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Weakly Interacting Massive Particles (WIMPs) are one of the most well-motivated dark

matter candidates. Liquid Xe (LXe) time projection chambers (TPC) are the leading tech-

nology for probing the WIMP mass range. The LUX-ZEPLIN (LZ) experiment is a 10

tonne LXe TPC searching for the elusive WIMP dark matter. As detector masses increase

to maximize sensitivity, background sources in the Xe, such as 85Kr and 39Ar, must be

reduced to meet background requirements. These species are more difficult to quantify

and require more stringent monitoring compared to previous generations of experiments.

In this work, the techniques used to monitor 85Kr and 39Ar during commissioning and

through LZ’s WIMP Search 2024 science run (WS2024) are discussed. A mass spec-

trometry technique is used to measure 182± 26 ppq (g/g) (natKr/Xe) during WS2024. A

complementary measurement of an excited state decay of 85Kr found a natKr equivalent

concentration of 124+44
−37 ppq (g/g) (natKr/Xe). The measured WS2024 Ar concentration is

1.10±0.18 ppb (g/g) (Ar/Xe). LZ set a world leading limit on the interaction cross section

across the expected WIMP mass range, with a minimum of 2.1∗10−48 cm2 at 36 GeV/c2.
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dashed black. Events may be reconstructed outside the estimated wall po-

sition. Events that pass all cuts are marked in black. Events failing the skin

cut are shown as red ”x”s, events failing the outer detector cut are shown

as blue ”o”s, and events which pass both but are outside the �ducial vol-

ume are shown in gray. Radioactivity from detector construction materials

results in a large number of events near the walls (image from [29]). . . . . 50

2.18 A plot of events passing all cuts in log(S2c) vs S1c space for LZ's �rst sci-

ence run is shown. The one and two sigma expected distributions are shown

for the electron recoil band (gray), a 30 GeV/c2 WIMP (purple),39Ar (or-

ange), and8B solar neutrinos (green). The red bands indicate the median,

10th, and 90th percentiles of the nuclear recoil band. Bands of equal energy

are plotted for each recoil type. As expected, the vast majority of events are

in the electron recoil band. A handful of events at higher energies appear

in the nuclear recoil band. Increasing the WIMP mass would expand the

WIMP probability contour to higher energies along the nuclear recoil band,

but a signi�cant fraction of the WIMP interaction probability density would

remain at low energies (image from [29]). . . . . . . . . . . . . . . . . . . 51

2.19 The (spin independent) WIMP cross section exclusion curves as a function

of WIMP mass for different experiments when LZ's �rst WIMP search pub-

lication was submitted are shown. The solid black line indicates the 90%

con�dence limit. The dashed black line indicates LZ's median sensitivity

with the green and yellow, indicating the� 1 and 2s contours. Incon-

sistency in the shape between this and previous limit curves (particularly

the heavier exclusion of WIMPs between 15 and 50 GeV/c2) is due to an

absence of events in the< 25 keVNR portion of the nuclear recoil band,

seen in Fig. 2.18. The measured result in this mass range (noted by the dot-

dashed gray line) is power constrained to the experiment's -1s projected

sensitivity. The result was world leading in the WIMP mass range (image

from [29]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
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3.1 A diagram depicting the process of bulk Xe gas and trace Kr passing through

a liquid nitrogen cooled cold trap is shown. Bulk Xe (darker blue arrows)

and trace Kr (red arrows) enter the cold trap from the left side. When reach-

ing the level of the liquid nitrogen bath (denoted by the light blue line), the

bulk Xe begins to freeze to the walls of the trap. Kr will pass through the

trap nearly unaffected, while the Xe ice acts as a source of constant vapor

pressure. Only the Kr (or other impurities) and the Xe vapor will reach the

cold trap exit (image from [61]). . . . . . . . . . . . . . . . . . . . . . . . 58

3.2 A schematic diagram of the plumbing and instrumentation for a generic

cold trap mass spectrometry system is shown. This excludes all input and

return plumbing. Xe is put into sample bottle ”SB”. The mass �ow con-

troller is denoted ”MFC”. The blue ”U” labeled ”CT” represents the cold

trap. The red plumbing represents the RGA vacuum plumbing, where the

RGA and a pressure transducer are denoted ”RGA” and ”PT2” respec-

tively. ”IV1” and ”IV2” are impedance valves which increase sensitivity

when properly tuned. The turbomolecular pump ”TP1” and the scroll pump

”SP1” are also shown. A utility pumping setup using pressure transducer

”PT3”, turbo pump ”TP2”, and scroll pump ”SP2” is available for other

pumping purposes when a higher impedance pumping path is not desirable.

Other bypass plumbing is shown as well. . . . . . . . . . . . . . . . . . . . 60

3.3 A photograph of the Mobile Sampling System at SURF is shown on the

left. The cold trap and the styrofoam dewar which submerges the cold trap

in LN can be seen in the lower right corner. The dewar rests on a shelf that

can be raised and lowered via a winch. The RGA is oriented vertically on

the system's top platform. A photograph of the back side of the stationary

sampling system is shown on the right. The copper cold trap, turbo pumps,

and several large sampling volumes are visible. The main plumbing control

panel is on the front of the system and is not seen in this photograph. The

insulating cryostat has been removed for this picture. . . . . . . . . . . . . 62
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3.4 A picture of the MSS ”stocking” shaped stainless steel cold trap is shown

on the right. It is cooled by raising a styrofoam dewar �lled with liquid

nitrogen around the trap. Also shown are RTDs used to monitor liquid level

height. A picture of the SSS ”U” shaped copper cold trap is shown on the

left. This trap sits in a cryostat, suspended from the vessel's top �ange. The

cold head used to cool the trap is seen behind the trap. Scalloped copper

blocks transfer heat from the trap inlet and outlet to the cold head. Heaters

and RTDs are attached to the scalloped block. . . . . . . . . . . . . . . . . 63

3.5 A diagram of major components of the RGA is shown. The ionizer end of

the probe protrudes into the gas volume of interest. Ionized molecules enter

the ion �lter, where they are selected by their mass-to-charge ratio and are

collected by one of two channels in the ion detector (image from [62]). . . . 65

3.6 A side view of the RGA's ionizer is displayed. The �lament ring emits

electrons, which are accelerated toward the anode grid. Electrons are most

abundant at the axial center of the anode grid. Molecules are ionized in

the anode grid and are driven toward the negatively charged focus plate.

If ionizer components were displayed in Fig. 3.5, the focus plate would

sit to the right side of the ionizer section, dividing the ionizer from the

quadrupole mass ion �lter (image from [62]). . . . . . . . . . . . . . . . . 66

3.7 A cross-sectional view looking down the center axis of the RGA's quadrupole

mass �lter is shown. Electrode voltage orientations are given. The elec-

trodes in the RGA quadrupole mass �lter are actually hyperbolically shaped

wedges, not cylindrically shaped rods as shown here (image from [62]). . . 67

3.8 An example of an RGA analog scan with partial pressure (roughly given

in picotorr on the y-axis) plotted for each atomic mass (mass-to-charge) is

shown. The scan ranges from 1 to 60 AMU/q. The three prominent water

peaks can be seen at 16, 17, and 18 AMU/q. N2 (28 AMU/q), O2 (32

AMU/q), and CO2 (44 AMU/q) are also noted in this scan. The large peak

at H2 is seen in all vacuum systems. . . . . . . . . . . . . . . . . . . . . . 68
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3.9 An example PVT scan for seven different masses is shown. Important

masses include AMU/q 62 (doubly ionized124Xe), 84Kr, and the baseline

at AMU/q 87. Two analysis windows are shown by the dashed black lines.

The window encapsulated by the �rst two dashed lines beginning around

2250 s is the background window. Here, the RGA is observing clean Xe

ice in the cold trap. The window between the third and fourth dashed black

lines ending around 3000 s is the �ow window. As Xe �ows into the cold

trap at the start of the �ow window, partial pressures of most gas species

rise. This includes the baseline at 87 AMU/q, indicating a slight systematic

shift in RGA response.62Xe remains �at throughout the �ow period, as

expected. Most partial pressures drop toward the end of the �ow period

after �ow is stopped. The �ow window extends just a bit beyond the end

of �ow. The background and �ow windows are integrated and compared

to a calibration reference measurement to determine the concentration of a

given impurity within a particular run. . . . . . . . . . . . . . . . . . . . . 71

3.10 An example of an RGA PVT scan during a static pumpout is shown. The

Xe ice vapor pressure (62) is constant. Kr (84) and the baseline (87) read

the same value throughout the scan, indicating that Kr is not detected by

the RGA or being pumped away. He (4) and Ar (40) reduce as the gases

are removed. All concentrations abruptly drop when the RGA is valved off

from the Xe ice, after 1200 seconds . . . . . . . . . . . . . . . . . . . . . . 74

3.11 A schematic diagram of the calibration mixing setup is shown. Initially the

clean Xe volume is �lled with clean Xe, and the impurity volume is �lled

with the impurity mixture. The mixing volume and expansion volumes are

initially evacuated. All valves begin closed. The impurity volume is opened

to allow a chosen amount of pressure into the mixing volume. The valve

separating the impurity volume from the mixing volume is then closed. If

dilution expansions are required to reduce the mixing volume pressure, the

mixing volume is opened to the expansion volume, then closed off again

to cut the pressure in the mixing volume. The expansion volume is then

pumped out. The dilution expansion process can be repeated until the mix-

ing volume has reached the desired pressure. . . . . . . . . . . . . . . . . . 77
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3.12 A histogram of repeated MSS measurements of Kr-free Xe is shown. This

test took place over several days in June of 2021. The average of all mea-

surements is less than 1 ppq, indicating no detectable systematic offset. The

standard deviation is about 6 ppq. This is used to estimates abs
stat. . . . . . . . 82

3.13 A diagram indicating the sampling hierarchy of controls is shown. The

most fundamental units of automation are near the bottom of the diagram.

Each successive level is comprised of the units below, indicated by the ar-

row(s) directed at that level. The items outlined in black are written in

Ignition, while the items outlined in blue are written into the PLC. State

checks written into the PLC are called by Ignition at the beginning and end

of an operation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

3.14 Measured concentrations of N2 are plotted against the test cryostat pressure

here. There is no signi�cant correlation between measurement date and

pressure. The measured N2 concentrations are approximately linear with

respect to the test cryostat pressure for the pressure range observed. These

measurements were made with the MSS in the summer of 2020. These

are the only measurements in this thesis that use the low sensitivity analog

scanning technique. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

3.15 The Kr mass ingressed in the circulation system during the room tempera-

ture (293 K) gas circulation period is shown. The �tted mass ingress rate is

450� 10(stat) � 70(sys) ppq/y of Kr (g/g) in 10 T of Xe. The measurements

were made with the MSS between December 2020 and February 2021. . . . 96

3.16 Kr measurements from LZ during the ”cold gas” circulation period are

shown. The circulation system was �lled with about 93 kg of Xe, and

the ICV was cooled between 185 and 191 K. Adjusting to an ingress rate

in 10 tons of Xe, the Kr ingress rate is 49� 7 ppq/y (g/g). This sets an

expectation for Kr ingress throughout the lifetime of the experiment. . . . . 97
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3.17 Individual storage pack measurements before and after transport from SLAC

to SURF are compared. The measurements are mostly consistent. The er-

ror bars shown are strictly statistical. The SURF MSS measurements have

a larger systematic uncertainty but a smaller statistical uncertainty than the

SLAC measurements. The mass averaged Kr concentration for all storage

packs measured at SURF is 117� 18 ppq. The total mass averaged Kr con-

centration for the SLAC measurements is 123� 10 ppq. The two results are

in agreement. The SLAC average is calculated using the SURF measure-

ment of storage pack 5, and the SURF measurement is calculated using the

SLAC measurement of storage pack 8. See also Table 3.4. . . . . . . . . . . 98

3.18 Ar measurements from LZ during the cold gas circulation period are shown.

The circulation system was �lled with about 93 kg of Xe and the ICV was

cooled between 185 and 191 K. The Ar mass ingress in this period should

be very similar to the Ar mass ingress after LZ is fully �lled. Correcting to

an ingress rate in 10 tonnes of Xe, the Ar ingress rate is 110� 20 ppt (g/g).

