
Cryogenic Detector Development for SuperCDMS

A THESIS

SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL

OF THE UNIVERSITY OF MINNESOTA

BY

Nicholas Glenn Mast

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

FOR THE DEGREE OF

Doctor of Philosophy

Dr. Vuk Mandic, Advisor

November, 2020



© Nicholas Glenn Mast 2020

ALL RIGHTS RESERVED



Acknowledgements

Completing this work has certainly been a journey. Along the way there were triumphs

and setbacks, tremendous gains and devastating losses. Many things are quite di�erent

now than they were over six years ago when I �rst found myself a fresh grad student

in old Tate hall. The research presented here has all taken place against a backdrop of

changing personal, political, and societal conditions. I have only managed to navigate

this all due to aid of many people, and I owe each of them my thanks for the in
uence

they have had in my life. Because you are so numerous and I so forgetful, I am certain

to neglect some of you, but here goes...

First I thank Prisca Cushman and Vuk Mandic who have together steered the course

of the SuperCDMS group at UMN. Their scienti�c, professional, and personal guidance

have helped shape me into a better physicist. In particular I thank my advisor Vuk

for his calm and insightful manner and superb mentorship. Your steady hand has been

a great help and comfort to me at many times, certainly more than I have let show.

Thanks also to the post-docs I had the pleasure of working with at UMN, including

Hassan Chagani, Matt Fritts, and Anthony Villano. Hassan and Matt, you helped me

learn how to operate a dilution fridge with enough con�dence to only occasionally wake

bolt upright in the middle of the night in fear that I had left some important valve open

and lost all the mix! From what I understand now, that is actually a sign of a reasonable

level of competence, so thank you! Matt and Anthony, you helped me to learn many of

the nuts and bolts of the particular blend of astrophysical, solid state, and experimental

particle physics that is DM research. You have also shown through your diligent work

and attention to detail how essential, but also how hard it is to produce good, solid,

and valuable scienti�c results. While I am a better researcher for having worked with

each of you, more importantly, I value you both as friends.

i



I have spent many hours of these years in the windowless basement labs of physics

buildings, fretting over gauges and measurements as the ever-present whine of machinery

slowly eroded my hearing and sanity. While that sounds like a particular brand of hell,

the companionship of other inmates actually made these times (on average) fun! Allison

Kennedy, you showed me how to balance the seriousness and frustration of research with

whimsy and dark humor. David Strandberg taught me many practical lab things, but

the most essential lessons were the importance of riddles and that D&D is cool! I also

was fortunate to work in lab with many undergrad assistants including Gina Ristani,

Max Buss, Jake Nelson, Gabe Spahn, and Dan Codoluto. Dan, I will always cherish

our early morning wanderings through time and space on \Dan Day." In the �rst years

of my time at UMN, I was also fortunate to work with Mark Pepin, D’Ann Barker, and

Hannah Rogers. Though we spent less time together, I always enjoyed chatting with

each of you in the grad student o�ce. This is not only because you had windows and

sunlight, but because you are each interesting and intelligent people that I am lucky

to have met. In the last few years, I have had to succeed to the senior grad student

throne as our group grew and changed, taking on our newer members; Jack Nelson,

Derek Sincavage, Zachary Williams, and Michael Gardner. While my trips to FNAL

and later the spread of COVID have prevented much direct interaction in the last year

or two, I have enjoyed getting to know each of you and wish you the best in the coming

years. I hope this group will �nd the camaraderie that I was fortunate to experience.

Speaking of FNAL, I owe immense gratitude to the SuperCDMS crew there; Noah

Kurinsky, Dan Bauer, Lauren Hsu, Matt Hollister, and Pat Lukens. I was initially

worried about being able to make an impact among such a group of skilled scientists,

but all of you were immediately so kind and helpful, that I quickly felt welcome during

my time there. Noah, in particular I thank you for your help and friendship during these

years. Your skill and breadth of knowledge constantly impress me, but I am thankful

also for the times you shared my woes and talked about life over a beer (or three). Those

trips to Chicago would not have been nearly so fun without having the great fortune to

work with the Northwestern crew as well. Thank you to Tali Figueroa for welcoming

me during my too-brief visits to your lab and for your excellent example of how to lead

a team in impactful physics research. Thanks also to Ziqing Hong and Tom Ren, you

guys gave me the guidance and advice I needed to be of some help at NEXUS. I will

ii



never forget the many massive meals we have eaten together, I am not sure my digestive

system will ever recover.

The SuperCDMS collaboration has been a great organization to be a part of and

I could probably list at least one time nearly every member has helped me personally

in these years. To name a few, I am indebted to Bill Page for his early work helping

us understand HV detector noise at UMN. Also thanks to Sten Hansen for helping me

understand bits and pieces of the complicated electronics of the DCRCs. Thanks also

to Matt Pyle for many useful chats. Be it whispered in the back of a conference room as

a presenter glared, over beers at a collaboration meeting reception dinner, or on a noisy

cell phone call as you were driving, your deep detector knowledge and physics insights

always challenged me. It of course goes without saying that none of this project would

be possible without the cooperation and leadership of all members and institutions

involved. The hardware, software, and sheer scienti�c knowledge we use every day n

SuperCDMS was hard-won by decades of work from many dedicated people across the

world.

I would not have made it through the �rst semester of graduate classes without the

support of many fellow �rst-year grad students. Thanks to Simon Schneider, who I �rst

met on a bus in Minneapolis. Your enthusiasm and glee are contagious and you, sir,

are an original! Thanks also to Zachary Robinson. I cherish the many hours spent in

your company, be they raucous and blurry as we listened to bad music in dingy bars, or

serene and contemplative such as paddling the Boundary Waters. Thank you to Scott

Dossa, a good friend who shared his home with a buddy in need of a place to sleep. Also

thanks to Santosh Adhikari, who shared his home country with a friend in search of

adventure! Zachary Anderson, though we did not spend as much time together, I always

enjoyed your company but I never will �gure out why you wouldn’t come out of that

tree... Thank you to the D&D crew; Harison Wiesman, Mike Crumrine, Mike Sammon,

and Caitlin Warner. You also formed the core of the \Scent of Potroast" Puzzled Pint

team. I thank you for all of those late nights solving puzzles and battling monsters by

your sides. Thanks especially to Harison for many things, including putting up with me

as a roommate for a while!

Thursday open skates and all the members of the Chiefs AHA hockey team also

have my gratitude. There were many times a punishing skate followed by locker room

iii



beers helped get my head out of physics mode and/or kept me grounded for another

week. Thanks also to the summer softball teams; the championship Big Bangers and,

ahem, participatory, Stealing Eigenbases. Though our meetings are rarer these days,

I am grateful also for the friendship of all my Peace Corps friends including Heather

Mangan, Caitlin and Kevin Koryto, and the Mokhotlong gang; Katie Buechel and

Caitlin Vincent.

Finally, my family. Mom and Dad, you have been there for me through every step

of this. I can never fully express my gratitude for your indefatigable support. Hannah

and Andrea, I can not imagine any better pair of siblings to be blessed with. Though

you are very di�erent, both of you inspire me with your con�dence, originality, strength

of character, and love. Thank you all and I love you!

iv



Dedication

For my family.

v



Abstract

The dark matter (DM) problem is currently one of the most pressing issues facing

physics. This thesis presents some of my work and contributions to the detectors em-

ployed by the Super Cryogenic Dark Matter Search (SuperCDMS), one of the many

experiments currently investigating DM. First, we present an overview of astrophysical

and cosmological observations to give insight into our current understanding of DM

and its role in the universe. Some potential particle DM candidates are also discussed.

Then we describe the SuperCDMS experiment and relevant detector technologies. We

go into particular detail in discussing the phonon sensors, deriving the relationships that

de�ne their fundamental working principles and describing their practical deployment.

We also discuss the main noise contributions to the phonon sensors which can limit

experimental sensitivity.

We then present some work related to reconstruction of event position in the detec-

tors, including new analysis techniques and a novel cryogenic calibration source mover

we have developed and tested. We also present tests of improving experimental scala-

bility by increasing individual detector masses using the largest-diameter cryogenic Si

detectors yet operated. We present �rst experimental results from the novel use of (n; 
)

processes to calibrate the low energy nuclear recoil energy scale. This work is essential

to understand how DM-nuclear interactions will manifest in semiconductor detectors.

We also take a short look at the newest, most sensitive detectors currently operated by

SuperCDMS and discuss how they are allowing new insights into critical physics pro-

cesses in all SuperCDMS detectors. Finally, we demonstrate how some of the various

improvements discussed in this work can improve the experimental reach of the next

generation of SuperCDMS at SNOLAB.
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Chapter 1

Dark Matter

This chapter provides an overview of the dark matter (DM) problem. The �rst section

discusses the current evidence for a large amount of DM in the universe. The second

section brie
y outlines some popular candidates for particle DM. The last section then

describes the many methods and experiments by which people are currently attempting

to detect particle DM.

1.1 Evidence for Dark Matter

Diverse areas of physics supply compelling evidence that baryonic matter is only a

small part of the total matter content of our universe. This section presents some of the

main arguments from astrophysics and cosmology for the existence of non-baryonic DM.

These arguments generally involve inferring the presence of DM through its gravitational

interactions with normal baryonic matter. The treatment in this section is relatively

brief. For an interesting overview of the historical evolution of our understanding of

DM, the interested reader is directed to Ref. [1].

1.1.1 Galaxy and Cluster Dynamical Measurements

Lord Kelvin �rst applied the kinetic theory of gases to a galaxy of stars to make a

dynamical estimate of the total mass [2]. He used estimates of the velocities of local

stars to place a rough constraint on the amount of unseen matter in the galaxy. Early

famous evidence for DM came from observations of galactic motion within the Coma

1
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cluster [3]. In his 1933 paper, Zwicky used redshift measurements to calculate the

dispersion of apparent velocities of 8 galaxies in the cluster. Using the Virial Theorem,

a total mass two orders of magnitude larger than that typical of the luminous matter

was found.

At the galactic scale, evidence for DM was �rst shown by measuring H� and NII

lines in a set of 21 spiral galaxies to calculate their rotation curves, the stellar rotational

velocities as a function of radius from the center of each galaxy [4]. It was found

that, even across a wide range of galaxy size and luminosity, these rotation curves all

exhibited approximately 
at behaviors outside of their central nuclei and continuing

out to Ropt, which encompasses 83% of total integrated light from the galaxy. A set of

such measured velocity curves can be seen in Fig. 1.1. However, a simple application of

Newton's Laws shows that, at radius,R, of a galaxy having enclosed mass,M (R), the

rotational velocity, v(R), satis�es

v2(R) =
GM (R)

R
(1.1)

Thus, the observation that v(R) = const implies that the mass distribution is going

asM (R) / R. The total mass actually scales with radius even though the luminous mass

distribution falls o�. This implies the presence of signi�cant DM halos on the galactic

scale. More recently, similar results were found by using the 21 cm Hydrogen line to

measure rotation curves of cold dust in spiral galaxies [5]. While arguments can be made

that galactic and cluster dynamics are still not entirely understood, the existing evidence

is su�ciently strong that any DM candidate must explain these dramatic e�ects. While

the Milky Way's rotation curve is more di�cult to determine than other galaxies, the

present measurements and modeling indicate that even our host galaxy is dominated

by DM [6].

