simulation are quenched according to the equations found in table 6.5.

(*Quenching is implemented in simulation after running a number of decays, at the time of

creating the plots.)



65

6.3.2.3 DAMA plots (b) and (a) with simulation

For DAMA plots (a) and (b) 6.1 I found that the 238U chain was broken differently than

quoted by DAMA. This means that the intensities or rates from the portions of the chains

were different, not that the chain broke in different places, since the places the chain breaks

is related to half-lives and not anything that can vary from crystal to crystal. See figure

6.3 for the numbers on how the 238U chain broke in these DAMA crystals. Note that these

numbers were obtained by changing different peak heights by hand and eyeballing the result

to see if it matched up with DAMA’s plot. I got much better agreement with these numbers

than with DAMA’s (d) numbers, but they are not necessarily a highly precise answer.

With regard to quenching for DAMA’s (a) plot, neither equation 6.1 nor equation 6.2

gave very good agreement between simulation and DAMA’s plot. So I changed 6.1 further,

to the form shown in equation 6.3:

alpha/beta = 0.35+ 0.038× Eα (6.3)
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Figure 6.5: DAMA alpha plot (d) with quenching factor modified (see equation 6.2) from

value quoted in [4] (see equation 6.1 ). Included for completeness; since DAMA quotes this

quenching factor specifically, I will generally use their value when referring to this crystal,

but thought it important to include this modification since it matches rather better.
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Chain portion isotopes Chain portion number Chain portion rate (a) Chain portion rate (b)

238U-234Pa (1) 1.089 uBq/kg 0.311 uBq/kg

234U (2) 10.89 uBq/kg 9.33 uBq/kg

230Th (3) 10.89 uBq/kg 9.33 uBq/kg

226Ra-214Po (4) 17.4 uBq/kg 15.5 uBq/kg

210Pb - 206Pb (5) 28.3 uBq/kg 46.65 uBq/kg

(232Th) (-) (3.55 uBq/kg) (5.08 uBq/kg)

Table 6.3: DAMA (a) and (b) 238U chain (broken) and 232Th (equilibrium) rates

6.3.3 Alpha Simulation and DM-Ice17

Once I was confident the simulation was working properly and that I knew how to adjust

broken chain intensities and quenching factors, I moved on to looking at the alpha spectrum

of DM-Ice17. When I did the DAMA fitting as above, I left 232Th in equilibrium (as DAMA

did). I found later that I was able to better match simulation and data if I broke the

232Th chain into two sections (see tables 6.4 and 6.6 ). Simulation of DM-Ice17 alpha

(and beta/gamma as well) regions therefore has this in effect while the simulations used for

DAMA comparisons do not. Analysis of DM-Ice17 alpha region allows values to be extracted

for the 238U and 232Th decay chains, as described below.

Quenching Factor for Det-1: alpha/beta = 0.435+ 0.039× Eα(MeV )

Quenching Factor for Det-2: alpha/beta = 0.47+ 0.034× Eα(MeV )
(6.4)

6.3.4 Alpha Analysis Summary

DAMA’s stated quenching factor appears to roughly match the corresponding alpha plot

they have published (d), but small modifications seem to provide better agreement between

the Geant4 simulation and DAMA’s data. Modifying the quenching factor further permits
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Figure 6.6: DM-Ice-17 data (Prototype 1) and simulation. Binning is 20 keV/bin for both

simulation and data. Concentrations of 238U chain (broken) and 232Th chain (broken) are

used in simulation as shown in tables 6.7 and 6.4. Quenching factor for Det-1 alphas is

shown in equation 6.4. Energy resolution percentage varies from 5 to 1 as energy increases,

according to equation 6.5. These alpha energies are not quenched. (the simulated particles

have not had a quenching factor applied, and the data has had the quenching factor applied

inversely in order to “unquench” the energies for comparison to simulation.)

good agreement between simulation and DAMA data for their other published alpha plots

(a), (b), (c).

DM-Ice17 comparison of alpha data and alpha simulation allows for an estimation of

quenching factor in the same way. The quenching factor which facilitates good agreement be-

tween simulation and DM-Ice17 data conforms to the same pattern as the DAMA quenching

factors, and has similar values. Thus, we have estimated the quenching factors of DM-Ice17,

and feel confident that these results are reasonable.