This sets an expectation for Ar ingress throughout the lifetime of LZ. . . . . 101

3.19 Kr measurements from immediately after the full 10 ton �ll of LZ until May

6, 2022 are shown. The dashed blue line indicates the 144 ppq expectation

from the storage pack measurements. The area between the vertical red

lines indicates when SR1 occurred. The measurements with smaller error

bars are made with the MSS, while the measurements with larger error bars

are made with the SSS (see section 3.7 for more on this). The displayed

error bars on all measurements are strictly statistical. The storage pack

measurements initially fall slightly below the 144 ppq expectation before

rising at the end of SR1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
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3.20 Ar (top) and He (bottom) measurements following the full 10 ton �ll of LZ

until May 6, 2022 are shown. SR1 is the period between the vertical red

lines. Ar measurements prior to the start of SR1 display excessive variation.

The variance decreases when SR1 begins as detector thermodynamics set-

tle. The sudden drop in concentrations of both species at the end of January

2022 is indicative of a change in systematics associated with calibrations

(see section 3.9.8 for more on this). All measurements from approximately

February onward have identical calibration related systematics. These mea-

surements indicate that the observed Ar concentrations in the gaseous phase

Xe are affected by circulation system thermodynamics. Like Ar, the mea-

sured He concentration falls well below the expectation from the storage

pack measurements. Also like Ar, the He measurements show large varia-

tion before settling after the start of SR1. The sharp jump after the end of

SR1 directly corresponds to a signi�cant and intentional change to detector

thermodynamics to promote convection within the TPC. This plot is strong

evidence that changes to detector thermodynamics in�uence the measured

concentration of He in the gaseous phase of LZ. . . . . . . . . . . . . . . . 105

3.21 WS2024 Kr measurements are shown. These were made from July 1, 2023

until April 1, 2023. Measurements with a ”high baseline drift” exceeding

one ptorr are plotted in red. High baseline drift measurements are known

to be quantitatively unreliable. Part replacements and procedural changes

made around January 2024 greatly improved the RGA's worsening baseline

behavior. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

3.22 All Kr measurements from December 23, 2021 (the start of SR1) through

May 15, 2024 are shown. The projected storage pack plus cold gas ingress

expectation is shown in cyan. The� 7 ppq/y uncertainty on the ingress

rate is shown by the dashed blue lines. The WS2024 measurements clearly

fall below the cold gas ingress projection. No measurements with a bad

baseline have been removed from this dataset. This plot indicates that the

cold gas Kr ingress rate is no longer a reliable expectation for LZ's Kr ingress.111
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3.23 LZ WS2024 Kr measurements used to calculated the �nal weighted av-

erage concentration are shown. This selection excludes all measurements

with a baseline drift greater than one ptorr. It also excludes all measure-

ments between November 22, 2023 and December 11, 2023. The RGA

exhibited poor behavior over this time period, with seven of eight measure-

ments failing the baseline drift cut. The reported WS2024 Kr concentration

is the weighted average of the measurements in this plot. Including the

15% systematic error, the reported WS2024 Kr concentration is 182� 26

ppq (g/g). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

3.24 The measurements and projection of Ar in LZ from the start of SR1 are

shown. The projection in blue is anchored from the average of SR1 Ar

measurements (60.8 ppt) as opposed to the storage pack measurements as

in Fig 3.22. The dashed blue lines indicate the projection of the uncer-

tainty on the Ar ingress rate. Each red vertical line on this plot indicates

a change to the sampling system's Ar systematics. The data between each

set of red vertical lines has different calibration related systematics than

all measurements outside of the same set of red vertical lines. Calibration

related systematics vary far more between subsequent Ar calibrations than

between Kr calibrations. The most trustworthy calibration is the �nal cali-

bration, which took effect in January of 2024. The calibration systematics

are discussed in Section 3.6. . . . . . . . . . . . . . . . . . . . . . . . . . 114

3.25 Measured Ar concentrations from January 1, 2024 to May 15, 2024 are

shown. All measurements use the January 2024 Ar calibration as a calibra-

tion reference. The anomalously high Ar concentrations abruptly stop at

the beginning of April 2024. This coincides with a Kr calibration. . . . . . 116

3.26 Ar and N2 measurements from January 1, 2024 to May 15, 2024 are shown.

The top plot shows Ar measurements over time. Ar measurements with

corresponding N2 measurements greater than 0.475 ppb are indicated in

red. The correlation between N2 and Ar is clear in the bottom plot which

shows the same Ar measurements plotted against N2. The large Ar variation

and the high N2 measurements stop after April 2024. This coincides with

the �rst sampling system Kr calibration. The cause of the high N2 and Ar

measurements is not understood. No data from Fig. 3.25 is excluded from

later calculations because of this observation. . . . . . . . . . . . . . . . . 117
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3.27 A plot of all Kr measurements made with cold trap mass spectrometry

across the lifetime of LZ is shown. Measurements begin during warm

gas circulation (red) in December of 2020 and end in June of 2024, af-

ter WS2024. Cold gas circulation (green) and detector �lling (orange) are

indicated just before and just after July of 2021 respectively. The remaining

measurements were made during LXe circulation (blue). The two science

runs discussed in this chapter are indicated by dashed red lines. Gaps in the

Kr measurements are the result of periods of sampling system maintenance

and modi�cation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.1 The decay scheme for85Kr is shown. The isotope has a half-life of 10.756

years and a Q-value of 687 keV. Theb � decay to ground state85Rb is the

more common branch, with a branching fraction of 99.56%. This decay is

problematic for the LZ WIMP search. The less common branching fraction

follows a path through85mRb. The decay begins with a 173 keV Q-value

b � decay to85mRb. A 514 keVg decay to ground state85Rb follows with

a half-life of 1.015ms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

4.2 A pair of S1 waveforms from a candidate excited state decay are shown.

The smaller S1 associated withb decay precedes a larger S1 associated

with theg. The S1s of excited state85Kr decays are separated by the 1.015

ms half-life of 85mRb. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

4.3 Histograms of the S1G area of85Kr excited state decay events simulated

with the fast simulation framework are shown before (blue) and after (red)

position corrections are applied. The corrections are intended to counter-

act the positional variation in scintillation light collection for these events.

The S1G is produced by the mono-energeticg, but is subject to a num-

ber of signi�cant smearing effects including recombination and the double

photo-electron effect. Only events with S1G areas exceeding the dashed

line labeled ”minimum for RMS evaluation,” are considered in the RMS

calculation. The corrected spectrum's improved resolution indicates that

the positional corrections are effective. . . . . . . . . . . . . . . . . . . . . 133
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4.4 Histograms of the S2 total area of85Kr excited state decay events simulated

with the fast simulation framework are shown before (blue) and after (red)

position corrections are applied. The total S2 area is not expected to be

produced from a mono-energetic source and is also expected to be subject

to smearing effects. Events with ab or g that is not fully contained populate

the tail on the left side of the plot. The minimum total S2 used in each RMS

calculation is shown by a dotted line with a color corresponding to the color

of the respective histograms. . . . . . . . . . . . . . . . . . . . . . . . . . 134

4.5 Histograms of the total energy of85Kr excited state decay events simulated

with the fast simulation framework are shown before (blue) and after (red)

position corrections are applied. The decay Q-value is also indicted by a

dashed black line on the plot. As with the S2s, the true energy distribution is

not mono-energetic. The energy spectrum of fully contained events should

resemble ab spectrum that begins at theg energy of 514 keV. The total

energy is not subject to the same recombination �uctuations that effect the

S1s and S2s. The corrected spectrum rises more quickly near theg energy,

and fewer corrected events are seen extending past the Q-value. Only events

with energies exceeding the dotted black line (400 keV) are included in the

RMS calculation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

4.6 An energy histogram of all events with a single S1 and at least one S2

from the22Na calibration periods in May and June of 2023 is shown. No

additional cuts have been applied to this data. Two very clear peaks are

noted: one from the 1275 keVg and one from an annihilation peak at 511

keV. These are both the product of the22Na decay. . . . . . . . . . . . . . . 138

4.7 The positions of events from the22Na calibration periods in May and June

of 2023 are shown. These events correspond to those shown in the energy

spectrum in Fig. 4.6. The left plot shows the X-Y position of events while

the right plot shows the r2 and drift times (Z position) of the events. Note

that events with shorter drift times are closer to the top of the detector.

The drift time axis has been inverted to re�ect this. The position of the

azimuthal angel of the CSD tube housing the22Na source is clear from the

high activity region seen in the X-Y plot. The several source heights can

be noted in the r2-drift plot. Events reconstructed below 1090ms in drift

time or or outside of the radius of 73 cm have been reconstructed outside

the TPC volume. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
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4.8 An energy histogram of events from the22Na calibration periods after ap-

plying several cuts to remove background is shown. Theg lines of interest

are the 511 keV and 1275 keV lines from the22Na decay is shown. Events

reconstructed outside of the Z component of the �ducial volume or in the

�eld cage resistor area are removed. Events with signi�cant skin energy

depositions are removed to minimize that events that Compton scatter be-

fore reaching the TPC. Only events with energy in the outer detector are

kept. The event's largest S2 must be reconstructed between 18 and 32.5

cm (in R3) from the source location. Finally, events outside of the energy

range of interest are excluded. These cuts remove a signi�cant amount of

background and isolate the twog lines. . . . . . . . . . . . . . . . . . . . . 140

4.9 The positions of events from the energy histogram in Fig. 4.8 are shown.

The left plot again indicates the X-Y position of the events and the right

plot indicates the r2 and drift time positions of the events. A very clear

population in X-Y is seen near the CSD position. No events are expected

elsewhere due to the source location cut. The event Z positions clearly

indicate the various (discrete) source heights. . . . . . . . . . . . . . . . . 141