1.1.2 Gravitational Lensing

Evidence for DM can also be found at the scale of galaxy clusters with the observation

of gravitational lensing. As predicted by General Relativity, light coming from distant

sources can be de
ected by the mass of a foreground object, causing distortions in the

image of the distant source. In particular, a lens of point massM will de
ect a light
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Figure 1.1: Measured rotation curves from a sample of 21 spiral galaxies. Despite
di�erences in scale, all show 
at rotation curves. Taken from [4].

ray by an angle � = 4GM=bc2, where b is the ray's impact parameter [7]. Extreme

examples of this e�ect are the arcs and rings predicted by �rst Chwolson in 1924 [8]

and now commonly observed by the Sloan Digital Sky Survey and the Hubble Space

Telescope. With detailed modelling, the amount and shape of the distortion can be used

to estimate the foreground object's total mass and mass distribution. This approach

does not rely on dynamical galactic models and is, in principle, a direct measure of the

total mass of a galaxy or cluster. While this provides clear evidence for DM's existence,

such strong lensing e�ects are relatively rare. A more fruitful approach has been to look

at the much subtler, though more common, weak lensing regime.

Farther from the high-mass centers of lensing objects, the shapes of background

galaxies appear only slightly deformed. This e�ect is known as weak lensing. Because

the e�ect is so small, the distortion of images of multiple lensed objects must be analyzed

statistically to constrain the lens mass. However, this method enables the measurement

of detailed mass distributions out to larger radii than with strong lensing. In particular,

halo radii extending out to 260 h� 1kpc have been measured [9] (h is a factor commonly

used to parameterize our ignorance of the value of the present Hubble constant with

H = 100 h km s� 1 Mpc� 1). This is much farther than is found from either strong lensing

or orbital tracers. In another study, a set of weak lensing galaxies was surveyed and the

average mass distribution was �t to the commonly-used Navarro-Frenk-White density

pro�le. By calculating likelihoods of various ellipticities of the DM halo, limits that

e�ectively excluded simple spherical DM halos were found [10]. This further supports

the existence of DM as opposed to alternative theories of gravity which cannot easily
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reproduce such anisotropies at large radii.

In most galaxies and clusters, dark and luminous matter are found in equilibrium

states and are thus spatially coincident, following their common gravitational poten-

tial. This makes measurements like rotation curves dependent upon assumptions about

galactic content and evolution. However, in an event such as merger of two clusters, the

intracluster plasma (which makes up the majority of the baryonic matter) will experi-

ence a 
uid-like collision while the non-collisional galaxies and DM will not, allowing

the mass components to be disentangled. Precisely this scenario has been examined

in the Bullet Cluster [11]. When gravitational microlensing was used to map the mass

distribution of the two colliding clusters, the mass was found to align with the spatial

distribution of member galaxies rather than the distribution of the intergalactic plasma

as measured by x-ray emission. Fig. 1.2 shows the calculated mass and plasma distri-

butions. This rare event provides dramatic evidence that signi�cant non-collisional DM

halos exist, even at the cluster scale. This same structure also provides an opportunity

to constrain the cross section for DM self interactions to�=m < 1 cm2/g [12].

Figure 1.2: Distributions of matter in the Bullet cluster. Contours show mass distribu-
tion measured from weak lensing. The right panel includes x-ray imaging of intracluster
plasma, demonstrating its separation from collisionless DM. Reproduced with permis-
sion from [11].

1.1.3 Cosmological Evidence

Some of the strongest evidence for the existence of DM comes from cosmological observa-

tions including large scale structure and the primordial elemental abundances resulting

from the Big Bang. These arguments deal with the total mass and energy content of
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the universe and show that, for the observed structure to be consistent with our current

cosmological theories, DM is required to be cold, non-baryonic, and several times more

abundant than ordinary matter.

Friedman Equation and Matter Density

To connect the shape of our universe to the features of DM, a bit of background cos-

mology is required. The universe is observed to be homogeneous and isotropic on the

largest scales. The Friedmann-Robertson-Walker (FRW) metric describes such a space-

time with a maximally symmetric subspace evolving in time, and is given by

ds2 = dt2 � a(t)2
�

r 2d
 2 +
dr2

1 � kr 2

�
(1.2)

wherea(t) is the scale factor andk 2 f 1; � 1; 0g describes the curvature as closed, open,

or 
at [7]. Inserting the FRW metric into Einstein's Equations yields the Friedmann

Equation,

H 2 =
8�G�

3
�

k
a2 (1.3)

where � is the total energy density and the Hubble parameter, H = _a=a, has been

introduced. This relates the contents, � , and curvature, k, of the universe to the scale

factor expansion rate at any era. It is convenient to de�ne the density parameter


 i = 8�G
3H 2 � i , where � i denotes contributions to the total energy density � =

P
i � i from

matter, radiation, and vacuum energy. This notation allows the Friedmann equation to

be written as


 = 
 M + 
 R + 
 � = 1 +
k

a2H 2 (1.4)

where 
 M , 
 R , 
 � are the matter, radiation, and vacuum energy contributions respec-

tively. Note that 
 M contains contributions from both baryonic (
 B ) and DM (
 � ).

Thus the total energy density of the universe is directly related to its spatial curvature.

Constraints on 
 M and k can be found via a number of complimentary meth-

ods. The luminosity distance of SN1A are a�ected by the expansion history (i.e.a(t))

and can be �t with cosmological models that depend on parameters such as 
M , 
 � ,

and k. Recent such studies have provided measurement of the present-day values of
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 M; 0 = 0 :307� 0:012 and values ofk0 consistent with 0 [13]. The Cosmic Microwave

Background power spectrum can also be used to constrain the matter density because a

higher matter density tends to diminish smaller scale density 
uctuations. The Planck

collaboration has used this to determine a value of 
M; 0 = 0 :3111� 0:0056 [14]. Baryon

Acoustic Oscillations (BAO) can also constrain 
 M . Here, the largest scale of matter

oscillations depends on the balance of matter and radiation density in the universe prior

to recombination. The over-densities of these oscillations became the seeds for large-

scale structure formation. By measuring the correlations scales of structure in the local

universe BAO measurements alone can constrain 
M; 0 = 0 :303� 0:040 [15].

As discussed in the remainder of this section, for the measured curvature, the baryon

energy density is not large enough to account for the observed total matter density of


 M; 0 � 0:3. This provides strong evidence of the in
uence of DM even at cosmological

scales.

Big Bang Nucleosynthesis

Big Bang Nucleosythesis (BBN) describes the synthesis of the light elements in the

beginning of the universe. Its predictions can be used to constrain the baryonic matter

density, 
 B . In the �rst seconds after the Big Bang, the universe consisted of a hot

plasma of elementary particles. The energy density was dominated by radiation, and

weak interaction processes kept protons and neutrons in equilibrium [16]. As the scale

factor grew, the radiation density fell, lowering the average temperature of the universe.

At temperatures well below the nucleon mass, the equilibrium ratio of neutrons to

protons becamenn=np � exp(� � m=T) [17]. Eventually, the neutron-proton inter-

conversion rate fell below the Hubble expansion rate and the weak interactions quickly

froze out. This occurred at T � 0:8 MeV, giving nn=np � 1=6. Due to free neutron

Beta decay, this fell to a value of � 1=7 before production of the light elements began

[18].

With the initial nn=np ratio set, the �rst bound element to form was deuterium

via p + n $ D + 
 . Even though the binding energy of deuterium is only 2.2 MeV,

its formation was delayed until the photon temperature was much lower. Given the

baryon to photon ratio, � � nB =n
 � 10� 10, any deuterium formed was quickly photo-

dissociated by high energy photons. So it was not until the temperature reached�
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0:1 MeV that deuterium production really began to take hold.

Once this process began, most of the neutrons were quickly used to form deuterium

and were thence combined into4He, the most stable light element. Most of the deu-

terium formed went into 4He during this time. The precise amount was determined by

the expansion history, which was governed by� . Then, given a good measurement of

n
 (which we will see in Sec. 1.1.3 is provided by precision observation of the Cosmic

Microwave Background) the amounts of primordial deuterium, 4He, and the other light

elements, are good probes of 
B .
4He abundance can be measured via its emission lines in metal-poor extra-galactic

HII regions in the local universe. Because it is also created by stars,4He is correlated

with metallicity of the environment. Extrapolation back to zero metallicity then gives

an estimate of the primordial helium mass fraction, YP [19]. Several recent analyses

[20, 21, 22] of such systems report values aroundYP � 0:245, which corresponds to


 B h2 � 0:02.

While He emission has provided the most stringent estimates ofYP , other methods

such as measuring absorption of quasar light in primordial intergalactic gas clouds [23] or

�tting for the e�ect of YP on the damping tail of CMB anisotropies [24] yield independent

con�rmation of these values.

Deuterium abundance is also measured in high-redshift, low-metallicity quasar,

which have nearly primordial abundances. It is identi�ed by its isotope-shifted Ly-

man transitions absorption. Only a few such systems have been measured, but values

of the D/H ratio yield � = 5 :6 � 0:5 � 10� 10 corresponding to 
 B h2 = 0 :0205� 0:0018

[25]. Thus BBN provides multiple indications that less than 20% of the matter density

of the universe can be accounted for by baryons, with the remainder assumed to be DM.

Cosmic Microwave Background

Observation of the Cosmic Microwave Background (CMB) also provides compelling

evidence for the presence of substantial amounts of DM. As the scale factor continued

to grow after BBN, the temperature of the universe fell until it reached T � 0:3 eV, at

which point the �rst neutral atoms began to form in a period (confusingly) known as

recombination. Once conditions were suitable for atoms to remain stable, the photon

mean free path became long enough that they were essentially free streaming. The
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energies of these free streaming photons still carry the imprint of the matter they last

interacted with, providing valuable insight into conditions of the early universe.

The �rst remarkable feature of the CMB is that its spectrum is that of an incredibly

uniform and nearly perfect blackbody of T = 2 :72548� 0:00057 K [26]. Atop that

uniform signal, however, there are small temperature variations which give a map of

particle density 
uctuations in the surface of last scattering. The power spectrum of

these temperature anisotropies is de�ned as

Cl =
1

2l + 1

lX

m= � l



jalm j2

�
(1.5)

where alm are the coe�cients of the expansion of �T=T in spherical harmonics. The

measurements of this angular temperature spectrum, shown in Fig. 1.3, are the most

iconic results from CMB experiments such as Planck. Here the quantityD l = l(l +

1)Cl =2� is directly related to the correlation of temperature between two points at a

given angular separation.

Figure 1.3: Cosmic Microwave background angular temperature spectrum as measured
by the Planck satellite. Reproduced from [27] with permission.

The physics at the time of recombination involves only a few main constituents;
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baryons, photons, and DM. The size and shape of the observed angular temperature

spectrum is determined by the relative amounts of these ingredients and gives an in-

dependent measure of many cosmological parameters including 
B and 
 M . Before

recombination, the content of the universe was a plasma, with electrons and photons

tightly coupled through Thomson scattering. Any initial overdensities created potential

wells into which baryons began to fall until photon pressure pushed them back out,

setting up oscillations which traveled through the plasma at the speed of sound. The

scale and magnitude of these oscillations are re
ected in peaks of the CMB angular

temperature spectrum [28].

