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“The lights begin to twinkle from the rocks:

The long day wanes: the slow moon climbs: the deep

Moans round with many voices. Come, my friends,

’T is not too late to seek a newer world.

Push off, and sitting well in order smite

The sounding furrows; for my purpose holds

To sail beyond the sunset, and the baths

Of all the western stars, until I die.

It may be that the gulfs will wash us down:

It may be we shall touch the Happy Isles,

And see the great Achilles, whom we knew.

Tho’ much is taken, much abides; and tho’

We are not now that strength which in old days

Moved earth and heaven, that which we are, we are;

One equal temper of heroic hearts,

Made weak by time and fate, but strong in will

To strive, to seek, to find, and not to yield.”

Ulysses, Alfred Tennyson



Acknowledgements

There was a point where I wondered if this project and document would ever be

written, when the light at the end of the tunnel could have been the proverbial

train. Indeed, this document was only completed thanks to the supporting efforts

of many, many people for whom I am thankful. Of course I have to start with

Dan and Tom, a pair of advisors unlike any other, who challenged me, spurred

me, taught me, and shepherded me through an incredible experience over seven

years. May their journey to the west bring them happiness and opportunity.

I also couldn’t have done this without the years of support by my family, working

behind the scenes to encourage in me a love of science and endless support when

things went awry.

To my incredible coworkers and friends, I thank you for keeping me sane. To Ken

Clark, thank you for being a mentor to a foolish young student, even when he

froze his shoes with LN. To Tim Atherton, for giving us the unicorn as the symbol

of LUX, sadly no limits on the horn-chirality yet. To Kati and Rosie, you were

wonderful office mates and I apologize for my grumpiness. To Chang I appreciated

your insights and witticisms. To Alastair for the wonderful debates on probability

theory, though you were mostly right and probably wrong. To Markus, Attila,

and Jeremy Mock, we really did it, we really built an experiment and it worked,

we’ll always have the Silver Star. To the Alexey, “Sex-Machine,” for teaching me

how to fix the pumps with a hammer, to Ethan for teaching me how to create

electrical shielding at two in the morning, to James Nikkel for teaching me how

to be Canadian, yes, people still think I’m Canadian, and to Maria del Carmen

Carmona Benitez for sharing in the burden of carrying an experiment.

To Luke, Amanda, Matt, Chad, Carlos, Scott, Mia, Yun-ting, Blake, Blair, Chris,

Nick and Mary, J.T., Heather and Mike Patrick, Mike Wolf, David Malling, Geoff,

Alex, James, Rachel, Dave Jacobs, Joel and Sam, I salute you for being better

people than I and for the wonderful laughter, friendship, and celebratory beers.

Finally, to those I’ve forgotten, not because you aren’t important, but because my

memory is flawed, thank you, for all the things you did or didn’t do.

xi



The LUX Dark Matter Experiment:

Detector Performance and Energy

Calibration

Abstract

by

PATRICK PHELPS

Dark matter, the mysterious substance that seems to make up most of the mass

of the universe has never been detected in the laboratory. In this document I

outline the current world’s leading experiment, LUX, to look for a class of dark

matter, the Weakly Interacting Massive Particle. I outline the general principles of

searching for dark matter through low background detectors and event rejection,

I move on to a description of the LUX experiment and its performance, reviewing

its internal structure and subsystems including a novel heat exchange system that

expedited system readiness and resulted in a stable platform for WIMP searching.

The LUX energy reconstruction is then examined, followed by a breakdown of

signal fluctuations as a function of energy as part of our understanding of back-

ground discrimination in this class of detectors. Finally, I review the first LUX

WIMP search result, culminating in the world’s most sensitive limit on the spin-

independent WIMP-nucleon cross section, before moving to a discussion of next

steps in the search for dark matter for LUX and next generational experiments.



Chapter 1

Evidence for Dark Matter

The last 100 years have been an incredibly productive time for the field of physics.

Since the founding of general relativity in 1916 and modern quantum theory in the

1920’s-1930’s we have witnessed the birth of the Standard Model, which accurately

describes the interactions of all matter we have observed, as well as the emergence

in the 1990’s of the concordance cosmological model, ΛCDM, which successfully

describes the structure of our universe on the largest scales. Yet, the two models

are disparate, with ΛCDM requiring the existence of new kinds of matter and

energy which are little understood within or beyond the structure of the Standard

Model. Indeed, since the 1930’s, evidence has been slowly accruing that most

of the universe is made of substances unlike anything described in the Standard

Model, referred to as dark matter and dark energy, substances which we have

never observed in the laboratory.

The study of dark matter has a long history with evidence coming from a wide

variety of astrophysical studies on many different scales. From the early observa-

tions of Oort [1] and Zwicky [2], studying star dynamics in galaxies and clusters,

from our understanding of big bang nucleosynthesis (BBN) [3], to modern studies

of the cosmic microwave background radiation (CMB) [4], [5], [6] and large-scale

structure surveys [7], [8], on cosmological distance scales, dark matter appears to

be an integral part of the picture of how the universe works. These studies tell us

this dark matter is unlike any form of matter we know, being neither baryonic nor

relativistic neutrinos [9].

1



Chapter 1. Evidence for Dark Matter 2

We conclude that no particle in the Standard Model can account for the dark

matter component required in ΛCDM. Stepping beyond the Standard Model, a

range of possibilities have been considered as constituents of the dark matter, the

most generally favored being some form of Weakly Interacting Massive Particle

(WIMP) though other candidates, such as the axion, or modifications to our laws

of gravity are also being considered.

In this chapter we review the cosmological evidence for dark matter, as well as

provide a brief overview of the currently preferred candidates. This is followed

in chapter 2 by an examination of detector technologies aimed at finding direct

evidence of this elusive substance. Chapter 3 details the LUX detector, a currently

ongoing effort to directly detect WIMPs in a laboratory on Earth. Chapter 4

continues the detailing of the LUX detector, focusing on detector stability as

provided by a novel heat exchange system designed to provide a stable platform

on which to conduct this search. In chapter 5, we take up the treatment of

the LUX energy reconstruction, finding an energy scale independent of event-site

microphysics. Chapter 6 then builds on the results of chapter 5, examining the

microphysics which underlie the dark matter search power of the LUX detector.

Finally, in chapter 7, we conclude with the first LUX WIMP search result and

comment on next steps both for the LUX experiment and further generations of

dark matter searches.

1.1 Modified Gravity

Though a large component of the universe appears to be missing based on our

knowledge of general relativity (GR), we could equivalently argue that the laws

of gravitation need updating, removing the need for new exotic forms of matter.

Modified gravity theories are a rich topic with many different proposed possible

modifications, with classes of theories such as Einstein-Aether, TeVeS, Galileons,

Ghost Condensates, and models of extra dimensions. In general, these types of

theories modify either the gravitational couplings, the number of dimensions, the

mass of the gravitational force carrier, or the distance dependence of the gravita-

tional force at some scale [10]. The main appeal of such classes of theories is the
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potential to no longer require a ∼ 95% dark universe, and certain classes of mod-

ified gravity theories are more accurate in the reconstruction of galactic rotation

curves than ΛCDM with fewer free parameters [11], [12].

Modified gravity provides an interesting alternative to the ΛCDM picture, which

we discuss further in section (1.2.1); however, tests of general relativity such as

measurements of solar gravitational deflection of radio waves from distant sources

agree very well with predictions from GR [13]. This leads to the difficulty of

creating a theory that is simultaneously theoretically consistent, meets all stringent

constraints from the tests of GR, and diverges from GR at a significant enough

level that it can explain much of the dark sector.

While modified gravity is an interesting topic, with many ongoing theoretical

efforts, it is outside the scope of this work and for the rest of this document

we will work in the standard ΛCDM framework described below, referring the

reader to one of the comprehensive reviews of the modified gravity field, such as

[10] or [12].

1.2 Historical Evidence for Dark Matter

Since the early 1930’s, evidence has gradually accumulated for what is interpreted

as a large dark component to the universe. While modifications to general rela-

tivity have been attempted to explain possible measured discrepancies, the vast

majority of results are consistent with a new form of matter, referred to as cold

dark matter. Evidence has been observed across a wide range of scales, from the

“small” scale of galactic rotation curves to the largest scales observable, set by the

cosmic microwave background. Evidence also arises through the observation of

gravitational lensing in clusters of galaxies, including the well-known bullet clus-

ter [14]. These measurements in the last 20 years have largely converged into the

current picture of concordance cosmology, ΛCDM.
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1.2.1 ΛCDM

The current model of cosmology, ΛCDM, is a six-parameter model with the param-

eters of most interest here being the density of baryons and dark matter with re-

spect to the critical density. The critical density is defined as the energy-density re-

quired for a spatially flat universe. Studies of the CMB, such as the new PLANCK

satellite results, demonstrate that the universe is spatially flat and find dark matter

composes 26.8% of the energy-density with respect to the critical density [15]. At

the same time, these measurements tell us 4.9% of the energy-density is ordinary

baryonic matter, and the remaining 68.3% is composed of dark energy, a substance

that seems to underlie the accelerating expansion of the universe observed today

[15]. The finding of consistency with the six-parameter ΛCDM model by modern

experiments such as PLANCK and WMAP, [4], adds a large amount of weight to

the idea of particle dark matter with supporting evidence accumulated in other

ways as well.

1.2.2 Galaxy and Cluster Dynamics

The first observations of the need for a dark matter component in cosmology were

done by Oort and Zwicky in 1932 and 1937, respectively. Both Oort and Zwicky

were interested in the dynamics of galaxies and clusters of galaxies. While Oort

observed anomalous mass-to-light ratios in N.G.C 4594, the Sombrero Galaxy,

measured to be ∼ 10 times larger than in the area near the Sun, Oort did not

postulate the existence of extensive dark matter components but instead possible

light absorption in the central region of the galaxy [1]. Zwicky’s studies of the

Coma cluster were the initial basis of the for the large part dark matter must play

in maintaining galactic dynamics. Calling this dark matter “dunkle materie,”

Zwicky observed mass-to-light ratios of 500, well above what could be explained

away by absorption [2]. Modern surveys of galaxy rotation curves, done with the

21 cm hydrogen (H1) line, continue to support that galaxies are found in the center

of large dark matter halos, extending significantly past the radii typical for their

stellar components, where this dark matter dominates the amount of luminous

mass and thus dominates dynamics of the galaxies as a function of radii outside

the central most regions [16].
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1.2.3 Cosmology

Galaxies and clusters of galaxies provide evidence for clumping of dark matter over

a range of length scales from several hundred thousand light years to one hundred

million light years, larger scales can be probed with baryon acoustic oscillations

(BAO) and the Cosmic Microwave Background (CMB).

BAO are the periodic oscillations in the clustering of baryonic matter at the largest

scales, the result of oscillations in the primordial plasma, the initial mixture of

protons, electrons, and photons, that also gives rise to the CMB. In the early

universe, temperatures were high enough that the formation of neutral hydrogen

was largely suppressed by high energy photons. However, as the universe expanded

and cooled, the photons eventually lost enough energy that neutral hydrogen could

form in a process called recombination. The formation of neutral hydrogen then

made the universe optically transparent to the photons, resulting in a phase-change

from a coupled plasma of baryons and photons, to a decoupled universe where the

photons could free stream. After the plasma cools, and the photons decouple from

the protons and electrons, sound waves in the initial plasma leave shells of baryons

at characteristic horizon sizes, providing observable standard rulers that are used

to measure ΛCDM parameters [17], [7].

The CMB also arises from the primordial plasma, namely at the time of recom-

bination and resulting photon decoupling. Since that time, these CMB photons

have traveled through the universe largely without interacting, red-shifting until

they are at the current observed temperature of 2.72548±0.00057 K [18]. Though

incredibly uniform in temperature, correlations in the tiny fluctuations around this

mean temperature allow us to extract a large amount of information, providing

strong constraints on many of the ΛCDM parameters including the overall dark

matter density from which we derive the numbers quoted in 1.2.1 [15], [5].

1.2.4 Gravitational Lensing

Another form of evidence for dark matter is gravitational lensing, the bending of

light due to the gravitational potentials between the observer and source. Lensing
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provides a direct spatial map of the mass density of clusters of galaxies. While

strong-lensing, in which multiple images or even Einstein arcs are observed, is

of use in mapping dark matter distributions internal to clusters, [19], it is weak-

lensing, in which lensing can only be reconstructed statistically, that is often used

in these examinations [20].

In addition to normal lensing measurements to map dark matter distributions

about galaxies and clusters of galaxies, lensing, when combined with X-ray gas

measurements and optical imagery has proven especially interesting in the case

of 1E 0657 - 56, commonly referred to as the “bullet-cluster.” Here, two clusters

have recently collided, passing through each other, with the gas from each galaxy

being observed to have interacted and lag behind the stellar component as seen

through the combination of X-ray (gas) and optical (stellar) observations [14].

Corresponding measurements of weak-lensing for the two clusters show that the

majority of the mass is observed to follow the stellar component of the clusters,

indicating that the majority of the mass passed through without interacting. From

this we infer that the majority of the mass in the clusters is non-interacting as

would be expected for dark matter, with a measured 8σ separation between the

center of mass from lensing and the observed mass peaks in baryonic gas [21].

Having now identified the large amount of evidence for some dark matter compo-

nent of the universe, we turn to the obvious question, what is the identity of the

dark matter?

1.3 Dark Matter Candidates

As a large amount of evidence points to 26.8% of the energy-density of the universe

to be dark matter, an obvious question is then what makes up this dark component.

While originally postulated to possibly be the result of small planets or dead stars,

knowledge of big-bang nucleosynthesis has forced us to confront the paradigm that

the dark matter is non-baryonic in nature. From structure formation, we derive

that the dark matter must be non-relativistic in the early universe, ruling out

obvious candidates such as neutrinos. We conclude this chapter by examining

the two currently favored candidate particles, the axion and the WIMP, both of
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which arise out of other areas of physics than our desire to identify a dark matter

candidate. Searches for both axions and WIMPs are ongoing, with no confirmed

observation of either at the present time.

1.3.1 Standard Model Dark Matter

When it first became apparent that a large amount of mass was in the form of dark

matter, the first natural candidate was to assume that this dark matter was simply

regular baryonic matter, planets or dead stars collectively referred to as Massive

Compact Halo Objects (MACHOs). While this assumption seemed natural at the

time, big-bang nucelosynthesis (BBN) results confirmed that dark matter can not

be baryonic in nature due to constraints on the baryon to photon ratio, η10, arising

from the upper limits on primordial deuterium, with increasing baryonic concen-

tration resulting in a longer period for BBN to proceed resulting in a reduction

in the deuterium fraction with respect to the relic 4He abundance [9]. Recent

results from BBN constrain Ωbh
2 = 0.02202± 0.00046, largely from measurement

of deuterium abundance through deuterium absorption lines [3]. Here Ωb is the

ratio of the energy-density of baryons to the critical density, so that we write the

energy-density of the ith component as:

Ωi ≡
ρi
ρc

=
8πGρi
3H2

, (1.3.1)

where H is the Hubble parameter, the value of which today we refer to as the

Hubble Constant, H0, related to h above by H0 ≡ 100h kms−1 Mpc−1, and found

to have a value of 67.3± 1.2 km s−1 Mpc−1 [15].

Independent of BBN measurements of baryonic concentrations, modern CMB sur-

veys such as WMAP and PLANCK can verify the baryon-to-photon ratio at

the time of the CMB formation, leading to recent more precise constraints of

Ωbh
2 = 0.02207± 0.00033 [15], in good agreement with BBN measurements, while

also directly measuring the overall matter energy-density, ΩM = 0.3175 [15].

From these measurements it is clear dark matter cannot be baryonic in nature,

but the standard model also contains non-baryonic candidates for dark matter, the
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neutrinos, which must have small masses to explain the observed flavor-oscillation

[22]. However, structure formation models require that dark matter be “cold,”

non-relativisitc at the time galaxy structure formation begins, as otherwise smaller

scale density fluctuations are smoothed out by the free-streaming neutrinos. In-

deed, models of early universes in which neutrinos are the dominant form of dark

matter fail to produce structures that collapse gravitationally below the superclus-

ter scale, ∼ 1015 solar masses, in direct contrast to what we observe [23].

Thus we conclude the standard model contains no particles that naturally fill the

roll of dark matter and instead turn to hypothesized particles that could be dark

matter candidates, such as the axion and the WIMP. Other possible dark matter

candidates do exist, the sterile neutrino and primordial black holes for example,

but the axion and the WIMP have emerged as overall favored candidates which

are the focus of current experimental searches.

1.3.2 Axions

The axion was a particle proposed as a way to solve the strong CP problem, the

observation that although strong interactions in the standard model can theoret-

ically violate CP (charge-parity) symmetry no observation of this effect has been

documented, but in time have also emerged as a DM candidate. The main test of

strong interaction CP violation is an observable neutron electric-dipole moment

(nEDM) [24]. As currently no detection of the nEDM has been observed, with

current best limits constraining its value to < 2.9 × 10−26 e-cm [25], the lack of

CP violation in strong interactions is viewed as a fine-tuning problem within the

standard model.

Axions, if they exist, would solve this problem, and could, for a certain range

of couplings and masses, produce possible dark matter candidates that could be

observed in the laboratory [26]. As the original predicted axion, with a mass ∼ 100

keV, has already been ruled out, searches instead focus on “invisible” axion models,

in which the axion decouples at very high temperature (early time), Tdecoupling �
TElectroweak, with the result being axions of extremely low mass [24].
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Despite their predicted light masses, axions are candidates for dark matter as they

can be produced non-relativistically through various mechanisms such as the decay

of topological defects [27], [28], [29], [30] or from vacuum state transitions [26], [31].

As these axions are non-thermal and produced non-relativistically they meet the

cold requirement for dark matter. Axions also have no long-range interactions

other than gravity, making them attractive candidate particles.

Searches for axionic dark matter have been either in the form of resonating cavity

experiments, such as the ADMX experiment [32], or via examination for axion

couplings in the sun, the CAST experiment [33]. CAST is oriented around detect-

ing axions of energy ∼ a few keV produced in the interior of the sun when photons

transform into axions due to electric fields in the solar plasma, with the experi-

ment using a large dipole magnet detector on Earth which could reconvert these

axions into detectable X-rays, a method first proposed by Silkivie [26]. Most recent

findings from CAST have limited the axion to photon coupling, gaγ ≤ 8.8 · 10−11

GeV−1 for axion masses ma ≤ 0.02 eV [34]. ADMX, which makes use of the

possible resonant transition of axions into microwave photons in the presence of a

static magnetic field and tunable electric field, has recently published results ruling

out some of the phase space of one of two fundamental invisible axion paradigms

between axion masses of 3.3 µeV and 3.53 µeV. ADMX plans upgrades that will

enhance its sensitivity to be sensitive to the other invisible-axion paradigm within

two years of running [32].

1.3.3 WIMPs

The other favored candidate particle for dark matter is the Weakly Interacting

Massive Particles (WIMP), relic particles theorized to have been produced in ther-

mal equilibrium early in the universe. The most compelling arguments for dark

matter with a weak-scale cross section, the source of the “Weakly Interacting”

in WIMP, is known as the “freeze out” argument, a thermodynamic argument

that relates the abundance of particles today to their annihilation cross sections.

Following [35], here we only construct the single-parameter freeze out argument,

which assumes the WIMP annihilation cross section is not energy dependent, but
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refer readers to the review by Jungman [35], for the energy dependent annihilation

cross-section corrections.

We begin by asking what we would expect if in addition to the standard model

particles there could have been produced in the early universe a long-lived, or

stable, additional particle, theχ. For such a particle, the equilibrium number

density will be:

neqχ =
g

(2π)3

∫
f(p)d3p, (1.3.2)

where f(p) is either a Fermi-Dirac or Bose-Einstein distribution and g is the

X particle’s number of internal degrees of freedom. Noting immediately that if

T � mχ, as should be expected as the universe expands and cools,

neqχ ≈ g

(
mχT

2π

) 3
2

· e(−mχ/T ), (1.3.3)

and normal Boltzmann suppression is observed. If the χ particle stayed in equi-

librium they would be exponentially suppressed today and of no interest, with

thermodynamic equilibrium being maintained by the reactions of the form:

χχ� ll, (1.3.4)

where the ll could be quark-antiquark or lepton-antilepton pairs. As the universe

cools, the rate of production of χ pairs is suppressed, but it is the annihilation

reaction which sets the scale for freeze out. If the χ particles become rare enough

such that, nχ〈σAv〉 = H, where nχ is the number density of the χ’s, σA is the anni-

hilation cross section, and v is the relative velocity, the annihilation process turns

off and the χ fall out of equilibrium, freezing out and forming a relic population.

Quantitatively, we use the fact that barring entropy-producing phenomena, the

entropy per comoving volume is constant [35]:
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(nχ
s

)
f

=
(nχ
s

)
0
, (1.3.5)

where s is the comoving entropy density, with subscripts f and 0 representing at

the time of freeze out and today, respectively. Solving under the assumption of

radiation domination H(T ) = 1.66 g
1/2
r T 2/mP , with gr the number of relativistic

degrees of freedom and mP the Planck mass and using the comoving entropy

density, s ∼ 0.4grT
3 [35] with our freeze out condition nχ〈σAv〉 = H:

(nχ
s

)
f

=
H

mP (0.4g
1/2
r T 3)〈σAv〉

∼ 4

mPg
1/2
r 〈σAv〉

· 1

T
. (1.3.6)

Converting from 1/T to the mass of the χ, mχ using T ∼ mχ/20 [35], and com-

bining with equation 1.3.5 we arrive at:

(nχ
s

)
0
∼ 100

mPmχg
1/2
r 〈σAv〉

. (1.3.7)

Using the current entropy density and rewriting in terms of the critical density we

find:

Ωχh
2 =

mχnχh
2

ρc
≈ 3 · 10−27 cm3s−1

〈σAv〉
. (1.3.8)

From equation (1.3.8) if we take a weak-scale cross section, 〈σAv〉 ≈ 3·10−26 cm3s−1,

a particle such as the χ will have a relic density today of Ωχh
2 ≈ 0.1, very close to

the measured dark matter concentration in the universe, with ΩDMh
2 = 0.12029

[15], we find natural dark matter candidates using just thermodynamical argu-

ments.

None of this line of reasoning tells us the identity of the χ, with candidates being

model dependent. Currently favored candidates are the lightest super-symmetric

partners arising in super-symmetry extensions to the standard model [35].

Though a large body of evidence has accumulated that the majority of the matter

in our universe is dark, and several candidates have been proposed, no direct
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laboratory detection of dark matter has been made. It is this laboratory search for

signals from dark matter that we turn to in the next chapter, examining various

ways that experimenters search for the faint traces resulting from WIMP dark

matter, either astrophysical, in colliders, or through direct detection of extremely

rare interactions between WIMPs and standard model particles.



Chapter 2

WIMP Dark Matter Searches

The search for WIMP dark matter is divided into three types of experimental

approaches: looking for dark matter through observation of its annihilation rem-

nants, in astrophysical objects; the generation of WIMP/anti-WIMP pairs inside a

collider such as the Large Hadron Collider, detected through missing energy; and

the observation of interactions between WIMPs and Standard Model particles.

Searches for remnants of dark matter annihilations, either in the form of excess

positron or gamma-ray flux show excess positron flux above 10 GeV [36], [37], but

no observed line-features or significant diffuse flux seen in the gamma-ray results

of Fermi-LAT are seen [38]. Observations of this type are limited by difficulties

in modeling astrophysical backgrounds, so without a “smoking gun,” such as ob-

serving a mono-energetic line through multiple sources, these searches are seen as

complementary evidence to other methods of WIMP detection such as collider or

the “rare-event” interaction with Standard Model searches [39].

The search for WIMP production in colliders is the search for possible pair-

production of WIMP/anti-WIMP pairs. As the WIMPs will leave the detector

without interaction, these searches are performed through examination of well re-

constructed events with missing-transverse momentum. Observation of a class of

events of this type would allow for a direct determination of the WIMP mass, as

the missing energy would be greater than twice this mass, and would constrain

the WIMP cross-section, assuming the production and interaction cross-sections

13
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for the WIMP are the same. Searches of this kind have been performed at the

Large Hadron Collider at CERN, through examination of events with hadroni-

cally decaying W and Z bosons, with no WIMP production observed [40]. While

these results are not competitive when compared to the rare-event searches in the

spin-independent model of WIMP interaction, they set leading results on spin-

dependent WIMP couplings and will continue to gain sensitivity with increased

integrated luminosity.

For the rest of this chapter we focus on the third type of WIMP search, direct

laboratory observation of WIMP interactions with a target medium. We begin by

reviewing the expected WIMP signal given our knowledge of the local dark matter

halo before examining the major hurdle to the observation of this signal, radioac-

tive background events. We review techniques of background rejection including

detectors with the ability to discriminate between nuclear and electron recoils, the

leading class of detectors in use today. As a conclusion to this chapter we examine

the dual-phase liquid-gas noble-element time-projection chamber (TPC), a class

of technology leading the laboratory search for WIMPs today. In the next chap-

ter we examine a specific dark matter detector, the Large Underground Xenon

experiment, a dual-phase TPC and the basis of this dissertation.

2.1 The WIMP signal

Of obvious importance in the search for a WIMP is a model for what the signal

looks like, the WIMP recoil spectrum. Following the seminal treatment by Lewin

and Smith [41], we derive the expected differential recoil spectrum as a function

of the mass of the target, MT , the mass of the WIMP, Mχ, the local distribution

of WIMP velocities, and a nuclear form factor, F , for which we will take the Helm

form factor [42].

We begin by writing the differential distribution of WIMP densities about the

target,

dn =
n0

k
f (v,vE) d3v, (2.1.1)
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where n0 is the mean WIMP number density, k is a normalization factor, v is the

velocity of the WIMP relative to the target, vE the velocity of the Earth with

respect to the dark matter halo, and we interpret dn to then be the density of

WIMP particles around our target with relative velocities within d3v of v. For

our WIMP velocity distribution, f (v,vE), we take

f (v,vE) = e(−v+vE)2/v20 , (2.1.2)

a Maxwellian distribution selected as we treat the dark matter halo as an ideal,

non-interacting, gas. Here v0 is the modal velocity of the WIMP distribution.