4.10 An energy histogram of single S1 events with at least one S2 from June 8,

2023 to June 17, 2023 from the LZ WS2024 period is shown. The peaks

of interest are the 609 keV214Bi g, the 1461 keV40K g, and the 1764 keV
214Bi g. The data selection is restricted to energy regions of interest. Events

failing any component of the �ducial cut are rejected. Events in the region

below 800 keV are required to deposit energy in the outer detector but not

the skin. Events above 1300 keV are required to deposit energy in the skin

but not the outer detector. There is fractionally more background in this

spectrum than in the22Na calibration spectrum. . . . . . . . . . . . . . . . 142

4.11 Histograms of the data (black) and simulation (magenta) corrected energy

spectra for the 511 keVg produced the decay of22Na are shown. The

simulation spectrum is clearly much wider and lower in energy than the

data spectrum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

xxii



4.12 Histograms of the data (black) and simulation (magenta) reconstructed cor-

rected energy spectra for the 609 keV (top left), 1275 keV (top right), 1461

keV (bottom left), and 1764 keV (bottom right)g lines are shown. The

peak of all data spectra is higher in energy than the peak of the simulation

spectra. The 609 keV data spectrum has fewer statistics than most other

displayed spectra. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

4.13 A �t to the corrected energy spectrum of22Na calibration data in the energy

range near the 511 keVg is shown. The Gaussian centroid is 531.0 keV, and

the Gaussian width is 9.8 keV. The cyan lines show the individual Gaussian

and sigmoid contributions to the �t, and the black line shows the sum of the

two components. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

4.14 A �t to the corrected energy spectrum of22Na simulations in the energy

range near the 511 keVg is shown. The centroid of the Gaussian is 510.4

keV, and the Gaussian width is 21.2 keV. The cyan lines show the individual

Gaussian and sigmoid contributions to the �t, and the black line shows the

sum of the two components. . . . . . . . . . . . . . . . . . . . . . . . . . 145

4.15 The �tted Gaussian centroid and width parameters for the simulation (red)

and data (blue) energy spectra for the �veg lines are plotted by their nom-

inal g energy. The 1s and 2s bands of the Gaussians are indicated by

dotted and dashed lines and shaded in their corresponding color. The sim-

ulation 2s bands frequently encompass the entire data 2s bands, even

when their centroids differ signi�cantly. The simulation is underestimating

the energy resolution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

4.16 The distributions of (log10 of) corrected total S2 and corrected S1 for

events within each� 2s energy slice of the two (511 and 1275 keV)22Na

g peaks are shown. Data is shown on the left plot and simulation is shown

on the right plot. Slices of constant energy arc from the top left to the bot-

tom right of the plot, along the length of the distributions. Energy increases

as the arcs move closer to the top right corner of the plot. The simulation

distributions are wider because the 2s energy bands used to isolate these

populations are considerably wider. Each population on each plot is nor-

malized to itself: the color scale for oneg line is not comparable to another. 148
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4.17 The distributions of (log10 of) corrected total S2 and corrected S1 for

events within each� 2s energy slice of the 1461 keV40K gpeak are shown.

The real data has a surprisingly long high S1-low S2 tail. This is not ob-

served in the simulation plot. . . . . . . . . . . . . . . . . . . . . . . . . . 149

4.18 The distributions of (log10 of) corrected total S2 and corrected S1 for

events within each� 2s energy slice of the two (609 and 1764 keV)214Bi

g peaks are shown. The population associated with the data 1764 keVg

exhibits a very long high S1-low S2 tail, much like the data 1461 keVg. . . 149

4.19 Histograms of the corrected S1 of events within the� 2s energy slice of the

511 keVg for the data (black) and simulation (magenta) are shown. The

median (solid line), middle 68% (dashed lines), and middle 95% (dotted

lines) of each distribution are indicated on the plot. Only the central 99%

of the distribution is plotted. The y-axis label indicates the normalization.

Data and simulation show stronger disagreement at lower S1 percentiles. . . 150

4.20 Histograms of the corrected S1 of events within the� 2s energy slice of

the remaininggs for the data (black) and simulation (magenta) are shown.

Each subplot represents a differentg line with the nominalg energy given

in the title. The plots follow the same conventions as Fig. 4.19. . . . . . . . 151

4.21 A plot summarizing the corrected S1 percentile values in simulation (red)

and data (blue) for eachg line is shown. The medians are indicated by

�lled circles and joined by a solid line. The central 68% of the distribution

is denoted by dashed lines, and the central 95% is given by the dotted lines

and shaded in the corresponding color. . . . . . . . . . . . . . . . . . . . . 152

4.22 Gaussian �ts to the corrected S1 distributions of both data (a) and simula-

tion (b) for events in the� 2s energy slice associated with the 511 keVg

are shown. No additional �tting functions are needed to address the asymp-

totic behavior of these distributions. The �tted data centroid and width are

2607 and 277 phd. The �tted simulation centroid and width are 2758 and

212 phd. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

4.23 A plot summarizing the �tted centroids and widths from S1 distributions of

simulation (red) and data (blue) for allg lines is shown. The �tted centroids

are indicated by �lled circles and joined by a solid line. The 1s and 2s

bands of the Gaussians are indicated by dotted and dashed lines and shaded

in their corresponding color. . . . . . . . . . . . . . . . . . . . . . . . . . 153
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4.24 The S1 data percentile values are plotted against the simulation percentile

values. The 2.5 percentile (blue, analogous to -2s ), 16 percentile (cyan,

-1 s ), median (black, analogous to the �tted centroid), and 84 percentile

(magenta, +1s ) are plotted for everyg line. The 97.5 percentile (red,

analogous to +2s ) is only plotted for the four lowestg energies to avoid

the high S1 tail seen in the data for the 1764 keVg. Each percentile group

is least squares linear �t (linear plus constant) across allg lines to obtain the

parameters for a conversion between simulation and data. The �t lines for

each percentile are shown in the same color as the corresponding percentile

markers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

4.25 The S1 Gaussian �t centroids and widths for data are plotted against their

simulation counterparts. The -2s (blue), -1s (cyan), centroid (black), +1

s (magenta), and +2s (red) values are shown for allg lines. Each standard

deviation grouping is least squares linear �t (linear plus constant) across all

g lines to obtain the parameters for a conversion between simulation and

data. The �t lines for each standard deviation are shown in the same color

as the corresponding standard deviation markers. . . . . . . . . . . . . . . 155

4.26 Histograms of the corrected total S2 of events within the� 2s energy slice

of the 511 keVg for the data (black) and simulation (magenta) are shown.

The median (solid line), middle 68% (dashed lines), and middle 95% (dot-

ted lines) of each distribution are indicated on the plot. Only the central

99% of the distribution is plotted. The y-axis label indicates the normal-

ization. Data and simulation show stronger disagreement at higher S2 per-

centiles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

4.27 Histograms of the corrected total S2 of events within the� 2s energy

slice of the remaininggs for the data (black) and simulation (magenta) are

shown. Each subplot represents a differentg line with the nominalg energy

given in the title. The plots follow the same conventions as Fig. 4.19. . . . . 158

4.28 A plot summarizing the corrected total S2 percentile values in simulation

(red) and data (blue) for eachg line is shown. The medians are indicated by

�lled circles and joined by a solid line. The central 68% of the distribution

is denoted by dashed lines, and the central 95% is given by the dotted lines

and shaded in the corresponding color. . . . . . . . . . . . . . . . . . . . . 159
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4.29 Gaussian �ts to the corrected total S2 distributions of both data (a) and sim-

ulation (b) for a� 2s energy slice associated with the 511 keVg are shown.

The distributions show some skew which results in a slight mismatch be-

tween the �t and the data around the area of the peak. The distributions

match the �t slightly better around the tails, which is generally more im-

portant this analysis. The �tted data centroid and width are 537600 and

88500 phd. The �tted simulation centroid and width are 437000 and 47600

phd. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

4.30 A plot summarizing the �tted centroids and widths from total S2 distribu-

tions of simulation (red) and data (blue) for allg lines is shown. The �tted

centroids are indicated by �lled circles and joined by a solid line. The 1s

and 2s bands of the Gaussians are indicated by dotted and dashed lines

and shaded in their corresponding color. . . . . . . . . . . . . . . . . . . . 160

4.31 The total S2 data percentile values are plotted against the simulation per-

centile values. The 16 percentile (cyan, analogous to -1s ), median (black,

analogous to the �tted centroid), 84 percentile (magenta, +1s ), and 97.5

percentile (red, +2s ) are plotted for everyg line. The 2.5 percentile (blue,

analogous to -2s ) is only plotted for the four lowestg energies to avoid

the low S2 tail seen in the data for the 1764 keVg. Each percentile group is

least squares linear �t (linear plus constant) across allg lines to obtain the

parameters for a conversion between simulation and data. The �t lines for

each percentile are shown in the same color as the corresponding percentile

markers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

4.32 The total S2 Gaussian �t centroids and widths for data are plotted against

their simulation counterparts. The -2s (blue), -1s (cyan), centroid (black),

+1 s (magenta), and +2s (red) values are shown for allg lines. Each

standard deviation grouping is least squares linear �t (linear plus constant)

across allg lines to obtain the parameters for a conversion between simu-

lation and data. The �t lines for each standard deviation are shown in the

same color as the corresponding standard deviation markers. . . . . . . . . 162
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4.33 The position distribution of 618288 fast simulation events passing the initial

cuts is shown. The left plots show the event position given by its largest S2,

while the right plots show the event's weighted position. The top plots show

the X-Y position of the event, and the bottom plots show the event's r2 and

drift time. The Z and r components of the �ducial boundaries are outlined

by dashed lines. The inner-most and outer-most radii of the �ducial volume

are shown in the X-Y plots. The inner-most and outer-most radii from the

azimuthal slices of the �ducial volume at a particular drift time are shown

as dashed lines in the r2 drift time plots. The subtle cutouts nearX = � 70

cm andY = 0 are from the �eld cage resistor component of the �ducial

volume. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

4.34 The probability density (left) and cumulative distribution (right) of the cor-

rected S1B of fast simulation events passing the initial cuts are shown. This

cut is applied identically in simulation and data. The cut boundaries of 50

phd and 1000 phd are indicated by dashed lines. 90.3% of events passing

previous cuts pass the S1B cut. The uncertainty region on the lower cut

boundary is highlighted in yellow. . . . . . . . . . . . . . . . . . . . . . . 168

4.35 The fraction of events passing previous cuts that pass the S1B cut as a func-

tion of the speci�ed S1B lower bound is plotted. The fraction is determined

using the nominal upper bound value of 1000 phd. The right plot contains

the same information as the left plot, but magni�es the region near the cut's

lower bound. The yellow region indicates the uncertainty on the cut, based

on an assumed 10% uncertainty when converting simulated S1B to a data

equivalent value. The fraction of events passing the cut varies by about 0.01

across the region of uncertainty. . . . . . . . . . . . . . . . . . . . . . . . . 168

4.36 The probability density and cumulative distribution of the corrected S1G

of fast simulation events passing the prior cuts are shown. Theinitial sim-

ulation cut boundaries of 2000 phd and 3400 phd are indicated by dashed

lines. The simulation cut boundaries were altered because of the discrep-

ancy between data and simulation discussed in section 4.4. . . . . . . . . . 169
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4.37 The fraction of events passing previous cuts that pass the S1G cut as a func-

tion of the speci�ed S1G upper bound is plotted. The fraction is determined

using the nominal (simulation) lower bound value of 2000 phd. The right

plot contains the same information as the left plot, but magni�es the re-

gion near the cut's upper bound. The fraction of events lost from (only)

the initial upper bound of the S1G cut about 0.002. This bound is not ap-

plied in simulation because of its very small event loss and the simulation's

tendency to overestimate S1. . . . . . . . . . . . . . . . . . . . . . . . . . 170

4.38 The probability density and cumulative distribution of the corrected S1G of

fast simulation events passing the prior cuts are shown. This plot contains

the same event histogram as Fig. 4.36, with no S1G upper bound. The lower

bound is set to 2000 phd, and its region of uncertainty is highlighted. The

data equivalent lower bound of the S1G is 1814 phd, and the upper bound

is restored to 3400 when the cut is applied in data. 99.5% of events passing

previous cuts pass the S1G cut. . . . . . . . . . . . . . . . . . . . . . . . . 171

4.39 The fraction of events passing previous cuts that pass the S1G cut as a

function of the speci�ed S1G lower bound is plotted. No S1G upper bound

is applied. The right plot contains the same information as the left plot,

but magni�es the region near the cut's lower bound. The yellow region

indicates the uncertainty on the cut. The event fraction shows little variation

across the region of uncertainty. . . . . . . . . . . . . . . . . . . . . . . . . 172

4.40 The probability density (left) and cumulative distribution (right) of the total

corrected S2 of fast simulation events passing all prior cuts are shown. The

simulation cut boundaries of 350000 phd and 700000 phd are indicated

by dashed lines. The yellow regions indicate the uncertainty on each cut

boundary. The data equivalent total S2 bounds differ from the simulation

total S2 bounds. 99.5% of events passing previous cuts pass the total S2 cut. 172

4.41 The fraction of events passing previous cuts that pass the total S2 cut as a

function of the speci�ed total S2 upper bound is plotted. The lower bound

maintains its nominal simulation value of 350000 phd. The right plot con-

tains the same information as the left plot, but magni�es the region near

the cut's upper bound. The yellow region indicates the uncertainty on the

cut. The event fraction shows almost no variation across the region of un-

certainty. The data equivalent upper bound of the S2 cut is 947000 phd. . . 173
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4.42 The fraction of events passing previous cuts that pass the total S2 cut as a

function of the speci�ed total S2 lower bound is plotted. The upper bound

maintains its nominal value of 700000 phd. The right plot contains the

same information as the left plot, but magni�es the region of the cut's lower

bound. The yellow region indicates the uncertainty on the cut. The event

fraction shows slight variation, particularly when the cut boundary is raised.