By comparing the inferred physical scale of the lowest mode to the distance to the

CMB, the BOOMERanG [29] and MAXIMA [30] experiments were able to conclude

that the curvature constant, k � 0, indicating a 
at, Euclidean universe. Clearly, the

detailed characteristics of these oscillations depend on the content of the universe during

the period of recombination. For example, higher baryon content would allow the 
uid

compressions to become denser, increasing the di�erence between adjacent peaks, which

correspond to compressions and rarefactions. This is used to give a measure of 
B . The

total matter density, 
 M , can be measured through the Integrated Sachs Wolf E�ect,

the net redshifting of photons climbing out of potential wells as the universe expands.

A variety of such e�ects contribute to the spectral shape. With a set of independently

measured priors and a given cosmological model, the spectrum can generally be �t,

giving values for the component densities. Some of the best such results are those

obtained by the Planck Collaboration [14], which �nd a baryon density of 
 B h2 =

0:02233� 0:00015.

The model used assumes the presence of \cold" DM to allow the growth of structure.

Numerical simulations of structure formation have shown that relativistic (\hot") DM,

such as neutrinos, prevent structure formation up to the galactic scale (� 1012M � ) [31].

This would imply a \top-down" formation of structure, which is refuted by observations

of galaxies out to z > 8 [32], indicating that such particles are too hot to act as the

DM. Therefore, the primary constituents must be cold (non-relativistic) relics and the

Planck Collaboration �nds a cold DM density of 
 C h2 = 0 :1198� 0:0012.

The sections above have outlined several strong lines of evidence indicating that DM

is now present in the universe and has been so since the very beginning. What's more,
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its e�ects are observed from the largest cosmological scales to within our own galaxy.

1.2 Dark Matter Candidates

DM's gravitational and cosmological signatures give some insight into its possible iden-

tities. In this section, a few of the most popular solutions including MACHOs, Axions,

and WIMPs are brie
y discussed. It should be mentioned that there is no guarantee the

DM is composed of only a single species, but may be a mixture of several. In addition

to the candidates discussed in this section, there is a menagerie of other proposals, some

rather exotic. Brie
y mentioned are: sterile neutrinos, like SM neutrinos without weak

interactions; gravitinos, the graviton superpartner; scalar DM and Wimpzillas, which

may explain some galactic gamma ray excess; and Kaluza-Klein particles, which appear

in theories of universal extra dimensions [33].

1.2.1 Baryonic Matter

A once popular theory for baryonic DM was Massive Astrophysical Compact Halo Ob-

jects (MACHOs). These are low mass stars or Jupiter-like objects in the galaxy's halo.

Several searches were conducted to �nd such objects via their gravitational microlensing

of nearby stars (e.g. in the Magelenic clouds) due to a Milky Way halo object passing

through our line of sight. Though some objects were found, experiments such as EROS

showed that MACHOs contribute only � 8% of the total halo mass [34]. While MA-

CHOs may make up a piece of the galactic DM, they are not the primary constituent.

1.2.2 Axions

Axions were �rst suggested as a solution to the strong CP problem in particle physics.

While the details of this argument are too complex to treat here, the upshot is that the

existence of an axion with weak coupling to normal matter and radiation would help

explain why CP violation is not seen in QCD interactions [35]. These same particles

were later realized to be an excellent DM candidate. Unfortunately, due to its weak

coupling and tiny mass, the axion is very di�cult to detect directly.

Stellar physics is able to set stringent limits on the axion mass. Axions interact with

photons via L = ga
 � aE � B and can be created via Primako� conversion,a $ 
 + 
 if
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external electric and magnetic �elds are present [35]. This allows them to be produced

in the plasma of stellar interiors. Axions, being weakly coupled to the stellar material,

would have a much greater free-streaming length and provide another mechanism for

cooling stellar interiors. Detailed statistical analyses of stellar populations have charac-

terized the timescales of nuclear burning and led to an upper limit on the axion mass

of ma . 0:4 eV [36]. A still stronger limit of ma . 16 meV can be set by considering

the e�ect axions would have on the rate of energy loss in SN 1987A and the length

of neutrino signal seen from that event [37]. A rough lower limit on the axion mass

of ma & 0.1 meV can also be set if one allows the axions to make up all of the cold,

non-baryonic matter [38].

1.2.3 WIMPs

Weakly Interacting Massive Particles (WIMPs) have been a well motivated DM can-

didate and were thus the primary target of most DM searches. These particles would

have some mass,m� and self-annihilation cross-section� � . Soon after the Big Bang,

when T > m � , these particles remained in thermal equilibrium with photons and lighter

species via pair creation/annihilation. As shown by simulations of large scale structure,

the DM components must be cold [39], and thus must decouple at a lower temperature.

OnceT < m � , the number density took the form � exp(� m� =T). This caused the pair

creation/annihilation to come to an abrupt halt, and the � 0s to decouple from their sur-

roundings. Thereafter, the comoving number density remained unchanged until today.

If the � 0s are to account for the cold DM density currently observed, they should have

weak-scale annihilation cross sections as shown in detail in Appendix A. This leads to

their being dubbed Weakly Interacting Massive Particles (WIMPs).

For the past several decades, the main thrust of DM search programs has been to

look for the e�ects of interactions of WIMPs with baryonic matter. As discussed in

Sec. 1.3, these e�orts have excluded large swaths of natural WIMP parameter space,

with no de�nitive discoveries yet.
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1.2.4 Dark Sectors

Another possibility is that DM may not be charged under any standard model (SM)

forces. Such DM might still have a rich life, and could be composed of a variety of

undiscovered particles and forces in a so-called \Hidden" or \Dark" Sector [40]. The DM

need not interact with SM particles (except, of course, gravitationally), but interactions

connecting the Dark Sector to SM forces (sometimes given exciting names like \portals")

may provide mechanisms to explain DM abundance and are naturally of general interest.

In general, Dark Sector (DS) models are extensions of the SM with weak (i.e. feeble,

not Weak force) interaction with SM [41]. In fact, to still achieve DM relic abundance

via freeze out, the DS must include non-SM, low mass states to mediate the DM-SM

interactions [42]. DS-SM interaction could be direct via some mediator charged under

both SM and DS forces, or indirect through kinetic mixing. Kinetic mixing occurs when

virtual fermions charged under both the dark U(1)D and SM U(1) 
 can form loops in

the Feynman diagram, giving an e�ective interaction [43]. One popular such model is

the \Dark Photon", a new vector particle A' which couples to SM photons in this way,

with the strength of the mixing characterized by a mixing parameter, " . Below the

electroweak scale and formDM � mW the A' mixes directly with the SM photon and

the interaction Lagrangian becomes

L � �
"
2

F�� X �� (1.6)

where F�� and X �� are the EM and Dark photon �eld strength tensors respectively

[44].

A �eld rede�nition of A � ! A � � "X � leads to a term coupling the DM to the EM

current, "J � X � . Recalling that J� = � en� this is like the EM current acquiring an

extra dark charge qD = "q. This is useful because the interaction of such a particle

with detector material will then be proportional to that of the photo-electric e�ect.

In particular, the matrix element for absorption of the A' by electrons is related to

that of the photon as jMj 2 = "2jM 
 j2 [45]. For masses larger than the band gap of a

semiconductor detector, the dark photon absorption cross section,� abs;A0 is then related
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to that of the photon, � abs;
 as

� abs;A0(EA 0 = mA 0)vA 0 ' "2� abs;
 (! = mA 0)c (1.7)

wherevA 0 is the Dark photon velocity and galactic DM is assumed to be non-relativistic

with EA 0 � mA 0 [46]. When considering this process in a material, there are additional

in-medium corrections which are accounted for with the substitution of an e�ective

mixing angle, " ! "ef f [45]. This depends on the target's complex conductivity, ~� =

� 1 + i� 2. This quantity traditionally (and here confusingly) uses the same symbol as

cross sections, but is something very di�erent. It describes the material's response to

electromagnetic oscillations and has units of 1/s.

The dark photon absorption rate (per unit target mass per unit time) in a detector

is given by

R =
1

� det

� DM

mA 0
hne� abs;A0vA 0i (1.8)

where � det is the detector mass density,� DM
mA 0

is the axion number density, andne is the

detector electron number density. Now, it can also be shown that the absorption rate

is related to the real part of the complex conductivity, � 1 = hne� abs;A0vA 0i [45]. Using

this and Eq. 1.7, the absorption rate becomes

R =
1

� det

� DM

mA 0
"2

ef f (! = mA 0; ~� )� 1(! = mA 0) (1.9)

So the expected signal for absorption of a dark photon would be deposition of energy in

a detector by absorption of a single energy ofmA 0c2 on electrons and with a rate given

by Eq. 1.9. Because this simply scales with number of detector electrons, this allows

even small detectors to search for such particles in any detector material. Such work

has recently been performed by SuperCDMS [47, 48] and others.

1.2.5 Electron-Recoil DM

For low DM masses, interactions with detector electrons can become energetically favor-

able and progress can be made searching for such electron-recoil DM (ERDM) signals.

Here, the interaction is a DM particle, � , scattering with a SM electron and the inter-

action is mediated by a dark photon, A0, which itself may be massive.
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The ERDM relic abundance can be generated by low mass DM via a freeze-out

(similar to WIMPs) or freeze-in mechanism [49]. With freeze-out scenarios, the DM

starts with a large abundance in thermal equilibrium with the bath of SM particles. As

the universe expands andT < m � , DM formation from SM slows. Eventually interaction

between the DM and SM all but ceases and the two populations evolve independently,

with the DM abundance frozen-out at the value it had when last interacting. For freeze-

in, there is assumed to initially be no substantial DM abundance, but feeble interactions

between SM and DM allows some DM production. This slowly builds up the DM

population as it heads towards equilibrium. The population grows as the universe cools

until T < m � , at which point it too becomes isolated. So in contrast with freeze-

out where DM starts in equilibrium and moves away as the universe cools, freeze-in

starts with almost no DM but the population moves towards equilibrium. The freeze-in

scenario also allows for further evolution of the DM population, with higher-mass DM

perhaps decaying into lighter, stable DM particles.

Light mediators predict a very low production/annihilation cross section, so they

never reach thermal equilibrium and the population can only freeze in. However, they

also lead to a kinematic enhancement of the the DM/SM scattering cross section that

can bring the predicted DM-electron scattering rates within reach of current detector

technologies [40]. Due to their low band gaps, semiconductor detectors are best suited

to access the low-energy region where such signals may lie. However, the complex nature

of the electron band structure in crystals make the calculation of ERDM scattering rates

quite involved [50].

1.3 Dark Matter Searches

There are three paths that can lead to discovery of particle DM; indirect detection, pro-

duction, and direct detection. Fig. 1.4 demonstrates how these complementary methods

all work to constrain any unknown physical interactions between DM and SM. The in-

direct detection method looks for evidence of DM decay products both in and outside

of our galaxy. By contrast, particle collider experiments o�er opportunities to produce

DM and search for the resulting missing momentum in otherwise well-understood par-

ticle collision events. Finally, the direct detection approach relies on the premise that
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DM is present in our galaxy and that the Earth is continuously traveling through a

cloud of it. This allows the possibility of occasional DM-SM interactions which could

be measured with a suitable laboratory detector. These three avenues to discovery are

each discussed in more detail in the sections below.

Figure 1.4: Paths to dark matter discovery. All of direct, indirect, and production
approaches are currently being pursued by various research e�orts.