The quenching factor values are gathered in table 6.5.
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The alpha simulation analysis also permits estimation of the contamination content of the

DAMA and DM-Ice17 crystals. As with the quenching factor, DAMA has given values for the

radioactive contamination of one of its crystals (d) [4]. Simulation of these contamination

levels confirms that these numbers give fairly good agreement with data. The simulation

then also allows extraction of similar contamination levels for the other DAMA crystals for

which we have plots: (a), (b), and (c). It is found that (c) is very similar to (d), so no

separate values are reported, but the levels for (d), (b), and (a) are listed in table 6.6.

Having confirmed the ability of the simulation to estimate contamination content of

crystals by examining the alpha spectrum, the DM-Ice17 alpha spectrum was examined. The

extracted values for crystal contamination due to 238U and 232Th chains are our sole estimates

of these levels, which are our primary background in the region of interest. Understanding

the internal contamination of the crystal is therefore of the utmost importance, and this

alpha analysis allows an estimate without which we would have a severe handicap when

examining the low-energy region, where a dark matter signature may be seen or excluded.

Internal contamination numbers for DM-Ice17’s NaI crystals can be found in table 6.4.

A rough comparison of the contamination levels found in DAMA crystals as in [4] and

DM-Ice17 can be found in table 6.6 .

Alpha analysis led to the broad conclusion that the DM-Ice-17 crystals seems to be about

10− 50 times dirtier than DAMA’s crystals on average, of the ones for which they provided

alpha plots (see table 6.6). This result of order 10 or 100 difference between the DM-Ice17

and DAMA crystals was an important early conclusion for the DM-Ice project. This implied

that if these (relatively dirty) older crystals were even this close to DAMA purity levels,

we could likely procure crystals clean enough for our purposes for the full-scale DM-Ice

detector. These numbers also informed us what sort of constraints on our results with DM-

Ice17 would be like, given the degree of contamination in the crystals. In addition, knowing

the contamination of our crystals was essential in order to simulate the gamma and beta

energy regions, and especially the region of interest. Since DM-Ice17 was not calibrated with
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any external source, these alpha lines are our only handle on measuring the crystal internal

contamination.

238U: 1 Bq/kg = 81 ppb

232Th: 1 Bq/kg = 246 ppb

40K: 1 Bq/kg = 32.3 ppm

Figure 6.7: Conversion between Bq/kg and ppb for 238U and 232Th in equilibrium, and 40K:
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Isotope Subchain Activity (mBq/kg)

40K 17

129I 1

232Th
232Th 0.01

228Ra– 208Tl 0.16

238U

238U– 234Pa 0.017

234U– 230Th 0.14

226Ra– 214Po 0.90

210Pb – 210Po 1.5

Table 6.4: Contamination in the NaI crystals as determined by simulation comparison to

data spectral features (see figure 6.6). The activity levels in the two detectors are consistent

within the ≈ 30% error of these numbers. Both 238U- and 232Th-chains were observed to be

broken. The value for 129I was taken from ANAIS’s measurements of its crystals, and kept

the same since it matched data well [5] .

Crystal ID Quenching Equation

DAMA (d) Eα/Eβ = 0.467 + 0.0257× Eα

DAMA (c) Eα/Eβ = 0.45 + 0.0257× Eα

DAMA (b) Eα/Eβ = 0.45 + 0.0257× Eα

DAMA (a) Eα/Eβ = 0.35 + 0.038× Eα

DM-Ice17 Eα/Eβ = 0.435 + 0.039× Eα

Table 6.5: Quenching Equations for various crystals (all energies in MeV). DAMA (d) crys-

tal is taken from their apparatus paper [4]; the other quenching factors are derived from

comparing data and simulation.
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Isotopes Subchain DAMA d DAMA b DAMA a DM-Ice-17 DM-Ice/DAMA

238U-234Pa (1) 4.4 uBq/kg 0.311 uBq/kg 1.089 uBq/kg 17 uBq/kg 9

234U (2) 15.8 uBq/kg 9.33 uBq/kg 10.89 uBq/kg 140 uBq/kg 12

230Th (3) 15.8 uBq/kg 9.33 uBq/kg 10.89 uBq/kg 140 uBq/kg 12

226Ra-214Po (4) 21.7 uBq/kg 15.5 uBq/kg 17.4 uBq/kg 900 uBq/kg 50

210Pb - 206Pb (5) 24.2 uBq/kg 46.65 uBq/kg 28.3 uBq/kg 1500 uBq/kg 45

(232Th) (-) (8.5) uBq/kg (5.08) uBq/kg (3.55) uBq/kg (160 uBq/kg) 28

Table 6.6: Intensity levels for broken U chain and 232Th. (lower portion or subchain of