The data equivalent lower bound of the S2 cut is 363000 phd. . . . . . . . . 174

4.43 The probability density (left) and cumulative distribution (right) of the cor-

rected energy of fast simulation events passing all prior cuts are shown. The

cut boundaries of 460 keV and 700 keV are indicated by dashed lines. This

cut is applied identically in simulation and data. 99.9% of events passing

previous cuts pass the energy cut. . . . . . . . . . . . . . . . . . . . . . . . 175

4.44 The probability density (left) and cumulative distribution (right) of the lo-

calization of fast simulation events passing all prior cuts is shown. The

upper cut boundary of 4 cm is indicated by a dashed line. Events with a

single S2 account for the large spike at a localization of zero. 96.6% of

events passing previous cuts pass the localization cut. . . . . . . . . . . . . 176

4.45 The spatial distribution of fast simulation events passing all fast simulation

cuts is plotted. This plot follows the same plotting conventions as Fig. 4.33

with the largest S2 position plots on the left and the weighted position plots

on the right. The top plots show the X-Y position of events while the bottom

plots show the r2 and drift time. The �ducial boundaries are indicated with

dashed lines. There is no evidence that the fast simulation cuts created any

spatial bias in the surviving events. . . . . . . . . . . . . . . . . . . . . . . 178

4.46 The combined S1s (S1B + S1G) and log of the total S2s of fast simulation

events that passed the selection criteria but failed any (red) or passed all

(black) remaining fast simulation cuts. The cuts isolate the bulk of the

distribution. There are two noteworthy bands of failing events. The left

lower band exhibits both light loss (S1) and charge loss (S2), indicating

that the energy deposited by the decay (likely from theg) was not fully

contained. The right lower band exhibits signi�cant charge loss but no

light loss. In these cases, some energy is likely deposited in the reverse �eld

region. The reverse �eld region lies beneath the cathode where scintillation

light is produced but no charge is collected. . . . . . . . . . . . . . . . . . 179
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4.47 A plot of the S1d time of fast simulation events that passed the selection

criteria (red) and events that passed all fast simulation cuts (black). The fast

simulation cuts show no indication of biasing the S1d time in a way that

would alter the expected exponential distribution of genuine excited state
85Kr signal events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

4.48 The spatial distribution of the 41475 full simulation events passing all fast

simulation cuts is shown. This plot follows the same conventions as Fig. 4.33,

with the largest S2 position plots on the left and the weighted position plots

on the right. The top plots show the X-Y position of events while the bot-

tom plots show the r2 and drift time. This is the starting distribution for the

fast simulation cuts. Certain areas within the X-Y plot appear signi�cantly

more populated than others. This is likely the product of imperfect position

reconstruction near dead PMTs, not a genuine over-density of events. . . . . 183

4.49 The corrected S1B distribution of full simulation events passing the initial

cuts before adjustment (red) and after adjustment (magenta) is shown. The

corrected S1B distribution of fast simulation events (cyan) passing the same

cuts is also displayed. The S1B cut boundaries are indicated. . . . . . . . . 184

4.50 The corrected S1G distributions of full simulation events passing the initial

cuts before adjustment (red) and after adjustment (magenta) are shown. The

corrected S1G distribution of fast simulation events (cyan) passing the same

cuts is also displayed. The simulation S1G cut boundaries are indicated.

The upper S1G bound of 3400 phd is also included. . . . . . . . . . . . . . 185

4.51 The corrected total S2 distributions of full simulation events passing the ini-

tial cuts before adjustment (red) and after adjustment (magenta) are shown.

The corrected total S2 distribution of fast simulation events (cyan) passing

the same cuts is also displayed. The simulation total S2 cut boundaries are

indicated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

4.52 The corrected energy distributions of full simulation events passing the ini-

tial cuts before adjustment (red) and after adjustment (magenta) are shown.

The corrected energy distribution of fast simulation events (cyan) passing

the same cuts is also displayed. The energy cut boundaries are indicated. . . 186
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4.53 The probability density (left) and cumulative distribution (right) of the S1G

TBA of full simulation events passing all prior cuts is shown. The cut

boundary of 0 is indicated by a dashed line. 98.5% of events passing the

previous cuts pass the S1G TBA cut. This cut is implicit in the selection

criteria, but cannot be evaluated with the fast simulations. . . . . . . . . . . 188

4.54 The fraction of events passing previous cuts that pass the S1G TBA cut as a

function of the speci�ed upper bound is plotted. The right plot contains the

same information as the left plot, but is magni�ed in on the region of the

cut's upper bound. A small change in the cut bound signi�cantly changes

the fraction of rejected events. . . . . . . . . . . . . . . . . . . . . . . . . 188

4.55 The probability density (left) and cumulative distribution (right) of the S1

d TBA of full simulation events passing all prior cuts is shown. The cut

boundaries of -.25 and .25 are indicated by dashed lines. 99.3% of events

passing previous cuts pass the S1d TBA cut. . . . . . . . . . . . . . . . . 189

4.56 The S1B TBA and S1G TBA distribution of fast simulation events that

pass all cuts (before the TBA cuts) is shown. The S1G TBA cut bound is

indicated by a dashed cyan line and the S1d TBA is indicated by dashed

red lines. The S1B TBA = S1G TBA line is plotted in dashed black. The

majority of events are clustered around this line. . . . . . . . . . . . . . . . 190

4.57 The spatial distribution of full simulation events passing all cuts is plot-

ted. This plot follows the same plotting conventions as Fig. 4.48 with the

largest S2 position plots on the left and the weighted position plots on the

right. The top plots show the X-Y position of events while the bottom plots

show the r2 and drift time. The �ducial boundaries are again indicated with

dashed lines. The �nal fast simulation distributions show no evidence of

spatial bias relative to their initial distribution from Fig. 4.48. . . . . . . . . 192

4.58 The S1d time distribution of full simulation events passing the fast sim-

ulation cuts (red) and events that passed all full simulation cuts (black) is

shown. The full simulation cuts show no indication of biasing the S1d

time in a way that would change the expected exponential distribution of

candidate85Kr events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
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4.59 The distribution of the S1B TBAs and S1G TBAs generated by the toy

Monte Carlo simulation is shown. The initial positions and S1 areas are

drawn from fast simulation events passing all fast simulation cuts. This

histogram can be compared with Fig. 4.56. This histogram has noticeably

fewer events with S1G TBAs that exceed 0 but otherwise looks similar. . . . 195

4.60 The distribution of the S1d TBAs generated by the toy Monte Carlo and

the drift time from the fast simulation output is shown. The S1d TBA cut

bounds are indicated in red. The distribution is wider near the top of the

detector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

4.61 The S1d time of the 27 WS2024 events passing all cuts are histogrammed

and maximum likelihood �t (unbinned) to an exponential plus constant.

The �tting window extends from 0.3ms to 100.3ms. The mean life of the

decay term is �xed tot = 1:464ms. The �t parameters areA = 9:91+ 3:32
� 2:74

(amplitude of the exponential) andB = 0:15� 0:04 (value of the constant).

Each bin is 1ms wide. The error bars on the plot are not used in any

calculations and are for display only. . . . . . . . . . . . . . . . . . . . . . 202

4.62 This plot contains the same data as Fig. 4.61 but magni�es the �rst 20ms.

The bin width is 0.5ms. The binning and the error bars are, again, for

display only and not used in any calculations. The �t and data agree across

the low delay time period. . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

4.63 The corrected S1B histogram of events passing all cuts in the WS2024 pe-

riod is shown. Prompt events are shown in cyan, and delayed events are

shown in red. The cut bounds are drawn in black dashed lines. The his-

tograms are stacked, meaning that a delayed events in the same bin as

prompt events are placed on top of the prompt events. The bin width is

10 phd. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

4.64 The corrected S1G histogram of events passing all cuts in the WS2024

period is shown. Prompt events are shown in cyan, and delayed events are

shown in red. The (data equivalent) cut bounds are drawn in black dashed

lines. The bin width is 20 phd. . . . . . . . . . . . . . . . . . . . . . . . . 205

4.65 The corrected total S2 histogram of events passing all cuts in the WS2024

period is shown. Prompt events are shown in cyan, and delayed events are

shown in red. The (data equivalent) cut bounds are drawn in black dashed

lines. The bin width is 10000 phd. . . . . . . . . . . . . . . . . . . . . . . 206
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4.66 The corrected energy histogram of events passing all cuts in the WS2024

period is shown. Prompt events are shown in cyan, and delayed events are

shown in red. The cut bounds are drawn in black dashed lines. The bin

width is 5 keV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

4.67 WS2024 events passing all85Kr excited state cuts are plotted by the log10

of total corrected S2 and sum of corrected S1B and corrected S1G. They

are overlayed on the fast simulation events passing (black) and failing (red)

the fast simulation cuts, as seen in Fig. 4.46. Prompt events are marked in

cyan, but delayed events are marked in magenta. The simulation and data

cut boundaries in both S1G and total S2 are different, which is why several

WS2024 events are outside of the simulation cut region. . . . . . . . . . . . 208

4.68 The localization histogram of events passing all cuts in the WS2024 period

is shown. Prompt events are shown in cyan, and delayed events are shown

in red. The cut bounds are drawn in black dashed lines. The bin width is

0.05 cm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

4.69 The S1d TBA histogram of events passing all cuts in the WS2024 period is

shown. Prompt events are shown in cyan, and delayed events are shown in

red. The cut bounds are drawn in black dashed lines. The bin width is 0.01.

True excited state85Kr decays are expected to be symmetric about 0 based

on the full simulation distribution. Statistics are low, but it appears there is

a slight positive bias (S1G> S1B) in the S1d TBA of prompt events. The

majority of prompt events still have TBAs near 0, as expected. . . . . . . . 209

4.70 The locations of events passing all cuts in the WS2024 period are shown.

Prompt events are shown in cyan, and delayed events are shown in red.