As there is a finite escape velocity for the galaxy, we must truncate our velocity

distribution at |v + vE| = vesc, thus forcing the normalization factor,

k =
(
πv2

0

)3/2
[
erf

(
vesc
v0

)
− 2

π1/2

vesc
v0

e−v
2
esc/v

2
0

]
. (2.1.3)

For the event rate on our target, per unit mass, we take

dR =
N0

A
σTvdn, (2.1.4)

where N0 = 6.02 · 1026, Avagadro’s number, A is the atomic mass of the nucleus,

σT is the cross section per nucleus as a function of momentum transfer, and dn

comes from equation (2.1.1).

To translate this to an event rate with respect to energy we take the simple model

of isotropic scattering in the center-of-mass frame,

ER =
1

2
Mχv

2 · 2MχMT

(Mχ +MT )2 (1− cos θ) , (2.1.5)

with ER being the recoil energy in the lab frame and θ being the scattering angle

measured in the center-of-mass frame. As we are assuming the scattering to be

isotropic, corresponding to a distribution that is uniform in cos θ, we expect our

recoil energy to be uniformly distributed over the range 0 ≤ ER ≤ ER,max, with:
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ER,max =
1

2
Mχv

2 · 4MχMT

(Mχ +MT )2 . (2.1.6)

This in turn leads to the formulation of the event rate per unit energy:

dR

dER
=

∫ vmax

vmin

v2
0

v2
· dR(v), (2.1.7)

which we combine with our previously defined quantities to get the numerically

useful form:

dR

dER
=

(MT +Mχ)2

2M2
TM

2
χ

ρ0

Mχ

σT
k

∫
d3v

Θ (vesc − |v + vE|) Θ (ER,max − ER)

|v|
e
−|v+vE |

2

v20 .

(2.1.8)

Here we have made use of the relation between the number density of the WIMPs

and their mass density, and the theta functions constrain us to velocities of WIMPs

found within the halo that are capable of producing a recoil of energy ER.

Finally, we express σT , conventionally, as a product of σT at zero momentum

transfer (q = 0), the coherent scattering limit in which the WIMP interacts with

the entire nucleus, and a nuclear form factor F , which accounts for loss of coherence

with increasing momentum transfer:

σT (q) = σTF
2(q) = A4 (Mn +Mχ)2

(AMn +Mχ)2 σn · F
2(q), (2.1.9)

where σn is the WIMP-nucleon cross-section [41], A the atomic number, and Mn

the mass of a nucleon and for which we use the Helm form factor [42] for F (q).

Combining this all, and taking the standard estimates for vesc, vE, and ρ0 from

[41], one can numerically compute the expected recoil spectra for various targets

assuming spin-independent interactions, figure (2.1), finding exponentially falling

spectra as a function of recoil energy.
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Figure 2.1: Expected WIMP differential [solid] and integrated above-threshold
[dashed] interaction rates as a function of WIMP recoil energy in xenon [green],
germanium [black], and argon [red] for a 100 GeV/c2 WIMP with a WIMP-
nucleon spin-independent cross section of 10−44 cm2. Xenon has the greatest
integrated rate, and thus highest sensitivity, for 16.5 keV or lower detection
thresholds. The xenon differential rate falls faster than germanium or argon as
at higher WIMP recoil energies the interaction loses coherence over the large
nucleus. Here no annual modulation of the modal WIMP velocity is used.

2.2 Background Mitigation

The main challenge to detecting any possible signal due to WIMP events is the

mitigation of background events. Mitigation of cosmic ray induced backgrounds is

accomplished by choice of experiment location, with several underground laborato-

ries around the world in use: Gran Sasso in Italy, SNOLAB in Canada, and SURF

in the United States. Other radioactive backgrounds can be suppressed through

material selection in detector construction but some backgrounds are can’t be fully

eliminated, requiring background discrimination based on differential response in
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the detector measurements. The most successful direct dark matter searches use

a combination of all three approaches to background rejection to limit the often

many orders of magnitude greater rate of interactions due to background com-

pared to rates expected from WIMP interactions. In this section we briefly review

background sources before moving on to currently-used background-mitigation

techniques for dark matter searches.

2.2.1 Background Sources

Sources of backgrounds for a WIMP search can originate both from outside and

inside the detector. Backgrounds from outside the detector result from particles

penetrating into the target, while backgrounds from the detector, can arise from

the surfaces and materials used in construction, or even from sources intrinsic to

the detector media itself, such as long-lived radio-isotopes. While external back-

grounds, such as high energy gammas and neutrons are mitigated with shielding

and choice of materials, background internal to the detector and the target media

are harder to mitigate.

Backgrounds from the detector or its media can be both high energy or low energy,

short-range, radiation. In a detector with calorimetry, high energy backgrounds

are not a problem due to the difference in energy as compared to expected WIMP

signals, but care must be taken where events from these backgrounds can “leak” to

lower energy due to misconstruction or physical effects. Lower energy backgrounds

arise from electron capture decays and resulting x-rays, internal conversion elec-

trons, alphas and associated (α,n) reactions, and beta decays. Decays in which

a beta is produced with no associated gamma ray, which would otherwise allow

for relatively easy tagging as either a multiple scatter or outside the WIMP en-

ergy range, known as “naked” betas, can create significant backgrounds to WIMP

signal. These naked decays generally result from decays to the ground state of

stable nuclei, hence the absence of an associated gamma, but can also be imitated

by events near the edges of the detector where an associated gamma ray from the

decay can escape the actively monitored volume.
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After all methods of background reduction have been exhausted, through material

selection and screening, detector media purification, and detector shielding and

location choice, remaining backgrounds must be rejected from being WIMP can-

didate events. The most successful techniques are the use of self-shielding, use of

expected annual-modulation of the WIMP signal, and identification of recoil type.

Recoil discrimination is useful because differences between nuclear recoils, such

as those expected from a WIMP, and electron recoils resulting from backgrounds,

allow for another handle in background identification.

2.2.2 Self-Shielding

Some classes of detectors possess what is termed “self-shielding,” the ability to

use the outer part of the active detector as an additional layer of shielding and

thus cut to some radioactively quieter inner volume of the detector through the

use of reconstructed event position. This effect can lead to powerful reductions in

background event rate even after material selection. Figure (2.2) shows the level

of additional shielding achieved in the fiducial volume of the LUX detector due to

the use of the outer layers of xenon acting as shielding for the inner layers.

Self-shielding is particularly effective in WIMP searches due to the extremely low

cross-section for WIMP interactions. WIMPs will not scatter multiple times inside

the detector, while backgrounds such as γ-rays or neutrons have an extremely low

probability of passing through the center of the detector with only a single scatter.

This can be approximated analytically, under the assumption that an incident

particle continues traveling in the same direction and with the same energy after

a scatter. We justify this approximation as we will only be interested in scatters

in energy ranges likely for WIMP scatters, E < 10 keV for electron recoils, orders

of magnitude below the average energy, 〈E〉, of a penetrating gamma or neutron.

Under this approximation, the single scatter rate, R, at any point in the detector

is:

R =

∫
dφ dθ sin θ

1

x0

· e−d(θ,φ)/x0 · PE<E0

∫
drA(r, θ, φ), (2.2.1)
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Figure 2.2: γ-ray recoil background density in LUX as a function of posi-
tion. Displayed is the density in DRUee (cnts/kg/day/keVee) for extrapolated
electron recoil events with energies reconstructed between 0.9− 5.3 keV energy.
Extrapolation is from Monte Carlo fitting to high-energy background events (E
> 500 keV electron equivalent). The fiducial volume of the LUX detector taken
for the first WIMP result is shown as a black-dashed line. Figure reproduced
from [43].
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where 1/x0 · e−d(θ,φ)/x0 characterizes the probability of a single scatter along path

d(θ, φ) for a particle of interaction length x0, PE<E0 represents the probability

for a scatter to be in the energy region of interest, and A(r, θ, φ) is the expected

activity along each path.

The total rate at each point is proportional to the exponential of the ratio of

−d(θ, φ)/x0, which can be large only when d(θ, φ) is small compared to the pene-

tration depth characteristic of the background. This can occur in two limits, near

the edges of the detector, where d(θ, φ) is small, or for high energy events, for

which x0 is large. While high energy events might seem worrying, they are sup-

pressed by the probability of the single internal scatter being low energy, PE<E0 .

Thus, the observed event rate in the energy region of interest falls off rapidly from

the edges of the detector to its center.

In practice, self-shielding is extremely important for achieving the low background

rates required for a WIMP search, offering several orders of magnitude reduction in

event rate in a detector the size of the LUX detector. However, self-shielding only

lowers the event rate for penetrating backgrounds such as from detector compo-

nents, but does not assist in the reduction of backgrounds uniform in the detector

volume, such as beta emissions from 39Ar in argon based dark matter detectors,
222Rn from air contamination, or 85Kr present residually in xenon.

2.2.3 Annual Modulation

One possible difference between a WIMP signal and more common backgrounds is

the time structure expected for each signal. If an experiment runs for a long enough

period, annual modulation in the WIMP signal is expected due to directional

effects between the rotation of the earth about the sun and the sun about the

galactic center. Simple halo models, such as the Standard Isothermal Halo Model,

predict a O(1-10)% variation in the observed WIMP flux due to this effect [44].

The seminal measurement of possible annual modulation is the DAMA/LIBRE

experiment, with a ∼ 9σ observation of annual modulation [45]; however these

results are in tension with non-detection from more sensitive experiments [46],[47].

A significant difficulty of this method is showing that backgrounds do not show
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annual modulation due to the large number of systematics related to seasonal

phenomena.

2.2.4 Nuclear Recoil Discrimination

The third major method used for background rejection is nuclear recoil discrimi-

nation. Here methods are employed by various classes of detectors to distinguish

between interactions in the target resulting from interactions with the electrons

of the target atoms (electron recoils) and interactions with the target atom nuclei

(nuclear recoils). While this technique does not reduce nuclear recoil backgrounds,

such as those resulting from elastic scattering of neutrons produced in either cosmic

ray muon interactions or alpha-n reactions, it does allow for background rejection

against naked betas and gamma rays. As nuclear recoil backgrounds resulting

from U/Th activity are several orders of magnitude lower than associated Comp-

ton scatter backgrounds, these methods can provide a powerful additional level

of background discrimination and are used by many of the leading dark matter

searches. We refer to the ability to distinguish nuclear recoils from electron recoils

as discrimination, and inversely refer to leakage fraction as the fraction of elec-

tron recoil events that are mis-reconstructed as nuclear recoils, and thus WIMP

candidates.

2.2.4.1 Cryogenic detectors

A series of experiments based around cryogenic detectors, with T < 100 mK,

use signal read out in two channels: phonons/thermal and either charge from

ionization, such as used by CDMS [48], or scintillation such as used by CRESST-

II [49]. Discrimination power in this class of detectors arises from nuclear recoils

producing only one fourth the electronic excitation of electron recoils, with the

majority of the energy loss being to elastic collisions with other nuclei [50]. (A

similar effect occurs in liquid xenon, the Lindhard factor of chapter 5, but is not

the source of discrimination in that class of detectors, as discussed in chapter 6).

Several detectors of this type have recently reported possible dark matter detec-

tions at low masses, in conflict with results from liquid-noble detectors discussed
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below. While these results are interesting they unfortunately favor different re-

gions of spin-independent WIMP nucleon cross section [51], [49], [52]. Whether

these results are due to detector systematics or more complicated dark matter

interaction types, such as those proposed by Haxton [53], has yet to be seen. Cur-

rently no single underlying theory for dark matter interactions that explains all

known potential signals and exclusion limits has been published.

While scaling to larger mass is often more difficult with this class of detectors, ex-

tremely low energy sensitivity may be possible, with demonstrated 170 eV (electron

recoil) sensitivity using the method of voltage-assisted Luke-Neganov amplification

[54]. This low energy threshold could allow for a search for extremely low-mass

WIMPs, well below the possible current thresholds for liquid noble or bubble

chamber detectors.

2.2.4.2 Bubble Chambers

Bubble chambers using superheated liquids have shown recent promise as a new

technology for WIMP searches. Discrimination power here comes by tuning the

pressure and temperature so that electron recoils do not deposit enough energy in a

localized track to nucleate a bubble, while maintaining the ability of nuclear recoils

to nucleate a bubble that grows until it is observable and the chamber is reset.

Examples of detectors of this type are COUPP and PICASSO, and their planned

merger, PICO. Detectors of this type demonstrate extremely high discrimination

fractions, 1 in 1010 from COUPP at a threshold of a 10 keV nuclear recoil [55].

However, a limit of this technology is that no energy calorimetry is possible, outside

choosing the set point for bubble nucleation. While historically alpha backgrounds

present problems for this technology, recent results from COUPP indicate > 99.3%

α event rejection using a frequency-weighted acoustic-power density calculated

through measurement of the sound the bubble formation creates [56]. However,

contamination of the first WIMP search result of the 4-kg chamber of COUPP was

observed due to additional bubble formation that correlated in time with previous

events, limiting WIMP sensitivity. Preliminarily, it is thought these events may be

due to particulate contamination inside the chamber, but more work is required

to understand and reduce this background [56].
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2.2.4.3 Liquid Noble Detectors

This class of detector uses a liquid noble element as the main target, with both

single-phase and dual-phase (liquid-gas) detectors currently in use or development.

Single-phase detectors, such as DEAP/CLEAN, make use of pulse-shape discrim-

ination in liquid argon and neon to gain discrimination power. As noble liquids

produce excimers, excited molecules, in either a single or triplet state, with a

shorter and longer life, respectively, discrimination is found due to nuclear recoils

relatively higher rate of exciting singlet states. With the different production of

excimer states detected through the significant difference in lifetime between the

two states in argon and neon [57]. It is the production of these excimers that

also results in liquid nobles being transparent to their own scintillation light, an

extremely useful property for scintillation-based detectors. With good timing res-

olution, the pulse shape of the prompt scintillation can then be studied, with

nuclear recoils showing a greater fraction of light in the initial samples. Here, a

leakage fraction of < 6 · 10−8 has been demonstrated in liquid argon between 43

and 86 keV as measured for electron recoils [58]. High discrimination rates are

required in liquid argon due to the long-lived radioactive isotope 39Ar, a naked

beta emitter, that requires extremely good event rejection, expensive isotopic sep-

aration removal, or the mining of underground Ar naturally depleted in 39Ar, to

eliminate.

Two-phase liquid-gas noble-element detectors, use the principles of a time-projection

chamber. Here a prompt scintillation light and a secondary charge (or scintilla-

tion light) signal are observed. This approach allows three dimensional position

reconstruction and associated self-shielding, with discrimination coming from the

relative rate of producing atomic excitation or ionization [59] at the event site.

For this class of detector, xenon is the most commonly used noble [60],[46],[47],

due to its lack of long-lived radio-isotopes and high atomic number, useful for en-

hancement of the expected WIMP signal, though work towards dual-phase argon

is also ongoing, [61].
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2.3 Dual-Phase Xenon TPCs

A subclass of liquid noble detectors, dual-phase liquid noble time-projection cham-

bers (TPCs) are currently the technology showing the greatest sensitivity and

scalability for WIMP searches [62]. Here we focus on liquid xenon, but point to

the obvious parallels with other liquid nobles such as argon or neon, beginning

with a discussion of the basic interaction physics followed by a summary of event

reconstruction and finally a brief discussion of event discrimination.

2.3.1 Interaction Physics

Interactions in liquid xenon can distribute energy down three possible channels:

prompt scintillation, ionization at the event site, and heat production, resulting

from soft elastic scatters with the xenon nucleus. We expect that this splitting

could be both a function of interaction type, be it a nuclear interaction, an electron

interaction, an alpha interaction or something more exotic, as well as the amount

of energy deposited in the xenon during the interaction itself. In this section we

briefly introduce xenon interaction physics, covered in greater detail in chapters 5

and 6.

Figure 2.3 gives a basic schematic representation of the interaction chain in xenon.

Incident ionizing radiation gives rise to the production of both ionization and ex-

citation of xenon atoms. While some of the ionization produced electrons escape

the event site, the remainder recombine with ionized xenon atoms at the event

site, through a process called recombination. Recombining electrons result in a

contribution to the production of excited xenon excimers, Xe2*, and scintillation

light produced as these excimers return to ground-state neutral pairs of xenon

atoms. Light at the event site, whether from initial excitation of xenon atoms, or

resulting from recombination, produces prompt scintillation. Electrons from the

event site are drifted under an applied electric field to the liquid surface where

they are either detected via charge readout or extracted into the gas phase and

accelerated under a stronger electric field, producing a secondary pulse of electro-

luminescence [63]. We refer to all prompt scintillation light as S1 signal and all
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Figure 2.3: After a recoil with a xenon atom, deposited energy from the in-
teraction is split along several different paths. Initially the interaction produces
a mixture of ionization, excitation, and heat. The ionization branch yields
electrons which can either be drifted away from the event site via an applied
electric field, or recombined with ionized xenon atoms resulting in a return to
the excitation branch, the source of the 178 nm Vacuum Ultraviolet light.

secondary scintillation light, or charge readout, as S2 signal. Figure 2.4 shows a

schematic representation of an event in a TPC with secondary light readout.

2.3.2 Interaction Reconstruction

To reconstruct energy, the area in photoelectrons (phe) or charge observed for

both the S1 and S2 signals are used, as we describe in chapter 5. Here we obtain

two estimates of energy, one for if it was an electronic recoil and one for if it was

a nuclear recoil. This dual-energy scale accounts for the much greater fraction
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Figure 2.4: Event topology in a Xenon TPC. Particle interaction gives rise to
prompt scintillation signal (S1) and secondary scintillation signal (S2). S1 light
is the result of both nuclear excitation and recombination of initial electrons
and ions, while S2 light is the result of those electrons from event site that are
drifted to a top extraction region under an applied electric field and undergo
scintillation in the gaseous xenon extraction region [63].

of energy lost to heat in nuclear recoils as compared to electron recoils, section

(5.1.3).

In LUX, both the S1 and S2 signals are detected by two arrays of photomultiplier

tubes (PMTs), one situated at the bottom of the active liquid target region and

one at the top above the gaseous S2 generation region. From the time separation

between the S1 and the S2, the drift time, we reconstruct the depth of the given

interaction. To do this we make use of historical measurements of electron drift

velocities as a function of applied field [64] or by observing the drift time associated

with a detector feature at known depth, such as the bottom of the active region. It

is this use of electron drift time to construct the depth of the interaction from which
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time-projection chambers derive their name. To reconstruct the two-dimensional

lateral position, the localization of the S2 light in the upper PMT array is used,

resulting from the localization of the electron cloud from the event site and the

geometry of the top PMT array, positioned within a few centimeters of the liquid

surface. As all three dimensions can be reconstructed, TPCs give accurate position

reconstruction in 3D on an event-by-event level, allowing for the creation of a

fiducial volume at the center of the detector.

As the observation of S1 and S2 sets our ability to reconstruct position, energy, and

interaction type, the collection and reconstruction of both the S1 and S2 signals

for any event is critical in the use of a TPC. For this reason, and reasons discussed

further in chapter 6, the selection of materials must be optimized to ensure that

reflectivity to 178 nm xenon scintillation light is as high as possible in the active

region while maintaining strict limits on both radioactive contaminants and the

presence of any chemical contaminants that could affect the S2 size. Reflectivity

is achieved through the use of Teflon reflector panels, historically observed to be

highly reflective to Vacuum Ultraviolet (VUV) light in liquid xenon, section (3.1).

One major hurdle to the development of large-scale detectors (>100 kg) has been

the effort required to remove electro-negative impurities, which affect the S2 size

as a function of event depth, the removal of which LUX tackled via its use of a

xenon circulation system with multiple heat-exchangers, chapter 4.

2.3.3 Nuclear and electron recoil discrimination

To reject background events in a xenon TPC, the logarithm of the ratio of S2 to S1

signal is used, which historically has shown discrimination power between nuclear

and electron recoils over the energy range of interest for WIMP interactions [60].

In chapter 6 we will examine what sets this discrimination power as a function of

energy, relating it to fluctuations in the signal measurement process and fluctua-

tions at the event site. Making use of the non-linear response of the xenon media

with respect to nuclear and electron recoils of different energies, TPCs obtain re-

jection power of electron recoils at the > 99% level while maintaining at least 50%

nuclear recoil acceptance, figure (2.5).
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Figure 2.5: Leakage fraction (right axis) and discrimination (left axis) mea-
sured between electron and nuclear recoil populations as a function of S1 area.
All data is at 50% nuclear recoil acceptance as calculated from simulations.
Data are from both direct measurement using tritium [black] as well as from
Gaussian fits to the electron recoil population [red] and bins with no events show
upper limits. Mean discrimination (99.6%) across 2-30 photoelectrons (phe) is
shown in dashed-blue. Data was taken at 181 V/cm. Figure reproduced from
[47].

It is the combination of 3D position reconstruction;,strong self-shielding, nuclear

and electron recoil discrimination, the ability to look for annual modulation, and

the ability to select targets with low or no radioactive backgrounds that make

xenon TPCs the world’s leading dark matter searches. As scaling of this class

of detector involves building larger containers to hold larger target masses, and

self-shielding means the fiducial volume grows faster than simply scaling with

volume, TPCs are expected to remain the most sensitive detectors for the next

generation of experiments. The future of the TPC may well depend on whether

high discrimination fractions can be obtained, with the general consensus from

experimental data being the need for better light collection and higher applied

electric fields in the xenon target region [65].

In the next chapter we move to an examination of the design of the Large Under-

ground Xenon (LUX) experiment, a dual-phase liquid xenon TPC of the class just

described. We focus on the physical design before moving to detector performance
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in chapter 4. We then discuss the energy reconstruction used, chapter 5, and go

on to examine fundamental event level variations, chapter 6, which allow us to

understand the discrimination power described above in greater detail. Having

completed these studies, outlining methods for use in future runs of LUX and

other experiments, we finish with an examination of the first WIMP search results

from the LUX experiment.



Chapter 3

The LUX Detector

The LUX 1.0 detector currently holds the “world-leading” dark matter limit, the

result of careful design work to create a detector finely tuned for looking for rare

low-energy interactions while maintaining stable operational conditions on the

timescales of years. This chapter introduces the LUX detector, also referred to

historically as LUX 1.0, providing a picture of its internal structure.

As the successor to the LUX0.1 prototype [66], the LUX detector is a ∼350 kg

(∼250 kg active) dual-phase xenon time-projection-chamber (TPC) of the class

described in Chapter 2. After depicting the design of the LUX detector here, we

move to an examination of the LUX detector performance as related to observed

detector stability and the use of a heat exchange system to achieve multi-meter

electron drift-lengths essential to a dark matter searches using liquid-noble TPCs.

3.1 The LUX Detector: Physical Structure

Figure (3.1), shows a schematic representation of the LUX detector. the LUX inner

cryostat and outer vacuum vessel are made of titanium, screened and selected for

its low intrinsic radioactivity [67]. To provide thermal insulation for the cryogenic

inner vessel, operating at 173 K during running, an outer vacuum vessel is used.

The outer vessel has a volume of ∼ 0.87 m3 and is maintained at pressure <

31
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70 ∗ 10−6 Torr during running to limit convective heat transfer via a Varian TV-

301 navigator turbo-pump backed by a Bluffton Scroll pump. Further thermal

insulation is provided by interleaved sheets of super-insulation surrounding the

inner cryostat. To ensure thermal uniformity across the space, the outer vacuum

vessel is monitored by 23 platinum resistance temperature detectors (RTDs).

The inner cryostat has a volume of ∼ 0.36 m3, excluding the breakout cart and

conduits, and houses the internal components and xenon target itself. Surrounding

the inner cryostat is a copper shell, to help maintain a uniform thermal profile

around the detector, nested inside a plastic shell for further thermal insulation

and to slow the boil-off rate in catastrophic failure modes involving water from the

water tank entering the outer vacuum jacket. Inside the inner cryostat, suspended

via 6 titanium straps from the inner cryostat top flange, are a series of large copper

pieces which make up the bulk of the detector structure. From the top down they

are the top gamma shield, the top PMT holder, the bottom PMT holder, and the

filler-chiller-shield (FCS). These copper pieces form the remaining structure from

which the rest of the detector hangs and is supported, as show in figure (3.2).

The active region itself is surrounded by an inner layer of Polytetrafluoroethylene

(PTFE) panels used due to its high reflectivity, > 95% to xenon scintillation

light when immersed in liquid xenon [68]. Forming the inner upright-dodecagonal

prism of the active region, these PTFE panels are supported by a larger set of

outer panels constructed of ultra-high-molecular-weight polyethylene (UHMWPE)

which mount directly to the top PMT holder, with a slotted mount to the bottom

PMT holder to allow for thermal contraction. Between the two panels, a series of

47 field-shaping copper dodecagon rings are used to ensure electric field uniformity

as a function of depth, with the rings being connected through a parallel pair of

1 GΩ resistors and biased through voltage division from the biases applied to the

grids which set the main electric fields inside the detector.

As the application of electric fields while maintaining transparency for scintillation

light is essential in the operation of a low-energy threshold dual-phase xenon TPC

(2.3), LUX uses a series of wire grids (cathode and gate) and a wire mesh (anode)

to apply electric-fields over the drift and extraction regions while blocking the least

amount of light. Of these grids, the cathode grid, made of 0.0206 cm ultra-finish
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Figure 3.2: [Left]: A 3D model of the LUX detector showing the dual-phase
heat exchanger discussed in chapter 4, the weir, and the large copper pieces
described in the text. [Right]: A photo showing the LUX detector as assembled
prior to installation in the inner cryostat vessel. Photograph was taken prior to
the beginning of the second run of the LUX experiment.

302 SS wire with a pitch of 0.5 cm, is designed for the greatest applied bias, -100

kV (2.06 kV/cm), but, due to light production observed in situ (4.1), is biased to

-10 kV (181 kV/cm) during the first science run. The gate grid is constructed of

0.01016 cm 304 SS wire with a pitch of 0.500 cm and situated 48.32 ± 0.34 cm

above the cathode and 1 ± 0.1 cm below the anode while cold. The gate grid is

biased at -1.5 kV throughout the WIMP search, and the volume between the gate

and cathode grids define the active or drift region of the detector, as compared

to the extraction region defined by the volume between the gate and anode. The

anode, a 316 SS wire mesh with 0.025 cm between wires and wire diameter of

0.003048 cm, is biased to +3.5 kV during running.

In addition to the grids for the application of fields, LUX uses two additional grids,

referred to simply as the top grid and bottom grid that shield the respective PMT

arrays from encroaching fields in the drift and extraction regions that might affect
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the PMT response. During operations, such as during the first WIMP search,

discussed in chapter 7, the top and bottom grids are biased to -1 kV and -2 kV

respectively. With these two grids the full ordering of the grids from the top of

the detector to its bottom is: top, anode, gate, cathode, bottom.