232Th only was used) The DM-Ice-17 crystals seems to be about 10− 50 times dirtier than

DAMA’s crystals on average, of the ones for which they provided alpha plots. [Note that

this table reports the 232Th chain as in equilibrium, or unbroken. Further alpha analysis

revealed better data-simulation agreement when this chain is broken, as in table 6.4. For

purposes of this table, only the value for the lower portion of the chain is reported.]
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6.4 Gamma/Beta analysis

Having used the alpha analysis to estimate the internal contamination of the crystal, the

next step is to consider the 0-2 MeV range of the energy spectrum. With many free variables

in this section from unmeasured components, it’s essential to pin down as many as we can.

Several components were measured at SNOLAB, as discussed 4.3.2, and the 238U and 232Th

crystal contaminations are set by the alpha analysis. Particular features in the spectrum

(see table 6.8 ) as well as general knowledge about contamination levels in similar materials

were then used to estimate the contamination of the remaining unmeasured components.

In order to determine the best match between simulation and data, and set estimates of

contamination levels, some starting point had to be chosen. The overall energy spectrum

was expected to have significant contributions from the crystal, the quartz light guides, the

PMTs, the stainless steel pressure vessel, and possibly the drill ice. The steel and drill ice

have been measured at SNOLAB 4.3.2. Estimates of contaminations in the other materials

were needed; they were taken from a few different locations. The levels for the PMTs were

based on a datasheet (see figure 6.9 ) for the same model PMT (though not necessarily

identical to the PMTs used in DM-Ice17), the quartz was based on measurements of clean

quartz found in the ILIAS database [2] (although the particular variety of quartz used in

DM-Ice17 is unknown), and the 238U and 232Th levels of the crystal were estimated from

the alpha analysis described above. 40K in the crystal was originally estimated to be in

similar relative proportions to 238U and 232Th as reported by DAMA, and then estimated

more specifically based on the 40K beta shoulder.
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Isotope Location(s) Feature/Peak Parent Chain, if

applicable

214Pb Quartz, PMTs, Pressure Vessel 352 keV peak 238U

214Pb Quartz, PMTs, Pressure Vessel 1765 keV peak 238U

214Pb Quartz, PMTs, Pressure Vessel 2204 keV peak 238U

214Bi Quartz, PMTs, Pressure Vessel 609 keV peak 238U

208Tl Quartz, PMTs, Pressure Vessel 2615 keV peak 232Th

60Co Pressure Vessel 1170 keV peak N/A

60Co Pressure Vessel 1370 keV peak N/A

40K Crystal Beta shoulder, Q = 1311 keV N/A

40K Quartz, PMTs, Pressure Vessel 1460 keV peak N/A

40K Crystal ∼ 3 keV N/A

210Pb Copper Casing (inner surface, 10

micron depth)

∼15 keV peak 238U; only simu-

lated from 210Pb

down

210Pb Crystal 46.5 keV peak 238U

Figure 6.8: Gathered a few of the most significant gamma and beta features in the spectrum.

“Location” column often does not include the crystal, because many features do not appear

in the spectra of isotopes decaying within the crystal. This is because not only the x-ray

or gamma will be detected by the crystal (as may be the case if the decay originates from

outside the crystal), but also the beta, or also accompanying photons. This means many

distinguishable features originate only from outside the crystal. See figure 6.12, and note

the shape of the crystal contribution to the spectrum. (The 3 keV feature is similarly often

combined with other decay products, but sometimes the accompanying 1460 keV gamma

escapes the crystal, leaving only the 3 keV x-ray to be detected. Since this occurs exactly

in our region of interest, this feature is of particular interest.) On the whole, each of the

features in this table should be visible in figure 6.12 (aside from the 3 keV peak; for this

feature, see figure 6.13 ). Note that the double horizontal line separates features visible on

the beta/gamma region of the spectrum from those visible in the low-energy region.
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Figure 6.9: Excerpts from PMT Datasheet. These contamination levels were taken as a

base from which we determined our best estimate of our actual PMT background levels for