This plot follows the same conventions as the previous spatial plots with

the largest S2 positions plotted on the left, weighted positions plotted on

the right, X-Y positions plotted on the top, and r2 and drift time plotted

on the bottom. The �ducial boundaries are outlined. There is a noticeable

absence of prompt events at drift times of less than 380ms, and a glaring

disparity in the total number of events between the top and bottom halves

of the detector. This is discussed further in section 4.7.4. . . . . . . . . . . 210

xxxiii



4.71 The calendar dates of events passing all cuts in the WS2024 period are

shown. Prompt events are shown in cyan, and delayed events are shown

in red. A histogram of the live time fraction from each calendar day is

shown behind the events. The maximum live time fraction rarely exceeds

92%. Days when calibrations occur have less live time. Calibrations are

responsible for the two wide gaps in data taking. The prompt events appear

evenly distributed in the accumulated live time. . . . . . . . . . . . . . . . 211

4.72 Waveforms and PMT hit maps are shown for the prompt candidate: run

13579, event 195234. The top left plot shows the two S1 waveforms high-

lighted in green. The bottom left plot shows the S2 waveforms highlighted

in blue. The time and amplitude axes of the waveform plots have different

scaling. The event's PMT hit map is shown on the right with the hit map

for the top array at the top and the bottom array at the bottom. The PMT

hit map is dominated by the S2s because their magnitude is much larger.

The top array indicates the event's X-Y position. No light is collected by

several inactive PMTs. The delay time of this event is less than ams, and

the drift time is about 700ms. . . . . . . . . . . . . . . . . . . . . . . . . . 212

4.73 Waveforms and PMT hit maps are shown for the prompt candidate: run

14366, event 255010. The top left plot shows the two S1 waveforms, and

the bottom left plot shows the S2 waveforms. The event's PMT hit map is

shown on the right for the top array (top) and the bottom array (bottom).

The delay time of this event is about 1.5ms, and the drift time is just under

400ms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

4.74 Waveforms and PMT hit maps are shown for the prompt candidate: Run

15242, event 260404. The top left plot shows the two S1 waveforms, and

the bottom left plot shows the S2 waveforms. The event's PMT hit map is

shown on the right for the top array (top) and the bottom array (bottom).

The two blue ”Y” shaped markers in the top array diagram mark the cen-

troid position of each S2. The centroids are in nearly the same position for

this event. The delay time of this event is about 2ms, and the drift time is

about 860ms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
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4.75 Waveforms and PMT hit maps are shown for the delayed event: run 13980,

event 257977. The top left plot shows the two S1 waveforms, and the bot-

tom left plot shows the S2 waveform. The event's PMT hit map is shown

on the right for the top array (top) and the bottom array (bottom). The delay

time of this event is about 90ms, and the drift time is about 1020ms. . . . . 215

4.76 Waveforms and PMT hit maps are shown for the delayed event: run 14305,

event 150309. The top left plot shows the two S1 waveforms, and the bot-

tom left plot shows the S2 waveforms. The event's PMT hit map is shown

on the right for the top array (top) and the bottom array (bottom). The delay

time of this event is about 50ms, and the drift time is slightly more than

800ms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

4.77 Waveforms and PMT hit maps are shown for the delayed event: run 15182,

event 291534. The top left plot shows the two S1 waveforms, and the bot-

tom left plot shows to S2 waveform. The event's PMT hit map is shown

on the right for the top array (top) and the bottom array (bottom). The blue

”Y” shaped marker in the top array diagram marks the S2 centroid position.

The delay time of this event is about 7.5ms, and the drift time is slightly

more than 600ms. This event could plausibly be an excited state85Kr decay. 217

4.78 The rate of events passing initial cuts (selection criteria, �ducial, and S1d

time) by date is shown. The rate shows multiple sharp spikes. Periods when

no live time is accrued are not plotted. The two sharp rate increases that

follow the extended periods of no data taking are likely due to calibrations. . 218

4.79 The rate of events passing initial cuts by date, with delay times less than 10

ms, is shown. The shape of the plot looks nearly identical to Fig. 4.78, but

with a lower rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

4.80 The S1B histogram of events passing the initial cuts (selection criteria, �du-

cial, S1d time) is displayed. Two very clear peaks are seen in this plot: one

at very low S1 and one just below 1000 phd. The selection criteria removes

all S1s smaller than 10 phd and greater than 10000 phd. . . . . . . . . . . . 220

4.81 The S1G histogram of events passing the initial cuts is displayed. This plot

appears to indicate a peak near 1000 phd, like the S1B plot. . . . . . . . . . 220
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4.82 The energy histogram of events passing the initial cuts is displayed. Two

energy peaks align with the 164 keV Q-value of131mXe (marked in dashed

black) and two times the Q-value of131mXe (marked in cyan). There is no

visible peak at the sum of the131mXe Q-value and 511 keV, indicating that

a 131mXe decay in coincidence with positron annihilation (for instance) is

not a signi�cant source of background. . . . . . . . . . . . . . . . . . . . . 221

4.83 Drift times of events passing all cuts using a similar analysis from the SR1

excited state85Kr decay search are histogrammed here. Prompt events are

indicated in green and delayed events are indicated in blue. ”Prompt” and

”delayed” are de�ned identically in both studies. The red side band events

can be ignored for the purpose of this discussion. The detector's maximum

drift time was about 100ms less SR1 than in WS2024 (image from [65]). . 223

4.84 The positions of events passing the initial cuts and the two S1 area cuts are

plotted here. Those that fail the S1d TBA are marked in red while those

that pass are marked in black. The plot follows similar conventions to the

previous spatial plots (see Fig. 4.70). The vast majority of the events are

background. The cut is de�nitively better at rejecting background from the

top of the detector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224

4.85 Events passing the initial cuts and the two S1 area cuts have their S1G and

S1B TBAs are plotted against drift time. Cyan markers are associated with

the S1G TBA and black markers are associated with the S1B. Because S1

TBA and drift are (anti)correlated, energy depositions producing an S1 and

an S2 lye along the dense diagonal band in this plot. Energy depositions

that produce an S1 but no S2 are not correlated with drift. . . . . . . . . . . 225

4.86 Events passing the initial cuts and the two S1 area cuts have their S1d TBA

and drift time plotted here. A legitimate pairing of two energy depositions

close in both space and time should have an S1d TBA near 0. Three bands

seem apparent by eye. They all converge at high drift times. . . . . . . . . . 226

4.87 The positions of events passing all cuts except the S1d TBA are plotted.

The plots use the same conventions as previous spatial plots. Prompt events

are indicated in cyan, and delayed events are indicated in red. The de�cit

of delayed events in the top half of the detector no longer exists, con�rming

that the S1d TBA cut is more effective at removing low drift time (high Z

position) backgrounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
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4.88 Events passing all cuts except S1d time are plotted by their S1B and S1G

TBAs. The S1d TBA cut boundaries are indicated by dotted black lines.

The dashed black line is S1d TBA = 0. Prompt events lie much closer to

the line than the delayed events. A signi�cant portion of rejected events

have S1B TBAs at about -0.8. A large fraction of these are likely energy

depositions in the �ducial volume producing an S1 and S2(s) coincident

with RFR energy depositions. . . . . . . . . . . . . . . . . . . . . . . . . . 228

5.1 The LZ getter is shown operating in the Davis Cavern. . . . . . . . . . . . . 232

5.2 A simpli�ed plumbing and instrumentation diagram of the LZ source in-

jection panel is shown. A Xe-methane mixture resides in the source bottle

(SB1). SB1 slowly �lls the dose volume(s) DV1 and DV2, passing through

the methane puri�er and the �ow restrictor (FR1). B1 contains a supply of

Xe used to �ush the dosing volumes into the circulation system, which is

located behind V8. The supply Xe pressure is set with regulator RG1, and

the �ush rate is controlled by mass �ow controller MFC1. A few other unla-

beled valves and two generator source locations are also displayed, though

these are not relevant to this procedure. . . . . . . . . . . . . . . . . . . . . 234

5.3 MSS Measurements of CH4 for the October 2021 CH4 removal test are

shown. The �tted removal time is 85:8 � 3:0 hours. Measurements are

drawn before the getter (blue) and after the getter (cyan). The measured re-

moval ef�ciency is 0:535� 0:016. Circulation was stopped due to a power

outage shortly after the �nal blue and cyan measurements were taken. All

measurements used to �t and calculate ef�ciencies were drawn when the

�ow rate was 598 SLPM. No measurements after the initial disruption are

used in any calculation. These measurements (red) are shown to compare

with the projected CH4 concentration. The time accumulated during the cir-

culation system stoppages is removed from this plot. Later measurements

(not shown) fall below the system's limit of detection. . . . . . . . . . . . . 238
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5.4 The getter temperature is shown before and during the October 2021 CH4

removal test. The temperature fell below the nominal 400� C operating

temperature in late September 2021. Several minor disruptions to the cir-

culation �ow rate caused slight transients in the getter temperature prior to

the test start, on the morning of October 6. The getter's steady state tem-

perature dropped slightly when the �ow rate was increased on October 8.

There is a slight gap in the getter temperature data between a circulation

stoppage and the �ow rate reduction on October 14. . . . . . . . . . . . . . 240

5.5 Cold trap mass spectrometry measurements taken during the August 2022

CH4 removal test are displayed. The �ow rate was 598 SLPM and the get-

ter temperature was 401� C. Measurements are made with both the MSS

and the SSS. MSS and SSS measurements are �tted with two different am-

plitudes but a common �oating time constant. The �tted removal time is

63:9� 1:4 hours, and the removal ef�ciency is 0:794� 0:009. Later mea-

surements (not shown) fall below the indicated limit of detection. . . . . . . 242

5.6 Spatial and energy plots are shown for events passing cuts during the April

2022 CH3T calibration. The X-Y plot is at the top left, the R2 drift plot

is at the top right, the S1c-log(S2c) plot is at the bottom left, and the re-

constructed energy spectrum is at the bottom right. Theg1 andg2 used

to produce the energy spectrum areg1 = 0:117 phd/photon andg2 = 43:6

phd/electron. The total number of events in this calibration is low compared

to other CH3T calibrations. . . . . . . . . . . . . . . . . . . . . . . . . . . 246

5.7 CH3T calibration rate measurements from April 2022 are displayed. Rates

reach 30 mHz. The getter temperature during the calibration was 403� C,

and the �ow rate was 398 SLPM. A small ”test injection” was performed

with intent to verify that the rates eventually fell. Once veri�ed, a larger

”full injection” was performed. Measurements from both the test and full

injections are shown. The bin size is one hour. The rise time of the rates is

quite slow relative to later calibrations, taking about twelve hours to reach

peak. A single �t, with different amplitudes for each injection but the same

removal constant, is included. The removal time is 79:7� 3:2 hours. The

�rst twelve hours of each injection are dropped from the �t, as well as

several bins without suf�cient counts to use the gaussian approximation for

uncertainty on counting statistics. The amplitude of the full injection was

expected to reach 140 mHz, but its �tted amplitude is only 33 mHz. . . . . 248
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5.8 Each data point in the plot is the �tted central value of the mean removal

time for a �t, with the number of hours excluded from the start of the �t

on the horizontal axis. The plot is intended to assess whether excluding the

�rst twelve hours (or bins) is suf�cient to account for the slow CH3T in-

growth and equilibration in the TPC. If the �t region includes measurements

before CH3T reaches equilibrium, a higher removal time will be measured.