The active region of LUX, while cold, is measured as an upright-regular-dodecagon

measuring 48.32±0.34 cm vertically between its gate and cathode grids and 47.3±
0.1 cm face-to-face between opposite PTFE panels. The liquid xenon level is

maintained between the gate and anode by the presence of a liquid spill-over set

4± 1 mm above the gate wire plain. The liquid level between the gate and anode

is monitored with a set of four capacitive level-sensors, discussed in more detail

in section (3.5). To avoid modulation of signal due to thermal fluctuations and to

monitor thermal gradients, which could result in structural warping, during the

cool down from room temperature to 170 K, the interior of the LUX experiment is

also monitored internally by an array of 40 thermometers and 7 pressure sensors.

The complications arising from cabling this instrumentation as well as the the

signal readout for the PMTs, and the cables for the grids within the required

geometry of the LUX detector, which dictated the detector to be placed in a

large water tank for shielding, required a novel system for the “break out” of

these cables from the detector volume, the breakout cart. All cables from the

inside of the detector emerge via a set of three flexible, 16 foot conduits, which

permanently connect the LUX detector to the breakout cart, which couples to

the LUX detector during all phases of transport and deployment, providing a

mobile platform for all system read-out into the laboratory. A design goal is to

minimize inaccessible connectors, a classic failure point, all cables are contiguous

from their respective instrument up the sixteen feet and through the breakout cart

to the readout location. This design provides several key advantages, including the

ability to do the wiring once despite the three runs and subsequent repairs of the

LUX detector, but necessitates that the breakout cart be linked to the xenon space

of the inner vessel. While the detector volume is cooled to allow condensation of

the xenon target, the breakout cart remains at room temperature. To mitigate

possible contamination arising from outgassing of the room temperature plastics

internal to the breakout cart, a system of four purge flows are used, with flow-rates

between 0.25 and 1 standard liter per minute.
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3.2 Signal Readout

Event signal readout in LUX is done via one-hundred and twenty-two 5.6 cm

diameter Hammamatsu R8778 PMTs. The PMTs have an as measured average

quantum efficiency of 33% and collection efficiency of 90% at the 178 nm peak

(VUV light) in the xenon scintillation spectrum [69]. The PMTs were arranged

into two arrays, with 61 PMTs in an upper array, above the S2 scintillation region,

and 61 PMTs below the cathode grid at the bottom of the liquid target. PMTs

are read out using Gore coaxial cables which directly connect from the PMT base

to the breakout cart readouts.

Once read out, signals are sent through a preamplifier mounted directly on the

breakout cart feedthrough before being transmitted to a post-amplifier in the

data-acquisition (DAQ) and trigger systems. The DAQ and trigger systems are

designed to handle a dynamic range large enough that the limiting factor in LUX

is an expected 2% nonlinearity in the PMTs at an instantaneous current draw of 13

mA,∼ 120 keVee, while still maintaining greater than 95% of single photo-electrons

(phe) pulses being distinguishablable, at 5σ, from baseline noise fluctuations [70].

The trigger and DAQ system are also designed to perform baseline data suppres-

sion, operating in a pulse-only-digitization (POD) mode over the course of the

science run discussed in chapter 7. POD mode was designed as a data compres-

sion step in which, due to the relative quiet of the LUX detector, only pulses above

baseline are saved, while comparatively long periods of recording empty baseline

are not. Trigger channels are paired such that either channel going above a valid

pulse detect threshold results in both channels being saved, independent of what

is recorded by the second channel [70].

3.3 Xenon target

LUX is designed to be filled with ∼ 350 kg of xenon, accounting for the total

xenon volume in gas and liquid. Actual fill masses, as estimated via the use of

the gross weight of the xenon storage bottles and the final internal pressure of

the bottles once filling was complete, were 365 ± 3 kg in Run 3 and 368 ± 2 kg



Chapter 3. The LUX Detector 37

in Run 2. Of this ∼ 350 kg, ∼ 250 kg of xenon were active target, between the

cathode and gate grids, where the exact mass in the active region depends on the

run temperature and pressure. This ∼ 250 kg was estimated based on the known

internal volume of the active region while cold and the xenon density as given by

the xenon liquid-gas equilibrium curve.

The LUX xenon came from a variety of sources before undergoing an extensive

program at Case Western Reserve University (CWRU) to lower its 85Kr concen-

tration. 85Kr is a long-lived radioactive isotope (half-life 10.756 years) present

primarily from nuclear fission contamination of the atmosphere and thus present

in xenon when it is refined [71]. As 85Kr is a noble dissolved in the xenon, it is not

removed by the regular purification system on the LUX detector and, if untreated,

would present an intrinsic background, uniform through the active volume. Natu-

ral xenon contains 130 ppb gram-per-gram krypton from its production, with the

program at CWRU reducing this to a level of 4 ppt gram-per-gram using chromato-

graphic separation [47]. Of this natural krypton we infer a relative concentration

of ∼ 2 ·10−11 is 85Kr from atmospheric measurements of the relative concentration

of 85Kr. Reduction of the overall concentration was largely successful, leading to

an expected background rate of 0.17±0.10sys counts/keVee/kg/day (DRU) within

the LUX fiducial volume over the energy range of interest, 0.9 to 5.3 keVee (energy

scale as discussed in chapter 5) [43].

3.4 Cryogenics

LUX operates cryogenically through the use of a remote dewar containing liquid

nitrogen (LN) with cooling power directed to five separate points within the outer

vacuum jacket via thermosyphon technology. Though in use extensively in other

fields, from engine to computer cooling, [72],[73], LUX is the first to use this

technology as a way to deliver stable cryogenic cooling power to a shielded TPC

at a distance of several meters [74]. The LUX experiment thermosyphons operate

using a passive closed loop system. Once filled beyond atmospheric pressure with

dry nitrogen gas, condensation occurs in the upper region, which is in thermal

contact with the LN bath. Gravity then forces the condensed nitrogen droplets
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downwards where, assuming good insulation over the length of transport tube,

they come in thermal contact with a copper cooling head coupled to the object to

be cooled. Once in contact with the thermal head, the liquid droplets evaporate

due to the thermal load of whatever the thermosyphon is attached to, cooling the

cold head. This process continues in a cyclic way until either the cooling head

and the LN dewar reach thermal equilibrium or nitrogen gas is added or removed

to/from the thermosyphon line, adjusting its cooling power.

LUX contains five thermosyphons, two high-power thermosyphons, for maintaining

cryogenic stability and cooling the detector from room temperature, are mounted

to the top copper gamma shield and bottom FCS, with designation TS1 and TS2,

respectively. Both TS1 and TS2 are double-tube thermosyphons, having separate

lines line for liquid and gas fluid flows. In addition to TS1 and TS2, LUX has a pair

of single-tube thermsyphons, TS3 and TS4, mounted to the copper shield external

to the LUX inner cryostat. These two thermosyphons are designed to combat

temperature gradients that might develop during operation [75]. Finally, LUX

employs a final thermosyphon as a prototype cryogenic pump, installed remotely

in the outer vacuum space as a backup in case of turbo or roughing pump failure.

Though a thermosyphon at its core, as described above, the cryogenic pump was

surrounded by zeolite with an attached heater. Operation consists of a bake-out

period at 290 K and then a running period where the head is cooled to 80 K. Once

baked-out and cooled the zeolite provides a trapping surface for gas in the vacuum

insulation jacket, acting as a pump, with the ability to maintain the cryostat

vacuum for ∼4 hours during pump failure such as occurred on 11-01-2013, and up

to ∼4 days during normal operations, figure (3.3).

One discovery with the LUX thermosyphons, made during the LUX0.1 program,

is the existence of two operational modes. In the first mode, called the low-power

mode, the thermosyphon’s response is directly related to the nitrogen mass internal

to the thermosyphon. The second mode, called high-power mode, is distinctive as

it provides both much larger cooling power than the tunable low-power mode but

also losses the tunablilty discussed previously. LUX is primarily operated with the

thermosyphons in the low-power mode, with high-power mode being reserved for

the condensation of the xenon target. In low-power mode cooling power supplied
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Figure 3.3: Outer vessel pressure as a function of time comparing the use of
the normal pumping configuration (turbo pump + roughing pump) to the use of
the prototype cryopump. The sharp spike on Jan. 4 is the transition from the
normal pumping configuration to the cryopump configuration. The cryopump
is able to maintain vacuum pressures < 250 µTorr over a period of four days
with slowly increasing pressure for the duration of its use. The cryopump is
also sensitive to the times of the thermosyphon LN dewar being filled, such as
just before Jan. 7. For these reasons the system is used primarily as a backup
to the normal pumping configuration, acting as a buffer during power-outages
or other failure modes.

via TS1 and TS2 is temperature controlled with a pair of proportional-integral-

derivative (PID) heaters coupled to the cold heads. Temperatures of the cold

head are monitored by a pair of four-wire thermometers used to regulate any

temperature fluctuations.

Figure (3.4) shows the condensation of the xenon target for the LUX experiment

prior to run 3 as measured by three parallel-wire level sensors, LS01, LS02, and

LS04, described in more detail in the next section. Condensation is completed in

∼3 days with previous cool down from room temperature taking a period of nine

days, figure (4.3).
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Figure 3.4: Normalized liquid xenon level as measured by LS01 [black], LS02
[blue], and LS04 [red], the main active region parallel-wire, the bottom region
parallel-wire, and the weir parallel-wire level sensor respectively. Data is pre-
sented in a normalized form with 0 corresponding to 1 bar xenon gas, no liquid,
and 1 corresponding to full target condensation with liquid at the weir spill-over
in the S2 extraction region. Filling is stopped when the weir was observed to
respond. The entire xenon payload is estimated to be 365± 3 kg. As filling was
done at a constant rate, as set by a mass-flow-controller, he changes in slope
observed in LS01 correspond to changes in the physical structures surrounding
the active region as a function of height.

3.5 LUX instrumentation

As mentioned previously, LUX is instrumented with an array of 63 thermometers

(40 internal to the cryostat and 23 external in the vacuum space) as well as 10 pres-

sure sensors (7 internal, 3 vacuum space) and 9 capacitive-liquid-level sensors, all

internal to the xenon volume. Thermometers were Omega 100 Ohm platinum

resistance-temperature-detectors (RTDs) read-out with three or four phosphor

bronze wire leads twisted as either triplets or twisted-pairs, for three and four-

wire readout, respectively. Thermometers were readout using ADAM 6015 units.
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All wire leads for thermometers were protected along the length of the flexible con-

duits to the breakout cart by being sheaved with protective virgin-polyethylene

tubing. Calibration of thermometers was done prior to installation via emersion

in a bath of dry-ice and alcohol and in situ via comparison of all thermometer

read-outs at room-temperature during stable conditions prior to the beginning of

the WIMP search, the later accounting for offsets resulting from the three-wire

measurement system of the ADAM 6015 units.

Pressure read-out of the inner cryostat consists of three Ashcroft AST4900 sen-

sors used by the automated recovery system, described in section (3.6), an In-

struTech Hornet ion and convection gauge pair for vacuum readout, a Swagelok

PGU-50-PC100-L4FSF manual pressure gauge, and a Setra model 759 capacitance

manometer customized with range 0-5000 Torr rated at ±0.15% of readout.

Detection of the xenon liquid level in various locations is important both to main-

tain a stable S2 signal size, section (4.5) and for the monitoring of the long term

stability of the xenon-circulation system, section (3.7). Measurement is achieved

using two technologies. The first, described previously, are the parallel-plate style

capacitors that provide sensitive read-out of any fluctuations in liquid level at the

liquid xenon surface. While more sensitive then the parallel-wire design described

below, these three sensors experience non-linear effects at their boundaries due to

their geometry. The second style of level sensor are in-house-designed parallel-wire

capacitive level sensors shielded with metal tubing, figure (3.5). These level sensors

were developed as part of the LUX0.1 program, and have linear response over their

sensing range. Parallel-wire level sensors are used in six locations in LUX, figure

(3.1), to monitor the bath liquid level (LS01, LS02, LS09) and specific components

of the xenon circulation system (LS03, LS04, LS05).

All sensors are read out into a unified slow control system. Slow control readout

is accomplished using off-the-shelf hardware to convert various signal readouts to

ethernet, which are then read into a MySQL database using custom built dæmon

code written in C. All dæmons run on a single computer, called the master, located

in the underground laboratory which also ran a master dæmon process called the

Watchdog. This Watchdog program has sole direct control of which other dæmons

are running or terminated based on inputs from users via a front-end system but
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Figure 3.5: Design of LS09, a sample parallel wire level sensor, used in the
LUX detector to monitor the liquid level in a region around the S2 extraction
region (between the gate and anode grids). All labeled dimensions are in inches.
Calibration of level sensors is done in situ by using known physical heights such
as the reading when empty of liquid xenon as compared to the reading when the
detector was filled with liquid xenon to the weir spill-over height. Parallel wire
level sensors were found to be extremely convenient for their linear capacitance
and compact geometry and easily deployed using custom PEEK plugs (shaded
gray) designed to fit into Swagelok or VCR fittings.
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also responds to required actions from the automated recovery system, discussed

below. The slow control is designed to host numerous users at any time, allowing

each to examine different sets of instruments over different time periods. The

back-end is designed so users could program and use any graphical-user-interface

(GUI) in any programming language desired, with the limitation of being able to

talk to MySQL via php or other APIs. During the course of the first WIMP search

the primary interface is via an html based web-page which allowed direct control

of various physical sensor readouts, instruments, and individual sensors attached

to each instrument, eg., an Advantech ADAM I/O module and its associated

eight thermometers. In addition to physical instruments the slow control system

also runs a series of alarm dæmons controling a siren and alarm in the laboratory

itself, as well as a text-message based user alert system, and a module for constant

communication to a backup watchdog. The second watchdog is located off-site and

is in constant contact with the primary watchdog to monitor for network failure.

By design, the slow control framework is written to be extensible and during the

course of the first LUX WIMP search showed great flexibility in being adapted to

various systems including the sampling system and the krypton removal system.

3.6 The Automated Controlled Recovery Sys-

tem

Early in design it was recognized that prolonged power loss and access loss could

result in eventual failure of the LN system and detector warming. In this sce-

nario all safety risk is mitigated by completely passive systems: burst-disks, rated

to 45 psig that vent to a Seaman 8130 XR-5 polyester geomembrane inflatable

vessel with volume sufficient to store all xenon inventory at room temperature.

In addition to this safety system, a secondary system, the automated-controlled-

recovery system (ACRS), is the used for both xenon recovery and experimental

risk management.

The primary goal of the ACRS is to initiate a controlled recovery of xenon to

the storage-and-recovery vessel (SRV), a cryogenic, pressure-rated vessel for long
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term xenon storage, prior to reaching the burst disk pressure of the safety system

described in the previous paragraph. It contains several separate logic loops to

handle normal controlled xenon recovery, detector overpressure conditions, power

outages, and prolonged network loss. Each loop’s basic goal is to push the detector

into the situation with the minimal risk, given likely possibilities that could cause

one of the previously listed conditions. The ACRS consists of a series of software

programs run continuously on a MOXA UC7112+ low-power computer. These

modules communicate with the LN system, the detector instrumentation, the cir-

culation mass flow controllers and valves, the thermosyphons, the slow control,

and an automated-transfer switch to monitor for laboratory power loss.

The most commonly used mode of the ACRS is normal recovery, often referred to

as forced recovery. In this operation an expert user requests, via the slow control

front end, that the ACRS recover some of the xenon mass from the LUX detector

to the SRV. In this mode the ACRS closes all paths leading into the detector

before opening a single, pre-determined, path from the bottom of the detector

to the SRV. As the SRV is maintained well below the freezing point of xenon,

its pressure, checked before the ACRS triggered, will be significantly lower than

the operational range of the LUX detector, resulting in liquid from the detector

bottom being extracted into the SRV. This path is chosen to include one of the

primary flow mass-flow controllers so flow rate is monitored and controlled. Heat

load associated with moving ∼ 173 K liquid xenon to room temperature plumbing

is mitigated through the use of a heat exchanger to ensure no ice build up on

valves. This forced-recovery mode is also triggered if the ACRS detects that the

LN stock underground has gone below 30% capacity, the ACRS has detected a

laboratory power-outage for a prolonged time period, or if the ACRS is unable to

communicate with the slow control database for a continuous period greater than

72 hours.

The second mode of the ACRS is a pressure reduction loop, triggered whenever

the ACRS detects a pressure in the detector higher than 30 psig, including dur-

ing use of the forced-recovery mode. To insulate against sensor failure the ACRS

monitors three independent pressure transducers which vote on the detector pres-

sure, protecting against single-point failures. As in the previous mode, the ACRS

monitors the SRV pressure to ensure recovery is possible prior to triggering this
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mode. While the maximum detector pressure to trigger recovery is tunable, 30

psig is a hard-coded upper limit, and the limit used through the duration of the

first WIMP search. Pressure reduction is dynamic, triggering to vent excess gas

pressure until the pressure is at least 10% below the set trigger pressure prior to

returning to the quiescent monitoring mode.

In addition to the primary two modes discussed above, the ACRS features an

automated thermosyphon venting logic tree in the case of power loss. This prevents

problems that would arise following power-outage and the loss of heater power

because the thermosyphons could freeze the xenon target, possibly resulting in

damage to delicate internal structures such as the grid wires. This mode is set to

trigger after 50 minutes of power-outage to ensure remaining UPS power necessary

for all valve triggers.

As one of the primary purposes of the ACRS and its associated hardware is to

mitigate risk in the case of a power loss the entire system is insulated via a backup

battery drive UPS and fuel-cell combination, specified for a duration of 7-10 days

of full ACRS operation after laboratory power loss.

3.7 Xenon circulation and purification

Section (2.3) mentioned the importance of controlling the concentration of electro-

negative impurities within the liquid xenon volume. To manage this process LUX

makes use of a SAES PS4-MT15-R-1 MonoTorr getter to remove non-noble impu-

rities from the xenon. As the getter is a heated zirconium alloy, it requires that

the xenon fluid stream be both in the gas phase and, for maximal effectiveness,

room temperature.

To handle these constraints LUX continuously circulates the active xenon volume,

evaporating outgoing liquid using a circulation pump to push through the get-

ter before condensing it back into the active liquid volume. Liquid was pulled

from the top of the active region and returned at the bottom to ensure effective

turnover of the xenon. One problem with this system of purification is that in

order to purify quickly, and achieve electron drift-lengths greater than 1 meter,
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continuous xenon turnover is necessary with maximal flow desired. The original

design goal was to circulate at greater than 50 standard-liters-per-minute (slpm)

gas. However, during system diagnostics it was discovered that the maximal sus-

tainable circulation flow rate is 27 slpm resulting from constraints on the output

pressure of the circulation pumps. This 27 slpm flow is further divided between

two sources, 25 slpm gas flow from the detector active region via the main circu-

lation path, and the four purge flows described previously. Three of these purges

are connected to the long-flexible conduits that connect the breakout cart with

the main volume, and the fourth is directly coupled to the tubing used for the

plastic thermometry shielding, described in section (3.5). During the run, each of

these mass-flow controllers (MFCs) is set between 0.2-0.7 slpm gas flow, pulling

gas from the detector.

To manage the heat load resulting from circulation through gas and liquid phases,

the LUX detector makes use of a series of heat exchangers, schematically shown

in figure (3.6), placing the outgoing liquid/gas stream in thermal contact with the

incoming gas/liquid stream. This contact is done to allow heat transfer between

the two streams, resulting in efficient heat-exchange and an overall reduction in

heat load of 90% as compared to the equivalent heat load at 27 slpm with no heat

exchange, section (4.3). Two heat exchangers are used in LUX in succession to

ensure maximal heat transfer, as was done in LUX0.1 [66].

The first heat exchanger is made of two concentric tubes spiraled into a coil. This

heat exchanger, HX1, is installed in the vacuum jacket, external to the detector,

and provides heat exchange between the outgoing cold gas stream and incoming

warm gas stream. Internal to the xenon volume, a second heat exchanger, HX2, is

used for heat transfer during the phase change of the outgoing liquid and incoming

gas. The heat exchangers used in LUX were originally prototyped in the LUX0.1

detector [66], where tests demonstrated efficient heat exchange using a series of

parallel condenser tubes, figure (3.7), resulting in a similar design for use in LUX,

figure (4.4).

After the two heat exchangers the incoming liquid is routed through a channel

in the FCS, providing a location where it can come into full thermal equilibrium

before being introduced to the active region. As the FCS is directly coupled to TS2
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Figure 3.6: Diagram of the LUX circulation system. Liquid xenon (green
shaded regions) is drawn from the active region via a spillover in the weir.
From the weir, the xenon is drawn into the liquid column of the evaporator due
to the pressure difference produced by the pump. Evaporating in a dual-phase
heat exchanger, HX2, the xenon gas flows through the plumbing, leaving the
inner xenon volume (blue) and entering the vacuum insulated space (red). Here
it passes through a gas phase heat exchanger, HX1, before being routed through
an MFC into the pump and then the getter for purification. The purified gas is
returned to HX1 where it condenses in the condenser side of HX2 before being
routed through the FCS at the bottom of the active region and returning to
the active region. In addition to this main circulation loop, the LUX detector
uses four low-flow purges to mitigate plastic outgassing in the breakout area,
illustrated exiting the top of the xenon volume. These purges are controlled
with four independent MFCs before mixing with the main fluid stream. Arrows
show direction of fluid flow internal to system piping.
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Figure 3.7: Design of the LUX 0.1 dual-phase heat exchanger. The core design
consists of multiple tubes for condensation placed inside an evaporator chamber.
The evaporator chamber is physically insulated via plastic sheathing from the
surrounding bath to encourage heat transfer only between the incoming and
outgoing fluid streams. Compare to figure (4.4) to see the evolution of the
design for LUX. Reproduced from [66].

this also allows the use of TS2 to mitigate any residual heat load. The circulation

system also contains a weir, which directly couples to the top of the active region,

setting the active region liquid height via a spill-over. This ensures slow variation

of the dynamical system pressure and temperature woll not affect the liquid level

seen in the S2 signal generation region. Once liquid spills over the weir lip it enters

a separate reservoir space which then feeds directly into the evaporator of HX2.

In addition to measuring electron lifetime directly from data as an indirect measure

of impurity concentration, figure (4.9), the LUX experiment also makes use of
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an online gas sampling system, section 3.8, capable of independently measuring

concentrations of nitrogen, hydrogen, argon, oxygen, and krypton, to measure in

situ impurity concentrations in four locations in the circulation system.

3.8 Online Sampling System

The online sampling system provides a real-time measurement of impurity concen-

trations in the gas stream at various points in the circulation system through the

use of a residual gas analyzer, a SRS-RGA200. Four locations are chosen based

on strategic importance: the detector gas stream from HX2 to the main MFC, the

conduit purge from the conduit that housed the PMT cables to the gas system, the

gas stream output from the circulation pump prior to input to the getter, and the

gas stream output from the getter back to the detector. At each point, sampling

is done throughout the run period to examine for air-leaks, pump failure, getter

weakening, and both outgoing gas streams from the detector.

In order to separate extremely low concentrations of impurities from the xenon,

the sampling system makes use of a cryogenic cold trap to perform distillation.

During use, a xenon sample enters the system, is frozen through contact with an

LN bath, and then pumped on by an external pump. The frozen xenon at 77 K

sets the vapor pressure in the system, 1.8 mbar, while the pumping then draws

more volatile impurities from the cold trap to the RGA. This freezing process

thus reduces the bulk xenon presence in the sample as compared to the impurity

concentration, allowing for greater sensitivity measurements.

While analog scans over all atomic masses between 0.1 and 200 amu are taken, the

system is designed to examine the concentrations of nitrogen, oxygen, methane,

krypton, hydrogen, helium, and argon in real-time. Calibration is done by rou-

tinely sampling off a prepared gas cylinder with a known concentration of the

various impurities, except methane. Added after the first WIMP search, methane

concentration monitoring is used to monitor residual tritiated methane levels after

calibration injections [47]. Like all other instrumentation, sampling data is out-

put to the LUX slow control MySQL database for correlation studies with other

effects, such as detector temperature, pressure, and electron-lifetime.
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3.9 Liquid nitrogen system

The LN system used in LUX is automated for full underground operation and

designed to account for possible loss of underground access or loss of power. It pri-

marily consists of a liquid nitrogen reserve, four 450 liter dewars, and an automated

logic system which dispenses LN to various subsystems, such as the thermosyphon

LN dewar, the SRV and the sampling system. LN fills for both the thermosyphon

LN dewar and the SRV are fully automated based on capacitive level sensor read-

out, an AMI model 286 liquid level controller for the thermosyphon and a GLK

300 system for the SRV. In addition to automated filling the system maintains

the option of a manual interface to initiate or stop a fill from one of three under-

ground control panels. The sampling system is maintained using only the manual

fill system at the present time as a safety protocol, requiring underground access

to use.

3.10 Water Tank Shield/Veto/Source Deployment

System

Surrounding the vacuum insulation vessel, the LUX detector is deployed in an 8

ton cylindrical water tank, with a diameter of 7.6 meters and a height of 6.1 meters.

During the initial WIMP search, described here, the water tank was operated only

in a passive mode, acting as a large water shield, creating an expected reduction

in γ-ray rate from the surrounding cavern rock by a factor of 8 · 10−9. Water from

the tank is circulated and purified to reduce backgrounds from impurities in the

water with a maximum acceptable level of U/Th/K impurities in the water being

set at 2 ppt/3 ppt/4 ppb, which is about 6 orders of magnitude lower than their

concentration in the surrounding rock [75]. Though only used passively in the first

WIMP search, the water tank is instrumented with 20 Hammamatsu R7081 PMTs

to act as an active veto for muons and other particles during the 300 day-blind

WIMP search which will enhance background rejection capabilities.

Suspended in the water, next to the detector are a set of six radioactive-source

deployment tubes made of acrylic. Leaks in these source tubes resulted in them
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being filled with water during the course of the first WIMP search but they are

still used for the deployment of external sources for calibration, most importantly
137Cs which we will use for a high energy spectrum of Compton scatters in our

examination of fundamental event level fluctuations in chapter 6.

3.11 Conclusion

Having now reviewed the physical structure and design of the LUX detector, we

turn in the next chapter to examining aspects of its performance to provide a stable

and successful operational platform on which to perform a dark matter search, such

as is discussed in chapter 7. Before returning to the WIMP search in chapter 7

however, we will digress to examine energy reconstruction and fundamental event

level fluctuations as measured in situ in LUX in chapters 5 and 6.