DM-Ice17.
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6.4.1 40K in the crystal

After establishing a reasonable starting point for all contaminations, the next order of

business was to estimate the actual 40K contamination in the crystal. This background is

crucial to understand for two reasons. First, the 3 keV peak which occurs x% of the time in

this decay is a dominant background in our low energy region, the region of interest for dark

matter nuclear recoil (≈ 0-10 keV). Second, there is an opportunity for an important veto

with a multiple crystal detector array, as used in DAMA and planned for the full-scale DM-

Ice experiment. This veto involves both the 3 keV peak and a peak at 1460 keV occurring in

x% of 40K decays. While the 3 keV count cannot escape the crystal in which it originated,

the 1460 keV gamma may register in a nearby crystal. Thus, a coincidence veto can be

used: any 3 keV count accompanied by a 1460 keV count in a neighboring crystal can be

thrown out as background. This coincidence analysis can also be used to estimate the 40K

contamination level in the crystal.

The overall spectrum from the crystal contamination in this energy region is dominated

by the characteristic beta shape, but the 1460 keV peak from 40K is well-defined. It would

be easy to use this peak to determine the amount of 40K in the crystal if we already knew

the 40K levels in the quartz lightguides, steel pressure vessel, and PMTs. However, since we

lack all but one of those measurements (that of the steel), the 40K levels in the crystal were

estimated based on the beta shoulder. This broad feature is the foundation for all of the

peak features. Adjusting the 40K levels in the crystal essentially shifts the whole spectrum

up and down. I modified these levels until the smooth portions of the simulated spectrum

between 400-600 keV and 700-1000 keV aligned well with data (see figure 6.12 for spectrum

details in this region). See figures ?? and ?? for 40K spectrum details. Consideration of

these factors led to the estimate of the DM-Ice17 crystal 40K contamination, as found in

table 6.4 .
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Figure 6.10: 40K in the crystal (internal contamination). 15,000 decays were simulated.

The amount of 40K in the crystal was estimated based on the beta shoulder feature with

endpoint energy 1311 keV. All simulation-data comparison plots have the simulation modified

to approximate detector energy resolution.
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6.4.2 609 keV peak considerations

The 609 keV peak from 214Bi was a significant focal point for matching simulation to

data. This peak is relatively large and isolated, and so was a good reference point despite

having two or three significant contributing regions. Once I more or less fixed the 40K level

in the crystal, I began tinkering with PMT and quartz levels, with my eye on the 609 keV

peak (in order to set the 238U levels for PMTs and quartz). The original estimate used in

the simulation for quartz contaminations came from a PMT brochure (<5, <5, <5 ppb ppb

ppm U/Th/K). In the end, we decided that the quartz was likely more comparable to the

Spectrosil B quartz measured by ILIAS than the dirtier estimate we had originally started

with. This left the major contributions to the 609 peak coming from the steel pressure

vessel (whose 238U had been measured by SNOLAB), and the PMTs. This therefore allowed

a first-order estimate of the 238U level in the PMTs. It turns out that the level found in

the datasheet for the PMTs were fairly consistent with what we see in data, depending on

which level of cleanliness is assumed in the glass. The low-background PMT glass is reported

to have about 100 ppb of 238U, and the ultra-low background glass about 10 ppb. In the

simulation, we found that about 30 ppb (or 2400 mBq/kg) fit best with data; somewhere in

between the low-background and ultra-low background PMT reported values.
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Figure 6.11: Excerpts from PMT Brochure. These quartz contamination levels were taken

as an early estimate of the quartz contamination levels in DM-Ice17. Further investiga-

tion found that a better reference material was the Silica Rod B from the ILIAS UKDMC

measurements. [2] http://hepwww.rl.ac.uk/ukdmc/radioactivity/uk.html

http://hepwww.rl.ac.uk/ukdmc/radioactivity/uk.html
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Figure 6.12: In order to estimate the contamination levels in the NaI crystal and other

detector components and surroundings, a comparison of simulation to data was performed.