Fits that exclude all non-equilibrium bins should measure similar removal

times. The �tted central value at twelve excluded hours is consistent with

the asymptote of the �tted removal times. . . . . . . . . . . . . . . . . . . 250

5.9 Spatial and energy plots are shown for events passing selection cuts during

the October 2022 CH3T calibration. The X-Y plot is at the top left, the

R2 drift plot is at the top right, the S1c-log(S2c) plot is at the bottom left

and the reconstructed energy spectrum is at the bottom right. Theg1 and

g2 used to produce this energy spectrum are 0.113 phd/photon and 36.2

phd/electron. There were far more events in this calibration than in the

April 2022 calibration plots. . . . . . . . . . . . . . . . . . . . . . . . . . 255

5.10 All October 2022 CH3T rates are shown. The getter temperature was 403� C

and the �ow rate was 400 SLPM. For simplicity, the part C injections are

grouped by day instead of by injection. The �rst injection of each day in

the part C data is seen as a clustering of data points falling roughly half-

way between the end of the previous day's data and the rest of the current

day's data. Bins are one hour long. Rise times are clearly quicker than

those in the April 2022 calibration data. Maximum activity exceeds 0.4 Hz

on the fourth day of injection C. The removal time of all data �t together

is 76:3� 0:8 hours. The �rst injection of each day of the part C injections

are excluded from the �t. For the remaining injections, the bin when the

injection occurs and the following bin are excluded to account for the delay

in the rate increase. Additionally, the period after the getter shutoff during

injection B is not included in the �t. . . . . . . . . . . . . . . . . . . . . . 256

xxxix



5.11 The event rates in the WIMP search region of interest (WS ROI) from

all periods in the May 2023 CH3T calibration analysis are shown. The

getter temperature for this calibration was 403� C, and the �ow rate was

390 SLPM. Injections A, B, C, D, and E are explicitly labeled. The pre-

calibration rates and post-calibration rates are binned in twelve hour bins,

the injection A data is binned in four hour bins, and the primary calibration

data is binned in one hour bins. This is done to avoid excessive zero bins

in the low event rate periods while maintaining time resolution in the high

event rate periods. A �t to all injections is plotted. Injections are �t with a

common �oating time constant but different �oating amplitudes. The �tted

time constant is 75:7 � 0:5 hours. The amplitudes of individual injection

�ts are shown in Table 5.2. . . . . . . . . . . . . . . . . . . . . . . . . . . 260

5.12 The projection of injection E to the post-calibration measurements is shown.

The left plot shows injection E and the �t line projected to the end of the

post-calibration period. The right plot shows a direct comparison of the

background event rate in the pre-calibration window and the post-calibration

window, with the injection E projection included. This again proves the

getter's ability to remove CH3T. . . . . . . . . . . . . . . . . . . . . . . . 262

5.13 Energy spectrum (bottom) and S1-log(S2) (top) plots for the WIMP search

region of interest (left) and the electron recoil band (right) to 200 keV are

shown for the May 2023 CH3T campaign. Theg1 andg2 used to produce

this energy spectrum are 0.112 phd/photon and 34.1 phd/electron. The elec-

tron recoil band is displayed here to show the presence of14C in the calibra-

tion. Only events in the WIMP search ROI are used in the rate calculations

in this section.3H is the dominant signal below 20 keV in the bottom right

plot. 14C dominates between 20 and 75 keV in the bottom right plot. With-

out14C, the event rate would be reduced out to the14C Q-value at 156 keV.

Most14C decays are too high in energy to be in the WIMP search ROI, thus

the14C rate in the ROI is small compared to the3H rate. After subtracting

out background, 98% of the WIMP search ROI events are expected to be
3H decays. The 164 keVg from 131mXe can be seen in the top right corner

of the right S1-log(S2) plot and above 150 keV in right energy plot. The

WIMP search ROI is a small fraction of the plotted electron recoil band. . . 264
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5.14 Spatial distribution of events contributing to the WIMP search rate during

the May 2023 CH3T calibration is shown. The X-Y plot is on the left and

the R2-drift plot is on the right. . . . . . . . . . . . . . . . . . . . . . . . . 265

5.15 The total raw counts remaining in the WIMP search ROI by day as a re-

sult of the CH3T calibration campaign is shown. This does not distinguish

between14C and3H and does not account for live time losses in LZ. To

properly give a number of events in WS2024 for both species, this must be

convolved with the calculated live time from WS2024. By June 24, there is

about one remaining event. . . . . . . . . . . . . . . . . . . . . . . . . . . 266

6.1 Limits on the WIMP nucleon cross-section from several experiments are

shown. The solid black line is the 90% C.L. (power constrained) upper limit

from the LZ WIMP search 2024 science run. The limit is world leading

across all plotted WIMP mass ranges exceeding 10 GeV/c2 (image from

[73]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269

A.1 A �t to the corrected energy spectrum of WIMP search data in the energy

range near the 609 keV214Bi g. A second Gaussian is added to the �t to

account for the small peak near 585 keV. The primary Gaussian centroid

is 616.0 keV and the width is 8.8 keV. The cyan lines show the individual

contribution of the two Gaussians, and the black line shows the sum of the

two components and a constant. . . . . . . . . . . . . . . . . . . . . . . . 272

A.2 A �t to the corrected energy spectrum of Rn decay chain simulations in the

energy range near the 609 keV214Bi g. A constant is included in the �t.

The �tted Gaussian centroid is 607.8 keV and the width is 23.2 keV. The

black line shows the sum of the Gaussian and the constant. . . . . . . . . . 273

A.3 A �t to the corrected energy spectrum of22Na calibration data in the energy

range near the 1275 keVg. The Gaussian centroid is 1323.9 keV and the

width is 19.5 keV. The cyan lines show the individual Gaussian and sig-

moid contributions to the �t, and the black line shows the sum of the two

components. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273

A.4 A �t to the corrected energy spectrum of22Na simulations in the energy

range near the 1275 keVg. The Gaussian centroid is 1270.9 keV and the

width is 37.4 keV. The cyan lines show the individual Gaussian and sig-

moid contributions to the �t, and the black line shows the sum of the two

components. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 274
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A.5 A �t to the corrected energy spectrum of WIMP search data in the energy

range near the 1461 keV40K g. The Gaussian centroid is 1475.6 keV and

the width is 8.8 keV. The cyan lines show the individual Gaussian and sig-

moid contributions, and the black line shows the sum of the two components.274

A.6 A �t to the corrected energy spectrum of40K simulations in the energy

range near the 1461 keVg. The Gaussian centroid is 1456.3 keV and the

width is 41.5 keV. The cyan lines show the individual Gaussian and sigmoid

contributions, and the black line shows the sum of the two components. . . 275

A.7 A �t to the corrected energy spectrum of WIMP search data in the energy

range near the 1764 keV214Bi g. The Gaussian centroid is 1768.2 keV

and the width is 32.4 keV. The cyan lines show the individual Gaussian

and sigmoid contributions, and the black line shows the sum of the two

components. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275

A.8 A �t to the corrected energy spectrum of Rn decay chain simulations in

the energy range near the 1764 keV214Bi g. The Gaussian centroid is

1755.8 keV and the width is 57.0 keV. The cyan lines show the individual

Gaussian and sigmoid contributions, and the black line shows the sum of

the two components. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276

A.9 A �t to the corrected S1 area of the 2s energy slice of data associated with

the 609 keVg. The �tted centroid and width are 3015 and 315 phd. . . . . . 276

A.10 A �t to the corrected S1 area of the 2s energy slice of simulations asso-

ciated with the 609 keVg. The �tted centroid and width are 3289 and 235
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A.20 A �t to the corrected S2 area of the 2s energy slice of simulations associ-

ated with the 1275 keVg. The �tted centroid and width are 1130000 and
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A.24 A �t to the corrected S2 area of the 2s energy slice of simulations asso-

ciated with the 609 keVg. The �tted centroid and width are 1550000 and

100000 phd. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 284

A.25 Waveforms and PMT hit maps are shown for the prompt candidate: run

13963, event 51159. The top left plot shows the two S1 waveforms high-

lighted in green. The bottom left plot shows the S2 waveforms highlighted

in blue. The event's PMT hit map is shown on the right for the top array

(top) and the bottom array (bottom). The delay time of this event is less

than onems, and the drift time is about 370ms. . . . . . . . . . . . . . . . 285

xliii



A.26 Waveforms and PMT hit maps are shown for the prompt candidate: run

14109, event 282897. The top left plot shows the two S1 waveforms high-

lighted in green. The bottom left plot shows the S2 waveforms highlighted

in blue. The event's PMT hit map is shown on the right for the top array

(top) and the bottom array (bottom). The blue ”Y” shaped markers in the

top array diagram mark the S2 centroid positions. The delay time of this

event is about 1.5ms, and the drift time is about 770ms. . . . . . . . . . . . 286

A.27 Waveforms and PMT hit maps are shown for the prompt candidate: run

14296, event 122124. The top left plot shows the two S1 waveforms high-

lighted in green. The bottom left plot shows the S2 waveforms highlighted

in blue. The event's PMT hit map is shown on the right for the top array

(top) and the bottom array (bottom). The delay time of this event is about

1.5ms and the drift time is about 620ms. . . . . . . . . . . . . . . . . . . . 287

A.28 Waveforms and PMT hit maps are shown for the prompt candidate: run

14834, event 92257. The top left plot shows the two S1 waveforms high-

lighted in green. The bottom left plot shows the S2 waveforms highlighted

in blue. The event's PMT hit map is shown on the right for the top array

(top) and the bottom array (bottom). The delay time of this event is about

4 ms, and the drift time is about 970ms. . . . . . . . . . . . . . . . . . . . 288

A.29 Waveforms and PMT hit maps are shown for the prompt candidate: run

15183, event 198512. The top left plot shows the two S1 waveforms high-

lighted in green. The bottom left plot shows the S2 waveforms highlighted

in blue. The event's PMT hit map is shown on the right for the top array

(top) and the bottom array (bottom). The delay time of this event is about

5 ms, and the drift time is about 730ms. . . . . . . . . . . . . . . . . . . . 289

A.30 Waveforms and PMT hit maps are shown for the prompt candidate: run

15193, event 127925. The top left plot shows the two S1 waveforms high-

lighted in green. The bottom left plot shows the S2 waveforms highlighted

in blue. The event's PMT hit map is shown on the right for the top array

(top) and the bottom array (bottom). The delay time of this event is about

1 ms, and the drift time is about 560ms. . . . . . . . . . . . . . . . . . . . 290
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A.31 Waveforms and PMT hit maps are shown for the prompt candidate: run

15582, event 86318. The top left plot shows the two S1 waveforms high-

lighted in green. The bottom left plot shows the S2 waveforms highlighted

in blue. The event's PMT hit map is shown on the right for the top array

(top) and the bottom array (bottom). The delay time of this event is about

0.5ms, and the drift time is about 560ms. . . . . . . . . . . . . . . . . . . 291

A.32 Waveforms and PMT hit maps are shown for the prompt candidate: run

15760, event 122260. The top left plot shows the two S1 waveforms high-

lighted in green. The bottom left plot shows the S2 waveforms highlighted

in blue. The event's PMT hit map is shown on the right for the top array

(top) and the bottom array (bottom). The delay time of this event is about

0.3ms, and the drift time is about 820ms. . . . . . . . . . . . . . . . . . . 292

A.33 Waveforms and PMT hit maps are shown for the prompt candidate: run

14109, event 282897. The top left plot shows the two S1 waveforms high-

lighted in green. The bottom left plot shows the S2 waveforms highlighted

in blue. The event's PMT hit map is shown on the right for the top array

(top) and the bottom array (bottom). The delay time of this event is about

1.5ms, and the drift time is about 700ms. . . . . . . . . . . . . . . . . . . 293

A.34 Waveforms and PMT hit maps are shown for the delayed event: run 12490,

event 119709. The top left plot shows the two S1 waveforms highlighted

in green. The bottom left plot shows the S2 waveforms highlighted in blue.