1.3.1 Indirect Detection

Many experiments are looking for SM products (either primary or secondary) of DM

self-annihilation or decay. The largest signals are naturally expected to come from areas

of largest and nearest DM density such as the sun and the core of our galaxy. These

experiments commonly look for unexplained excesses in the spectra of photons, cosmic

rays, or neutrinos. However, such signals are expected to be small, so the searches

require careful modelling and broad understanding of many background astrophysical

processes.

For decay searches, the DM lifetime is constrained to be signi�cantly longer than

the age of the universe for there to still be a signi�cant DM population today [51]. DM

decay or annihilation in the early universe can a�ect the details of the CMB by causing

excess ionization. This allows data from the Planck satellite to set limits on the DM

self-annihilation cross section [24].

For annihilation to gamma rays, the measured 
ux from a DM halo should scale as

the so-called \J-factor", which goes roughly asJ � V � 2
DM

d2 where V is the volume of the
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source andd is the distance to it [52]. Thus the most promising sources are the galactic

center and Milky Way dwarf satellites, which have dense, nearby globs of DM. The

Fermi Gamma-Ray Space Telescope has measured the gamma ray spectrum from Milky

Way satellite galaxies and found them to be consistent with expected backgrounds. This

constrains the rate of DM annihilation to gamma rays from DM self-annihilation and

provides limits on this cross section. The limits exclude the thermal relic cross section

for DM masses from� 5{100 GeV/c2 and are competitive up to 10 TeV/c2 [53]. The

galactic center has a much higher J factor, but is co-located with many astrophysical

processes which produce backgrounds that are not yet fully understood (and still hotly

debated [54, 55]). Nevertheless, by combining current models of the DM distribution

in the galaxy with gamma ray measurements (again from Fermi), limits on the DM

annihilation cross section are found to be similar with those obtained from satellite

galaxies [56], but depend strongly on the DM pro�le. Higher energy gamma signals are

examined using arrays of atmospheric Cherenkov telescopes such as HESS [57], MAGIC

[58], and VERITAS [59]. These experiments study both the galactic center and Milky

Way satellites and are able to set limits on DM cross sections for masses from� 0.1{100

TeV/c 2.

Most models of DM annihilation to cosmic rays will produce equal amounts of matter

and antimatter. The cosmic ray spectrum from known astrophysical sources is generally

dominated by matter, so many DM search programs seek to detect an excess of anti-

matter cosmic rays [52]. These particles must travel di�usively through the galaxy and

thus generally do not propagate as far or as cleanly as gamma rays. Antiproton data

from the AMS-02 instrument aboard the International Space Station has been used to

set strong limits including a possible indication of DM signal [60, 61]. However, there

are signi�cant systematic uncertainties in these measurements due to modelling of the

complicated propagation of charged particles through the galaxy and ISM. AMS-02 [62]

and PAMELA [63] also measure positron spectra and are able to set strong limits for

DM masses from 10 GeV/c2{1 TeV/c 2.

Neutrinos are another possible DM annihilation product. Because neutrinos below

about 1 TeV are relatively unimpeded by matter, the strongest sources of these signals

are actually expected to be from DM gravitationally captured by the Earth or Sun. Both
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IceCube [64] and ANTARES [65] have had null results searching for the WIMP self-

annihilation neutrino signal but have set some of the strongest limits for spin-dependent

WIMP-proton cross section from 20 GeV/c2{10 TeV/c 2. The Super-Kamiokande ex-

periment also looks for this signal but is sensitive to lower neutrino energies and thus

lower WIMP masses of 4{200 GeV/c2 [66].

Several direct searches for the axion are also currently under way. The Axion Dark

Matter Experiment (ADMX) uses a tunable microwave cavity threaded by a magnetic

�eld to search for an axion signal. The experiment seeks to measure excess power output

from the cavity due to the resonant conversion of axions to photons. Initial searches set

limits for range of axion mass from 1.9{3.53� eV=c2, which excluded some axion models

from making up all of the DM halo [67]. More recent e�orts have produced limits

in a narrower mass range of 2.66{3.31� eV=c2, but strong enough to exclude further

benchmark axion-as-DM models [68]. The CERN Axion Solar Telescope (CAST) is

another attempt to detect the solar axion 
ux by reconversion into a pair of photons

in the magnetic �eld of the device. CAST has set set strong limits for axion masses

below 20 meV=c2 [69] and has reached the parameter space favored by some theoretical

models at higher masses (0:64 eV=c2 < ma < 1:17 eV=c2) [70]. While an attractive DM

candidate, a direct detection of the axion remains elusive.

1.3.2 Production

DM may be produced in a variety of ways in particle collision experiments. This type

of experiment is not dependent on the details of the local DM density and low-energy

interactions with SM matter because the DM production rate would be set by the

accelerator's energy and luminosity.

The NA64 experiment at the CERN SPS has searched for missing energy in the

scattering of high energy electron beams with �xed target nuclei [71]. In particular they

considered the process of a dark photon created via kinetic mixing with bremsstrahlung

photons from an electron scattering, followed by the decay of the dark photon into some

DM particles which are not measured in the detector.

e� Z ! e� ZA 0(A0 ! invisible ) (1.10)
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By analyzing such data, they have set limits on the kinetic mixing parameter," for

dark photon masses,mA 0, between 1 MeV/c2 and 1 GeV/c2.

The BaBar Collaboration has sought dark photon signatures in electron-positron

collision data. They search for missing mass that would occur in the process

e+ e� ! 
A 0(A0 ! invisible ) (1.11)

where the usual second photon is converted via kinetic mixing to a dark photon which

subsequently decays to something in the dark sector. These experiments have yielded

stronger limits than NA64 for mA 0 from 200 MeV/c2{10 GeV/c 2 [72].

CMS and ATLAS have published results on dozens of searches for both WIMP and

dark photon DM. An overview of these is beyond the scope of this work, but the searches

generally involve studying evidence for DM models with missing transverse momentum

in proton-proton collisions up to 13 TeV [73, 74]. An example exclusion limit on the

spin-dependent WIMP interaction cross section is shown in Fig. 1.5. All such results

have so far been generally consistent with the SM-only hypothesis.

1.3.3 Direct Detection

The direct detection path to DM discovery relies on a substantial DM presence in our

galaxy. The local DM density has been measured to be in the range of 0.3{0.4 GeV/cm3

using a host of measurements of the dynamics of bodies in our solar neighborhood [76].

As the sun orbits the galactic center, we pass through this DM halo at speed of� 230

km/s [77]. This produces a substantial 
ux of DM through the Earth and allows the

possibility of occasional DM-SM interactions which could be measured with a suitable

terrestrial detector.

Direct Detection Signals

WIMPS have been the main target of direct detection experiments for the last few

decades. WIMPs interact with normal matter via either elastic scattering directly o� of

nuclei, causing a recoil, or inelastic collisions by exciting an atom's electrons or nucleus

to a higher energy state [33]. In these interactions, the WIMP could couple to the

spin or mass of the target particle. Spin-independent WIMP couplings depend on the
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Figure 1.5: ATLAS limits on spin-independent DM-proton scattering assuming a vector
mediator. Reproduced from [73] under CC License [75].

target's mass, making heavier target materials preferable, while target atom size isn't

of paramount importance for a spin-dependent coupling.

While the spin-independent and spin-dependent interactions are the most discussed,

there are also other interaction possibilities including some that depend on momentum

transfer and/or angular momentum. An e�ective �eld theory (EFT) has been devel-

oped which considers such possibilities and no less than 11 di�erent allowed interaction

operators have been identi�ed [78]. These operators can individually result in rather

di�erent signatures in detectors of di�erent materials and and may even interfere with

each other. While a detailed study of EFT is beyond the scope of this work, it is cer-

tainly a rich and active area of research which opens up new possibilities for how DM

could manifest in our detectors [79, 80]. EFT analyses are also being considered by

other direct DM search experiments such as LUX [81] and CRESST-II [82].
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A �rst order calculation of detection rate and nuclear recoil spectrum for spin-

independent coupling is given in [83]. There, it is shown that the rate of recoil events

(in units of counts per kg of detector material per day) is

R0 =
361

m� mN

�
� 0

1 pb

� �
� �

0:3 GeV=cm3

� �
v0

220 km=s

�
kg� 1 day� 1 (1.12)

where m� and mN are the WIMP and target nucleus masses, respectively, in GeV/c2,

� 0 is the WIMP-nucleon interaction cross section,� � is the local DM density, and v0 is

the average velocity of Earth through the WIMP cloud. Using a target material with

O(10) nucleons, WIMP masses of. 5 GeV/c2 will thus result in a few counts/kg/day.

However, current limits ( � 0 . 10� 43 cm2) reduce this rate to a few counts/kg/year.

As calculated in Sec. A.2 the shape of the measured nuclear recoil spectrum is driven

by the Maxwellian DM velocity distribution. This leads to a detection challenge. The

spectrum of these interactions is expected to be exponentially falling so many of the

interactions occur at low energies, which are more di�cult to measure. In particular

the di�erential rate of nuclear recoil scattering is roughly

dR
dENR

=
R0

rE 0
e� ENR =rE 0 (1.13)

where ENR is the nuclear recoil energy,E0 = m �
2 v0

2 is the average incoming WIMP

energy, andr = 4m � mT
(m � + mT )2 is a classical elastic collision factor. Including further details

like the target nuclear form factor and realistic models of the DM velocity distribution

results in spin-independent recoil energy spectra like those shown in Fig. 1.6. There we

can primarily see the e�ect of the form factor of di�erent materials, which suppresses

the recoil signal at certain energies.

Recent direct detection e�orts have been shifting to searches for other types of DM

such as those involving dark photons. These models involve interaction with electrons

in the detector material and open up sensitivity to lower mass (< 1 GeV/c2) DM can-

didates. Through kinetic mixing, dark photons can convert to SM photons which are

absorbed on detector electrons which then recoil at an energy ofmA 0, the dark photon

mass. The rate of this interaction in a detector was calculated in Eq. 1.9.

The physics of ERDM is much more complex than for DM that produces NRs. The

target electrons are bound in orbitals with a range of momentum eigenstates which
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Figure 1.6: Left: Di�erential rate of spin-independent WIMP interactions with common
detector materials. Right: Di�erential rate in Ge at several WIMP masses. � 0;nucl is
the per-nucleon cross section scale.

may be much larger than the DM momentum, and so can not be treated as stationary

targets. Additionally, the electron orbitals are not atomic because the target material

is generally liquid or solid. In the case of crystalline detector materials, one even has

to account for the band structure [84]. The details of this topic are beyond the scope

of this thesis, but Fig. 1.7, reproduced from Ref. [50], provides some insight. There,

we see the expected recoil spectrum from ERDM in Si and Ge as a function of number

of electron/hole pairs produced,Q. It can be seen that the shape of these spectra are

qualitatively similar to the NR spectra in Fig. 1.6, but at the energy scale of � 10 e/h

pairs, which corresponds to� 35 eV.

Experiments

Many di�erent methods and technologies have been employed by a diverse array of

research groups to detect DM signals directly. In the past few decades, this has grown

into a �eld of its own right. In this section, a few of the leading experiments are

highlighted.