Here is shown the 100 keV to 3000 keV region; alpha events have not been included (see figure

6.6 for alpha spectrum). This plot begins at 100 keV because that is the point at which our

detector calibration switches; low-energy calibration is done separately from the “gamma

region” calibration. In addition, the low-energy region (0-100 keV) is best considered when

looking at a different data channel, ATWD0; for the portion of the spectrum above 100

keV, the channel ATWD1 is used. The difference between these channels as relates to these

decisions involves better energy resolution at lower energies, and avoiding signal saturation

at higher energies. For details on significant peaks, please refer to table 6.8. Contamination

level estimates concluded from this simulation-data comparison can be found in table 6.7.
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6.4.3 Low energy

The low-energy region is our region of interest for dark matter detection, and as such it

is highly important that we understand our backgrounds in this region. This allows us to

understand the behavior of the prototype detectors, and also to plan how best to build future

detectors (materials, design, etc.) As you can see in figure 6.13, the primary features in this

energy region are the 3 keV peak from 40K, the broad ∼ 15 keV peak from 210Pb, and the

46.5 keV peak, also from 210Pb. The 46.5 keV peak originates largely within the crystal, but

the ∼ 15 keV peak must originate outside the crystal. We have determined that this peak is

due to x-rays from 210Pb in the thin copper casing which surrounds the crystal to protect it

from moisture. We note that it turns out that Geant4 will not simulate this peak unless the

“Auger” option is enabled. No single x-ray is responsible for this peak, but rather several

x-rays which can occur between approximately 10 and 20 keV. This results in the broader

shape as seen in figure 6.13 . Since the 0-10 keV region is especially important, a zoomed-in

version of this region has been included in figure 6.13 . As you can see, agreement between

simulation and data is on the whole quite good. The 3 keV peak, which approaches our

threshold for DM-Ice17, has a bit rougher agreement than the rest of the spectrum. This is

due to processing the DM-Ice17 data in order to reduce noise: some of the signal is cut away

as well, resulting in a smaller signal for the 3 keV peak in data than simulation. Accurate

simulation of this peak is essential for estimating the actual contribution of this peak, since

it is exactly in our primary region of interest.

To further comment on the ∼ 15 keV peak, it should be noted that in general, wherever

210Pb contributes to the simulated spectrum, it does so as one member of the 238U chain,

which begins with the actual isotope 238U and continues down to the stable 206Pb. In order

to reproduce the ∼ 15 keV as seen in 6.13, it was necessary to simulate only the portion of

the 238U contained between 210Pb and 206Pb. The rationale for this is twofold: first, this is

a valid breaking-point of the chain, due to the relatively long half-life of 210Pb (22.3 years);

and second, it is known that 222Rn nuclei are prevalent in the air (especially in mines), and

that these nuclei have been known to implant on surfaces exposed to air. We also wish to
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note that the 210Pb (and daughters) were simulated only in the inner 10 microns (radially)

of the copper case.
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Figure 6.13: This is the comparison of simulation vs. data at low energies. Note good

agreement across the entire energy range. Discrepancy between data and simulation for 3

keV peak is due to noise cuts on the data signal, resulting in loss of some signal. See text

for further details.
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Low Energy Detail Plots The low energy region of the spectrum is key for dark matter

search. Please see figures 6.14, 6.15 and 6.16 for details of the significant contributions

from the various regions and isotopes.
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Figure 6.14: Detail of low energy region of simulation and data comparison shown by dis-

playing the y-axis in log scale.
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Figure 6.15: Details of low energy region of simulation and data comparison. Contributions

from NaI crystal and copper encapsulation are shown individually.
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Figure 6.16: Details of low energy region of simulation and data comparison. Contributions

from PMTs and pressure vessel are shown individually.
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6.4.4 Residuals

Subtracting data from simulation yields residuals, which give a visual reference for how

well the two spectra agree. Figure 6.17 shows the residuals for each of the three energy

regions.
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Figure 6.17: Residuals of simulation-data comparison
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6.5 Energy Resolution

Simulation records all energy deposited in the crystal, and reports each event’s energy

accurately. In real life, the detector has imperfect energy resolution. In order to approximate

the energy resolution of the actual data in the simulated data, the simulation output has

been “smeared.” The simulated spectrum is convolved with a gaussian of appropriate shape,

according to fits of the data to determine its energy resolution (which is energy dependent).

In the alpha region, a relatively simple energy resolution function allows simulation to

match data quite well. The “Percent Energy Resolution” for the alpha region of DM-Ice17 is

calculated as in equation 6.5 ; an energy resolution which depends linearly on the unquenched

energy of the alphas provides good simulation-data agreement. When matching simulation

to DAMA’s alpha plots 6.1, I used an even simpler model. I simply imposed a 3% energy

resolution in the simulation for comparison to each DAMA alpha plot, with the exception

of DAMA’s (a) plot, for which I used 3.5% energy resolution for better agreement between

simulation and data.