Chapter 4

LUX Heat Exchanger

Performance and Detector

Stability

This chapter focuses on the performance of the LUX detector platform described

in chapter 3 in each of its three completed runs, introducing the heat exchange

system which is responsible for continuous cryogenic stability for the DM search

discussed in chapters (5), (6), and (7). We begin with an overview of the timeline

of the LUX program as divided into the three runs before moving on to details on

detector stability, heat exchanger performance, and detector quality control over

the course of the WIMP search.

A large part of a prolonged WIMP search, such as the first 118 day WIMP search

with the LUX detector, or the planned 300 day search period, is the maintenance of

extremely stable detector conditions, resulting in strict performance criteria for the

experiment. The LUX experiment met its performance goals in several ways. At

the most basic level these consisted of having long-term reliable subsystems with

available backups as well as pre-emptive plans for problems that arose, as described

in 3. In addition, detailed online measurements are performed for a large number

of sensors internal and external to the xenon volume, section (3.5), to facilitate

proactive responses to developing problems via the slow-control system. The final

stage in this process is post-search corrections and cutting based on examination of

52
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all relevant slow-control parameters combined with in situ real-time measurement

of detector response and event reconstruction over the course of the WIMP search.

4.1 LUX Timeline

As of the time of this writing, LUX has performed three major “runs”, a loose

term, describing physically distinct periods of detector activity, often following a

return to room temperature and/or in situ upgrades. LUX plans a fourth run,

a 300 day WIMP search set to complete in 2014/2015, after a planned series of

calibrations and high-voltage tests. This section identifies the timeline of each run

along with major milestones achieved and problems discovered and resolved.

4.1.1 Run 1 - Initial cryogenic test

The first run of LUX lasted between May 12th and June 2nd, 2011. The run

was performed on the surface, with the primary goal of a cryogenic test. Only one

sextant of PMTs were used to test PMT response to thermal stress. No Xenon was

used due to a leak identified between the inner cryostat and its vacuum jacket at

the bottom thermosyphon cold head identified late in construction. The cryostat

was filled instead with 653.2 Torr (stp) of argon/nitrogen mixture, 10% N2/Ar,

chosen both for scintillation purposes and limited to less than 1 bar absolute as full

pressure testing of the assembled system had yet to commence. No gas circulation

was used.

Run 1 identified several early stage problems in LUX, related to the assembly

process and provided early input on subsystem improvements needed. Run 1 also

allowed for the first in situ examination of the Radon-222 levels within the internal

structure.
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4.1.2 Run 2 - Surface running and system checkout

The second run, a full cryogenic run with all components installed and a full xenon

payload of 370 kg, was carried out on the surface between September 1st, 2011 and

February 14th, 2012. Run goals included full checkout of all subsystems prior to

transport to the underground laboratory. Xenon circulation was tested in this run

through a variety of modes, leading to the identification and diagnosis of a break

in the xenon plumbing, internal to the detector volume, figure (4.1). This break

was discovered during condensation when the condenser side of the dual-phase

heat exchanger did not empty despite significant flow-rates. Combined with a

flow impedance from the gas-phase heat exchanger, this break resulted in much

slower purification of the xenon target then desired.

To achieve desired electron mean-free paths in the active region, a special form

of circulation was used in which xenon was pulled directly from the bottom of

the detector instead of via the normal circulation loop described in section (3.7).

This allowed for faster purification by bypassing the gas-phase heat exchanger, but

displayed interesting behavior such as the development of discontinuous electron

lifetime as a function of depth, figure (4.2).

Run 2 measured the excellent light collection of the LUX detector, finding 8.4

photoelectrons per keV for 662 keV electron recoils from 137Cs at zero applied

electric field, as measured in the center of the active region. Run 2 was also the

first observation of the electroluminescent phenomena emanating from the cathode

grid when biased past -10 kV, resulting in running at a much lower field 62 V/cm

during this run [76]. This problem was improved in the first WIMP search by

replacing the cathode grid after Run 2 as described in the next section.

4.1.3 Run 3 - Underground preliminary WIMP search

Run 3 consists of the first unblinded WIMP search period, which includes ∼85

live days of data taken between April and August, 2013, as well as cooldown,

condensation, calibrations, and xenon purification prior to the start of the WIMP

search. This run sets the worlds-leading spin-independent limit on the WIMP-

nucleon cross section, chapter 7. All systems performed well with the exception of
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Figure 4.1: Picture of broken circulation connection due to failed PEEK ther-
mometry mount. Found at the completion of run 2, this broken connection
resulted in an inability to test the HX system during the surface campaign.
The break was originally noticed during condensation when the condenser vol-
ume of HX2 did not empty as the break was directly prior to this volume.
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Figure 4.2: Log(S2/S1) versus event depth from 137Cs. The x-axis is event
drift-time, the time between the S1 and S2 signals, in samples with 1 sample
being 10 ns. Two populations can be observed, the upper population is from
γ-rays from the cesium source while the lower population is due to alpha events
inside the detector. The “kink” in the measured electron lifetime at 1.5 · 104

samples (150 µs) is a result of the unusual flow mode used in Run 2, in which
xenon was both removed and returned from near the bottom of the detector,
resulting in poor mixing of the active region, as compared to figure (4.8) taken
during run 3. The kink was observed to slowly evolve to deeper depths (longer
drift times) as purification was continued until establishment of a single electron
lifetime across the active region.

the grid high-voltage, with “glow” being observed from both the cathode and gate

grids prior to the run and continuing over the course of the run when biased above

certain voltages, limiting the possible high voltage, section (3.1). This limited

voltage limited the electron extraction efficiency obtainable for events, with the

glow being theorized to be due to debris on the grid wires likely produced during

construction. Despite these limitation, LUX is able to demonstrate greater than

95% discrimination between electron recoil backgrounds and nuclear recoil events,

as discussed in chapter (7).
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4.2 LUX Detector Performance and Stability

4.2.1 Cryogenics

As discussed in chapter 3, to support the goal of stable WIMP search running, long

term stability in cryogenic performance is required. To reach a state of readiness

to begin detector operations the inner cryostat is first cooled to a temperature

< 180 K then filled with liquid xenon, pumped in as gas and condensed internally.

Cooling of the detector is accomplished using the two high-power thermosyphons

at top and bottom of the internals with careful monitoring and adjustment of the

thermosyphon power via the addition and removal of dry N2 gas as described in

section 3.4.

The cooling rate is set to be slow enough, ∼ 0.8 K/hr, to ensure control of thermal

gradients is maintained within the specifications given for the plastics to remain

free of warping due to differential contraction. This requires control of the vertical

temperature profile along the length of the panel to ensure gradients no larger

than 10K developed during cool down, condensation, or detector operations. Ra-

dial gradients, or gradients between the panel’s outer surface and inner surface,

with respect to the active region, are also controlled and kept below 5 K. Ther-

mometry is instrumented on three panels, two adjacent to each other, labeled

A and B, and one radially opposite across the detector active region, labeled C.

Panels A and C are instrumented with three surface thermometers, one near the

top, one at the middle and one near the bottom. Panel B is instrumented with

five thermometers, three mirroring the positions as described for panels A and C,

and two additional thermometers spaced equidistantly between the middle and

top/bottom thermometer placements of panels A and C. In addition, two embed-

ded thermometers, mounted via custom UHMWPE mounting screws, penetrate

the panels outer surface to a depth of 1.9 cm (0.75 inches), and are placed in the

middle of panels A and B for measurement of any developing radial gradients.

All temperature sensors were of the type describe in section 3.5. As the internal

components of LUX all hang from the top cryostat dome via titanium straps, in-

strumented panels were selected to ensure both panels with titanium straps (A)

and without titanium straps (B and C) are monitored.
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Figure 4.3: Measured temperatures of thermometry in the UHMWPE panels
surrounding the active region during cool down prior to run 3. Vertical gradients
are well controlled below the desired 5 K vertical spread and radial gradients
are well controlled below the 2.5 K upper limit. Cooldown is completed over a
period of nine days.

Construction and subsequent running prior to the first underground WIMP search

resulted in the loss of the middle thermometer from panel C and the bottom ther-

mometer from panel A, both during movement of the inner cryostat. Figure (4.3)

shows data from the panel thermometry during the cool down of the LUX detector

prior to Run 3. More conservative bounds of 5K vertically and 2.5K radially were

imposed to compensate for lost thermometers vertically and to compensate for

the embedded thermometers being at half the radial thickness of the panels, but

resulted in no significant reduction in cooling rate.

Following cool down of the internal components condensation of the xenon target

is accomplished through the use of the gas system and thermosyphons, TS1 and

TS2, in high power mode, over a period of three days. Monitoring of thermal

gradients is done at this stage as well, in addition to monitoring of capacitively

measured liquid level across the nine level sensors. Figure (3.4) shows the liquid
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level as monitored during the condensation process, with normalization done be-

tween completely empty of liquid xenon and liquid xenon at the level of the weir

spillover (full). During the main condensation period a constant mass flow rate

is set using the mass-flow controllers, observed changes in slope of the change of

the liquid level with respect to time resulting from changes in the detector’s inner

structure. Further condensation is done past the weir spill over point to partially

fill the weir reservoir prior to beginning circulation to avoid emptying the weir

reservoir during circulation startup, section 4.3.

4.3 Heat Exchanger System Performance

After condensation, circulation for purification is begun with the detector being

monitored for continued thermal stability. As discussed in section (3.7), the large

expected heat load from circulation is mitigated via a series of heat exchangers to

ensure stability of the internal xenon target.

Figure 4.4 shows the design of the dual-phase heat exchanger used in LUX, based

on work from the LUX prototype, [66]. As described in chapter 3, the two-phase

heat exchanger, HX2, is designed in a rectangular configuration to match detector

space constraints, and constructed from stainless steel to minimize heat transfer

from the outer evaporator container to the surrounding liquid xenon bath. Further

insulation is done by surrounding HX2 in UHMWPE sheeting prior to installation

in the detector. The second heat exchanger, HX1, used for single-phase gas-gas

heat exchange, consisting of a pair of concentric tubes, with an inner tube diameter

of 3/8” and an outer tube diameter of 5/8”, is coiled into a spiral with a total

overlap length of 20.3 feet.

Both heat exchangers are instrumented with a set of thermometers, two for in-

coming fluid streams and two for outgoing fluid streams. Additional thermometry

is instrumented on the FCS and the returning liquid stream prior to injection

into the active region. Surrounding the active region at various locations, a set of

twenty thermometers are used to monitor temperatures of various components and

to provide a thermal picture during the heat exchanger characterization process.
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Figure 4.4: Dual-phase heat exchanger, HX2. Five parallel tubes for con-
densation are routed through an external rectangular shell where the outgoing
evaporating fluid stream is located. A total of eight thermometers, equally
spaced along the vertical dimension of the heat exchanger, are shown as small
orange rectangles on the left-hand side. The five condenser tubes are shown to
the right of the thermometers. A capacitance level sensor of the parallel wire
type is installed, and is shown on the right-hand side of the heat exchanger, but
failed during detector cool down, and is un-used in this measurement. Repro-
duced from [75]
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The main goal of characterizing the HX system is to demonstrate efficient heat

exchange, creating run conditions with simplified logistics, manageable supply

costs, and detector active region stability, limiting bubbling. In this section we

describe the calculation of HX system efficiency, which is based on comparing the

calculated theoretical heat load, assuming no heat exchange at a given circulation

gas flow-rate, to the observed heat load applied to the detector at that flow-rate.

Determination of applied heat load is done using a differential method to account

for uncertainties in the applied parasitic and thermosyphon cooling power loads

on the system.

4.3.1 Applied load estimation

To determine the applied heat load as a function of circulation rate, we note that

if the sum of powers on the system is non-zero we expect the temperature of the

various components to warm or cool until a steady state is reached,

∑
k

Pk =
∑
i

Ci(T )Ṫi. (4.3.1)

Where k runs over all sources of power into or out of the system, and i runs over all

thermal masses of the system, with Ci being the heat capacity of the ith component.

In the LUX detector sources and sinks of power are the power load applied via

circulation, the parasitic load, the cooling power applied by the thermosyphons,

and the heating power provided by the PID controlled 50-W heaters. As equation

(4.3.1) requires knowledge of Ṫi for all components, all major thermal masses in

LUX are instrumented as summarized in table 4.1.

To compute the specific heats, Ci(T ) we use the data available from NIST [77]

over the temperature range of interest, figure 4.5.

The parasitic load consists of a term from physical linkages between the detec-

tor and room temperature surfaces, the black body radiative power from the

surrounding environment, and the power transferred by any residual gas in the

outer vacuum insulating jacket. The cooling power is controlled by the amount
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Component Material type Mass [kg] Thermometers Used
FCS OFHC 293.6 TX36,TX33

Top gamma shield OFHC 121.21 TX01,TX03,TX02
Xenon Can Flange Titanium 35.30 TV17

Xenon Can Titanium 88.11 TV19,TV17
Lower PMT Holder OFHC 169.16 TX34
Upper PMT Holder OFHC 169.16 TX07,TX08

Field Shapping Rings OFHC 28.15 TX12,TX18
Structural Panels UHMWPE 15.5 TX12,’TX14,TX10,

TX20,TX17,TX19
Teflon Reflector Panels HDPE 18 TX12,TX14

Liquid Xenon Xenon 370 TX06
Copper Radiation Shield OFHC 59.68 TV14,TV15

Table 4.1: Table of detector components, materials, masses, and thermometers
used for readout treated in calculation of applied heat-load to determine heat
exchanger system efficiency.

of nitrogen gas inside the thermosyphon lines, held constant throughout the mea-

surement period. Heating power is provided by the PID temperature controllers

and is directly read out during measurements. Finally, the applied heat load from

the circulation of the xenon, which will vary with flow rate, is the parameter of

interest.

Taking equation 4.3.1 we obtain the applied power as a function of flow rate:

Pcirculation(f) =
∑
i

Ci(T )Ṫi − Pcooling − Pparasitic − Pheaters. (4.3.2)

As equation 4.3.1 contains the difficult-to-determine parasitic heat load and ap-

plied cooling from the thermosyphons, we employ a differential technique to obtain

the applied heat load. Comparing measured heat load at a flow rate to a long du-

ration stability point, taken at zero flow-rate, directly prior to the measurement

and assume ∆Pcooling = ∆Pparasitic = 0. This second constraint is much easier

to enforce then our absolute calibration as variation in parasitic power is only

expected from the term related to vacuum jacket pressure, and thermosyphon

cooling power variation is only expected with variation in thermosyphon line pres-

sure, both directly monitored and controlled over the full duration of this test.
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Figure 4.5: Specific heat curves used in the calculation of measured heat
load versus circulation rate. Data are from NIST [77]. Materials are: OFHC
(Red), PTFE (black), Titanium (blue), Liquid Xenon (green), HDPE (ma-
genta). Gaseous xenon is not included as the effect is expected to be negligible
based on relative mass compared to liquid xenon.

Using our differential method with these assumptions we simplify equation 4.3.2

to:

Pcirculation(f) = ∆
∑
i

Ci(T )Ṫi(f)−∆Pheaters, (4.3.3)

where all differentials are taken with respect to the previously stated zero-flow sta-

bility point. The uncertainty in the thermal profile at zero-flow directly translates

into uncertainty in the applied circulation power. This uncertainty is mitigated

by allowing for a 3.5 day period of equilibration prior to the start of the measure-

ment, taken between 12:00, Feb-14-2013 and 21:23, Feb-15-2013. For this zero-flow

point, and all data taken afterwards, no adjustments are made to the underlying

thermosyphon line N2 mass to ensure a system with constant cooling power.
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4.3.2 Estimation of expected thermal load

To compute the efficiency of the heat exchange system from the measurements, we

examine the expected power load for circulating xenon gas at a flow-rate, f . We

start by decomposing the expected load into two terms, the first from the required

enthalpy change for the xenon condensation/evaporation process, and the second

from the required cooling from room temperature to the measured gas temperature

at the inlet of HX2, as monitored by a calibrated RTD directly prior in the flow

path to HX2. We state both terms as powers, by factoring in the flow rate:

Pexpected = Pcondensation + Pcooling. (4.3.4)

To determine the power load for cooling the gas, we directly apply the molar heat

capacity of xenon given the flow rate and change in temperature, ∆T, between

room temperature and the temperature as measured prior to condensation. To

extract the expected condensation head load, we translate the enthalpy change

required for evaporation from the xenon standard-temperature and pressure boil-

ing point to our actual incoming gas stream temperature at the inlet to HX2’s

condenser, using:

∆Hvap(T ) = ∆H0
vap +

∫ Tmeasured

T0

(Cp,vapor − Cp,liquid)dT, (4.3.5)

where ∆H0
vap is the enthalpy change of the phase-change at STP (at temperature

T = T0), Tmeasured is the measured condensation temperatures at the inlet of

HX2, and Cp,j is the specific heat as a function of temperature for the jth phase.

Combining equations 4.3.4 and 4.3.5 with our knowledge of Pcooling we compute

the efficiency of the HX system as a function of flow by comparing the expected

power load, equation 4.3.4 and the measured thermal power load, determined in

section 4.3.1, for each tested flow rate:

ε = 1− Pmeasured(f)

Pexpected(f)
. (4.3.6)
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4.4 Heat Exchanger System Performance

Figure 4.6 shows the derived heat exchange system efficiency versus flow (top) and

applied heater power (bottom). Overall the design performs within operational

specifications for the duration of the testing, with efficiency greater than 90%

at the sustainable long-term circulation rate of 27 slpm. To test for consistency

the result at 10 slpm is taken twice, separated by a three-day period to ensure

hysteresis effects are mitigated by the above method. The cyan point at 27 slpm

comes form a second test at this flow-rate, in which we did not allow enough time

for the heater system to settle to stable output power, as is done in all other points

below 30 slpm. Due to circulation pump output pressure limitations the point at

38 slpm is also taken without allowing full equilibration to a steady-state. The

lower measured efficiency during the test without waiting for stability indicates the

estimates are conservative despite not waiting for full thermodynamic equilibrium

in which all component temperatures are constant, a process that would have

taken an unfeasible amount of time given the size and scale of the LUX detector.

Error bars in figure 4.6 are dominated by uncertainty in the MFC calibration, here

assumed to be a flat 5% after calibration, not shown on the x-axis for clarity. Error

bars also account for statistical uncertainties from fitting of temperature curves of

all components, the PID heater powers step size of 2.5W, and uncertainties from

the initial stable zero-flow state used in differential comparison.

Examining figure 4.6 we observe that at 5 slpm the HX system fails to provide

efficient heat exchange before becoming efficient at higher flows. This is presum-

ably caused by some condensation happening prior to HX2, likely in a long run

of UHMWPE tubing that coils around the top copper gamma shield. This coil of

tubing is present to allow the system flexibility during movements of the conduits,

such as during detector installation. This idea is supported by the fact that the

majority of the heat load from 5 slpm circulation appears on the top heater, result-

ing in the PID loop outputting lower power. At higher flowrates residual heat load

appears on the bottom heater, as designed. As previously described, the output

fluid from HX2 is routed through a channel in the FCS prior to entering the active

region. With the FCS being directly coupled to the bottom thermosyphon. We
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Figure 4.6: [Top]: Calculated HX system efficiency versus flow rate (black
points). Error bars include statistical error from fitting to component tempera-
ture slopes, PID heater step size, and mass-flow-controller flow-rate uncertainty,
not shown on the x-axis for clarity. Applying the outlined method without wait-
ing for stabilization of the heater powers resulted in an estimated lower efficiency
at a given flow rate (cyan) and is used only for comparison to the datum at 38
slpm, where full stabilization is not possible, due to pump output pressure lim-
itations. Hysteresis tests were performed at 10 slpm [red diamond] and found
to be of minimal effect. Purge flow effects were also tested at 22.75 slpm [red
dot] with 1.75 slpm flow via the purges to duplicate normal running conditions.
Purge flows do not use the HX system for evaporation and so result in a loss
of thermodynamic efficiency. [Bottom]: Top and bottom PID output powers
versus flow rate. At 5 slpm the top heater power observes more thermal load,
postulated to be the result of some condensation happening prior to HX2 due
to the low flow rate, explaining the lack of efficient heat-exchange at this flow.
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thus expect variation output power of the bottom heater, which is directly cou-

pled to the residual heat load from the fluid stream when the system is operating

normally.

As described previously, the detector makes use of a set of four low-flow purges

to mitigate outgassing contamination. We observe the effects of these purges in

the red data point at 22.75 slpm, as compared to the black data point at 21

slpm. Purges were set to 1.75 slpm (total), duplicating settings used for full

system running. Purge flows do not use HX1/HX2 for evaporation or outgoing

heat exchange, but do enter the main gas stream in the external piping before

returning through HX1 and the condenser side of HX2. A loss of efficiency is

expected as this configuration creates unbalanced flow between the sides of the

two heat-exchangers.

In addition to efficiency measurements, differential pressure measurements between

the HX2 evaporator/condenser and active region pressure are measured and are

shown in figure 4.7. Measurements have been converted to a liquid column height

in centimeters using ∆P = ρgh. All height measurements are displayed relative to

the liquid surface of the active region. For reference purposes the figure also labels

the length of the condenser below the active region liquid level and the length of

evaporator above the active region liquid level. As observed in [66] the inferred

condenser liquid level hovers around the output level of the condenser chamber,

presumably because the differential pressure measurement is sensitive to where

an effective liquid column surface would be, with condensation happening on the

condenser tube walls and dripping down before forming a surface.

Error bars account for uncertainties in the liquid xenon density, noise variance

in the differential pressure sensor, and any drift observed in sensor calibration

using in situ calibration. For the evaporator, uncertainty in calibration of the

weir level sensor, used to cross calibrate from the weir liquid surface to the active

region liquid surface, is also included. Above 20 slpm we observe the evaporator

column height approaching the top of HX2, but this offers an incomplete picture

as these measurements fail to describe the non-uniform evaporation region. It is

well known that evaporation processes in vertical tube heat exchangers do not

produce well constrained transition points but instead turbulently transition over
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Figure 4.7: Calculated effective column offsets (in cm) as measured from
the active region xenon liquid level for HX2 condenser (red) and evaporator
(black) versus flow rate in slpm. Also shown are effective physical size limits of
HX2 regions for condenser (dashed-red) and evaporator (dashed-black) relative
to the active region liquid level. Error bars account for uncertainties on liquid
density, noise in the differential pressure sensor, and any drift observed in sensor
calibration using in situ calibration. Evaporator liquid column uncertainties also
account for uncertainty on the calibration of the weir level sensor, used to cross
calibrate from the weir liquid surface height to active region liquid level. No
treatment of the evaporation liquid level to account for the expected turbulent
phase change region is done, possibly contributing an increased systematic error
to the evaporator differential height with increased flow.

some extended region from pure liquid to gas through a variety of possible flow

configurations observed experimentally: bubbly, slug, churn, annular, and mist-

flow [78]. As no treatment of the turbulent nature of the height measurement is

done, we defer to the measured HX efficiency, which effectively integrates over

these effects through the process of measurement.
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4.4.1 Purification of the Xenon Target

Purification of the LUX detector active region is monitored by measuring the

electron-lifetime during 83mKr injections as well as directly during WIMP search

data taking using high energy background gammas and alphas. Electron lifetime,

τ , is defined by:

S2(dT ) = S2(T = 0) · e−t/τ , (4.4.1)

where dT is the drift time of an observed event and S2(T=0) is the size of S2

events observed at the liquid surface, and τ is the electron lifetime. Measurement

is done using the relative fall off in the observed S2 size versus depth, figure 4.8, by

linear fitting to expectation values in binned regions of data, where the expectation

values come from gaussian fits within each bin.

The measured electron lifetime is used to re-normalize events below the liquid

surface as a multiplicative constant to increase the event area, adjusting for this

effect in the WIMP search data.

By measuring the field dependent electron drift velocity, found to be 1.51 ± 0.01

mm/µs, using measurements of the location of the cathode grid in drift-time space,

conversion to electron drift length is also possible, figure 4.9. WIMP search data

is corrected for electron lifetime calibration during the science run. Blue dashed

lines in figure 4.9 represent the start and end times of the first 85.3 live-day science

run of LUX.

LUX was purified from initial xenon condensation to an, as measured, electron

lifetime of τ = 575µs, suitable for the beginning of dark matter search data ac-

quisition, in a period of ∼2 months, as compared to Xenon100 achieving 154 µs

drift length after ∼ 4 months purification prior to their initial science run. We

also note the xenon mass used in Xenon100 of 161 kg, as compared to the 370 kg

used in LUX [46][79].
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Figure 4.8: [Top]: Example fit to determine electron lifetime in log(S2/S1) vs
drift-time (blue). Data (black) are background events, with the main population
being from high-energy gammas. A second population of alphas appears below
with smaller population density, and as a population between 0 and 40 us, from
the walls and gate/grid, respectively. Alphas are determined to be from 222Rn
and its progeny. Linear fit (green line) is done to expectation value in each
bin (green points) from underlying an gaussian fit to data in each bin of drift-
time; errors are the size of the points. Fitting is only done between 20 and 290
samples to avoid effects from the grids. The cathode grid is between 318-320
µs in this figure. Here we find τ = 464.7±11

10 µs. [Bottom]: Binned histograms
of log(S2/S1) (black) cut in time bins of 30 samples (300 ns), as used in the fit
above. Also shown are the gaussian fits in each time bin (red), which determine
the mean and error on the mean for the above green points.
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Figure 4.9: Measured electron lifetime, and drift-length versus date (black
points). Purification, and corresponding increase in measured electron lifetime,
is accomplished via circulation through a heated getter at 26.75 slpm, of which
25 slpm is active region turnover and 1.75 slpm is purge flows. Vertical blue
dashed lines represent the boundaries of the WIMP search data-taking, while
vertical red dashed lines represent circulation loss due to power outages in the
laboratory. Purity loss after circulation loss is expected as impurity concentra-
tions will rise during such times, under the assumption of a diffusive source such
as the plastics in the LUX detector, which contribute a continuous outgassing
profile. The drift-length calculation is based on measured mean electron drift
velocity of 1.51± 0.01 mm/µs. The LUX detector internal active region height
is 48 cm (cathode-to-gate).