Bubble chambers like PICO and superheated droplet detectors such as SIMPLE

have been able to place competitive spin dependent limits on WIMP interactions. Both

types of detectors are able to naturally discriminate electron and nuclear recoils as the

target material temperature and pressure can be tuned such that electron recoils do not

nucleate bubbles. The PICO Collaboration (formed from the merger of PICASSO[85]
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Figure 1.7: Normalized ionization signal spectrum of ERDM signals in silicon (left) or
germanium (right). Here, Q is the number of electron/hole pairs produced. Reproduced
from [50] under CC License [75].

and COUPP[86]) used a superheated liquid C3F8 bubble chamber to search for WIMP

signals in the SNOLAB facility. The device uses acoustic transducers to measure the

acoustic power deposited during bubble nucleation events and arrays of cameras to

monitor the timing and location of bubble creation in the containing vessel. During the

most recent DM search, they were able to achieve thermodynamic threshold energies

as low as� 1:2 keV. Using 1167-kg-days of search data, PICO found nuclear recoil

signals consistent with neutron backgrounds, giving the strongest WIMP-proton spin-

dependent limits for 6 GeV=c2 < m� < 70 GeV=c2 [87]. The SIMPLE experiment

was similar to PICO, but used superheated C2ClF5 suspended in a gel matrix and

microphones to measure acoustic signal amplitudes of nucleation events. SIMPLE had

set strong spin-dependent limits [88] which were recently overtaken by PICO.

Another class of detectors uses a two-phase time projection chamber (TPC) partially

�lled with a noble liquid. The principle is that particle interactions in the liquid phase

will produce scintillation light and liberate electrons. The electrons can then be drifted

out of the noble liquid and into a region of gas phase where they will produce additional
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scintillation light proportional to their number. The ratio and timing of these signals

can be used not only to locate the event within the detector volume, but also to measure

its energy and deduce whether the interaction was an electron or nuclear recoil. This

technology is attractive because, being liquid, the detector mass can easily be scaled up

to increase sensitivity and statistics. The largest backgrounds come from impurities in

the noble liquids and much of the advancement in these devices has relied on improved

methods for impurity removal. Because noble liquid detectors use relatively high mass

target materials, they have been able to set the strongest high WIMP mass (m� > 6

GeV/c 2) limits.

The Large Underground Xenon (LUX) experiment operated a TPC �lled with a

large, 250 kg �ducial target mass of liquid xenon (LXe). It was located at the Sanford

Underground Research Facility near Lead, South Dakota. Like many sensitive direct

search experiments, LUX was located in a deep underground lab to shield the detector

from cosmic ray and muon backgrounds. In addition to the 4300 mwe (meters water

equivalent) depth underground, the LUX TPC was shielded by a surrounding passive

water tank [89]. The �nal LUX WIMP-search data taking ended in 2016 and the

subsequent analysis found no evidence for a WIMP signal, excluding spin-independent

WIMP-nucleon cross sections larger than 1:1 � 10� 46 cm2 at a mass of 50 GeV/c2.

This is the strongest constraint on WIMPs above 10 GeV/c2 to date. LUX has since

merged with Zeplin-III, a smaller LXe TPC experiment, to form the LZ collaboration.

Zeplin-III had only a 5.1 kg �ducial mass, but used a Gd-loaded plastic scintillator to

moderate neutrons and act as an anti-coincidence veto system [90]. LZ combines the

best of both experiments and will feature a 5.6 ton �ducial liquid mass surrounded

by a gadolinium-loaded liquid scintillator veto [91]. The projected background rate of

this device will allow a 1000 day exposure to reach a spin-independent cross-section

sensitivity of 1:6 � 10� 48 cm2 at 40 GeV/c2 [92].

A few other notable TPC experiments which produce competitive limits are: Xenon1T,

with a 2 ton LXe �ducial volume surrounded by a water Cherenkov active muon veto

[93]; PandaX, a 580 kg LXe [94] at the China Jinping Underground Laboratory, the

best-shielded laboratory in the world; and Darkside, a liquid argon TPC surrounded by

both a layer of boron-loaded liquid scintillator and an active water Cerenkov detector

to veto muons, neutrons, and other radioactive contaminants [95].
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Solid state WIMP detectors are generally crystalline semiconductors and/or scintil-

lators. Some solid state detectors use an electric �eld to drift liberated charges across

a detector. The amount of charge is measured capacitively before recombining at the

charged electrodes. In addition, the detectors can be operated as sensitive bolometers

which measure the phonon energy deposited in the system by the interaction. Others

measure a combination of scintillation light and phonons. As in TPCs, the simultane-

ous measurement of 2 signal channels allows event-by-event identi�cation of recoil type

(electron or nuclear). Generally, such devices cannot be fabricated above the kg-scale,

so experiments using these technologies deploy a large number of identical modules to

increase total exposure.

The EDELWEISS experiment uses cylindrical high purity germanium crystals with

the surfaces fully instrumented with interdigitated charge measurement electrodes [96].

This arrangement allows for rejection of background events near the crystal surfaces.

Each detector also has a pair of sensitive thermistors to measure the total deposited

phonon energy. These devices are operated at temperatures of< 20 mK at the Modane

Underground Laboratory in France. With an array 24 such detectors surrounded by

layers of passive shielding and an active muon veto, they have set competitive limits for

WIMP masses of 4-30 GeV/c2 [97].

The CRESST experiment uses CaWO4 crystals as the target mass and phonon

detector. Phonons are measured using W-TES (transition edge sensors) read out with

SQUID (superconducting quantum interference device) based ampli�ers. A separate

silicon-on-sapphire wafer is mounted in the same detector housing and used to convert

scintillation light produced in the target crystal into phonons, which are also read out

with W-TESs [98]. The CRESST devices are sensitive to lower WIMP masses than

other technologies because the target material contains the relatively light oxygen atoms

which have favorable recoil kinematics with WIMP masses down to� 500 MeV/c2. A

preliminary analysis of the spectrum from a new, more sensitive set of devices produced

a world-leading limit below 1.7 GeV/c2 [99].

The SuperCDMS (Cryogenic Dark Matter Search) experiment makes use of both

germanium and silicon monocrystaline detectors. Like EDELWEISS, the SuperCDMS

detectors are patterned with several charge biasing and measurement electrodes. Similar

to CRESST, the SuperCDMS detectors make use of W-TESs read out by SQUIDs to
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precisely measure phonon energies [100]. SuperCDMS has also developed a high voltage

detector con�guration which is optimized to search for low mass WIMPs and which

set competitive limits in the m� < 10 GeV/c2 region [101]. An in-depth look at these

detectors will be the subject of the next chapter.

Finally, of special note is the DAMA experiment, which operates an array of NaI

crystals located in the underground Gran Sasso National Laboratory, and has long

claimed detection of a WIMP signal [102]. Because it only measures scintillation infor-

mation, the DAMA experiment is unable to distinguish between electron and nuclear

recoils, but instead looks for the annual modulation of the total signal. DAMA has col-

lected and impressive 2.46 ton-yr of exposure and observed an annual modulation signal

with a 12.9� con�dence level [103]. However, the WIMP parameter space favored by

DAMA has been searched and strongly excluded by many other experiments. While nu-

merous non-DM explanations have been put forward, none has been able to su�ciently

explain the signal. One recent suggestion involves the possible contamination of the

nitrogen purge gas with radioactive argon, which can produce seasonal variations of 2.7

keV x-rays [104]. Another recent paper has concluded that the most recent DAMA/Li-

bra data which extends to lower recoil energies than previous, is now incompatible with

vanilla WIMP models [105].

Figure 1.8: Annual modulation of the DAMA/Libra signal over the last 2 decades. The
claim of a DM origin to this signal has long been refuted by competing experiments.
Reproduced from Ref.[103] under CC License [75].

At any rate, several projects (COSINE-100[106], ANAIS[107], SABRE[108]) are re-

peating DAMA's measurement using similar NaI detectors to shed further light on this

anomaly. Recent results from COSINE-100 experiment provide evidence that the nu-

clear recoil quenching factors (critical for calibrating the energy scale of NRs) that
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DAMA/Libra has been using are incorrect at low energies [109]. Correcting for this ef-

fect, they are able to exclude the DAMA/Libra detection with 90% con�dence. ANAIS

has begun taking data and expects to be able to place similar constraints in the next

few years. SABRE is still in a development phase, but will have the unique feature of

placing twin detectors in the northern and southern hemispheres to distinguish between

DM-like annual modulation and seasonal terrestrial variations [110].

We end this chapter with a plot summarizing the excluded spin-independent param-

eter space shown in Fig. 1.9. As discussed above, the liquid noble experiments have

the best limits at high masses while solid state devices reach to lower masses. Projec-

tions for the next generations of SuperCDMS and LZ are also shown as dashed curves.

The lower shaded region is where these experiments will begin to be sensitive to the

background of solar and atmospheric neutrinos. Clearly the next few years will be an

exciting time in the direct-DM search community as various groups push to carve out

more of this parameter space!

Figure 1.9: Current state of spin-independent parameter space. Produced using the
Dark Matter Limit Plotter [111].



Chapter 2

SuperCDMS

2.1 Collaboration and Facilities

The Super Cryogenic Dark Matter Search (SuperCDMS) experiment operates arrays

of monocrystaline germanium and silicon detectors at cryogenic temperatures (< 50

mK). The detectors are instrumented to measure ionization and/or athermal phonon

signals. The details of how they operate will be discussed in Sec. 2.2. This chapter

will give a very brief overview of the history of SuperCDMS. The most recent phase of

the experiment used these devices to search for DM and was conducted in the Soudan

Underground Laboratory. The collaboration is currently preparing for a new campaign

at the SNOLAB facility. There are also numerous test facilities at SuperCDMS member

institutions which support the 
agship experiment through testing and R&D e�orts.

2.1.1 Early CDMS

The �rst CDMS DM searches were undertaken in 1996 at the Stanford Underground

Facility (16 mwe) using early 1 cm thick detectors. Even though the site location

only reduced the cosmic ray muon 
ux by a factor of 5 from that at the surface, the

experiment was able to set an exclusion limit on the WIMP-nucleon cross section of

2:8 � 10� 42 cm2 at 100 GeV WIMP mass. This result was important at the time as

it excluded a region of parameter space in which the DAMA experiment had claimed

detection with more than 84% con�dence [112].

27
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2.1.2 The Soudan Era

Beginning in 2001, the experiment was expanded and moved to the lower background

environment of the Soudan Underground Laboratory at a depth of 2090 mwe. There,

CDMS-II used a payload composed of 19 Ge and 11 Si detectors with upgraded sensi-

tivities to exclude still lower cross sections (1:8� 10� 44 cm2 at 60 GeV/cm2) and search

for annual modulation [113]. As shown in Fig. 2.1, the detectors were surrounded by

a plastic scintillator to provide a veto measurement of any muons that did penetrate

the rock overburden. Furthermore, the detectors were enclosed in ancient (radiopure)

lead and polyethylene shielding. The lead was used to block gamma rays while the

polyethylene thermalized neutrons, the dominant nuclear recoil background.

Analysis of the Si detector data revealed 3 candidate events, while known back-

grounds estimated< 1 event, hinting at an 8.6 GeV/cm2 WIMP with 1 :9 � 10� 41 cm2

cross section [114]. Although a pro�le likelihood analysis favored the WIMP hypothesis,

the data was not strong enough to indicate a discovery. However, this same parameter

space was soon ruled out by the LUX experiment as well as by the next generation of

CDMS, dubbed SuperCDMS.

SuperCDMS operated a new design of Ge detectors which greatly improved volume

�ducialization. Analysis of 577 kg-days of data found that the measured recoil energy

spectrum was consistent with expectations from background sources. This data set

stronger limits for WIMP masses between 4 and 6 GeV/cm2 [115].