When working with the beta/gamma region of the spectrum, a more complex relationship

for determining energy resolution was used. Obtained by fitting the data spectrum, the

energy resolution was found to be of the form (σ/E)2 = a/E + b as in equation 6.6 .

Percent Energy Resolution (Alpha region) = -Eunquenched,MeV

α
+ 9 (6.5)

Energy Resolution (Gamma/Beta region) : (σ/E)2 = 0.317137/E + 4.04886× 10−4 (6.6)

6.6 Summary of simulation content

The Geant4 simulation of DM-Ice17 has permitted us to understand our detector’s back-

grounds and estimate specific levels for specific contaminations. These backgrounds are

cataloged in table 6.7.
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Isotope/Region Isotope Rate (mBq/kg)

NaI

40K 17

238U-234Pa 0.017

234U 0.14

230Th 0.14

226Rn-214Pb 0.9

210Pb-206Pb 1.47

232Th 0.01

228Ra-208Pb 0.16

235U 0

129I 1

Quartz

40K 0.495

238U 12.3

232Th 4.88

PMTs

40K 9300

238U 2400

232Th 1000

Stainless Steel

40K 13.77

238U-230Th 118.31

226Ra-206Pb 2.28

232Th 6.49

235U 8.79

60Co 7.19

Drill Ice

40K 3.71

60Co 0.12

238U-230Th 6.69

226Ra-206Pb 0.39

232Th 0.55

235U 0.38

Copper Case 210Pb 40 mBq

Table 6.7: Contamination levels of the DM-Ice17 background model. These values describe

all the inputs into the simulation of DM-Ice17.
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Chapter 7

Future Work

The DM-Ice simulation has helped to inform the collaboration in deciding the best way

to move forward with the experiment. New crystals have been thoroughly investigated, and

several orders put in following measurement of these crystals’ contamination. Based on the

measurement of the best available contamination of new crystals, and simulation of how

this contamination will affect the dark matter search effectiveness, these crystals have been

deemed clean enough to perform the measurements we wish to carry out. Two crystals are

now running at an underground location at Fermilab (DM-Ice37), for purposes of testing

and calibration. Plans are underway for moving forward with a 125-kg detector, likely to

be initially deployed at Gran Sasso, with the option to re-deploy at the South Pole after

gathering data in Italy for a time.

There is more work to be done with regard to the simulation for DM-Ice. The estimates

of contamination derived from comparing simulation to data as described in chapter 6,

have fairly high error levels since they were obtained via a fit “by eye.” Root contains the

functionality to fit the data more specifically, and to tune the simulation to fit the data in

a quantifiable fashion. Implementing a method of fitting like this is likely to increase the

accuracy of our knowledge of our detectors, and will certainly give a better idea of what

the error on those estimates of contamination is. Further work to optimize the design of

the full-scale detector is underway. Simulation of a non-ice environment will be essential

to optimizing what we can learn from a mine deployment. This is an exciting time for the

DM-Ice experiment, and future results will hopefully allow for improved understanding of
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direct detection dark matter results in the field, and guide the direction taken by future dark

matter experiments.
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Figure 7.1: Sensitivity for full-scale DM-
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Figure 7.2: Projected exclusion curves for

full-scale DM-Ice

The full-scale DM-Ice experiment (see images in Figure 7.3) is moving forward, and

currently in the phase of design finalization and component gathering. Projected sensitivity

(in case of detection of a modulating signal) and exclusion curves (in case of a null result)

can be found in Figures 7.1 and 7.2, respectively.
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Chapter 8

Conclusion

The Geant4 simulation of DM-Ice17 has helped us understand our detector’s backgrounds.

We now have clear estimates on background contamination levels in all components of the

detector, as well as its ice surroundings. Simulation has informed which components provide

the most background, and which isotopes are of particular concern for future endeavors.

The simulation itself is now a robust entity, and protocols exist for performing all parts

of simulation setup and analysis, which will be needed by collaboration members as the

experiment moves forward. This simulation provides an important reference point on which

DM-Ice can base future plans and efforts to understand its detectors.
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