4.4.2 LUX Run Stability and Performance

Success of the LUX heat exchanger system is also judged by its ability to maintain

cryogenic stability over time periods at the level of hundreds of days. To determine

the overall system stability we examine the detector pressure using a Setra 759

capacitance manometer, range 0-5000 Torr, with an accuracy of 0.1 Torr. Figure

4.10 shows the overall calibrated capacitance manometer measurement of detector

pressure for the duration of the first WIMP search, down-sampled to one minute

readout. Red lines depict 1% pressure variation outside which data is not used.
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Figure 4.10: Detector pressure versus time over the duration of the WIMP
search [black]. Readout is done using a calibrated capacitance manometer.
Horizontal lines [red] are 1% variation on the mean pressure as measured over
the course of the run. Sharp spikes observed in the data correspond to power
outages in the laboratory and resulting loss of circulation. The first LUX result
discarded periods of data with deviation in pressure > 1%.

Sharp spike features are circulation loss periods resulting from power outages,

during which the system is observed to leave its equilibrium state and data is

discarded.

Conversion from pressure to inferred temperature variation is done using the xenon

liquid-vapor equilibrium curve [77], figure 4.11. The HX system provided platform

stability of ∆T < 0.2 K throughout the WIMP search. Measurements of active

region liquid-level change were also performed, with variation on the mean S2 ex-

traction region liquid level maintained below 0.2 mm over the course of the WIMP

search, section (4.5). Lifetime lost to various detector related effects, including all

periods due to change in active region liquid level, detector pressure, or grid volt-

age account for 0.8% dead-time during the first WIMP search [47] as discussed in

section (4.6).
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Figure 4.11: Conversion from detector pressure to temperature using xenon
equilibrium curve [black]. Corollary to figure 4.10. Horizontal lines denote 1%
variation in detector pressure converted into Kelvin. Variation over the entire
run is < 0.2 K barring power outage spikes during which loss of circulation
cause the system to leave thermal equilibrium.

4.5 LUX Liquid Xenon Level from Single Elec-

tron Size and Residual Variations

We examine observed fluctuations in the mean single electron size 〈1eS2〉 in photo-

electrons over the course of the WIMP search to estimate the underlying variation

in the S2 region liquid level.

Figure (4.12) shows the as measured full-array mean single electron size over the

course of the WIMP search as used in the first WIMP limit. Systematic jumps

in the data were found to correlate with DAQ event rate, caused by a bias in

how events were selected. Here, all single electron pulses were used, resulting in

a bias towards larger single electron sizes, events of which display greater trigger

efficiency. This bias is more pronounced during WIMP search data taking as the

lack of frequent additional triggers lead to a skewed sampling of the underlying

population. This bias is mitigated during high event rate datasets, such as 83mKr
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Figure 4.12: Mean single electron size in photoelectrons,〈1eS2〉, across both
arrays as determined in situ by gaussian fitting population in every recorded
dataset over the 85.3 live-day WIMP search. Variation observed is found to
correlate with DAQ event rate, due to a bias introduced through the use of all
single electrons, biasing towards large single electrons that were more likely to
trigger the DAQ during sparse data such as AmBe [green] and WIMP search
[black] data as compared to high event rate data such as 83mKr [red].

injection datasets, as the additional triggers due to the source event-rate result in

a better sampling of the true underlying single electron distribution.

Computing the Pearson product-moment correlation coefficient shows clear corre-

lation between the DAQ rate and DAQ temperature, as higher event rates directly

raised the temperature as measured in the DAQ rack,as well as correlation with

physical liquid levels and temperatures, figure (4.13).

To correct for this bias, a reanalysis in which only single electrons that were

between already triggering S1 and S2 pulses is done, figure (4.14).
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Figure 4.13: Circos diagram of the absolute value of the Pierson Corre-
lation Coefficient (x1000) as measured between mean single electron size in
photoelectrons,〈1eS2〉, and detector parameters. Plot is read by comparing
fractional arc-length on the left arc labeled (1eS2 size) to the various connected
right-side arcs, which are grouped by subsystem type. L liquid levels [L-], detec-
tor pressures [P-], detector temperatures [X- for xenon volume, V- for vacuum
jacket.], and DAQ event rate and temperature. Correlation found between DAQ
rate and temperatures are due to the described bias in event selection criteria.
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Figure 4.14: Mean single electron size as a function of time estimated from
data taken during the WIMP search. Data presented here were processed using
only single electron pulses occurring between a valid S1 and S2 pulse, elimi-
nating trigger bias. Selection criteria require at least 100 electron pulses to be
calculated.

Taking the the observed variation in the mean single electron S2 size as a function

of time during the run, figure (4.14), we conservatively attribute all observed

variation to potential changes in the liquid level, setting a maximum size of 24.5

phe and minimum size of 21.5 phe. We compute the resulting variation in the S2

region liquid level, following the empirical formula [80]:

Nγ,scintillation = αNe(E/p− 1)pd. (4.5.1)

Equation (4.5.1) gives the expected the number of scintillation photons produced,

Nγ,scintillation, in an S2 event relative to p, the gas pressure [in bar], E, the ex-

traction field in the gas [in kV cm−1], d, the distance traveled by the extracted

electrons [in cm], α ∼ 70 the amplification factor, and Ne the number of electrons
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extracted from liquid to gas phase, here taken to be one. From equation (4.5.1),

and taking E = 6.6 kV/cm [81] and pressure of P = 1.58 bar, from figure (4.10)

we compute our sample as having ∆d < 0.01 mm liquid level variation.

4.6 Detector stability Cuts for the first WIMP

search

Despite achieving broad level system stability using the heat exchanger system

discussed above, some quality cutting of data is necessary during the first WIMP

search. Quality cuts are required due to laboratory wide power outages and re-

sulting system restart. This section details the algorithm for these quality cuts, a

subsection of which are used for the first WIMP search result.

To flag periods of detector instability, variation from mean run values are mea-

sured for the liquid level in the S2 extraction region, monitored grid bias voltages

and currents, outer vacuum vessel pressure, purge and circulation flow rates, and

detector pressure. We apply a rolling box filter algorithm to each sensor to identify

periods where the sensor is out-of-bounds with respect to pre-selected allowable

ranges of variation, chosen so variation for the sensor is contained at the less than

2% level or so the bounds contained two step sizes of the read-out unit. The

rolling-box filter merges all out-of-bounds periods that occur in a 5 minute sliding

window that resets upon each out-of-bound entry. This algorithm merges periods

of frequent sensor fluctuations into unified time windows where data could contain

anomalous detector-related effects. For example, if sensor 1 went out of bounds

four times in a fifteen minute window, at times 0, 2, 7 and 15 mins the algorithm

would find two outages, the first from 0-7 minutes, and another at 15 minutes.

Once all outage periods have been identified, the algorithm then re-orders outages

based on outage type as described in table 4.2.

Outages are then checked to determine if an outage is characterized as a “zero-

length” event. Zero-length outages are defined as a sensor going out of bounds

for a single read-out period. As these outages have effective length of zero, we

assign to them length based on the sensor’s average update period in a 10 minute
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Outage type Related Sensors
S2 level LS06, LS07, LS08
Grids Top Voltage, Anode Voltage, Gate Voltage, Cath-

ode Voltage, Cathode Current, Bottom Voltage
Outer Vacuum (OV) PT-D6

Purge MFC3, MFC4, MFC5, MFC6
Circulation MFC1, MFC2

Pressure PT-D3

Table 4.2: Table of Sensors by Subsystem as Used for the Data-Quality Cuts

window surrounding the zero-length outage, extending the zero-length outage by

one update period before and after the read-out point. This approach ensures

that any periods of possible instability are flagged, and is especially important

for slowly updating sensors, which may only refresh every two to three minutes.

Though these outages are generally electronics noise, each is flagged as a possible

real system failure for further analysis. As a final step, circulation outages are

adjusted as follows. Normally, a sensor outage is considered over as soon as the

affected sensor comes back into its pre-defined bounded region, however for sensor

outages related to circulation we apply a more conservative constraint, extending

the found period until the next 83mKr dataset is taken, to ensure that any effects

on electron lifetime are correctly measured.

Results of these quality cuts were written to the collaboration database and stored

by outage type, including a flag for all zero-length outages of a specific type,

allowing for the direct application of pertinent combinations of various cuts to

individual data-analyses as appropriate. Figure 4.15 indicates the cumulative effect

of the algorithm described, broken down by major subsystem category. We observe

that while the outer vacuum flag is the most common outage, the vast majority of

its outages are of the class previously described as zero-length, and are the result

of electronics noise. For the first WIMP result the full set of detector quality cuts

used is given in section (4.7).
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Figure 4.15: Detector stability results over the duration of Run3 divided
by subsystem. Colored periods are periods where at least one sensor in the
associated subsystem is outside of pre-defined limits. Rounded circles are zero-
length outages, set to have a duration of 2 update periods centered on the out-
of-bounds time, while squared edges are the result of non-zero length outages.

4.7 WIMP Search Detector Stability Cuts

For the WIMP search, cuts on purge-flow were found to be redundant with mon-

itoring of electron-lifetime and no periods of outer-vacuum pressure outages were

observed to cause significant thermal effects resulting in a > 1% ∆P/P rise in the

detector pressure, which is directly monitored. Circulation cuts were found to be

entirely redundant with cuts to detector pressure except for a single outage in late

July, where, due to a failure to reset the 83mKr source injection MFC resulted in a

failed injection, with no rectifying action taken for several days. Handling of this

circulation outage is discussed in the following section.

The full set of detector stability quality cuts used in the first WIMP search are:
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• Any variation on the capacitively measured S2 region liquid level outside

accepted bounds of 1 % variation on the measured mean liquid level over

the course of the run.

• Any variation on grid voltages or currents outside accepted bounds of two

digital step-sizes of the monitoring unit.

• Any variation on detector pressure outside accepted bounds of 1 % variation

on the measured mean detector pressure over the course of the run.

Overall the detector provided a very stable platform upon which to conduct the

WIMP search, with only 0.8% data live-time loss due to all detector stability

quality cuts [47].

4.7.1 Circulation loss July 31st, 2013

This section describes attempts to correct for the loss of circulation beginning July

31st, 2013 at 10:34:30 MST following a power outage in the laboratory, which

resulted in xenon circulation loss. The circulation loss lasted two hours and 51

seconds, ending at 12:35:21. After the circulation loss, the on-site crew attempted

to perform a 83mKr injection, as is standard procedure, but failed to observe any
83mKr events inside the LUX active region. This was later diagnosed by off-site

experts as being due to the 83mKr injection system mass-flow controller not being

reset properly following the power outage. A 83mKr injection was successfully

performed on August 7th, 2013 at 14:02:58 MST. As described in the previous

section, this would normally result in a data-quality cut over the corresponding

period of approximately 8 days, which would have corresponded to ∼ 7− 9% loss

of live-time during the first WIMP search.

The basic criteria for the data-quality cut on circulation, as described in section

(4.6), is that following circulation loss, the detector may experience a decrease in

electron lifetime resulting from the outgassing of electro-negative impurities from

various components. As this outage was not discovered until the end of the WIMP

search period, recovery of this data period is done by reconstructing the e-lifetime
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Figure 4.16: Electron lifetime as measured by three different methods. Red
points are from direct 83mKr e-lifetime measurement as shown previously in fig-
ure (4.9). Blue points are from a maximum likelihood reconstruction of lifetime
through the application of a gaussian constraint on the depth-corrected alpha
populations resulting from radon progeny. Blue points are the application of
an attenuated gaussian constraint to the same radon progeny alpha populations
used in Blue but uncorrected for depth. Difference between data in black and
blue gives estimation of the systematic error in these estimates. As there is some
systematic offset between the direct measurement data from 83mKr and the like-
lihood approaches, estimation is done of overall possible effects of e-lifetime loss
on the WIMP search following the July 31st outage. Figure reproduced from
[82].

using alpha data via a maximum likelihood technique, figure (4.16) [82], resulting

in its inclusion in the first WIMP search result as presented in chapter 7.

As the three estimators of electron lifetime show some systematic offset over the

WIMP search we conservatively estimated the possible bias introduced by using

the incorrect electron lifetime, figure (4.17). Though we know that any loss of

circulation can only decrease the electron lifetime, we model effects from possible

electron lifetimes between 500 µs and 900 µs, estimating the difference in log(S2),

to mirror the choice of log(S2/S1) used in the WIMP search. Here the magnitude

of the effect is measured between S2 event area if corrected with a flat selected
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Figure 4.17: Examination of the overall shift in log10(S2), as used in the LUX
for nuclear and electron recoils, chapter 7, resulting from application of possibly
incorrect electron lifetime. Estimator is made by comparing the difference in
corrected S2 event area if corrected with a flat selected electron lifetime, rep-
resenting possible conservative estimate for effects of circulation loss and the
electron lifetime as used in the WIMP search analysis, a linear interpolation
between the closest 83mKr datasets. Black - 500 µs electron lifetime, Red - 600
µs electron lifetime, Blue - 700 µs electron lifetime, Purple - 800 µs electron
lifetime, and Orange - 900 µs electron lifetime. Positive values of δ indicate
shifts in which the S2 event area would be smaller than estimated from the
WIMP search data. Shifts in event size are presented both for events from the
bottom of the detector [squares], where the effect is greatest, and from middle
of detector active region [dots].

value for the electron lifetime over the period of circulation loss as compared to the

electron lifetime as used in the WIMP search data processing, a linear interpolation

between the closest 83mKr datasets.

Using possibly incorrect higher lifetime results in a shift in log(S2) to smaller values

for events below the liquid surface. This shift is because the XYZ correction,

which normalizes S2 event areas to match those from the surface, would have

underestimated the amount of increase to give these events, equation (4.4.1). The

net effect is that events during this period would be shifted towards the nuclear

recoil band, weakening possible limit results.
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From this analysis we find the inclusion of this data is conservative. First, our esti-

mates of the electron lifetime from an examination of alpha backgrounds shows no

significant decrease in measured electron lifetime across this time period. Second,

modeling possible effects due to reduction of electron lifetime up to 500 µs show

only small possible effects on event location with respect to the WIMP search

discussed in chapter 7. Finally, bias in S2 size resulting from incorrect application

of electron lifetime over this period shift events towards the nuclear recoil band.

Thus, any possible bias would result in a weaker limit curve being produced by

the final profile likelihood fit. With these conservative estimates, data following

the July circulation outage are included in the first WIMP search result discussed

in chapter (7).

4.8 Summary

Having examined the LUX heat exchanger system and the rapid purification and

stable detector platform provided by its successful implementation, we now turn

to detector energy calibration in the next chapter. Once we have developed an

understanding of the methods of calibration we finally turn to event site physics

before applying them to the LUX experiment’s first WIMP search analysis in

Chapter 7.



Chapter 5

LUX Energy Reconstruction

Having now described the detector systems and detector performance leading to

the first WIMP search, in chapters 3 and 4, we diverge slightly to examine energy

reconstruction for events in the LUX detector. This is of obvious importance in

a WIMP search as the ability to accurately reconstruct energy directly maps to

a quantitative understanding of WIMP sensitivity, as it determines how sensitive

the experiment is to the fall off in the spectrum WIMP events with respect to

energy, given experimental thresholds.

We begin by reviewing the formulation of the framework of “combined energy,” a

physical energy scale based on the observation of both the primary scintillation, S1,

and secondary scintillation, S2, signals. Here we will follow the work of [65],[83],

and [84]. After reviewing the framework we examine the determination of the

“unified-gain” parameters, mappings from observed S1 and S2 signals to numbers

of quanta, electrons and photons, at the event site. Here we compare several

methods eventually settling on a “data-centric” model to treat systematic errors.

With an energy calibration in hand we move to the deconvolution of event-level

fluctuations into three constituent pieces in chapter 6, which addresses intrinsic

discrimination power of this class of detectors. Finally in chapter 7 we will return

to the first WIMP search result.

84
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5.1 The Combined Energy Framework

The idea of an accurate reconstruction of event energy is of importance to a WIMP

search. We expect the WIMP signal to deposit only small amounts of energy, and

to have an exponentially falling differential rate with respect to energy. To deter-

mine the detector WIMP sensitivity LUX makes use of comparison to simulated

signal for halo models with WIMPs of different mass. These models tell us the

WIMP signal as function of energy, and our energy reconstruction then provides

the mapping that tells us our intrinsic sensitivity to these signals. Combined

energy seeks to break down the relationship between energy deposited, in some

highly localized track of ionization and excitation, and the number of quanta pro-

duced at that event site. Here we will review the fundamentals before moving on

to calibrations in the LUX detector.

5.1.1 Microphysical model for Interactions in Liquid Xenon

Interactions in liquid xenon produce tracks of excited xenon atoms (excitons),

ionized xenon atoms (ions), and “soft” elastic recoils with xenon atoms (which

eventually thermalize as heat). Interactions can be characterized by their type,

either an electron recoil, in which the incoming radiation interacts with the electron

cloud of the xenon atom, or a nuclear recoil in which the radiation interacts with

the nucleus of the xenon atom. For electron recoils, ∼90-95% of the energy is

distributed in the ionization channel and only a very small amount of energy is

lost to heat. For nuclear recoils, significantly more energy is produced in the heat

channel and an almost even split between ion and exciton production is observed

[59]. Excitons can be produced both directly at the interaction site or when a

freed electron from the event track recombines with a freed ion through a process

called recombination. Excitons decay via the formation of an excited xenon dimer,

Xe∗2, which emits a 178 nm (VUV) photon as it decays back to two ground state

xenon atoms, figure (2.3). The total number of produced VUV photons from the

event site is then:

Nph = a ·Nex + b · r ·Ni, (5.1.1)
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where Nph is the number of produced scintillation photons, Nex is the number of

produced excitons in the track not produced by recombination, r is the recom-

bination fraction, the fraction of ions that recombine, and Ni is the number of

ions produced in the track. Here, the efficiencies for recombined ions and direct

excitons to produce scintillation photons are b and a respectively, with the ex-

pectation that a ≈ b ≈ 1 [65]. Under an applied electric field, electrons that do

not recombine can be extracted from the event site with the amount of extracted

charge being:

Nq = (1− r)Ni. (5.1.2)

5.1.2 Electronic Recoils

We define a new parameter, Wph, as an energy calibration factor in an event with

full recombination, Nq = 0.

E

Wph

= a ·Nex + b ·Ni (5.1.3)

where for future convenience we will rename our parameters W=Wph·b, ne = Nq,

and nγ = Nph/b resulting in three new equations:

E = (ne + nγ) ·W, (5.1.4)

ne = (1− r) ·Ni, (5.1.5)

and

nγ =

(
a ·Nex

b ·Ni

+ r

)
·Ni. (5.1.6)
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Here, the fundamental property of our model is that energy reconstructed by equa-

tion (5.1.4) is insensitive to the number of electrons that undergo recombination,

as recombination provides a one-to-one mapping of ne to nγ while our energy is

only dependent on the sum in the two channels. With a value of W, 13.7 ± 0.3

eV, from the average over all available data [65], [83], we have then defined our

complete model for electron recoils. We note that nγ is not the true number of

recombining electrons, but rather an effective number of recombining electrons

that would have been required to produce an equivalent signal in the absence of

direct exciton production. Here we treat aNex
bNi

as a constant under the expectation

that the ratio of direct excitation to ionization is energy independent [59].

5.1.3 Nuclear Recoils

While for electron recoils, energy is lost almost exclusively through ionization, for

nuclear recoils a much more significant fraction of energy is deposited via elastic

collisions with nuclei, the heat term described in section (5.1.1). This relative loss

of observable energy, as compared to an electron recoil of equivalent initial energy,

is parameterized via an energy dependent scaling, the Lindhard Factor, L(E) [50].

The material dependent parameter L(E) estimates the amount of energy from a

nuclear recoil available for signal production, energy that produces ionization or

excitation in xenon. We take the standard approximation for the Lindhard factor:

L =
kg(ε)

1 + kg(ε)
, (5.1.7)

following [41], with

k = 0.133 · Z2/3 · A−1/2, (5.1.8)

g(ε) = 3ε0.15 + 0.7ε0.6 + ε, and (5.1.9)
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ε = 11.5(Enr/keV ) · Z−7/3. (5.1.10)

We define Enr as the energy of the nuclear recoil, A as the atomic mass of xenon,

and Z as the atomic number. Due to this energy loss to the heat channel, relative

to electron recoils, we modify our combined energy relation to

Enr = L−1 · (ne + nγ) ·W. (5.1.11)

Further, since for real events we will be uncertain of the true recoil type, we are

required to keep track of two energies. For events known to be electron recoils, e.g.

gamma calibration data, we work in units of kilo electron-volts electron-equivalent

(keVee). For events we know are nuclear recoils, e.g. neutron calibration data,

we work in reconstructed energy in kilo electron-volts nuclear recoils equivalent

(keVnr). As the results discussed below are for calibration with respect to electron

recoils, betas and gammas, we will work in keVee in this chapter. When nuclear

recoil energies are needed, such as in chapter 7 when discussing observed events of

unknown origin, we will use the NEST library to calculate the Lindhard factor from

historical measurements [83], [85] and label contours in both keVee and keVnr.

5.2 Calibrating Energy reconstruction in the LUX

Experiment

Equation (5.1.4) provides a treatment for constructing an energy-scale insensitive

to recombination effects, given the fundamental energy per quanta, W and the

number of quanta in the ionization and scintillation channels. We must still ex-

amine how to reconstruct ne and nγ from actual raw data, which we accomplish

by defining the overall, position-independent, measurement gains g1 and g2 where:

S1 = g1 · nγ, and (5.2.1)



Chapter 5. Energy Reconstruction in the LUX Detector 89

S2 = g2 · ne. (5.2.2)

Here we work with S1 and S2 signals after x,y,z position-correction. We note that

for all measurements described here, and in chapters 6 and 7, only the bottom

PMT array is used to reconstruct the S2 signal due to a pair of shorted PMTs in

the top array. As the S2 light is well localized in the top array, the effect of events

occurring below these PMTs could systematically affect reconstruction using the

full array. Therefore, all results for g2 values are relative to signal observed only

in the bottom array, to provide the calibration factor most useful during the first

WIMP search.

Combining equations (5.2.1) and (5.2.2), with equation (5.1.4) we rewrite the

combined energy equation for electronic recoils as

E =

(
S1

g1

+
S2

g2

)
·W, (5.2.3)

and for nuclear recoils as

E =
1

L(E)
·
(
S1

g1

+
S2

g2

)
·W. (5.2.4)

As W and the Lindhard factor are expected to be intrinsic properties of xenon, we

reduce the problem to one of calibrating our detector through the determination of

g1 and g2. Given fundamental fluctuations at the event level described in section

(6.1) we can only find estimators for the true gains, and will take the means

extracted from a population of mono-energetic features, 〈g1〉 and 〈g2〉, as there

estimators, presenting and comparing three different methods for estimating these

quantities.

5.2.1 Energy Resolution Based Determination of g1 and g2

As a first method for constructing estimators of the unified gains we create a

method of tuning g1 and g2 for the best energy resolution possible in some range
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of energy given constant values of g1 and g2. We begin with this treatment both

to illuminate why the physical energy may not be the model with the best en-

ergy resolution and because this “best resolution” model is of use for identifying

subpopulations in the data for the next two methods presented. Therefore, this

method is biased and does not construct the physical g1 and g2 unless measurement

fluctuations in the two signal channels, S1 and S2, are equal and subdominant to

recombination fluctuations, as described in chapter 6. As we know these underly-

ing fluctuations change as a function of energy we should expect this method to

only provide improved energy resolution in some range of energies and tune our

reconstruction to the energy populations from activated xenon.

To understand why the physically based energy reconstruction may not provide

the best energy resolution, we present the argument first geometrically, and then

algebraically. For the geometric argument we think of a population of events from

a monoenergetic source in the space of log(ne/nγ) versus our calculated combined

energy, where we have chosen log(ne/nγ) as it represents the LUX discrimination

parameter up to a constant. Our events form some ellipsoid feature in this space,

the shape of which is determined by the fundamental fluctuations in S1 signal,

S2 signal, and recombination. If we vary our chosen values of g1 and g2 we effec-

tively rotate the population. Optimal resolution is achieved when the populations

semi-major axis is perpendicular to the energy axis, for which the population will

have the best fractional resolution in energy, a one-dimensional projection of the

population onto the energy axis. Our choice of g1 and g2 determines the angle of

the event population with respect to vertical in this space, and we seek values for

g1 and g2 that minimize this angle. If, as expected, our S1 and S2 signals have

different levels of uncorrelated noise from detector effects such as PMT response

variation or ripples in the liquid surface, this choice of g1 and g2 will de-weight the

statistically noisier channel, improving resolution but failing to find the physical

values of g1 and g2.

Algebraically, we follow the work of [86], and consider a population of monoen-

ergetic events with perfectly anti-correlated numbers of quanta leaving the event

site, arising from recombination effects, with some additional uncorrelated noise

terms on the S1 and S2 signals related to the measurement process. We seek the
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factor k, such that E = S1 + kS2 has the minimal fractional resolution, where we

write the square of this fractional resolution as:

(
σE
〈E〉

)2

=
Var (S1) + k2 Var (S2) + 2k Cov (S1, S2)

〈S1 + kS2〉2
. (5.2.5)

We have constructed our model such that

Si=1,2 ∼ gini + ui, (5.2.6)

where these ui are the uncorrelated measurement noises for S1 and S2 signals re-

spectively. To introduce recombination fluctuations we construct our distribution

of primary quanta, ni=1,2, as some mean value, νi, related to the energy of the

source, plus some anti-correlated distribution of fluctuations f ,

ni=1,2 ∼ νi + f. (5.2.7)

To find the minima in equation (5.2.5) we take its derivative and set it equal to

zero,

(2kσ2
2 + 2c) (µ1 + kµ2)2 − 2µ2 (σ2

1 + k2σ2
2 + 2kc) (µ1 + kµ2)

(µ1 + kµ2)4 = 0, (5.2.8)

where c ≡ Cov(S1, S2), σ2
i ≡ V ar(Si), and µi ≡ giνi. We then find the optimal

value of k to be

kopt =
σ2

1µ2 − cµ1

σ2
2µ1 − cµ2

. (5.2.9)

Assuming our uncorrelated fluctuations depend on the number of produced quanta

in each channel, as we shall observe in chapter 6, we find

σ2
i = g2

i σ
2
n + V ar (ui|ni) , (5.2.10)
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where σn = Var(f). In the limit that no measurement fluctuations are present,

ui = 0, combining equations (5.2.9) and (5.2.10) we recover the optimal k as

k =
g1 (g1µ2 + g2µ1)

g2 (g2µ1 + g1µ2)
=
g1

g2

. (5.2.11)

Or stated equivalently, if there were not measurement fluctuations, or they were

much smaller than recombination fluctuations, we would expect to find optimal

resolution corresponding to the physical values of g1 and g2. However, in the

presence of non-negligible uncorrelated fluctuations, such as we observe in chapter

6, this reconstruction fails to produce the best unbiased estimators of g1 and g2.