An extension of this was the CDMSlite experiment. It used a single SuperCDMS

iZIP with modi�ed electronics to boost its voltage bias to 70 V, amplifying low energy

phonon signals to probe lower WIMP masses. A 2016 analysis of this data excluded

more of the parameter space between 1.6 and 5.5 GeV/cm2 [116]. Fig. 2.2 shows spin-

independent limits from leading experiments after the SuperCDMS Soudan era. Also

shown are the target sensitivities of the next generation of detectors (dashed lines).

SuperCDMS ceased operations at the Soudan Underground Facility in the autumn

of 2015. However, the wealth of high-quality data collected continues to yield interesting

and relevant science. Since 2015, the SuperCDMS collaboration has used this data for

publications studying WIMPS [116, 100, 118, 101], E�ective Field Theory [79], Frenkel

Defects [119], nuclear-recoil ionization yield [120], cosmogenic tritium production in Ge

[121], and even dark photons and axion-like particles [122].
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Figure 2.1: Top-down view of SuperCDMS-Soudan cryostat and shielding. Veto panels
are shown in blue, polyethylene sheets in green, lead bricks in dark gray, and ancient
lead in light gray. The E-Stem provided a path for the electronics and wiring to reach
room temperature while the C-stem connected the various thermal stages of the cryostat
to a dilution fridge.

2.1.3 SuperCDMS SNOLAB

As of this writing, the collaboration is preparing for the next phase of the experiment,

SuperCDMS SNOLAB, which will incorporate more sensitive detectors, more stable

cryogenics, and improved electronics and DAQ systems. The detectors and cryogenic

infrastructure will be constructed of extremely radiopure materials. All of these ma-

terials are being assayed to ensure they have substantially lower background radiation

than in the Soudan setup. A diagram of the core experimental infrastructure is shown

in Fig. 2.3.
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Figure 2.2: Measured and projected exclusion limits after the end of the SuperCDMS
Soudan Era (circa 2016). Created using [117].

This experiment will be located at SNOLAB (6010 mwe), home of the famous Sud-

bury Neutrino Observatory (SNO), which helped solve the solar neutrino problem. This

facility provides improved shielding from cosmic rays (nearly 3� the e�ective depth of

Soudan) and has strict clean room protocols to further reduce radiogenic background

contamination.

SuperCDMS will deploy a variety of next-generation detectors to thoroughly char-

acterize the experimental backgrounds and explore lower mass and cross section DM

parameter spaces. These detectors are 2:3� larger than those used at Soudan and feature

more sensitive phonon sensors. They will also use a new type of high-electron-mobility

transistor (HEMT) -based charge ampli�er instead of the JFETs used in Soudan (and

in the work presented in this thesis). A mixture of several detector types (iZIP and HV)

and materials (Si and Ge) will be deployed to provide complementary of DM targets,

measurement of the various backgrounds, and reach to sub-GeV DM. Accordingly, much

of the CDMS detector development program of the last few years has been dedicated

to optimizing the performance and understanding of these new detectors. The �nal

sensitivity projections of the experiment are shown in Fig. 2.2

While many of the subsystems involved in this e�ort are in mature form, a late-stage

cryostat redesign and COVID-related shutdowns have caused some delays in the project
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Figure 2.3: Side view of SuperCDMS SNOLAB experiment design featuring inner and
outer neutron shielding (polyethylene) and gamma shielding (lead). The dilution refrig-
erator and the \E-tank" (where readout electronics will be mounted) are connected to
either side of the \SNOBOX" cryostat. Also shown on the left is a diagram of a stack
(or \tower") of detectors and photos of two detectors at the top right.

timeline. As of this writing, much of the electrical infrastructure and a radon �ltration

system have been installed and the seismic platform is currently being put in place

at SNOLAB. Meanwhile, the dilution fridge has been delivered to FNAL and is being

tested above-ground and the �rst detector towers have been assembled and are being

tested at SLAC. The current arrival time of the cryostat cans is slated for late 2021 and

our schedule indicates we can expect to do the �rst cool down with detectors in 2022.

Following that, dedicated science data taking campaigns are expected to begin in 2023.

While this is still a few years away, there is still plenty of momentum and enthusiasm

within the collaboration to deliver world-leading science at SNOLAB.

2.1.4 SuperCDMS Test Facilities

While the main experiment at SNOLAB is designed and constructed, a huge amount of

R&D and preparation has been taking place at other SuperCDMS facilities and member

institutions. A few of them are described here.
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CUTE

CUTE is the (slightly strained) acronym for the \Cryogenic Underground TEst facil-

ity". It is a cryogenic detector test facility, located underground at SNOLAB in the

same experimental hall as the SuperCDMS experiment. It uses a cryogen-free dilution

refrigerator (manufactured by Cryoconcept [123]) to reach base temperatures of� 15

mK. The combination of stringent background controls at SNOLAB and extensive wa-

ter and lead shielding give CUTE a background of order of a few events/keV/kg/day in

energies below a few keV. The main purpose of CUTE is to provide the ability to test

detector properties that are di�cult or impossible to study at surface facilities which

are limited by background neutron and gamma radiation. CUTE has already begun

some early operations and tests of SuperCDMS detector assemblies.

NEXUS

The \Northwestern EXperimental Underground Site" (NEXUS) is a shallow facility,

located � 100 m underground in the MINOS near-detector experimental hall at the

Fermi National Accelerator Laboratory (FNAL). It is built, maintained, and operated

through a collaboration between Northwestern University and FNAL. The overburden

lowers the muon 
ux to 0.5 muons/m2/s. Similar to CUTE, it features a Cryoconcept

[123] dry dilution refrigerator. A movable lead shield designed to surround the cryostat

is expected to reduce the background to less than 100 events/keV/kg/day.

In addition to acting as another underground facility for detector testing, NEXUS

will operate a Deuterium-Deuterium (D-D) neutron generator. This device can produce

a large 
ux (108 neutrons/sec) of 2-3 MeV neutrons. In combination with an array of

backing detectors, this facility will be used to characterize the response of SuperCDMS

detectors to low-energy neutron scatters. Some early experimental runs at NEXUS were

conducted beginning in the summer of 2019 and there are also plans to conduct low-

mass (< 1 GeV/c2) DM searches using a new style of small, but sensitive, detectors.

This will be discussed further in Ch. 8. With the current setup, NEXUS can easily

obtain exposures competitive with recent above-ground DM searches carried out with

the same type of detector [47, 48].

NEXUS is not just meant to be used by SuperCDMS. It is already host to a TES
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R&D test for the Ricochet Collaboration, which plans to measure Coherent Elastic

Neutrino Nucleus Scattering (CEvNS) at a nuclear reactor [124]. There are also plans to

study coherence times of superconducting microwave resonators [125] (a key component

of certain types of quantum computers) that can be improved by moving to a low-

background facility, as has recently been shown elsewhere [126]. Several other potential

projects are also lined up including microwave kinetic inductance detectors (MKIDs)

[127], testing exotic photodetector materials with meV band gaps, and state of the art

application-speci�c integrated circuits (ASICs) at 4 K for charge measurement.

UMN K100 and others

In addition to the facilities mentioned above, the SuperCDMS collaboration has always

been heavily supported by a number of cryogenic test facilities located at member in-

stitutions. A few notable current contributors are UC Berkeley, Caltech, Northwestern,

Queen's University, SLAC, Stanford, Texas A&M, and the University of Minnesota.

These (and other) groups have all been integral in advancing the existing techniques

and technologies and developing ever more sensitive detectors.

Of particular importance to the author is the University of Minnesota (UMN) de-

tector test facility, as this is where much of the work in this thesis was undertaken. The

UMN group operates a Kelvinox-1003He-4He dilution refrigerator [128], mounted on vi-

bration isolating columns, which is used to cool detectors to� 30 mK. This facility tests

and characterizes both production and R&D detectors by analyzing TES parameters,

charge and phonon collection e�ciency, detector neutralization hold time, and general

detector performance. In addition, UMN is active in developing and testing new DAQ

and analysis software as well as electronics and cold hardware (Sec. 5.2). The Super-

CDMS test facility at UMN plays an integral role in analyzing concept detectors (Ch. 6)

and characterizing production detectors (Sec. 5.1) for SuperCDMS-SNOLAB. Finally,

UMN is even making new advances in the science and measurement of low energy NRs

in Si and Ge (Ch. 7).
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2.2 Detectors

This section will provide an introduction to how signals are generated and measured

in SuperCDMS detectors. It will also describe several of the speci�c detector designs

currently employed by SuperCDMS.

2.2.1 Electron- and Nuclear-Recoils

All versions of CDMS detectors measure some combination of ionization and/or phonon

energy produced in a semiconductor (Si or Ge) crystal. We �rst discuss how incoming

particle interactions leave their signatures in these quantities.

Incoming particles can interact with either the electrons or nuclei of the crystal.

This interaction can be an elastic or inelastic scatter or absorption. Whatever the case,

the result is generally that the a�ected electron or nucleus recoils in response. This

leads to the classi�cation of interactions as either an electron recoil (ER) or nuclear

recoil (NR). ERs are common as they result from photon scattering/absorption from

background or calibration sources. NRs occur from processes such as scattering of free

neutrons, but are also how many models of DM are expected to interact. In either case,

the recoil energy,ER , goes into a combination of athermal phonons in the crystal lattice

and promotion of electrons across the semiconductor band gap, creating electron/hole

(e/h) pairs. The amount of energy that ends up in each of these systems depends on the

recoil energy and type of particle interacting. Generally, NRs produce less charge than

ERs at a given recoil energy. This di�erence is characterized by a quantity variously

called the ionization yield, e�ciency, or quenching factor. A similar behavior is observed

in scintillators, with reduced light output occurring for NRs. In this work, we will use

the name ionization yield and de�ne it as

Y (ER ) =
EQ

ER
(2.1)

where EQ is the amount of energy that goes into the production of e/h pairs andER is

the recoil energy. This is de�ned such that, for an ER, EQ = ER , giving Y = 1, while

for NRs, the yield, and hence the number of e/h pairs produced, is lower.EQ is related

to the number of electron/hole pairs that are produced, N as

hN i = EQ="
 (2.2)
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with " 
 � 3:0(3:8) eV in Ge(Si) [129, 130]. This is not to say that in an ER all the

recoil energy is used up in producing e/h pairs. In fact the band gap minimum for

Si (Ge) is only Egap=1.12 (0.66) eV, so the remainder of the energy goes into the

phonon system as well." 
 and Y are then just empirical quantities which describe the

amount of free charge resulting from the interactions as the recoiling object (electron

or nucleus) slows down in the crystal. The variance of the number of pairs produced

is � 2
N = F hN i , where F is the Fano factor, which describes deviation from Poisson

statistics resulting from correlations in the various microscopic interactions involved in

the ionization process [131]. F is around 0.12 (0.11) in Si (Ge) [132]. It should be

noted that present measurements of" 
 and F are generally for higher energies and

material temperatures than the SuperCDMS detectors operate. However, there are

current e�orts to leverage current theory to extend our understanding to lower energies

and temperatures [133]. Models and previous measurements of the yield in Si and Ge

are shown in Fig. 2.4. Our work to address the tension in these measurements and lack

of data at low energy will be discussed in Ch. 7.

Figure 2.4: Left: Ionization yield measurements in Ge. Taken from [134]. Right:
Ionization yield measurements in Si. Taken from [120]. There is signi�cant tension in
many of the results and very few measurements at recoil energies below 1 keV.