The event's PMT hit map is shown on the right for the top array (top) and

the bottom array (bottom). The delay time of this event is about 8ms, and

the drift time is about 550ms. . . . . . . . . . . . . . . . . . . . . . . . . . 294

A.35 Waveforms and PMT hit maps are shown for the delayed event: run 13906,

event 99371. The top left plot shows the two S1 waveforms highlighted in

green. The bottom left plot shows the S2 waveforms highlighted in blue.

The event's PMT hit map is shown on the right for the top array (top) and

the bottom array (bottom). The delay time of this event is about 50ms, and

the drift time is about 800ms. . . . . . . . . . . . . . . . . . . . . . . . . . 295
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A.36 Waveforms and PMT hit maps are shown for the delayed event: run 13985,

event 48909. The top left plot shows the two S1 waveforms highlighted in

green. The bottom left plot shows the S2 waveform highlighted in blue.

The event's PMT hit map is shown on the right for the top array (top) and

the bottom array (bottom). The delay time of this event is about 500ms,

and the drift time is about 1020ms. . . . . . . . . . . . . . . . . . . . . . . 296

A.37 Waveforms and PMT hit maps are shown for the delayed event: run 14131,

event 157152. The top left plot shows the two S1 waveforms highlighted

in green. The bottom left plot shows the S2 waveforms highlighted in blue.

The event's PMT hit map is shown on the right for the top array (top) and

the bottom array (bottom). The blue ”Y” shaped markers in the top array

diagram mark the S2 centroid positions. The delay time of this event is

about 75ms, and the drift time is about 220ms. . . . . . . . . . . . . . . . 297

A.38 Waveforms and PMT hit maps are shown for the delayed event: run 14189,

event 21712. The top left plot shows the two S1 waveforms highlighted in

green. The bottom left plot shows the S2 waveforms highlighted in blue.

The event's PMT hit map is shown on the right for the top array (top) and

the bottom array (bottom). The blue ”Y” shaped markers in the top array

diagram mark the S2 centroid positions. The delay time of this event is

about 40ms, and the drift time is about 75ms. . . . . . . . . . . . . . . . . 298

A.39 Waveforms and PMT hit maps are shown for the delayed event: run 14519,

event 265319. The top left plot shows the two S1 waveforms highlighted
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Chapter 1: Introduction

Dark matter is a compelling but elusive topic in physics. It is generally agreed that

some invisible form of matter not only exists but is more abundant than visible matter.

Understanding the exact nature of dark matter would have tremendous implications for

particle physics and cosmology. Many experiments have tried, and thus far, all have failed,

to determine the exact nature of dark matter. If at �rst you do not succeed...

1.1 Dark Matter Evidence

1.1.1 Zwicky and the Coma Cluster

Fritz Zwicky is generally regarded as the �rst to coin the term dark matter (”dunkle

materie”), though others (notably Kapteyn and Oort) used similar terms or described similar

ideas before. In 1933, Zwicky sought to understand the redshift of galaxies in the Coma

Cluster [1][2]. Zwicky proposed dark matter after noting the discrepancy between the

expected and measured velocity dispersions of several galaxies in the cluster.

Zwicky's approach hinged on the virial theorem as a way to estimate the average kinetic

energy of galaxies in the system. The virial theorem is valid for a system of particles

bounded by a conservative force in a mechanically stationary state. The virial theorem is

given by Eq. 1.1 wherehTi andhVi are the average kinetic and potential energies of the

system.
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hTi = �
hVi
2

(1.1)

Zwicky estimated the luminous mass of the cluster to beM = 1:6� 1045g, then calcu-

lated the expected average velocity of a galaxy in the cluster to be 80 km/s. This was in

signi�cant disagreement with measured dispersions of 1500� 2000 km/s.

Zwicky proposed several explanations for the inconsistency. One was that the Coma

Cluster would eventually disperse without a suf�cient amount of matter binding it together.

He noted that this was inconsistent with the velocity dispersion observed in isolated galax-

ies. All other explanations required some form of non-luminous matter.

1.1.2 Galactic Rotation Curves

Galactic rotation curves provide some of the most tangible evidence for dark matter.

Based on the observed luminous mass distributions, the rotational velocity was expected

to be relatively low near the smaller measurable radii, before increasing to peak at a given

radius and falling at higher radii.

Galaxies can be imaged at different wavelengths. The �rst observations came primarily

from the optical and radio wavelengths, as these are capable of penetrating the Earth's

atmosphere. Optical measurements can indicate the location of the large bodies like stars.

The radio measurements are primarily directed at observing the 21 cm wavelength. 21

cm photons are the product of the hyper�ne transition and their presence is indicative of

gaseous clouds of hydrogen.

Rubin studied the rotation curve of Andromeda in the optical range to over 100 arcmin-

utes using a spectrometer developed by Ford in 1970 [3]. Roberts and Whitehurst (1972)

did the same using radio observations [4]. Both measurements were consistent and indi-

cated that the rotation curves did not fall at the highest observed radii, as would be expected
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from their luminous mass distributions. Roberts compared these and other measurements

of M81 and M101. He was one of the �rst to explicitly conclude that the mass to light ratio

in galaxies is not constant as a function of radius but increases with increasing radii [5].

A considerable number of additional measurements in both the radio and optical wave-

lengths, and extending to higher radii have con�rmed similar rotation curve structures.

Radio measurements of the 21 cm line at radii that exceed the edge of the observable edge

of galaxies (in the optical range) indicate that the mass excess extends to greater than the

optical edge of galaxies. Fig. 1.1 is a compilation of 23 optical rotation curves measured

by Rubin, all showing the rotation curves �atten at high radii.

The dark matter density pro�les in galaxies are still estimated (in part) by rotation

curve measurements. The most commonly used distribution for dark matter is given by the

Navarro-Frenk-White (NFW) pro�le in Eq. 1.2 wherer s is the scale density andrs is the

scale radius [7].

r DM(r) =
r s

(r=rs)(1+ r=rs)2 (1.2)

1.1.3 Gravitational lensing and the Bullet Cluster

Light travels along geodesics in spacetime. Its travel will be in�uenced by large gravi-

tational potentials like any other form of energy. Ignoring effects related to the expansion

of the universe and assuming that the gravitational potentialF is weak (F << c2), the

metric for the potential can be approximated as a perturbation on the Minkowski metric.

Gravitational potentials that meet this approximation causeweak gravitational lensingof

the light. The metric is written in Eq. 1.3 [8].

ds2 = � (1+
2F
c2 )dt2 + ( 1+

2F
c2 )dx~2 (1.3)
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Figure 1.1: Measurements of 23 optical rotation curves are ordered from smallest galaxy
size to largest. The curves generally �atten at high radii, indicating that excess non-visible
mass must be present in the outer edges of the galaxy (image from [6]).
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Setting theds2 term to zero indicates the light is traveling along a geodesic. The effec-

tive speed of light,c0, subject to the gravitational potential is given in Eq 1.4.

c0=
dx~
dt

=

s
1+ 2F =c2

1� 2F =c2 � c(1+ 2F =c2) (1.4)

The effective index of reaction isn = c0=c. For a discrete prism with small de�ec-

tion angles and an opening angle off , the de�ection angle,a , can be approximated as

a = f (n� 1). When applied to a continuous gravitational potential and applying several

small angle approximations, the fundamental equation of lensing for light traveling with an

impact parameterb is acquired: Eq. 1.5 [8].

a~(b) = 2=c2
Z + ¥

� ¥
Ñ? F dz (1.5)

The spatial derivative,Ñ? , is the potential gradient in the plane perpendicular to the

direction the light is being viewed from, andẑ is the initial direction of travel of the light.

Gravitational shearis one manifestation of weak gravitational lensing that can be used

to determine the mass distribution of the object causing the distortion. Gravitationally

sheared objects are stretched tangential to the potential's center and (in the case of galaxies)

their ellipticities deviate from isotropic distributions [9]. A procedure for inferring the mass

distribution of objects causing the distortion is explained by Clowe (et al.) [10].

The Bullet Cluster is a particularly interesting galaxy cluster. It is one of the hottest

known clusters. Optical and X-ray images of the cluster suggest that it was once two

separate clusters that collided. Gravitational shearing around the cluster was used by Clowe

(et al.) to infer the mass distribution [9]. The mass distribution contours are overlaid on the

optical (left) and X-ray (right) images of the galaxy in Fig. 1.2.

Most luminous mass in the cluster is X-ray emitting, hot hydrogen gas. The X-ray data

clearly indicates that the center of the luminous mass does not align with the center of the
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Figure 1.2: The left plot shows an optical image of the Bullet Cluster with the mass contours
measured by weak lensing place on top. The right plot shows the same mass contours
place on top of an X-ray image of the cluster. The three inner-most white rings in each
mass distribution are the one, two, and threes con�dence intervals on the center of mass
measurements from weak lensing. The white bar represents 200 kpc in the image. The
mismatch between the X-ray image (highlighting most of the visible mass) and the mass
contours is clear evidence of dark matter (image from [11]).

total mass. In the model of the two clusters colliding, the cluster that is currently displayed

on the right approached from the left and vice versa. The majority of the luminous mass

is found between the bulk of the two mass contours and suggests that when the collision

occurred, most of the luminous matter self interacted (as expected) while any remaining

mass passed relatively unimpeded.

Some theoretical alternatives to dark matter, such as modi�ed gravitational theories, are

able to explain galactic rotation curves. It is considerably more dif�cult for these theories to

explain the Bullet Cluster. The most parsimonious explanation for the mass density pro�le

is that a form of non-luminous matter, present in the original two clusters, passed by with

little to no interaction, excepting gravity.

1.1.4 Cosmology and the Cosmic Microwave Background

The universe is observed to be expanding, homogeneous, and isotropic. The Friedmann-

Robertson-Walker metric, given in Eq. 1.6, describes a universe that satis�es these three
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conditions.

ds2 = � dt2 + a(t)2(
dr2

1� kr2 + r2(dq2 + sin2qdf 2)) (1.6)

The factora(t) describes the scale of the metric. The factork is more interesting. It

describes the curvature of the metric withk > 0 indicating a positively curved andclosed

universe,k < 0 indicating a negatively curvedopenuniverse, andk = 0 indicating a �at

universe. Ifk is non-zero and normalized to 1, thena is roughly the curvature radius.

Einstein's equation for general relativity is given in Eq. 1.7, whereGmn, the Einstein

tensor, is composed of the Ricci tensor,Rmn, andR is the Ricci scalar.G is given as

Newton's gravitational constant.

Gmn= Rmn� gmnR= 8pGTmn (1.7)

Tmn is the stress energy tensor. It is diagonal and takes the formT0
0 = � r andT i

i = P

for i = 1;2;3. Herer is the energy density andP is the pressure density.