Constructing g1 and g2 in this manner is then mainly of service to provide the best

resolution reconstruction in some range of energies, extremely useful for identifying

event populations in sections (5.2.2) and (5.2.3).

To calculate these optimal resolution values, we use events produced from the de-

cay of cosmogenically activated xenon, short-lived radioactive isotopes of xenon,

observable in LUX as a result of activation of the xenon target from surface expo-

sure to neutrons.

Here we identify energy peaks from 129mXe, 131mXe, and 127Xe and raster over

possible values of g1 and g2. For each pair of possible values we estimate the angle

of the ellipsoidal distributions with respect to a line of constant energy in the

space of log(ne/nγ) versus event energy. Summing the angles for the features at

163.9 keV and 236.8 keV, from 131mXe and the combination of 129mXe and 127Xe,

respectively. Having done this we create a smoothed, interpolated mesh of this

sum between the features at 163.9 keV and 236.8 keV and find the minima, figure

(5.1).

Unfortunately, the angular offset displays some degeneracy along a line of roughly

constant ratio of g1 to g2, as would be naively expected given the proceeding

algebraic argument. To break this degeneracy we convolve this measure with an

estimate of how accurately a given choice of g1 and g2 results in the means of

our populations being at their true, known energy values, figure (5.2). We have
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Figure 5.1: Measure of the cumulative angular offset (in radians) between a
line of constant energy and the semi-major axis of populations of events from
129mXe, 131mXe, and 127Xe. Best Energy resolution occurs where this measure
is minimum.

normalized both the measured angular offset and the measured offset from known

energy by their observed maximums in this space.

From this combined estimator we estimate the best g1 and g2 values for maximizing

our fractional resolution,

g1 = 0.14 g2 = 7.2. (5.2.12)

We refer to the energies produced by this choice of g1 and g2 as primed energies

(E’) to note they are different from physical energy discussed in the next section.

Here no estimate of the error bars on these values of g1 and g2 are calculated

as they are only used to make cuts to identify event populations for methods

discussed below and not for any actual energy reconstruction in LUX.
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Figure 5.2: Normalized measure of the convolution of the cumulative angular
offset between a line at a single energy value and the semi-major axis of popu-
lations of events, figure (5.1), and the normalized accuracy of the reconstructed
mean energy of the event populations relative to their known, true energies.
Best energy resolution occurs where this measure is minimum.

Using these values of g1 and g2 we make final versions of the underlying space

diagram from fiducialized background events, (E ′ > 7keV ee), in the WIMP search

data, figure (5.3). Having done this we clearly separate the populations of events

from 131mXe at 163.9 keV and from the combination of lines at 236.8 keVee from
127Xe and 129mXe, as well as identifying additional lines at 208.3 and 408 keV from
127Xe.

Here the feature at 408 keV is the result of a 375 keV decay of the 127I daughter

of 127Xe followed by a cascade of X-rays or Auger electrons. The initial capture

electron that results in the production of the 127I daughter comes from the K shell

with 85% probability, resulting in 33 keV average additional observed energy from

the Ka and Kb shell in combination, or the L shell with a 12% probability of a

cascade of 5.2 keV averaged additional observed energy[87]. Note that the 208.3



Chapter 5. Energy Reconstruction in the LUX Detector 95

Figure 5.3: Density plot (log color scale) of event populations observed in
the 85.3 live day data from 83mKr, 127Xe, 129Xe, and 131Xe reconstructed with
g1=.142 and g2 = 7.22 (bottom array only). Clear separation between pop-
ulations of mean energy 163.9 keV, 208.3 keV, 236.8 keV, and 408 keV are
resolved.

keV line is the result of a 203 keV decay followed by a 5.2 keV L shell cascade or

higher shell cascades with E ≤ 1.2 keV. The corresponding decay followed by a

K shell cascade is absorbed into the population of events at 236.8 keV, which is

analyzed separately.

5.2.2 Simulation Based Determination of g1 and g2

The simplest approach to solving our problem of finding physical g1 and g2 for the

LUX detector is to take a simulation package based on historical measurements

in previous detectors to estimate the mean predicted number of photons and elec-

trons, as a function of event energy. Comparison between these predictions and

the measured S1 and S2 spectra resulting from a series of known mono-energetic
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lines in the detector allow us to directly estimate g1 and g2 using equations (5.2.1)

and (5.2.2).

Such a simulation package was developed for LUX, called LUXSim, based upon

GEANT4 and a series of published fundamental measurements of xenon response,

the Noble Element Simulation Technique (NEST) library [88], [83], [85]. Using

NEST, which gives predicted mean number of quanta produced at specific fields

and energies, we compare the predicted number of quanta as a function of energy

to the observed mean S1 and S2 signals generated, extracting g1 and g2 for each

source before computing a mean expected value across all sources.

Source Energy [keV] Decay Type Fiducialization
83mKr 41.5 [32.1 and 9.5] Internal Conversion r < 15 cm
131mXe 163.9 Internal Conversion r < 15 cm
127Xe 203 or 375 127I daughter γ-emission r < 15 cm

33.8 Kb shell X-ray
5.3 L shell X-ray
≤ 1.2 Higher shell X-ray

129mXe 236.1 Internal Conversion r < 15 cm
137Cs 661.6 Photo-absorption peak of r < 20 cm

137mBa Internal Conversion
from 137Cs beta decay

Table 5.1: Table of sources, energies, decay types, and fiducialization used
for the LUX experiment energy calibration. Variation in the fiducial cut used
were required for external sources to preserve event populations with enough
statistics for analysis. Data from [87] and [89].

Sources used are summarized in table (5.1). For each source, we use the resolution-

weighted energy reconstruction discussed in section (5.2.1) to identify events from

that sub-population within the data. We then perform a series of cuts for data

cleanliness, requiring single scatter events for all sources. For uniform sources,

events must also be reconstructed within a fiducial volume around the center of

the detector, radius < 15 cm, and between 10 and 35 cm in depth, as we wish to

examine the fiducial response. As the 137Cs is an external source we use identical

single-scatter and z-cuts but impose much weaker radial cuts, radius < 20 cm, to

combat the self-shielding of the xenon and keep enough events in the population

to make statistically significant measurements. From this sub-sample of events,

we find the mean and standard deviation of the population numerically in S1 and
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S2. We fit a normal distribution to the histogram of the S1 and S2 spectra, fitting

only events that fall within two standard deviations of the computed mean, figures

(5.4) and (5.5), respectively.

Having obtained a new mean and standard deviation for the population from

the fitted gaussians, which mitigate outlier events that pass the previously listed,

we then compare to the mean number of quanta for an event of the energy of

interest using an interpolated NEST estimate of the number of produced quanta

at the event site. Interpolation over the NEST library data is done using a two-

dimensional cubic-spline across field and energy, to account for the LUX drift field

(181 V/cm) and the energy of each source. Taking the ratio of the measured raw

S1 and S2 signals in photoelectrons to these predictions we form estimators of g1

and g2 value at each energy, figure (5.6). Here the error bars include the statistical

error on finding the mean S1 and S2 size in photoelectrons as well as the published

4% systematic error on the NEST estimates. No treatment of systematics that

may result from interpolation to a field of 181 V/cm or to energies of the sources

is done. Estimation of these systematics is challenging as no further data has

been published near the LUX field. To avoid these systematics we instead seek a

non-simulation backed method in section (5.2.3) to estimate the unified gains.

From this analysis we extract mean, energy-independent estimators of g1 and g2

of:

g1 = 0.147± 0.003 g2 = 6.2± 0.1. (5.2.13)

We compute the mean as a weighted average with weights, wi =
√

1/σ2
i , finding

these values in good agreement with the g1 from our resolution weighted energy

reconstruction parameters, section (5.2.1) but find the estimator of the true g2 to

differ from what gives best resolution.

However, these simulation backed values are subject to several systematics. First,

they rely heavily on the accuracy of interpolation over the historical data, mainly

from [65], and so inherit any systematics inherent to that data. Of specific concern

is the accuracy of the applied field under which the data were taken, especially at

low fields, such as the LUX operational field, where fringe fields in the experimental
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(a) (b)

(c) (d)

(e)

Figure 5.4: Gaussian Fits to histograms of S1 size [in photoelectrons] for
events from [a] 41.5 keV 83mKr decay, [b] 163.9 keV 131mXe, [c] 208.3 keV 127Xe
(with L-shell X-ray cascade), [d] 236.8 keV from combination of 129mXe and
127Xe (with k-shell X-ray cascade), [e] 661.6 keV photo-abosorption peak from
137Cs. Gaussian fits are done to data passing the cuts outlined in the text and
within two numerically computed standard deviations of the computed mean
for each population.
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(a) (b)

(c) (d)

(e)

Figure 5.5: Gaussian Fits to histograms of S2 size [in photoelectrons] for
events from [a] 41.5 keV 83mKr decay, [b] 163.9 keV 131mXe, [c] 208.3 keV 127Xe
(with L-shell X-ray cascade), [d] 236.8 keV from combination of 129mXe and
127Xe (with k-shell X-ray cascade), [r] 661.6 keV photo-abosorption peak from
137Cs. Gaussian fits are done to data passing the cuts outlined in the text and
within two numerically computed standard deviations of the computed mean
for each population.
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Figure 5.6: Estimates of g1[cyan] and g2[red] from comparison of 83mKr, 127Xe,
129Xe, and 131Xe to an interpolation across historical data [83]. Error bars in-
clude statistical errors as well as reported 4% systematic error on NEST pre-
dictions but do not include systematics related to field or energy interpolation,
which are instead treated by moving to a non-simulation backed estimation in
section (5.2.3).

setup’s extraction field may have had a large effect. Further, questions arising in

section (7.8) related to the calibration of the single photo-electron size for VUV

photons as compared to LED calibration present challenges that require retuning

the NEST parameters. To partially mitigate these two systematics we now attempt

to extract g1 and g2 from the raw data without simulation comparison.

5.2.3 Data Based Determination of g1 and g2

Having considered the previous two methods of estimating g1 and g2 from the LUX

data, we present a third method, based on historical treatments but applied in a

new way. This method will alleviate some of the systematics expected from the
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simulation based method, by avoiding interpolating drift field regions where xenon

response has never been measured. To do this we use the combined energy relation,

equation (5.2.3), along with our global estimator of the xenon work function, W

= 13.7±0.3 eV, which should be robust against systematics due to its independent

verification from multiple experiments [83], to extract values for g1 and g2 based

on the combined energy equation, (5.1.4).

While historically, a similar method has been performed using a single mono-

energetic source and varying the applied field to vary the scintillation and ion-

ization response of the xenon media [84], [65], here we use the data from the

mono-energetic sources of table (5.1) but at constant field. Using multiple sources

at different energies, we probe different mean recombination fractions and thus

different scintillation and ionization yields in the xenon media, substituting varia-

tion in applied field for variation in event energy. Using the non-linear response of

the xenon versus energy allows us to extract g1 and g2 from the x and y intercepts

of our data in the space of S1/E vs. S2/E, as these intercepts directly relate to

g2/W and g1/W . This can bee seen most clearly from equation, (5.1.4), which we

use to derive two new equations:

S2/E =
ne

(ne + nγ)
· g2

W
and (5.2.14)

S1/E =
nγ

(ne + nγ)
· g1

W
, (5.2.15)

where ne
(ne+nγ)

is the ionization yield of the xenon and nγ
(ne+nγ)

is the scintillation

yield. The y-intercept of a line in the space of S1/E vs S2/E corresponds to ne =

0 → S2/E = g2/W , and correspondingly the x-intercept of our line corresponds

to nγ = 0 → S1/E = g1/W .

Having outlined our method, we now perform identical fitting as described in

section (5.2.2) with all cuts held constant so that all event populations are identical.

Plotting our mean S1 and S2 signals divided by the known energy of each feature,

as shown in table (5.1), we first fit the data using orthogonal distance regression

(odr). As there will be strong covariance among the slope and intercepts we
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Figure 5.7: Ratio of mean S2 signal divided by true source energy [keV] versus
S1 signal divided by true source energy [keV] for 83mKr, 127Xe, 129Xe, 131Xe,
and 137Cs colored by reconstructed energy of the source in keVee. Errorbars
are the size of the points. Best fit line from orthogonal distance regression is
plotted [dashed-red] corresponding to g1 = 0.125± 0.003 and g2 = 8.7± 0.2.

then perform a Markov-Chain Monte-Carlo (MCMC) taking the odr estimators

as initial seeds to the MCMC. Here the MCMC used an affine invariant walkers

algorithm [90] with 100 walkers distributed in a small 2-D Gaussian ball around

the initial solution parameters, figure (5.7). From this fit we then find best fit

values of g1 and g2 to be:

g1 = 0.125± 0.003 g2 = 8.7± 0.2. (5.2.16)

The error bars reported are the result of MCMC, after allowing a burn in period

of 50 steps, figure (5.8), taking into account the errors on the data as well as

covariance in the fit, figure (5.9). We find clear discrepancy between the values of g1

and g2 found using this method and the previous simulation-based method. While
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the observed differences could be due to historical field uncertainty or systematic

errors resulting from interpolation to unknown fields, it could also be the result of

the photoelectron size bias which we discuss in chapter 7. We take these “data-

centric” values of g1 and g2 as being less biased as they lack any systematic effects

from field interpolation. We also note this method provides the most robust picture

of g1 and g2 for work in the next chapter as it likely also partially mitigates effects

of the single photoelectron size bias, as we use high-energy data to recalibrate,

reconstructing high energy population energies accurately.

While changes in g1 and g2 after the data reprocessing discussed in section (7.8)

will have some affect on the measured value of recombination fluctuations as a

function of energy, we proceed with the methodology in chapter 6, with the inten-

tion of a paper describing the final results, [91], expected in Fall 2014, after a full

reprocessing of the first WIMP search is completed.

5.3 Summary

Having now concluded our investigation into the energy calibration of LUX, in the

next chapter we examine what causes the observed variation about the mean for

events from mono-energetic sources and equivalently what sets the band-width in

detectors of this class, outlining a method for deconvoling fundamental event site

fluctuations from measurement fluctuations in S1 and S2 signals.



Chapter 5. Energy Reconstruction in the LUX Detector 104

Figure 5.8: Markov-Chain Monte Carlo estimates of the values of the slope,
m, and intercept, b, with respect to number of steps in the chain. Walkers
were started in a small 2-D gaussian ball around initial parameter estimates
obtained from an orthogonal-distance-regression estimation. Reported error
bars are taken from positions after step 50, allowing initial “burn-in.”
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Figure 5.9: Observed variances and covariance for fit to data in figure (5.7).
m is the slope of our estimated line and b is its y-intercept. Quantities are
calculated after initial “burn-in” period show in figure (5.8).



Chapter 6

Event Level Fluctuations in LUX

We now turn to an examination of what underlies the discrimination power of

liquid xenon TPCs or equivalently what sets our ability to discriminate WIMP

candidate events from background events, by examining the width of the electron-

recoil band in the LUX detector as a function of energy. A “band” being defined

as the region of space populated by electron recoils in log(ne/nγ) or equivalently

log(S2/S1). We take our g1 and g2 values from chapter 5 and examine event-

site and detector measurement based fluctuations, where these fluctuations give

rise to location of individual events away from the means of their distributions.

We perform a deconvolution of broad-energy spectral data from a combination of

tritiated-methane and 137Cs sources from derived functional forms of S1 and S2

measurement fluctuations based upon mono-energetic high-energy (E > 40 keV)

features. We conclude with a measurement of the fluctuations present at the event

site as a result of event-by-event changes in the fraction of electrons that recombine,

outlining a method to extract intrinsic xenon response as a function of energy.

From this we determine that while at the lowest energies, measurement fluctuations

dominate our discrimination abilities, at higher energies, recombination becomes

the dominant fluctuation limiting electron recoil discrimination.

106
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6.1 Fundamental Fluctuations

Having now outlined the determination of g1 and g2, the energy reconstruction

parameters described in chapter 5, we examine the size and shape of event pop-

ulations from both mono-energetic lines and broad spectrum data, deconvolving

event fluctuations into three pieces: two pieces resulting from uncorrelated fluctua-

tions in the S1 signal and S2 signal measurement process and a third piece from the

amount of recombination that occurs at the event site. By fluctuation, we mean

a measured difference between an individual event and the mean for events of its

type. We expect S1 and S2 signal to vary on an event-by-event basis as different

numbers of photons from the event site may be collected or uncorrected detector

inhomogeneities might arise, ripples on the liquid xenon surface, for example. We

also expect variations in the number of electrons that recombine as these are ruled

by statistical processes, likely dependent on the exact track geometry at the event

site. We expect S1 and S2 measurement fluctuations to be uncorrelated, with the

two signals resulting from very different production mechanisms. For recombi-

nation fluctuations we expect perfect anti-correlation. recombination maps from

one electron to one photon and our energy depends on the sum of the number of

quanta, equation (5.1.4).

We begin by examining how uncorrelated fluctuations in measured S1 and S2 signal

move an event from the mean of its event population in the space of log(ne/nγ)

versus reconstructed energy. This space is chosen as it allows us to separate

event populations that would be difficult to separate fully in 1-D. Work is done in

terms of quanta from the event site, nγ and ne, for clarity on the micro-physics,

as compared to S1 and S2 signals [in photoelectons] as used in chapter 7. Both

quantities are equivalent up to a constant. We write the units of nγ and ne as [nγ]

and [ne], respectively.

An event-level fluctuation in the measurement process of an S1 will result in larger

or smaller S1 signal as compared to the mean of its population, resulting in a

change in the measured log(ne/nγ) and the reconstructed energy for that event.

For example, if, due to measurement fluctuations in event i, the loss of one [nγ]

occurred, we would expect the event to differ from the mean of its population in

log(ne/nγ) by:
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log(ne/nγ)i = log

(
〈ne〉
〈nγ〉 − 1

)
− log

(
〈ne〉
〈nγ〉

)
, (6.1.1)

and will result in a shift in reconstructed energy of:

Ei,reconstructed = 〈E〉 −W. (6.1.2)

Similarly, for an event in which the measured S2 signal fluctuated to less S2 signal,

equivalent to one [ne], we would observe a shift of

log(ne/nγ)i = log

(
〈ne〉 − 1

〈nγ〉

)
− log

(
〈ne〉
〈nγ〉

)
, (6.1.3)

and

Ei,reconstructed = 〈E〉 −W. (6.1.4)

Thus, in our chosen space, fluctuations in measured S1 and S2 signal both result

in a shift in measured event location in both log(ne/nγ) and reconstructed energy.

We contrast this to fluctuations at the event site in the amount of recombination,

which map ne → nγ on a one-to-one basis as described in section (5.1.1). For a

fluctuation of this type, where one extra electron recombines, as compared to the

mean number of recombining electrons for the population, we expect to observe a

difference of:

log(ne/nγ)i = log

(
〈ne〉 − 1

〈nγ〉+ 1

)
− log

(
〈ne〉
〈nγ〉

)
. (6.1.5)

However, we expect to observe no corresponding shift in the reconstructed energy,

as from equation (5.1.4) we observe the reconstructed energy of the event is only

dependent on the sum of the number of quanta produced at the event site, not

the number of electrons or photons independently. Thus, fluctuations in each

of these three channels move events in three different directions; fluctuations in

measured S1 signal moving events along lines of constant S2, and vice-versa, while
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fluctuations in the recombination fraction moving events along lines of constant

energy.

Working in the space of log(ne/nγ) versus reconstructed energy, we deconvolve

uncorrelated fluctuations in the measurement of S1 and S2 signals from intrinsic

recombination fluctuations using our knowledge of the different effects of these

fluctuations on the shape of the population. We do this work in two steps: first

for a set of mono-energetic sources and then using broad spectrum data from

tritium and cesium-137.

6.2 Mono-Energetic Source Measurement of S1

and S2 Fluctuations

Figure (6.1) shows events from mono-energetic energy depositions recorded during

the first half of the 85.3 live-day WIMP search in a fiducial volume of radius 15

cm and between z of 10 and 35 cm. Event selection also required events to be

single scatters with reconstructed energy between of 0 and 500 keVee and within

the limit of −2.5 < log(ne/nγ) < 1. Here, we reconstruct energy using the data-

based g1 and g2 values found in section (5.2.3). Distinct populations resulting

from the various decays of 83mKr, 129mXe, 131mXe, and 127Xe, as described in table

(5.1), are observed within the data. To deconvolve the three types of fluctuations

described above, we fit to the populations centered around 41.5, 163.9, 208.3, and

236 keV using bivariate normal distributions. Fitting is done using maximum

likelihood methods with populations identified using the resolution-based energy

reconstruction described in section (5.2.12).

We seek a relation between the parameters defining a bivariate normal distribution,

P (x) =

√
1

|2πΣ|
e−

1
2

(x−µ)†·Σ−1·(x−µ), (6.2.1)
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Figure 6.1: Density plot of event populations observed in the first half of
the 85.3 live day data from 83mKr, 127Xe, 129Xe, and 131Xe reconstructed with
g1 and g2 described in section (5.2.3). Events are plotted in log(ne/nγ) versus
reconstructed recoil energy, in keVee as all events are either β’s or γ’s. Selection
of events only identified single scatters within a fiducial volume of r < 15 cm
and 10 cm <z < 35 cm.

and our three types of fluctuations. Given our combined energy relation we con-

sider small fluctuations in δS1, δS2, and δR and compute their corresponding shifts

in reconstructed energy and log(ne/nγ), where

δE = W (δS1 + δS2) , and (6.2.2)

δ
log
(
ne
nγ

) =
δS2 − δR

ne
− δS1 + δR

nγ
, (6.2.3)

using the relations that δne = δS2 − δR and δnγ = δS1 + δR. From which we can

derive the elements of our covariance matrix
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ΣE,E =
〈
δ2
E

〉
= W 2

(
σ2
S2 + σ2

S1

)
, (6.2.4)

Σ
log
(
ne
nγ

)
,log
(
ne
nγ

) =

〈
δ2

log
(
ne
nγ

)〉 =
σ2
S2

n2
e

+
σ2
S1

n2
γ

+

(
1

ne
+

1

nγ

)2

σ2
R, and (6.2.5)

Σ
E,log

(
ne
nγ

) =

〈
δEδlog

(
ne
nγ

)〉 = W

(
σ2
S2

ne
− σ2

S1

nγ

)
, (6.2.6)

where we have used the independence of the three types of fluctuation, 〈δiδj〉 = 0

for (i/j) ∈ {S1, S2, R} and i 6= j [65].

With these relations we construct our bivariate normal distributions by fitting

the underlying populations, figure (6.2), and find the 1-sigmoid contours of the

bivariate normal distributions for the populations from activated xenon and the

corresponding deconvolution into constituent fluctuations at the 1-σ level for each

source.

An identical analysis is performed on the 661.6 keV 137Cs photo-absorption peak

and the 41.5 keV 83mKr decay. From these analyses we fit a functional form for

the size of S1 and S2 fluctuations as a function of reconstructed mean number of

quanta in the event population, figure (6.3).

Error bars in figure (6.3) are dominated by systematic errors resulting from un-

certainties in the values of g1, g2 and W , and were estimated by varying across

the one sigma values of all three parameters simultaneously. Statistical error bars

from fitting are also shown but are the size of the points or smaller for all mea-

surements. Statistical error bars were found by taking an initial estimate from the

root HESSE algorithm, a finite-difference algorithm to compute the Hessian ma-

trix. This estimate is then used as an initial seed to a MCMC. The MCMC used

affine invariant walker algorithms [90] with 100 walkers distributed in a small 5-D

Gaussian ball around the initial maximum likelihood solution parameters. Exam-

ple resulting variances and covariances from the MCMC for 83mKr are shown in
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Figure 6.2: Density plot of event populations from activated xenon observed in
the first half of the 85.3 live day data, as described in figure (6.1). Black ellipses
are the 1-sigmoid contours from bivariate normal fits to underlying activated
xenon populations. Also shown are de-convolved one sigma fluctuations in S1
[cyan], S2 [red], and recombination [black]. Note the different directions of
dispersion resulting from each separate constituent fluctuation.

figure (6.5). We allow a burn-in period of 500 steps for the walkers, with the walk-

ers positions over the total 2000 steps shown in figure (6.4). Here we have chosen
83mKr as an example because it shows the largest shift in derived fit parameters

from the original HESSE solutions of any of the populations used.

Fitting of S2 and S1 measurement variance, σ2
S1 and σ2

S2, is done using a model in

which these fluctuations are functions of number of quanta produced at the event

site in the related channel:

σ2
Si = Ai +Bi ∗ ni + Ci ∗ n2

i , (6.2.7)
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Figure 6.3: Measured one sigma size of S1 [cyan] and S2 [red] fluctuations (in
number of quanta) versus the reconstructed number of quanta in that channel.
Also shown are fits for S1 [dashed-cyan] and S2 [dashed-red] using the func-
tional forms outlined in the text and 1-sigma limits for S1 [shaded-cyan] and S2
[shaded-red]. Green error bars shown are the sum of statistical and systematic
error bars, where the systematic uncertainty comes from varying W , g1, and g2

within their one-sigma constraints described in section (5.2.3) for g1 and g2, and
[83] for W. Statistical error bars from fitting are also shown in corresponding
color (cyan or red) but are smaller than or equivalent in size to the points for
all measurements.

where coefficients Ai, Bi, and Ci arise from effects such as baseline noise, binomial

fluctuations on the number of collected quanta, and uncorrected detector inho-

mogeneity respectively. In practice, both S1 and S2 fluctuations were fit without

a constant term, σ2
Si

(ni = 0) = 0, as baseline fluctuations are expected to be

extremely small in comparison to signal size, [70].

These functional forms for S1 and S2 measurement fluctuations break observed

fluctuations into statistical, growing as
√
ni or “instrumental” growing as ni. These

statistical fluctuations in S1 and S2 signal arise in both channels from variation in
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Figure 6.4: Relative position of the 100 walkers after each step in the Markov-
Chain Monte-Carlo. Final parameter estimates, as in figure (6.5) used only
parameter values found after an initial “burn-in” period of 500 steps.

the single photo-electron response, with an additional term in S1 fluctuations from

the binomial process of light collection. S2 statistical fluctuations are the result of

binomial fluctuations in electron extraction due to incomplete extraction efficiency,

the result of low extraction fields obtainable in LUX. From our knowledge of these

underlying processes we can estimate the expected statistical fluctuations in each

channel, finding:
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Figure 6.5: Parameter estimates, variances, and covariances for bivariate nor-
mal fit to the 83mKr event population from Markov-Chain Monte-Carlo. MCMC
used 100 affine invariant walkers initially seeded in a small 5-D guassian ball of
parameters space centered on initial parameters estimates found from numerical
computation of the Hessian matrix.