Because of the di�erence in ionization yield between ERs and NRs, a simultaneous

measurement of the recoil energy and amount of charge produced can provide event-

by-event discrimination between interaction types. The majority of backgrounds result

in ERs so this discrimination is a powerful tool when searching for WIMP recoils on

nuclei. The next two sections provides more details on how the charge and phonon

measurements are actually performed.
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2.2.2 Charge Signal

The detectors are operated with an axial electric bias �eld so liberated charges are

drifted to either face across the detector bulk as shown in Fig. 2.5. As they travel, these

carriers induce image charges on pickup electrodes patterned on the detector surfaces.

The current 
owing into the electrodes to produce the image charges is described by

the Shockley-Ramo Theorem [135]. Although the charges moving through the detector

bulk follow a path dictated by the bias electric �eld (and crystal properties), the induced

signal in an electrode is determined by how the charge moves through that electrode's

\weighting potential". The details of this will not be discussed here, but the result is

that the signal measured on charge electrodes is induced both by the charges moving

toward and away from it, and is (to �rst order) equal to the initial charge created in

the detector. However, charge trapping sites in the crystal bulk can reduce and distort

the measured signal. A more complete model of charge signal creation is presented in

Appendix B.

Figure 2.5: Anatomy of an event in a SuperCDMS-style detector. The incoming particle
deposits energy which produces electron/hole pairs and phonons. An electric �eld across
the detector drifts the liberated carriers to the two crystal faces. As they drift, more
NTL phonons are produced.

Things are further complicated as the two types of charge carriers do not both

propagate parallel to the electric �eld. Holes travel relatively straight through the

crystal with minimal spreading. Electrons, however, have been found to propagate

oblique to the electric �eld due to the shape of the conduction band minima (valleys).

This is because, in a crystal, the carriers do not simply have a scalar mass, rather

they have a mass tensor, so when a force is applied, they may accelerate in a di�erent

direction. (Imagine an electron in Si like a shopping cart with a bad wheel, it doesn't



37

quite want to go where you push it.) For example, in [100] Ge crystals (the orientation

used in SuperCDMS detectors) they spread out in four directions, each� 33� from the

z-axis [136]. This e�ect is not observed in [100] Si due to the di�erent geometry of the

conduction bands. This e�ect is also suppressed at bias �elds above� 5 V/cm where

the carrier energies are large enough to allow inter-valley scattering. Fig. 2.6 shows the

result of a simulation of these e�ects. This drifting causes charge signals on the side of

a detector collecting electrons to have lower spatial resolution than signals on the hole

side. This non-ideal behavior means that charge signals can depend on the species of

carrier and original event position which must be accounted for in data analysis.

Figure 2.6: The results of a simulation of charge carrier propagation through a Ge
crystal. Left: hole transport. Right: electron transport. The carrier trajectories are
shown in green. In the left �gure, the blue points show the locations where phonons
were created in the simulation. Taken from [136].

The charge signals are picked up by metallic electrodes on the crystal and sensed via

cryogenically cooled FET (�eld e�ect transistor) ampli�ers. The ampli�er outputs are

connected to further levels of ampli�cation and �ltering outside of the cryostat before

digitization. A simpli�ed version of the �rst stage of the charge circuit is shown in

Fig. 2.7. The shape of measured charge pulses is dictated by this circuit. SuperCDMS

detectors are generally operated with bias �elds of& 1 V/cm. At standard operating

temperatures, the charge carrier drift velocities are& 20 km/s [136]. This means that,

even in our largest devices, they fully traverse the 33 mm crystal thickness and induce

their charge signal, Qind , on the measurement electrode in. 1:7 �s . Over these time

scales the image charges that appear on the electrode are primarily sourced from the
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coupling capacitor, CC . The ampli�er responds by changingVout to compensate via the

feedback capacitor,CF B , and so outputs

Vout = Qind =CF B (2.3)

The charge ampli�er bandwidth limits the signal rise time to � 1 �s [137, 138] so a charge

pulse initially appears as a step function in voltage at the ampli�er output. Thereafter,

the signal decays exponentially with a characteristic fall time, � f = RF B CF B , as the

feedback branch discharges.

Figure 2.7: SuperCDMS charge readout circuit (pre SNOLAB).

The amount of charge induced on the measurement electrode is related to the amount

of charge produced in the crystal and how it is drifted by the bias voltage. In a perfect

crystal and with high bias voltage, the induced charge is simply equal in magnitude to

the drifting charge, Qind � Q = eN, where e is the electron charge andN the number

of e/h pairs produced. However, other e�ects of charge transport can change this

relationship. First, the amount of drifting charge may not be the full amount initially

ionized at the interaction site due to recombination of e/h pairs before they are drifted

apart by the bias �eld. This will be discussed further in Ch. 6 where attempts are made

to model and measure this e�ect. Next, once the carriers are drifting in the crystal,
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some of them may be trapped on crystal impurities or defects. This stops them from

drifting and contributing to the charge (and phonon signals). These drifting charges

can also ionize additional carriers in a process known as impact ionization [139]. These

will serve to increase the signal further. The contribution of these e�ects depend on a

host of details such as bias �eld, detector geometry, and impurity and defect densities.

Now, over short time scales, the induced charge is primarily sourced from the feed-

back capacitor, CF B , via the coupling capacitor, CC . However, there are also important

e�ects due to non-negligible capacitances between the electrodes on opposite detector

faces,Cdet as well as other stray capacitances between the electrode and ground,Cstray .

The latter can either be directly between the electrode and housing or indirectly via

other, nearby electrodes on the same face. These other capaciatances can also be sources

for the image charge, and can reduce the signal seen at the ampli�er by the gain factor

Gcap =
CC

CC + Cstray
: (2.4)

At UMN, this has been measured in large devices to be as low asGcap=0.7{0.8, but

depends on the detector housing and electrode geometry. There may also be a signi�cant

(� 100 pF) parasitic gate-to-ground capacitance, but this only a�ects things like the

FET noise coupling and does not enter this capacitive gain ratio [137]. Now, over

longer times than the ampli�er response, the bias voltage power supply provides the

amount of charge needed to restore the circuit to equilibrium. This time scale is set by

RB Cdet � 1 ms, whereCdet is the detector capacitance. Putting these e�ects together,

the measured signal amplitude is then

Vout �
Q

CF B

CC

CC + Cstray
(2.5)

Knowledge of these various contributions (and later ampli�cation stages) can allow an

absolute calibration of the charge measurement which is very useful when studying

charge creation and propagation e�ects. An example of a measured charge pulse can be

seen in the left side of Fig. 2.8.

2.2.3 Phonon Signal

Here we give a very basic overview of phonon signals in the SuperCDMS detectors.

This is no small topic and far more detailed resources (e.g. [140, 141, 142]) can provide
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Figure 2.8: Example charge (left) and phonon (right) pulses from a 100 keV ER in an
iZIP. The charge pulse has a delta function rise time and� 100 �s fall time set by
RF B CF B . The phonon rise and fall times are slower, being set by both the phonon
transport and TES circuit response.

deeper insights. However, here we will cover the basics needed to understand their role

in an operating detector.

Si and Ge, being Group 14 elements, have four electrons in the valence orbitals and

four vacancies. Thus, when a crystal of one of these materials is formed, each atom can

form covalent bonds with four nearest neighbors. In doing so, the crystals generally form

a face centered cubic (FCC) lattice with eight atoms per unit cell as shown in Fig. 2.9.

The lattice constant, a, is 5.4 (5.7) �A for Si (Ge). Other Group 14 elements, carbon

and tin, can do the same. This is in fact, the same structure as diamond. Incidentally,

lead also forms an FCC, but prefers to form metallic bonds.

Phonons are quantized vibrations which occur in the crystal lattice. They can be

described as non-interacting bosons and so have a thermal number density described by

the Planck distribution

hni =
1

exp[~!=k B T] � 1
(2.6)

where the phonon energy is~! . At the mK temperatures at which the detectors are

operated, this population is heavily suppressed and can be neglected for our purposes.

However, signi�cant populations of athermal phonons are produced when particles scat-

ter with, or move through, the crystal. This is the signal we design the detectors to

measure.
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Figure 2.9: Unit cell of a diamond, FCC Bravais lattice. The unit cell contains eight
atoms and each atom has four nearest neighbors. Taken from [143] with permission.

There are two main branches of phonons, acoustic and optical, which correspond

to vibration of a pair of atoms in phase, or out of phase, with each other respectively.

Optical phonons have higher energies and, as we will see below, quickly downconvert

to acoustic phonons. Thus, for our purposes, we can assume that all phonons in the

detector are acoustic. Phonons also come in several polarizations: fast transverse, slow

transverse, and longitudinal [144]. The propagation speed, or sound speed, depends

on the material and polarization, but ranges from 3{6 km/s in Ge [145] and from 4{

9 km/s in Si [146]. In a pure crystal, the phonon energy is channeled preferentially

along certain directions of the crystal lattice in an e�ect known as \phonon focussing".

Beautiful measurements of this process have been obtained by exciting heat pulses in a

small Ge cube and measuring the phonon 
ux on the opposite face with a bolometer as

shown in Fig. 2.10.

Phonons can exist in a crystal at a range of energies. However, higher frequency

(& 1 THz) phonons of all types quickly downconvert to pairs of lower energy, acoustic

phonons at a rate � Downconvert / ! 5 [148]. Even in a pure Si or Ge crystal, natural

isotopic variation breaks the crystal symmetry. The lattice atoms are not all of the same

mass and so do not comprise a uniform grid of perfect harmonic oscillators. Again, the

high energy phonons are most a�ected, scattering o� of isotopes at a rate �Scatter / ! 4

[149, 150].
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Figure 2.10: Left: Measurements of phonon signals from heat pulses in a 1 cm Ge cube.
Right: Theoretical caustics of propagating ballistic phonons. Reproduced from [147]
with permission.

The combination of these two e�ects results in high energy phonons propagating

di�usively as they scatter and downcovert to lower energies. This continues until the

population of phonons has low enough energies (� 1 meV or � 250 GHz) that they

become essentially free streaming, or ballistic, with mean free paths similar to the

detector scale (& cm). Eventually, all the phonons have mean free paths long enough to

reach a surface of the crystal where they are either absorbed by implanted electronics

or re
ected from the bare surface. From this point on, the phonons move ballistically

until they are either absorbed or thermalize (downconvert to thermal energies).

When a crystal is used as a particle detector, phonons are produced during both

the initial scattering interaction and the subsequent charge drifting. The cascade of

interactions that occur when an electron or nucleus recoils in the detector results in an

initial population of \recoil phonons" which are high energy, near the Debye energy of

� 30 (50) meV in Ge(Si) [144]. At the low operational temperatures used, the charge

carriers will immediately begin to lose energy by emitting phonons and settle down into

the conduction band minimum. At this point, the total \primary" energy in the phonon
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system will be

Eprim = ER � NE gap (2.7)

where ER is the recoil energy andEgap is the bandgap energy. If there is no bias �eld

applied, the electrons and holes will immediately recombine, relinquishing the bandgap

energy as \recombination" phonons, Ereco = NE gap. If there is a bias applied, this

recombination is deferred until the carriers are drifted and recombine with image charges

at their respective electrodes. In either case, eventually the total recoil energyER is

deposited into the phonon system.

The drifting charges also produce phonons as they move across the crystal. The bias

electric �eld accelerates the charges, but scattering with the lattice limits the e�ective

carrier drift speed [151]. The change in charge carrier potential energy as it moves

through the bias electric �eld is converted into phonons as the carrier scatters with

lattice sites. Depending on the bias �eld applied, the spectrum of phonons produced

may be initially di�usive (high energy) or ballistic [140]. As described by Neganov,

Tro�mov, and Luke [152, 153], each e/h pair will (absent trapping) contribute eVbias to

the total phonon energy with e the electron charge andVbias is the potential di�erence

across the detector. These will be called \NTL phonons". Summing up the above

phonon contributions gives the total energy deposited into phonons,

EP T = Eprim + Ereco + ENT L = ER + NeVbias (2.8)

On average, this can be written as

hEP T i = ER + EQeVbias="
 (2.9)

One should be careful though, because the phonon quantity measured is not neces-

sarily simply the total energy in the phonon system. The phonon sensors are on the

two detector faces and are thus only privy to the phonon 
ux that reaches them. For a

detailed understanding, then, one must also consider the location, spatial distributions,

and spectra of the primary, NTL, and recombination phonons. A theoretical treatment

of these di�erent populations can be found in [151] and further useful discussion is

in [140]. The more complete story is that the primary phonons can be thought of as

emitted in an isotropic sphere at the recoil location and recombination phonons will be
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emitted isotropically from the carrier recombination sites at the electrode/crystal in-

terface. NTL phonons, however, are emitted preferentially in the carrier drift direction

and along the entire drift path as shown in Fig. 2.11. So they roughly form a column

of phonons propagating away from the initial recoil site towards the two detector faces.

Furthermore, the spectrum of phonon energies is di�erent in each of these cases and also

depends on the material (Si or Ge) and carrier species (e- or h+). To fully model all of

this requires detailed Monte Carlo simulations of all these processes, which SuperCDMS

has been re�ning for many years.

Figure 2.11: Theoretical angular distribution of NTL phonon power. Solid (dashed)
lines are for electrons (holes). Black (gray) lines are for Ge at 300 V/m (Si at 400
V/m). The angle is measured from the net electron drift direction (i.e. the detector's
z-axis). This shows that NTL phonons are emitted primarily in the forward direction
for both types of carriers. Reproduced from [151] with permission.

Now, this is not to say that everything is hopelessly complicated. Because all of

these phonon populations scatter and downconvert (albeit at di�erent rates, locations,

etc) to 0th order they all end up as ballistic phonons rattling around inside the crystal,

bouncing o� of bare crystal faces or being absorbed by the phonon sensors. This is

roughly the state of things after a few hundred�s , just a randomized phonon bath with

all recoil position information lost but a total energy proportional to Eq. 2.9. So even

without the detailed modelling, one can make decent measurements of recoil energies

independent of event position. Of course taking into account these other e�ects is

important to maximize detector performance and energy resolution.
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The actual measurement of phonon energy is carried out with quasi-particle trap

assisted electrothermal feedback transition edge sensors (QETs) [154]. These transition

edge sensors (TESs) are operated in electro-thermal-feedback (ETF) mode and read out

with SQUID based ampli�ers. The detailed physics of QETs will be discussed more in

Ch. 3, but we give a brief outline of their operation here. As seen in Fig. 2.12, each QET

consists of a small tungsten �lm connected to several aluminum �ns. The sensor operates

at . 50 mK, well below the 1.2 K Al superconducting transition temperature. Phonons

in the crystal which have su�cient energy ( & 0.36 meV) can enter the Al �ns and break

Cooper pairs into quasiparticles. The quasiparticles then di�use through the �ns, with

a fraction of them making it into the tungsten. Those which make it can then transfer

their energy by scattering with Cooper pairs and heating the tungsten. A small voltage

bias maintains enough Joule heating in the tungsten �lm to hold it in stable equilibrium

in the sharp transition between its superconducting and normal temperatures. When

additional heat enters the tungsten, it causes the resistance to increase and the bias

current to momentarily change. This changing current is monitored by a sensitive

SQUID based ampli�er and fed out of the fridge to be digitized.

Figure 2.12: Left: iZIP detector in copper housing. Right: Charge and phonon sensor
layout mask with TES details shown in the insert. The aluminum �ns are shown in
blue, amorphous silicon in green, and tungsten in red.

2.2.4 Detector Variations

SuperCDMS detectors have evolved several times since the earliest designs at Berkeley.

For more info on previous designs one can consult one of many �ne previous dissertations

[155, 142, 156, 137]. Here we will give a brief overview of the current arsenal of detector
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types commonly used by SuperCDMS.

The detectors are generally constructed out of either Ge or Si crystals to provide

complementary sensitivities to di�erent DM masses (Si recoil kinematic cuto� is lower

than Ge) and backgrounds (Ge has fewer intrinsic radioactive backgrounds). There are

two 
agship device types that SuperCDMS will deploy at SNOLAB, the iZIP and HV

detectors. Both are built from high purity [100]-oriented Si or Ge crystals shaped into

cylinders 100 mm in diameter and 33.3 mm thick. The only di�erence is the phonon

and charge sensors patterned on the crystals.

Flagship SuperCDMS Detectors - iZIP and HV

The interleaved Z-dependent Ionization and Phonon (iZIP) detectors feature a novel

charge biasing scheme to help identify events near the crystal surfaces [157]. This is

important as such surface events are known to exhibit incomplete charge collection,

distorting the measured signal. One particular danger is that an ER with a low charge

measurement may be reconstructed as an NR, so a poorly-measured gamma ray could

be mistaken for a WIMP. To mitigate this e�ect, on each detector face there is both an

inner charge bias/readout electrode covering most of the surface and an outer charge

bias/detector ring at high radius. Comparison of the measured signal amplitudes in the

inner and outer channels allows for radial �ducialization in order to remove events near

the cylindrical surface.

To identify events near the 
at detector faces, a clever biasing scheme has been

borrowed from the Edelweiss Experiment [158]. Each bias electrode is also interleaved

with grounded electrodes with a spacing of around 1 mm. This maintains an electric �eld

which is axial in the bulk of the cylindrical detector, but scalloped within a distance of

� 1 mm of each 
at detector face. With this design, charge carriers from events occurring

in the detector bulk traverse the crystal almost as if there is a purely axial �eld and

induce the expected ionization signal. Charges from surface events, however, are likely

to drift to the nearby biased or ground electrodes, inducing signal almost entirely on a

single side. Fig. 2.13 shows this bias �eld near a detector face as well as an example

of the resulting charge (a)symmetry in measured data. The bias voltages used here are

typically � 4 V.

Another feature of the iZIP device is that the grounded electrodes are actually
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Figure 2.13: Left: Cross section of SuperCDMS iZIP detector showing electric �eld
e�ects of interleaved electrodes. Taken from [159]. Right: Charge signal measured on
opposite detector faces for a population of events. In green are near-surface events,
which occur in the scalloped �eld region, inducing signal on only one detector face.
Purple events are those occurring in the detector bulk which give a balanced signal on
the two faces.

composed of QET phonon sensors as shown in Fig. 2.12. This allows a simultaneous

measurement of the charge and phonon signals from individual particle events. Due

to their di�erent ionization yields, this can provide an event-by-event discrimination

between ERs and NRs. An example of this is shown in Fig. 2.14. This di�erence can be

exploited to select only NRs when searching for WIMP-nuclear recoils. It will also be

useful at SNOLAB when studying the di�erent types of background signals and recoil

type discrimination. Unfortunately, below � 10 keV the charge ampli�er noise limits

the resolution of this device.

As shown in the left side of Fig. 2.15, the current generation of iZIP detectors feature

6 phonon and 2 charge channels on each face of the device. This type of detector was

used for the position sensitivity studies which will be discussed in Sec. 5.2.

The HV detectors are composed of only phonon sensors and operated at higher volt-

age, typically � 100 V. By Eq. 2.9, this gives� 30� ampli�cation of the NTL phonon

energy. This dominates the primary phonons and e�ectively measures the number of

charge pairs produced via the NTL energy. Because of this, the phonon and charge sig-

nals become degenerate and discrimination via yield is not possible (hence the lack of

charge electrodes). However, the NTL ampli�cation allows the detector energy threshold
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Figure 2.14: Ionization yield as a function of recoil energy from a calibration run of
CDMS II. Taken from [160]. The upper band corresponds to ERs and the lower to NRs,
which have a yield of � 0:3 in this energy range.

Figure 2.15: Left: iZIP phonon channel layout. The outer charge electrode is interleaved
with the outer phonon channel while the inner charge electrode is interleaved with the
remaining channels. Right: HV phonon channel layout. This device is composed of only
phonon sensors.

to be greatly improved and the detector can become sensitive to lower energy interac-

tions. This type of detector is the natural extension of the CDMSlite mode of detector

operation developed at SuperCDMS Soudan [161]. The SNOLAB HV design features

12 phonon channels like the iZIP, but in a slightly di�erent arrangement to optimize for

measurement of radial position information. This is shown in the right side of Fig. 2.15.

Ideally, the detector resolution is limited by fundamental thermal noise e�ects in the

QETs and readout electronics. In that case, one can simply increase the bias voltage to

amplify the phonon signal and achieve arbitrary signal to noise ratio. Of course things

are not that simple and additional noise sources begin to dominate after� 20 V. This

is discussed in more detail in Ch. 4, but the net e�ect is that the optimal HV detector
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performance has typically been achieved at� 100 V. This type of device was used for

several of the studies highlighted in this thesis.

Test Devices Small and Large

Many di�erent types of R&D detectors are tested in order to push forward various

components of the technologies. Here we highlight two extremes, small phonon-only

devices and large charge-only devices.

The HVeV line of detectors are a set of small,� 1 g, test devices which were designed

to study improvements in QET sensitivity. Like the HV detectors, they have only

phonon sensors and use the NTL e�ect to provide ampli�cation. A photo of such a

device in the \Animal" ADR (adiabatic demagnetization refrigerator) at Northwestern

is shown in Fig. 2.16. This detector program has been very successful to the point of

allowing single e/h pair sensitivity [162]. With this low energy threshold, these devices

have been used to explore new parameter space for both dark photons and ERDM

[47, 48] without the need for the strict backgrounds controls or large detector masses

required of WIMP searches. With this sort of resolution, such devices have also become

very valuable tools to study the nature of leakage currents observed at high voltages.

Some ongoing studies of these devices at NEXUS will be discussed further in Ch. 8. As

of this writing, there have only been a few generations of these devices produced in Si,

but there are plans to fabricate similar designs on Ge as well.

At the other end of the spectrum, we have also demonstrated the largest (> 1:3 kg)

cryogenic Si detectors yet operated [163]. These charge-only devices test the limits of

current crystal growth technologies. They were also operated using a novel contact-free

biasing scheme. This will be discussed further in Ch. 6.

2.2.5 DAQ and Data Processing

Signals from SuperCDMS detectors are controlled and read out using custom detector

control and readout cards (DCRCs) [164]. The DCRCs interface with the cold electron-

ics (SQUIDs, cryogenic FETs) and digitize the charge and phonon signals. Standard

telnet protocols are used to communicate with DCRCs via ethernet in order to read

trigger information and retrieve digitized pulse data. Communication and coordination

of these boards is accomplished via a custom MIDAS-based DAQ system [165]. Because
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