Chapter 6. Examination of Xenon Microphysical Event Level Fluctuations 116

σ2
S1,statistical =

1− g1 + σ2
sphe

g1

nγ, and (6.2.8)

σ2
S2,statistical =

(
(1− ε)ε+

1 + σ2
sphe

g2

)
ne, (6.2.9)

where σ2
sphe is the measured variance in the single photo-electron size and ε is the

electron extraction efficiency (eee). From ε = 0.7±0.1 [81], and σsphe = .341±0.07

[92], we estimate:

σS1,statistical = (2.82± 0.08)
√
nγ (6.2.10)

and

σS2,statistical = (0.58± 0.03)
√
ne. (6.2.11)

From these fits for S1 and S2 fluctuations we obtain:

σS1 = (2.2± 0.53) · √nγ + (6.168± 0.004)/100 · nγ (6.2.12)

and

σS2 = (1.0± 0.84) ·
√
ne + (7.099± 0.005)/100 · ne, (6.2.13)

finding agreement with our estimated parameters, equations (6.2.10) and (6.2.11),

at the 1σ level. We can now take these functional forms for S2 and S1 mea-

surement fluctuations and examine the observed variance in broad-band data, the

beta spectrum from an injected tritiated-methane source and the Compton scatter

spectrum from the 137Cs source. From these we will deconvolve the strength of

recombination fluctuations as a function of energy.
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6.3 Tritium and 137Cs

Taking our measured functional size of S1 and S2 fluctuations as a function of

reconstructed number of quanta at the event site in each channel, we now measure

both the mean recombination fraction and the size of recombination fluctuations

as a function of energy. We make use of two calibration sources, an external 137Cs

source, which is placed in a source-tube outside the vacuum shielding of LUX, as

described in section (3.10), and an injected tritiated tethane source.

Tritiated methane was used in the LUX experiment because the detector is the

first liquid-noble dark matter detector large enough to require an internal in situ

calibration of its electron recoil band to overcome the intrinsic self-shielding of

the xenon. Tritiated methane is injected into the fluid stream, and swept into the

active region with the circulating xenon following the path described in section

(3.7). This source provides high-statistics calibration data of low-energy (Emax <

18 keV) beta decays uniformly in the active volume [47], [93]. Here we will outline

the method using the tritiated methane data before presenting results from both

spectra, as all methods are identical unless explicitly stated otherwise.

Figure (6.6) shows the event population from an injection of tritiated methane.

As we are faced with a finite amount of data, we slice the data into discreet bins in

energy and fit for the mean and variance in each bin. While this gives a mean that

is the centroid value in the bin, it systematically inflates the observed variance if

the centroid is not constant across each bin. To avoid this effect we construct a

smooth centroid from the data and then subtract it from the observed spectra,

working in centroid subtracted space, using the process described in appendix A.

We construct the centroid estimator by cutting the data into bins of 0.5 keVee [20

keVee for the 137Cs due to lower statistics] requiring at least 1000 events in each

bin. We iteratively fit the band population in each bin with a one-dimensional

Gaussian, extending to ±2σ, until a stable value of the measured variance in each

bin is found. The centroid is then estimated by using a smoothing, interpolated,

univariate spline of degree 4 between the mean values. Having obtained a first

estimator of the centroid, we subtract the centroid and then iterate over the entire

process until we have found a stable value for the overall shift in the location of the
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Figure 6.6: Histogram of log(ne/nγ) versus energy for tritiated methane. Also
shown are the mean values found [red] for use in centroid subtraction. We refer
to the varying mean as a function of energy as the centroid in this text.

centroid, normally after 2-3 iterations, resulting in the centroid subtracted band

as shown in figure (6.7).

To quantify the expected shift in the observed variance due to any inaccuracy

in estimating the true centroid, equation (A.2.2), we compute the centroid again

using an un-smoothed spline through the values, estimating δ[µ] from the difference

between these two centroid estimates as the true δ[µ] is unknown. We find this

effect to be smaller then the statistical 1σ error bars on the data points, figure

(6.8).

From our centroid-subtracted band, we measure the variance in each bin, and

compare to the predicted variance from S1 and S2 fluctuations as found in section

(6.2), figure (6.9). The error bars on the as-measured variances are statistical error

bars and the width of the shaded bands are due to the systematic error on g1, g2,
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Figure 6.7: Histogram of log(ne/nγ) versus energy for tritiated methane after
centroid subtraction. Centroid subtracted data is used for variance measure-
ment as it mitigates effects due to changes in the mean of the population internal
to bins in energy, which would otherwise contribute to observed variance.

and W . We infer the strength of recombination fluctuations at the event site, as

making up the remaining observed variance in each bin.

Using this method, we can also find the mean recombination fraction, r, from

section (5.1) in each bin of energy, figure (6.10), using the relationship between r

and the ionization yield:

r = 1−
(
a

b

Nex

Nion

+ 1

)(
ne

ne + nγ

)
, (6.3.1)

and assuming a = b = 1 and Nex/Nion = 0.06 from theoretical calculations [94].
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Figure 6.8: Ratio of the estimated change in the standard deviation through
the calculation of δ[µ]. as a function of energy. While the true δ[µ] is unknow-
able, we compare the fit used, a smoothed spline, to a spline with no smoothing
to estimate the possible effect. Ratio is found to be significantly less than one
all all energies, implying the change in variance is small compared to already
established error bars.

6.4 Recombination Fraction and Fluctuations Ver-

sus Event Energy

Performing an identical analysis on the 137Cs, we compute the size of fluctuations

in recombination as a function of energy, figures (6.11) and (6.12), we find that

the strength of recombination fluctuations grows as a function of energy.

Oscillations in predicted strength of S1 and S2 measurement fluctuations in the

highest energy bins of the 137Cs data are due to the beginnings of breakdown in the

accuracy of the estimation of the derivative of the underlying band, which is one
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Figure 6.9: Measured one sigma fluctuation size [black] observed in the energy
spectrum data from tritiated methane as compared to predicted strength of
S1 [blue] and S2 [red] measurement fluctuations from section (6.2) and their
sum [green]. Error bars on measured points are 1σ statistical error bars, while
shaded contours on predicted S1 and S2 fluctuations are 1σ systematic error bars
dominated by uncertainty in the values of g1, g2 and W . Residual fluctuations
observed are due to fluctuations in the amount of recombination at the event
site.

of the assumptions underlying our ability to deconvolve the the band analytically,

described fully in appendix A.

As the size of recombination fluctuations is the result of underlying differences in

the physical track geometry for each event, the rate of energy dependence might

be expected to follow a binomial distribution, σR ∝
√
n, as we expect an under-

lying binomial process for each recombining ion/electron pair in the track. We

find fluctuations growing significantly faster than
√

(E) ∝
√

(n) as a function of

energy, confirming earlier results as measured from 57Co [65].

We also note one other prominent feature in the data, with important implications,
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Figure 6.10: Measured mean recombination fraction as a function of event
energy from tritiated methane. Mean recombination fraction ,r, is calculated
using equation (6.3.1) and is the mean amount of recombination experienced by
events of a given energy, equation (5.1.2).

recombination fluctuations, which dominate at higher energies, are observed to

“turn-off” for small energy events. With S1 measurement fluctuations becoming

the dominant fluctuation below E ∼ 4 keVee and completely dominant by E = 2

keVee. Combining this with equation (6.2.8), the dominant statistical fluctuation

in the measurement of S1 is the result of binomial light collection:

σ2
S1,LC =

1− g1

g1

nγ. (6.4.1)

From this result we infer that light collection, as parameterized by the g1 is the

parameter that dominates the discrimination power of this class of detectors at

the lowest energies. As light-collection also dominates the thresholds for finding

events, as will be seen in chapter 7, it is of the utmost importance for determining
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Figure 6.11: Measured one sigma fluctuation size [black] observed in the en-
ergy spectrum data from 83mKr and 137Cs as compared to predicted strength of
S1 [blue] and S2 [red] measurement fluctuations from section (6.2) and their sum
[green]. Error bars on measured points are statistical, while shaded contours on
predicted S1 and S2 fluctuations are from systematic uncertainty in the values
of g1, g2 and w. Residual fluctuations observed are due to fluctuations in the
amount of recombination at the event site. The gap from 14 keVee to ∼100
keVee is due to the lack of statistics in the datasets to fulfill the required 1000
event criteria.

the sensitivity of this class of detector, especially to the weak signals expected for

low-mass WIMP candidates.

At present an underlying model for the physics behind the size of recombination

fluctuations does not exist, however results soon to be published in [95] may illu-

minate this topic. Further treatment of this work in the face of the systematics

discussed in chapter 7 is also needed to account for possible shifts in g1 and g2.

Though methods outlined in section (5.2.3) are robust in the face of these changes.

We expect the publishing of these updates in parallel with this writing, expected

in early fall, 2014 [91].



Chapter 6. Examination of Xenon Microphysical Event Level Fluctuations 124

Figure 6.12: Measured size of recombination fluctuations as a function of
energy [black] with systematic and statistical error [shaded gray]. Points with
error bars to values below zero are set to a lower limit of 10−4 for plotting pur-
poses. Red points are the size of recombination fluctuations measured using the
mono-energetic features described in section (6.2). Recombination fluctuations
are seen to grow as a function of energy and ”turn-off” at the lowest energies.

6.5 Summary

Having now examined a method for finding the strength of constituent fluctuations,

resulting both from uncorrelated fluctuations in the measurement process in S1

and S2, and from fundamental fluctuations at the event site, we have observed that

previous measurements of the strength of recombination fluctuations are consistent

with those measured in LUX. We now examine the first WIMP search results of

the LUX experiment, where we will discuss how energy reconstruction and the

intrinsic discrimination power of the LUX experiment lead to the current world-

leading result. Finally, we’ll discuss next steps both for the LUX related and

successor dark matter searches.



Chapter 7

Results From the First WIMP

Search in the LUX experiment

Having now reviewed the LUX detector instrumentation and performance in chap-

ters 3 and 4 and examined energy reconstruction and intrinsic fluctuations for the

events in chapters 5 and 6 we now examine the results of the first WIMP search,

conducted between April and August of 2013. Encapsulating ∼ 85 live-days of

data taking, this search sets the world’s leading limit on the spin-independent

WIMP-nucleon cross section. After arriving at the WIMP limit result, we detail

next steps both in the LUX program and next generational efforts to pursue dark

matter.

7.1 WIMP Search Duration and Diagnostics

As discussed in section (4.1.3), the first WIMP search was conducted between

April 21 and August 8 of 2013 in the Davis cavern at the Sanford Underground

Research Facility (SURF). After subtracting out dead time due to detector insta-

bility (0.8%), a hold-off after large S2 pulses to allow baselines to stabilize (2.2%),

and DAQ dead-time (0.2%) the final live-time recorded was 85.3 live-days [47].

This data is analyzed in a non-blind fashion allowing for the rapid dissemination

of results through the use of simple data quality cuts.

125
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As discussed previously, detector stability was well established over the duration

of the run, with liquid level variation, detector pressure, and detector temperature

all controlled within initial performance goals. Due to either observed cross-talk

or shorts, three PMTs, two in the upper array and one in the lower, were left

unbiased for the duration of the WIMP search. This necessitated the use of only

the bottom-array of PMTs to reconstruct S2 [S2b] pulses to avoid the bias in

reconstruction of events occurring directly below an unbiased PMT.

Events selection is based on a requirement of single S1 and S2 pairs, both of which

are required to fall within a window of 324 µs, the maximum drift-time for the

chamber, corresponding to the time required for electrons from an event at the

cathode grid to be extracted from the liquid surface.

7.2 Calibrations

Calibrations for the WIMP search are done using a variety of sources: xenon ac-

tivation lines and 83mKr, as discussed in chapter 5, tritiated methane, and AmBe

and 252Cf for neutron data. The first step in calibration is the measurement of the

detector response as a function of three-dimensional position. Here, weekly injec-

tions of 83mKr are used as the krypton disperses uniformly into the active region,

providing a uniform map of mono-energetic events. From these mono-energetic

events, the LUX detector response is measured as a function of 3D position, and

event signals are then normalized to the center of the detector for S1 and to the

center of the liquid surface for S2. Krypton injections are done using an automated

system designed at Yale with the 83mKr being injected directly into the circulating

xenon fluid stream, discussed previously in section (3.7). After injection, a period

of ∼30 minutes is waited to allow for the 83mKr to homogenize throughout the

active region of the detector.

Once calibration of the 3D position response is done, calibration of the electron

recoil response is accomplished using tritiated methane injections, which provide

robust, electron recoil event populations at low energies throughout the fiducial

region. For the calibration of equivalent nuclear recoil response, a combination of
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AmBe and 252Cf are used. As both AmBe and 252Cf are external sources, simu-

lation is used to model additional effects that would not be present in a WIMP

signal, but are inherent to these sources. Figures (7.1) and (7.2), reproduced from

[96], show the simulated AmBe and 252Cf spectra as compared to the data, in

addition to the corresponding simulation-backed curve expected for WIMP inter-

actions. Differences between calibration data and expected WIMP recoil spectra

result from multiple scatters in the source data as well as unwanted Compton

scatters from AmBe and unwanted γ and (n,γ) events from 252Cf [47]. WIMP

spectra are simulated individually using the tuned simulation and are dependent

on the WIMP mass to determine the expected signal above threshold for a profile-

likelihood analysis [47].

Figure (7.3) shows the calibration data used in the first WIMP search to model the

electron recoil and nuclear recoil bands. Centroids for each band are shown as solid

colored lines (blue/red) with their 90% one-sided confidence intervals [±1.28σ]

plotted as dashed lines. The shape of the electron recoil band shows a distinct

“hook” or “kink” upwards below ∼ 1.8 keVee, which, from our examination of

fundamental fluctuations in chapter 6, we recognize as the energy where measure-

ment fluctuations in S1 become dominant over recombination fluctuations. This

change in shape is understood as the change in the direction that the dominant

fluctuations cause events to differ from their centroid values.

The final calibration is the energy calibration, discussed in detail in chapter 5,

with values of g1 and g2 derived from a combination of the sources discussed in

chapter 5 and the injectable tritiated methane source discussed in section 6.3. For

the first WIMP search the simulation-backed method of determining g1 and g2 is

used.

In this chapter, we plot results in log10(S2b/S1) versus S1 size in photoelectrons

(phe), in comparison to plots in the previous chapters that used log(ne/nγ) versus

energy. Here the choice to work in log10(S2b/S1) versus S1 results from a desire

to make for easier comparison to measurements from the period before energy

reconstruction in liquid xenon was fully understood. Where appropriate, energy

contours, calculated as described in section (5.1), are provided, labeled in keVee
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Figure 7.1: Comparison of band means between data [black] from the AmBe
soucre [top] and the 252Cf source [bottom], and LUXSim simulated data from
the same source [red]. Also shown are the predicted spectra for WIMP nuclear
recoils. Differences observed are the result of multiple scatters as well as un-
wanted Compton scatters from AmBe and γ and (n,γ) interactions from 252Cf
[47]. Figure reproduced from [96].
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Figure 7.2: Comparison of band standard deviations between data [black] from
the AmBe soucre [top] and the 252Cf source [bottom], and LUXSim simulated
data from the same source [red]. Also shown are the predicted spectra for WIMP
nuclear recoils. Differences observed are the result of multiple scatters as well
as unwanted Compton scatters from AmBe and γ and (n,γ) interactions from
252Cf [47]. Companion figure to 7.1. Figure reproduced from [96].
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(a) Tritium ER Calibration
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(b) AmBe and Cf−252 NR Calibration

Figure 7.3: Calibration of the electron recoil [top] and nuclear recoil [bottom]
response of the LUX experiment for the first WIMP search result. Solid lines
are centroid values while dashed lines are drawn at 1.28σ. The mean centroid
of the ER band is plotted with the NR data and vice-versa. The magenta line is
representative of the 200 photoelectron cutoff in S2, which we discuss in section
(7.3). Gray contours are lines of constant energy, calculated using the combined
energy framework discussed in chapter 5. Contours on both plots are the same
energies but are labeled in keVee [top] and keVnr [bottom] accounting for the
Lindhard factor discussed in section (5.1.3). The ER band is directly measured
from tritium data [top] while the NR band [bottom] is from simulation taking
account for source effects not expected in true WIMP events, such as multiple
scatters. Figure reproduced from [47].

for electron recoils, keVnr for nuclear recoils, or both if recoil type is unknown,

such as in the WIMP search data.

7.3 Data Quality Cuts

Besides the live-time cuts discussed in section (7.1) and the requirement of single-

scatter events, we also require the raw area of the S2 in an event to be greater
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than 200 phe (∼ 8 extracted electrons) to account for any possible pile-up of single-

electron populations following a large S2. This cut also removes a class of small

events which have large uncertainties on their x-y position, which could result in

events from outside the fiducial region being falsely reconstructed into the core

volume or vice-versa. This is a problem because contamination on the detector

walls, such as 216Pb is observed to lose charge (S2 signal) resulting in events that

can look like NR events. The choice of 200 phe is tuned by examination of events

outside the energy range of interest in the WIMP search and by studying the

accuracy of the position reconstruction module, called Mercury, at rejecting wall

events [47]. We also exclude from the WIMP search periods of data displaying

high rates of single electron emission from the liquid surface, containing greater

than 4 electrons in a 1 ms window, with an associated loss of live-time of 0.8%

[47].

We also apply cuts on S1 and S2 size corresponding to the energy region of interest

during the WIMP search. For an event to be considered for the WIMP search it

must have an S1 in the range of 2 < S1 < 30 phe and an S2 in the range of 200 <

S2 < 3300 phe [47].

The final cut, the fiducial cut, is described in detail in the next section. Table (7.1)

describes the net effect of each data cut, mapping from the recorded 83, 673, 413

triggers over the full run to the 160 events considered in the WIMP search result.

Cut Events Remaing
all triggers 83, 673, 413

detector stability 82, 918, 902
single scatter 6, 585, 686

S1 energy (2 - 30 phe) 26, 824
S2 energy (200 - 3300 phe) 20, 989
single electron background 19, 796

fiducial volume 160

Table 7.1: Table of all cuts of use in the WIMP search results presented
in section (7.7). Cuts are determined from examination of background event
populations in the data in an un-blinded fashion, [47] supplementary material.
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7.4 Fiducialization

Fiducialization is an essential part of reducing the number of background events

that would otherwise dominate any possible observed signal. We perform fiducial-

ization in the LUX experiment by examinaing events originating from the decays

of 222Rn daughters embedded on the PTFE panels surrounding the active region,

where event selection is outside the WIMP energy region (S1 > 30 phe). Using a

fiducial radius of 18 cm we exclude events from these radon progeny embedded in

the walls, which would otherwise form a population of events below the nuclear

recoil band, though intersecting the band at the lowest energies [47].

Fiducialization is also done in z, to cut events originating from either 222Rn progeny

or component gamma backgrounds, dominated by events from the grids and PMTs

respectively [47]. Examining the same population as for radial events, S1 > 30 phe,

cuts are placed requiring events in the fiducial volume to have measured electron

drift time, between 38 and 308 µs. This corresponds to between ∼5.7 and ∼46

cm as measured from the liquid surface, with 48 cm being near the bottom of the

detector.

The effect of fiducialization is seen in figure (7.4), which depicts events from the

first WIMP search dataset with S1 signals in the region of interest, 2 < S1 < 30

phe, as a function of position inside the detector. Fiducialization removes the

event populations resulting from the walls, gate, and cathode grids. Also shown

are positions of events passing the fiducialization cuts as well as the locations of

the PTFE walls of the upright-dodecagonal prism active region.

After fiducializing to remove backgrounds, a 118.3± 6.5 kg fiducial mass remains,

which is used as the target mass for calculating the WIMP limits in section (7.7).

Fiducial mass is determined by combining known detector dimensions with the

reconstructed position maps provided by the tritium data which are expected to

be spatially uniform, and confirmed with the 83mKr source [47].
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Figure 7.4: Physical location in x,y, and z of events during the first WIMP
search. Events [gray] are required to be single scatters with an S1 signal in the
range 2 < S1 < 30 phe. Also depicted are the location of the fiducialization
cut [cyan] as well as the locations of important physical structures such as the
PTFE reflector walls and corners, the gate grid, and the cathode grid. Figure
reproduced from [47]

7.5 Efficiencies and Light Yield Model

Efficiency for detecting low energy single scatters, with both the S1 and S2 signal

being observed, are displayed in figures (7.5) and (7.6). Efficiencies for finding low

energy scatters are dominated by the efficiency with which we detect low energy

S1 signals, with the efficiency for finding S2 signals above the analysis threshold

of 200 phe being > 99% [47]. Absolute efficiency for the observation of events is

estimated in two ways: via the injected tritiated-methane source, from which we

measure the efficiency of finding low energy β− events given the known energy

spectrum of the tritium source and the measured activity of an injection, and a

hand-scan of nuclear recoil calibration data, which finds a 98% absolute efficiency

for the detection of nuclear recoils [47].

Combining all efficiencies and cuts results in a detection efficiency for WIMPs

ranging between 17% at 3 keVnr and > 95% above 7.5 keVnr, with 50% acceptance

occurring at 4.3 keVnr [47].
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Figure 7.5: Relative differential rate for AmBe data (blue circles) and LUXSim
simulation (blue line) normalized using the high energy bins. The gray his-
togram is the corresponding relative detection efficiency with fit [red dashed
line]. Also shown are tritium measured detection efficiency for electron recoil
events [green] and simulated detection efficiency for the pure nuclear recoils
spectra as shown in figures (7.1) and (7.2) [purple triangles]. Relative efficiency
is convolved with measures of absolute efficiency described in the text to calcu-
late the final efficiencies. Figure reproduced from [47]

Figure (7.6) shows the nuclear recoil acceptance rate as a function of energy but

does not show the assumed light and charge yield as a function of energy, which is

shown in figure (7.9). Here a conservative limit through all the world’s current data

is used in the profile-likelihood modeling, section (7.7). In addition, a cutoff in

response is used by setting simulated charge and light yield to zero below the lowest

energy response measurement done in liquid xenon. This cutoff is included in the

first WIMP search result as a measure of conservatism, preventing the need for any

data extrapolation. Since the time of this first result however, we have performed

new calibrations in situ using a deuterium-deuterium neutron generator, which we

discuss in section (7.8).
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Figure 7.6: Nuclear recoil detection efficiency for finding the S1 [blue], the S2
[red], both the S1 and S2 [green], and the full efficiency including the analysis
thresholds for 3 < S1 < 30 phe and S2 > 200 phe. The roll-off beginning to
appear in the full efficiency at recoil energies > 17 keVnr is due to the cutoff
restricting S1 < 30 phe. Not shown is the cutoff in simulated light and charge
yield below 3 keVnr below which the likelihood model assumes no light or charge
yield for the extraction of WIMP limits. Figure reproduced from [47]

7.6 Backgrounds

Extensive modeling of background populations is done which we summarize here

but refer the reader to [43] for full details. Background sources considered for

the first WIMP search are a combination of backgrounds from internal compo-

nents, resulting mainly from γ rays generated by radioisotope decays of impurities

contained in the detector construction materials, intrinsic backgrounds such as

cosmogenically activated xenon and 85Kr, and external backgrounds which are

found to be sub-dominant [43].

Component backgrounds were modeled using LUXSim which was compared to

measured data at high energy (E > 500 keVee) to avoid contamination from in-

trinsic sources, such as the line features resulting from cosmogenically activated

xenon described in table (5.1). Comparison of simulation to high energy data is

done to constrain the estimates of 238U, 232Th, 40K, and 60Co present in the detec-

tor components. Independent fitting of the measured γ ray spectrum as a function
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Figure 7.7: Histogram of the rate of high energy background events as mea-
sured in a 225 kg fiducial (cut 2 cm inwards from grids but no radius cut)
[black] and best-fit simulation [red]. Simulation split sources based on geomet-
ric location of top (blue), bottom (dark blue) and side (light green). Simulation
accounts for γ rays from 238U, 232Th, 40K, and 60Co, fitted above 500 keVee.
Simulation fit below 500 keVee is also shown, convolving in 85Kr, 214Pb, and
activated xenon (purple). Figure reproduced from [47].

of position is done to determine the decay rate of each isotope [43]. Figure (7.7)

shows the measured and simulated backgrounds for these sources.

Though the simulation does well over a broad range of energies it fails to achieve

good agreement with the 238Ac line at 969 keV, possibly due to removal of its

parent 238Ra during manufacturing of internal components [43].

The presence of backgrounds from 214Pb are the result of 222Rn, present from

contamination during air exposure periods of construction, from the use of a radon

calibration source in Run 2, and from possible sources internal to the circulation

system from thoriated welds [97].
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Backgrounds from 85Kr are present due to atmospheric contamination as described

in section (3.3). Purification of the 85Kr is done using chromatographic separation

via a column of activated charcoal, and krypton concentration is measured via

the online sampling system, section (3.8). During the WIMP search the average

krypton concentration is measured to be 3.5± 1.0 ppt g/g, for an ER background

rate of 0.17± 0.1 · 10−3 counts/kg/keVee/day [43].

Though several activated xenon isotopes are present in the xenon target, table

(5.1), only 127Xe contributes to the low energy WIMP background population

[43]. These low energy backgrounds result from a decay of the xenon isotope and

its daughter 127I when the 127I γ-ray escapes the active region leaving only an L

(or higher) shell x-ray to be detected. Estimation of these events indicate 50% of

L shell decays for which the 127I γ-ray escapes leak into the WIMP energy search

region and all higher shell x-rays are in the WIMP search window [43].

Table (7.2) shows the overall predicted and observed background rate for low-

energy events in the 118 kg fiducial target used in the WIMP search, with the back-

ground models showing good agreement with observed background rates across a

range of energy scales and sources.

Source Background Rate [10−3 cnts/keVee/kg/day]

γ rays 1.8± 0.2stat ± 0.3sys
127Xe 0.5± 0.02stat ± 0.1sys
214Pb 0.11− 0.22 (0.20 expected)
85Kr 0.17± 0.10sys

Total Predicted 2.6± 0.2stat ± 0.4sys

Total Observed 3.6± 0.3stat

Table 7.2: Table of background rates for low energy events in the 118 kg
fiducial volume predicted from simulation and overall observed. γ rays are
the result of decays of radioisotope contaminants in detector materials. Table
modified [to label cnts/keVee/kg/day] from [43].

7.7 Results

Figure (7.8) shows the 160 events passing all cuts described in table (7.1). Events

mainly populate the electron recoil band as expected for non-neutron backgrounds.
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To determine if the data are consistent with an observation of a WIMP signal, a

profile-likelihood-ratio (PLR) test is conducted. This PLR test is run over the

events in WIMP search fiducial region and models signal, derived from AmBe and
252Cf sources, and backgrounds, comparing whether the observed data are consis-

tent with a background-only model. Models for backgrounds encode uncertainty in

the background rates but no variation in spatial distributions for the backgrounds

is done, with these distributions instead being extracted from simulations. Sep-

aration between signals and backgrounds are expected in four primary channels.

Two of these are spatial, radius and depth, where we expect WIMP signals to be

uniform while backgrounds may display non-uniform behavior. The other two are

our discrimination parameters, the amount of S2 (charge) and S1 (light) signal

seen from a given event [47], also used as a proxy for energy.

Signal models in the PLR are generated using an isothermal Maxwellian halo

model, with an escape velocity of 544 km/s, a v0 of 220 km/s, an Earth velocity

of 245 km/s, and a WIMP density of 0.3 GeV/cm3, though no variation due to

uncertainties in astro-physical parameters is done [47]. Figure 7.9 shows the light

yield as a function of energy assumed for modeling the signal expected from WIMP

interactions.

From this testing, we conclude the observed distribution is consistent with no

WIMP signal, with Monte Carlo background-only simulations up-fluctuating to

be more discrepant then the observed data 35% of the time [47]. Given this, we

calculate a limit curve as a function of WIMP mass, setting the world’s most

sensitive limit on spin-independent WIMP-nucleon cross section, figure (7.10).

Here, the LUX experiment results are in tension with several previous potential

low-mass WIMP detections, from CoGeNT [51], CDMS II silicon [54], CRESST

II [49], and DAMA/LIBRA [45]. Whether these tensions are the result of exotic

properties of the dark matter [53] or systematics or backgrounds in the various

detectors and searches performed remains to be determined.
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Figure 7.8: Events [black] passing all selection criteria described in table (7.1)
in log(S2b/S1) versus S1. Event signal sizes are plotted after position corrections
for both S1 and S2. Only events within the cyan lines are considered as part
of the WIMP search, corresponding to the a priori set boundaries of 2 < S1 <
30 photoelectrons. Also shown are means [solid] and 90% one-sided confidence
intervals [dashed] on the nuclear [red] and electron recoil [blue] bands from the
calibration data shown in figure (7.3). Gray contours are iso-curves of energy,
labeled in keVee at top and keVnr at bottom. Figure reproduced from [47].

7.8 Next Steps

In this section we review the future plans of the LUX experiment followed by brief

comments on the planned next generational experiment, LUX-Zeplin. Given the

lack of a WIMP signal detection in the first search, these next steps may provide

us the first detection of WIMP interactions or a look into the final window of

accessible parameter space in WIMP cross-section prior to hitting the astrophysical

neutrino background.
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Figure 7.9: Light yield in photons/keVnr relative to 127Co source [left axis]
and absolute [right axis]. Conservative NEST model based on neutron cal-
ibrations discussed in section (7.2) [blue], and corresponding zero-field [red].
Inclusion of conservative cutoff in light production [gold], as used in the WIMP
search. Plot also includes results from Xe100 [98], [99], and [100] (black dashed,
solid, and squares respectively) Zeplin3 [101] (green and blue for first and second
run respectively), and [102] (red squares). Figure reproduced from [96].

7.8.1 The LUX First WIMP Search Re-Analysis

After completing the first WIMP search, and subsequent analysis, the LUX col-

laboration is moving on to preparing for the full 300-day blinded WIMP search

run, described in more detail in section (7.8.3). As part of this process, we are

reexamining our backgrounds and technical limitations from the perspective of

finding any possible bias that may have been included in the first result.

One discovery of this ongoing search is the presence of sub-threshold “ringing” fol-

lowing single photoelectron (sphe) pulses. This ringing results in a tail of positive

area on the distribution of sphe pulses that is truncated in the first WIMP result.

Because larger pulses are a sum of sphe pulses and the pulse window is dynamic
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Figure 7.10: Spin-independent WIMP-nucelon cross section from LUX (blue)
with ±1σ contours as well as from Edelweiss II [dark yellow line], CDMS II [light
green line], ZEPLIN-III [magenta], CDMSlite [dark green line], XENON100 S2
only analysis [brown], SIMPLE [light blue], and XENON100 both 100 and 225
live-day exposures [orange and red respectively] where results are from [103],
[103], [48], [104], [54], [105], [106], [107], and [108], respectively. The inset
displays regions measured from CoGeNT annual modulation signal [light red],
exclusion limits from CDMS II low-threshold analysis [upper green], CDMS II Si
detectors 95% confidence allowed region [green shaded] with centroid [green x],
CRESST II allowed region [yellow], and the DAMA/LIBRA allowed region as
interpreted by [109]. Inset data from [51], [110], [54], [49], and [45], respectively.
Figure reproduced from [47].
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over the length of the pulse, this effect results in a bias for the calculated area of

pulses in photoelectrons, longer pulses including more of the normally truncated

tails. This effect is due to sphe peaks occurring in the middle of the pulse that

do not have truncated tails as the pulse window is continuing until the end of the

pulse.

The second effect in the run 3 data is double electron production from the photo-

cathode when exposed to xenon VUV scintillation light. In the first WIMP analysis

the PMT gains are obtained from LED data, where the LEDs are 430 nm (blue)

LEDs inside PTFE diffusers [75]. Xenon scintillation light has a wavelength of 178

nm, a factor of ∼ 2 in energy, and preliminarily have a ∼ 30% chance of causing

a second electron to be produced in the PMT photocathode [111]. These double

emissions seem to be much less probable in LED calibrations, indicating they are a

result of the higher energy of the xenon VUV photons. While this effect has been

theoretically described, [112], [113], and the previous dark matter search, ZEPLIN

III, successfully performed in situ calibration using S2 light [114], no measurement

of the probability of double electron emission for PMTs exposed to xenon VUV

radiation has been done, resulting in an ongoing effort to calibrate LUX using

xenon VUV photons directly.

Both of these effects are currently being measured, with plans for a full data re-

processing and reanalysis before publishing a new paper in early Fall 2014. These

effects are in addition to the planned change in the light yield model resulting

from the use of the deuterium-deuterium generator, which we will discuss in sec-

tion (7.8.2). While preliminary analyses indicate only minor shifts in the size of

small pulses, ∼ 2 − 4% for those of interest in the WIMP search region, large

pulses are expected to have an ∼ 20− 30% shift in size [115], resulting in a need

to recalculate g1 and g2 from calibrated data, as described in 5. Results from

correction of these two effects and subsequent improvements to the LUX energy

reconstruction, position reconstruction, and data-processing, in addition to the

inclusion of the results of the deuterium-deuterium generator will be published in

[116]. The methodologies we discuss in chapters 5 and 6 are expected to be robust

through these changes but publication of full results is delayed to allow the full

reprocessing.
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7.8.2 Deuterium-Deuterium Generator Calibrations

As described in section (7.7) the first WIMP search is done with an assumed

light yield model that was both a conservative interpretation of the observed data,

and included a cut-off in the light and charge yield below 3 keVnr. In order to

better characterize the LUX light and charge yields with respect to low-energy

nuclear recoils a program of in situ calibrations using a deuterium-deuterium (D-

D) generator is being performed.

This generator, an Adelphi Technologies DD108, is placed outside the LUX water

shield, and a plastic collimator, consisting of a hollow tube of plastic, is used to

allow neutrons from the generator to penetrate the water tank. When not in use,

this plastic tube is lowered back to its resting position below the detector so no

compromise of the water shielding occurs during running.

D-D generators create a monochromatic neutron source, En = 2.45 MeV, using

the reaction:

D +D → 3He + n, (7.8.1)

as the source of the neutrons [117]. For LUX calibration, 2.45 MeV is above the

desired calibration energy range but we can achieve low energy calibration through

the examination of double scatter events that have a low-energy primary scatter.

Here use is made of the large physical scale of LUX to maintain reasonable event

rates of completely contained double-scatter events. Knowing the incident neutron

energy and the position of both scatter vertices we can determine the energy of

the first scatter purely kinematically:

Er = 2 · En
MnMXe

(Mn +MXe)
2 · (1− cos θ) , (7.8.2)

where Er is the energy of the first recoil, En is the energy of the incoming neutron,

2.5 MeV, Mn is the mass of the neutron, MXe is the mass of the xenon atom, and θ

is the angle between the two scatters in the center of mass frame. Using kinematic
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energy reconstruction provides an independent energy calibration in addition to

the signal-based reconstruction.

Initial calibrations using the system are indicative of light response below the

currently imposed cut-off, and inclusion of these results is expected to significantly

lower the current WIMP limit with respect to low-mass WIMPs, MWIMP / 20

GeV/c2 based on preliminary simulations using LUXSim [85], [118], [119], and

[120]. Full results are expected to be reported in [121].

7.8.3 300 day WIMP Search Run

In parallel to the re-analysis effort described above, LUX plans a 300 live-day

science run. Expected to achieve a ∼ 5 times greater WIMP sensitivity, in addition

to improvements due to the D-D data. This improvement in sensitivity is due to

longer search time, the use of more accurate light yield model, improvements in

thresholds, and the use of better position reconstruction leading to a slightly larger

fiducial volume. Further reduction of the background rate due to the decay of 127Xe

is also expected.

The 300 day WIMP search is scheduled to begin in early Fall of 2014, after a

series of calibration steps including further use of the D-D generator and tritium

at multiple allowed drift fields for the refinement of the NEST model.

7.8.4 LZ - A Next Generation Experiment

In parallel to the LUX science run, a next generation detector, LUX-Zeplin (LZ) is

in development, with a planned active region containing∼ 7 tonnes of liquid xenon.

Learning from the LUX design, in which the heat exchange system was internal to

the detector, resulting in significant overhead in insulation and significant design

constraints as outlined in chapter 4, LZ will make use of a separate chamber

outside the detector for its heat exchanger systems, allowing for much larger scale

purification and simpler design of the TPC.
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Figure 7.11: “A compilation of WIMP-nucleon spin-independent cross sec-
tion limits (solid curves), hints for WIMP signals (shaded closed contours) and
projections (dot and dot-dashed curves) for US-led direct detection experiments
that are expected to operate over the next decade. Also shown is an approxi-
mate band where coherent scattering of 8B solar neutrinos, atmospheric neutri-
nos and diffuse supernova neutrinos with nuclei will begin to limit the sensitivity
of direct detection experiments to WIMPs. Finally, a suite of theoretical model
predictions is indicated by the shaded regions, with model references included.”
Figure and caption reproduced from [62].

LZ is scheduled to begin running by 2018, directly replacing the LUX detector

installation in the current Davis cavern at the Sanford Underground Research

Facility. Figure (7.11) shows the predicted future reach of experiments with respect

to the the detection of WIMPs via spin-independent WIMP-nucleon interactions.

7.9 Conclusion

Having begun with a survey of the background research motivating the search

for WIMPs and dark matter in general, we also reviewed current experimental
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techniques to search for these extremely rarely-interacting particles, culminating

chapters 1 and 2 with a discussion of the currently leading technology in the search

for the spin-independent coupling between nucleons and WIMPs.

In chapters 3 and 4, we discussed the LUX detector systems and performance that

allowed for the development of a stabile platform on which to perform a WIMP

search. Here, the focus was the LUX heat exchange system, which demonstrated

∼ 90% efficient heat exchange at 27 slpm, the sustainable flow rate in the LUX

detector given the circulation system. We further showed that this system allowed

for both rapid purification of the xenon target and the development of extremely

well behaved thermodynamic conditions internal to the detector.

In chapter 5 we described the energy calibration process required for detectors

of this type, finding g1 and g2 through several methods, which allowed for the

first determination of the presence of systematic offsets in the data, requiring the

reprocessing described in section (7.8.1). Further studies of these effects after this

reprocessing are planned to be published in [91].

From the discussions on discrimination we determined two important aspects of

discrimination for xenon TPCs: intrinsic fluctuations arising from recombination,

turn-off at the lowest energies, and it is light-collection that determines discrim-

ination power at the lowest energies. Light-collection dominating observed low

energy fluctuations and setting the analysis thresholds described in this chapter.

Finally, in this chapter, we examined the results of the first WIMP search us-

ing the LUX experiment and the setting of the world-leading limits on the spin-

independent WIMP-nucleon cross section. We then examined future plans for

both the LUX experiment and its successor experiment, LZ, a planned rich exper-

imental program to continue to lead the world in the search for weakly interacting

dark matter.

We conclude with figure (7.11) that shows the many classes of technology being

investigated for future dark matter searches [62]. The search for dark matter

continues both in WIMP and axion searches, and in searches for more exotic

candidates as well.
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With hints of detection having been observed in several detectors, we may need to

confront more complex theories of dark matter interactions with nuclei [53], which

may require the use of multiple technological platforms to maintain sensitivity.

In addition, next generational experiments will also need to overcome large-scale

technological challenges in order to meet their science goals. The ability of a TPC

to eventually reach the neutrino background, the final boundary of searching for

WIMPs on Earth, will be set by whether detectors of this class can overcome

technical challenges while maintaining maximal discrimination power.

The goal of this work is that methods outlined here help future scientists be ready

for the day when the unblinding of the search data comes and a significant excess

of unexplainable events is observed, whether that day be in the next run of LUX,

in LZ, or in physics experiments beyond what is being planned now.



Appendix A

Method of Centroid Subtraction

A.1 Introduction

This appendix describes the method of using centroid subtraction to create linear

bands in a given parameter space, of great use when working with finite histogram

binned data as a way to avoid inflation in measured variance in each bin due to

variation in the underlying centroid across the bin. Moving to small bins in the

face of large statistics can also be used to mitigate these effects, but as interesting

analyses will often be statistics limited, the following method provides a general

framework for avoiding this problem. We first examine the general principle before

applying it explicitly to the case of the discriminant log(ne/nγ), reproducing the

work by C.E. Dahl [65], and extend it to the case of number of quanta in a single

channel versus energy, for example ne or nγ vs Energy.

A.2 Basic Method and mapping of fluctuations

through the transform

We begin with the general problem, in which we seek to find a smoothly varying

“centroid” of some distribution, f(E), where we define the “centroid” as the mean

148
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of the conditional distribution f at E, so we can subtract out the centroid to find

some new distribution ∆f(E),

∆f(E) = f(E)− 〈f(E)〉E, (A.2.1)

where ∆f(E) is our centroid subtracted distribution, f(E) is our starting distribu-

tion, and 〈f(E)〉E is the true mean of the distribution f(E) at E.

As we seek to work in the framework of binned data we must construct an estimator

of the true centroid of the distribution which we do not know a priori, and expect

this operation may introduce some systematic offset in the observed bin-by-bin

variance. We denote our estimator of 〈f(E)〉E in bin E as µ with δ[µ] as the

difference between our binned centroid estimator and the true centroid across our

bin and can thus calculate the change in variance inside the bin defined by edges

E1 and E2:

δ[σ2] = 〈δ[µ2]〉 − 〈δ[µ]〉2 =

∫ E2

E1
dE(δ[µ])2

E2− E1
−

(∫ E2

E1
dE(δ[µ])

E2− E1

)2

(A.2.2)

We caution the reader to observe the difference between this δ and the one used

later in the text which refers to individual event fluctuations. We note, that as

we cannot know the true centroid across a bin, we will be forced to make an es-

timate of this variance shift, but leave such a treatment to specific applications,

such as the estimator calculated in figure (6.8). We now seek to fully understand

how fundamental fluctuations, δ[a], in a single member of our distribution f, cor-

responding in our examples to the effects of variation in S1 and S2 per event, will

affect how that event shifts in our centroid subtracted space. This mapping will

then provide a way to analytically map back and forth between the regular and

centroid subtracted -spaces with some limiting assumptions.

We begin by examining a single underlying fluctuation, δ[a] on event i of m within

a single bin under the approximation that fluctuations δ[a] are small compared to

the curvature of the centroid, allowing us to estimate the observed change in the

centroid value the ith event observes using only the first derivative within our bin.
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To be explicit in our notation, if our distribution f(E) was well characterized by

a gaussian in bin x, σa,x = 〈δ[a]〉x. We further make an assumption that we have

enough events in each bin such that the centroid estimator itself is not meaningfully

changed by any single event level fluctuation, writing our two assumptions as:.

δ[a] << d2f(E)
dE2 , and

m >> 1,
(A.2.3)

where m is the number of events in the bin our examined fluctuation is drawn from.

For clarity this second assumption is simply the statement that each of our bins

contains many events. Where we use δ to represent the change in the individual

event and ∆ to refer to a centroid subtracted quantity. With these assumptions

we can then perform the following mapping from our fundamental event level shift

δ[a] to δ[∆f(E)], how it shifts in our centroid-subtracted space.

δ[∆f(E)] = δ[f(E)]− δ[〈f(E)〉E]

= df(E)
da

δ[a]− d〈f(E)〉E
da

δ[a]

= df(E)
da

δ[a]− d〈f(E)〉E
dE

dE
da
δ[a],

(A.2.4)

where the final line comes from a simple change of variables d/da → d/dE. The

first term represents the shift in the non-centroid subtracted value while the second

is the change in the centroid our event observed due to changing it’s value of E

from the fluctuation δ[a].

Practically, the main limitation of this analytical method is often due to inability

to accurately reconstruct our derivative of some underlying interpolated fit to the

means of the population in our bins of interest, in which case we must seek alternate

methods such as monte-carlo. We now turn to two examples of interest, the first

an examination of this mapping to create a centroid-subtracted discriminant, and

the second for number of quanta in a single channel.
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A.3 Example - the LUX discriminant

The LUX discriminant, though often taken in ln
(
S2
S1

)
, is perhaps more fundamen-

tally taken as ln
(
ne
nγ

)
which we shall use here. We note before beginning the

combined energy relation,

E = (ne + nγ) =

(
S1

g1
+
S2

g2

)
. (A.3.1)

We now apply the framework given above in equation (A.2.4) but generalizing

for two fundamental variations of interest, variations in the measured S1 signal

and variations in the measured S2 signal, δ[S1] and δ[S2] respectively in units

of quanta. These variations on ne and nγ arise from uncorrelated instrumental

and statistical fluctuations in signal production. We avoid the use of the notation

δ[ne] and δ[nγ] to avoid confusion with variations arising between neandnγ due to

correlated effects such as recombination. Using equation (A.2.4) we derive:

δ[∆ln
(
ne
nγ

)
] = δ[ln

(
ne
nγ

)
]− δ[

〈
ln
(
ne
nγ

)〉
E

]

=
d ln

(
ne
nγ

)
dS1

δ[S1] +
d ln

(
ne
nγ

)
dS2

δ[S2]−
d
〈
ln
(
ne
nγ

)〉
E

dS1
δ[S1]−

d
〈
ln
(
ne
nγ

)〉
E

dS2
δ[S2]

= − δ[S1]
S1

+ δ[S2]
S2
− d〈 〉E

dE
dE
dS1

δ[S1]− d〈 〉E
dE

dE
dS2

δ[S2]

δ[∆ln
(
ne
nγ

)
] =

(
δ[S2]
S2
− δ[S1]

S1

)
− w (δ[S1] + δ[S2]) d

dE

〈
ln
(
ne
nγ

)〉
E
.

(A.3.2)

We also note the fortuitous coincidence that in regions of this space where d
dE

〈
ln
(
ne
nγ

)〉
is negative the contributions from S1 fluctuations have reduced impact on ∆ln

(
ne
nγ

)
as in the WIMP search region for both electron and nuclear recoils. Or equiva-

lently phrased, S1 fluctuations shift events along the band instead of perpendicular

to the centroid, preserving discrimination power in the low energy bins.
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A.4 Example - Number of quanta at an event

site versus total quanta

We now turn the outlined method to estimation of band centroids in single quanta

channels i.e ne or nγ as a function of energy, or equivalently, as is treated here

ne + nγ. We find an equivalent formulation as is found geometrically by A. Dobi

[92] under the assumption of a linear underlying centroid of slope M , but note

the breakdown of geometric methods when the underlying centroid is non-linear

as our transformation then no longer preserves angles. Using equation (A.2.4), we

derive:

δ[∆ne] = δ[ne]− δ[〈ne〉ne+nγ ]

=
�
��

1
dne
dne
δ[ne] +

�
��

0
dne
dnγ

δ[nγ]− δ[〈ne〉ne+nγ ]

= δ[ne]− d〈ne〉
d(ne+nγ)

d(ne+nγ)

dne
δ[ne]− d〈ne〉

d(ne+nγ)

d(ne+nγ)

dnγ
δ[nγ]

δ[∆ne] = δ[ne]− (δ [nγ] + δ [ne])
d〈ne〉

d(ne+nγ)

δ[∆ne] = (1−M)δ[ne]−Mδ[nγ]

〈δ[∆ne]2〉 = (1−M)2〈δ2[ne]〉+M2〈δ2[nγ]〉 − 2M(1−M)���
��

��: 0
〈δ[ne]δ[nγ]〉

χ2 ≡ V ar (∆ne) = 〈δ[∆ne]2〉.
(A.4.1)

Making use of the uncorrelated nature of S1 and S2 fluctuations in order to take

terms in equation (A.4.1) to zero.
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A.5 Conclusion

Centroid subtraction provides a valuable technique for handling increased width

in observed distributions due to binning where the underlying centroid value is

changing across the bin-size, especially useful when dealing with finite statistics.

The main limitation of the method is often finding accurate derivatives of the un-

derlying centroid, the affect of which can be observed as oscillations with negative

correlation in the example of the LUX discriminant versus energy.
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Ichi Ichikawa, Takashi Ichikawa, Željko Ivezić, Stephen Kent, Rita S J Kim,

E Kinney, Mark Klaene, A N Kleinman, S Kleinman, G R Knapp, John

Korienek, Richard G Kron, Peter Z Kunszt, D Q Lamb, B Lee, R French

Leger, Siriluk Limmongkol, Carl Lindenmeyer, Daniel C Long, Craig Loomis,

Jon Loveday, Rich Lucinio, Robert H Lupton, Bryan MacKinnon, Edward J

Mannery, P M Mantsch, Bruce Margon, Peregrine McGehee, Timothy A

McKay, Avery Meiksin, Aronne Merelli, David G Monet, Jeffrey A Munn,



Bibliography 156

Vijay K Narayanan, Thomas Nash, Eric Neilsen, Rich Neswold, Heidi Jo

Newberg, R C Nichol, Tom Nicinski, Mario Nonino, Norio Okada, Sadanori

Okamura, Jeremiah P Ostriker, Russell Owen, A George Pauls, John Peo-

ples, R L Peterson, Donald Petravick, Jeffrey R Pier, Adrian Pope, Ruth

Pordes, Angela Prosapio, Ron Rechenmacher, Thomas R Quinn, Gordon T

Richards, Michael W Richmond, Claudio H Rivetta, Constance M Rockosi,

Kurt Ruthmansdorfer, Dale Sandford, David J Schlegel, Donald P Schnei-

der, Maki Sekiguchi, Gary Sergey, Kazuhiro Shimasaku, Walter A Sieg-

mund, Stephen Smee, J Allyn Smith, S Snedden, R Stone, Chris Stoughton,

Michael A Strauss, Christopher Stubbs, Mark SubbaRao, Alexander S Sza-

lay, Istvan Szapudi, Gyula P Szokoly, Anirudda R Thakar, Christy Tremonti,

Douglas L Tucker, Alan Uomoto, Dan Vanden Berk, Michael S Vogeley,

Patrick Waddell, Shu-i Wang, Masaru Watanabe, David H Weinberg, Brian

Yanny, and Naoki Yasuda. The Sloan Digital Sky Survey: Technical Sum-

mary. The Astronomical Journal, 120(3):1579–1587, September 2000.

[9] Peter Kernan and Lawrence Krauss. Refined big bang nucleosynthesis con-

straints on ΩB and Nν. Physical Review Letters, 72(21):3309–3312, May

1994.

[10] Timothy Clifton, Pedro G Ferreira, Antonio Padilla, and Constantinos Sko-

rdis. Modified Gravity and Cosmology. June 2011.

[11] M Milgrom. A modification of the Newtonian dynamics as a possible al-

ternative to the hidden mass hypothesis. The Astrophysical Journal, 270:

365–370, July 1983.

[12] Benoit Famaey and Stacy S McGaugh. Modified Newtonian Dynamics

(MOND): Observational Phenomenology and Relativistic Extensions. Living

Reviews in Relativity, 15, 2012.

[13] S Shapiro, J Davis, D Lebach, and J Gregory. Measurement of the Solar

Gravitational Deflection of Radio Waves using Geodetic Very-Long-Baseline

Interferometry Data, 1979–1999. Physical Review Letters, 92(12):121101,

March 2004.



Bibliography 157

[14] M Markevitch, A H Gonzalez, D Clowe, A Vikhlinin, W Forman, C Jones,

S Murray, and W Tucker. Direct Constraints on the Dark Matter Self-

Interaction Cross Section from the Merging Galaxy Cluster 1E 0657–56.

The Astrophysical Journal, 606(2):819–824, May 2004.

[15] Planck Collaboration, P A R Ade, N Aghanim, C Armitage-Caplan, M Ar-

naud, M Ashdown, F Atrio-Barandela, J Aumont, C Baccigalupi, A J Ban-

day, R B Barreiro, J G Bartlett, E Battaner, K Benabed, A Benôıt, A Benoit-
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C Sgrò, and E J Siskind. Fermi LAT Search for Dark Matter in Gamma-ray

Lines and the Inclusive Photon Spectrum. arXiv, May 2012.

[39] Dan Hooper. Indirect Searches For Dark Matter: Signals, Hints and Other-

wise. arXiv, October 2007.

[40] G Aad, T Abajyan, B Abbott, J Abdallah, S Abdel Khalek, O Abdinov,

R Aben, B Abi, M Abolins, O S AbouZeid, H Abramowicz, H Abreu, Y Ab-

ulaiti, B S Acharya, L Adamczyk, D L Adams, T N Addy, J Adelman,

S Adomeit, T Adye, S Aefsky, T Agatonovic-Jovin, J A Aguilar-Saavedra,

M Agustoni, S P Ahlen, A Ahmad, F Ahmadov, M Ahsan, G Aielli, T P A
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