Applying the Friedmann-Robertson-Walker metric to the Einstein equation will result

in the Friedmann equations, Eq. 1.8 and Eq. 1.9.

H2 = (
�a
a

)2 =
8p
3

Gr �
k
a2 (1.8)

ä
a

=
4p
3

G(r + 3P) (1.9)

H in Eq. 1.8 is the (time varying) Hubble parameter. For a �at universe (thus far consis-

tent with observations),k = 0 and the �nal term in Eq. 1.8 will vanish. Thecritical energy

densitycan then be given by Eq. 1.10, whereH0 is the Hubble constant at present.
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r c =
3H2

0

8pG
(1.10)

Making use of the fact thatÑmTm
n = 0, then generalizingP = wr results in Eq. 1.11.

�r = � 3Hr (1+ w) (1.11)

There are three components to the energy density with three corresponding values of

w: radiation (photons) withw = 1=3, matter withw = 0, and the cosmological constant

(related to dark energy) withw = � 1. Solving the differential equations, dividing each by

the critical density, and substituting energy density components back into Eq. 1.8 gives the

Hubble parameter in terms of the normalized components of the energy density today. This

is shown by Eq. 1.12 whereWL is the fraction of the critical density of the cosmological

constantL (expansion of the universe),Wm is the fraction of matter, andWr is the fraction

of radiation.

H2 = H2
0(WL +

Wm

a3 +
Wr

a4 ) (1.12)

Understanding how measurements can be used to determine the fraction of each of these

components requires a returning to the beginning of the universe. It is predicted that small

quantum �uctuations developed before in�ation, then expanded in size during in�ation.

The expanded �uctuations resulted in macroscopic spatial anisotropies. When energies

were lower than required for photons to create electron positron pairs, but high enough to

prevent electrons from binding with nuclei, the universe consisted of an opaque plasma

of photons, baryons (nuclei), and electrons. The photons were coupled to the electrons

through Thompson scattering and the electrons were coupled to the baryons through the

Coulomb interaction.
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The macroscopic anisotropies resulted in over-densities in the plasma. The attractive

gravitational potential wells where the over-densities were located competed with the re-

pulsive radiation pressure from the photon interactions. The two competing interactions

caused oscillations in the plasma, known asbaryon acoustic oscillations. When the tem-

perature of the universe dropped enough, nuclei were able to combine with electrons, and

the photons decoupled from the matter. This process is known asrecombination. The

process happened relatively quickly but not instantly. The mean free path of the photons

rapidly increased before becoming effectively in�nite at theera of last scattering. This

occurred around 370000 years after the Big Bang [12].

A signi�cant fraction of the released photons have been streaming in the same direction

ever since. They are the single most valuable and one of the oldest sources of information

used to assess the component energy density fractions. They now make up what is known as

thecosmic microwave background. Integrating across the entire sky, the spectrum appears

as a (now signi�cantly redshifted) black body spectrum.

The cosmic microwave background is quite isotropic and corresponds to a temperature

of 2.7255 K [12]. There are no signi�cant temperature variations noted at the level of

0.01%1. Improved precision and angular resolution reveal structure in the temperature

�uctuations. The structure in the 2013 cosmic microwave background measured by the

Planck Collaboration in shown in Fig. 1.3.

The image reveals �uctuations on the order of 10s ofmK. It is necessary to return to the

time before recombination to understand the source of these �uctuations.

The baryon acoustic oscillations created areas of compression or higher density, and

areas of rarefaction or lower density. Areas with higher or lower densities at the time of

recombination were at correspondingly higher or lower temperatures when their photons

1This ignores the 3.36 mK dipole from Doppler boosting caused by the motion of the Solar System. The
dipole contribution has been removed from Fig. 1.3.
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Figure 1.3: The cosmic microwave background measured by the Planck collaboration in
2013 is shown. Temperature changes in the spectrum vary from the measured average
temperature 2.7255 K by 10s ofmK (image from [13]).

were released.

Most modes of the acoustic oscillations will make no coherent contribution to the cos-

mic microwave background. However, oscillation modes that correspond to (nearly ex-

act) low integer multiples of compression(s) plus rarefaction(s) over the time between the

start of baryon acoustic oscillations and recombination are able to be detected. These are

observed in the cosmic microwave background angular power spectrum. The cosmic mi-

crowave background angular power spectrum produced by the Planck collaboration in 2018

is shown in Fig. 1.4.

The baryon acoustic oscillations corresponding to integer extrema length scales nat-

urally manifest themselves as spherical harmonics in the sky when viewed from Earth.

The multi-pole moment of a spherical harmonic decomposition of the cosmic microwave

background temperatures is indicated on the X-axis. The (absolute value of) temperature

deviations are displayed on the Y-axis.

The �rst peak is associated with an oscillatory mode that compressed once, releasing
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Figure 1.4: The angular power spectrum of the cosmic microwave background measured
by the Planck collaboration in 2018 is shown. The height and position of the peaks are
sensitive to changes in the dark energy, baryonic matter, and cold dark matter densities. The
third peak exhibiting a height comparable to the second peak is a qualitative indicator of
dark matter. This peak corresponds to a compression, rarefaction, and another compression
of the baryon-photon plasma before recombination. The relative height of the second and
third peaks indicates that some matter unaffected by radiation pressure continued to pool
in the gravitational well while the baryonic matter rare�ed (image from [14]).
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its photons near peak compression (1/2 of a period). Thus, it has the longest wavelength

and lowest multi-pole moment. The second peak corresponds to an oscillatory mode that

compressed then released its photons near peak rarefaction. The third peak compressed,

rare�ed, compressed again, then released the photons.

Higher order peaks are generally expected to experience damping. One factor that

contributes to this is the modest photon scattering that occurs during the recombination

period. The scattering will add a degree of spatial smearing to the higher order peaks. As

the size of spatial smearing approaches the wavelength of a given mode, the anisotropies

of the mode will diminish.

The most qualitatively compelling argument for dark matter is the third peak. This

corresponds to a second compression following a full oscillation (3/2 cycles). This peak

is generally expected to be smaller than the second peak. However, if a source of mass

that did not experience radiation pressure existed early in the universe, it could continue to

gather in the gravitational well while the radiation and baryonic matter rare�ed. The second

compression's temperature deviation would be strengthened relative to the �rst rarefaction.

The above argument generally holds for baryonic matter densities that are consistent with

observations.

Many parameters affect the shape of the spectrum. Returning to Eq. 1.12, the radiation

density,Wr , is currently negligible and the matter density,Wm, has been split into a baryonic

matter component,Wb, and a cold dark matter component,Wc, that behaves in the way

described above. The Planck 2018 data estimates the dark energy density to beWL =

0:684� 0:007. The best estimate of the matter components from the 2018 Planck data

are reported as a product ofh2 whereh = H0=100: Wbh2 = 0:0223� 0:0001, andWch2 =

0:120� 0:001 [14]. The baryonic matter density isWb = 0:049 and the cold dark matter

density isWc = 0:264. This is very strong evidence for the existence of dark matter.

As a �nal note, dark matter consistent with the cosmic microwave background evi-
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dence is expected to becold. Cold is meant to indicate that the dark matter moves non-

relativistically. Non-relativistic dark matter candidates are favored.

1.2 Dark Matter Candidates

While the existence of some form of dark matter is generally accepted, its exact nature

is not well understood. A large number of theories have been proposed to explain the

nature of dark matter. Currently, the two most well motivated, from the perspective of

particle physics, are axions and weakly interacting massive particles.

Baryonic dark matter was one of the �rst proposed dark matter candidates. Most of

these candidates fall into the class of massive compact halo objects (MACHOs). Bary-

onic MACHOs would include neutron stars, white dwarfs, brown dwarfs and objects sim-

ilar. Microlensing measurements from the Magellanic Clouds by the MACHO (1997) and

EROS (2007) collaborations indicate that objects with masses in the expected (MACHO)

mass range cannot account for most of the dark matter in the Milky Way halo [15] [16].

Further, the cosmic microwave background angular power spectrum �t indicates that less

than 5% of the energy density in the universe is baryonic and about 26% is non-baryonic

cold dark matter. While baryonic dark matter may be a small fraction of the dark matter in

galaxies, it cannot account for most of the dark matter in a given galaxy.

Most alternatives to dark matter involve modi�ed Newtonian dynamics (MONDs).

These theories stem from a proposal by Milgrom in 1983 [17]. The general idea involves a

change to Newton's second law:~F = mg~a becomes~F = mgm(a=a0)~a wherem(x>> 1) � 1

andm(x << 1) � x. These theories reproduce dynamics on the galactic level well but do

not offer a compelling explanation for the behavior of the Bullet Cluster or the cosmic

microwave background angular power spectrum.
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1.2.1 Axions

Axions and axion-like particles are hypothetical light particles that could be dark matter.

They are one of the two most well motivated dark matter candidates today. QCD Axions

were initially realized as a solution to the strong CP problem. The strong interaction is not

observed to violate charge-parity (CP) symmetry. However, the standard model Lagrangian

includes an angle (usually denoted asq) that should generally allow the strong force to

violate CP. No CP violation is expected to occur ifq is exactly zero. Thus, the angle must

be very small to be consistent with observations.

Peccei and Quinn proposed a solution to this problem. Their solution would add a new

scalar �eld and chiral U(1) invariance [18]. The proposed symmetry would be broken be-

low the electroweak energies. Both Wilczek and Weinberg noted that this symmetry break-

ing would result in a pseudo-Nambu-Goldstone boson, which Wilczek called the (QCD)

axion [19] [20].

Axions and axion-like particles may have a wide range of masses. QCD axions with

masses exceeding 1 eV have been ruled out. Two prominent models were developed to

explain the cosmic origins of QCD axions: KSVZ and DFSZ [21] [22] [23]. The models

also predict the axion-photon coupling, effectively setting a sensitivity benchmark for axion

detection experiments. Some of the most favored remaining axion mass ranges have been

ruled out at KSVZ and DFSZ sensitivities by haloscope experiments like the Axion Dark

Matter eXperiment [24]. A large amount of parameter space has yet to be explored.

1.2.2 Weakly interacting massive particles

Weakly interacting massive particles (WIMPs) are the other compelling dark matter

candidate. The termweakly interacting massive particlerefers generally to a neutral, non-

relativistic beyond standard model particle that interacts with standard model particles on
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the weak scale (at most) [25]. The WIMP mass range is considered to extend from single

GeV/c2 to about 100s of TeV/c2.

Most WIMP production theories suggest that WIMPs are relic dark matter, produced

in the very early universe. When the temperature of the universe was greater than the

WIMP mass,mc , WIMPs and standard model particles would have been in equilibrium.

As the universe cooled, they wouldfreeze outof equilibrium, �xing the WIMP abundance.

This is required to happen before Big Bang nucleosynthesis to be consistent with the cos-

mic microwave background angular power spectrum measurements. Eq. 1.13 displays the

Boltzmann equation describing the change in the WIMP number densitync , whereH is

the Hubble constant,sann the WIMP annihilation cross-section,v is the WIMP velocity,

andneq is the equilibrium density.

dnc

dt
= � 3Hnc � h sannvrel i (n

2
c � n2

eq) (1.13)

The dark matter relic abundanceWc h2 can then be written as Eq. 1.14 whereT0 is the

present day temperature of the universe,h is the Hubble constant at present,r c is the critical

density from section 1.1.4,xf = mc =Tf is the mass of the WIMP divided by the freeze out

temperatureTf , M̄P is the reduced Planck mass, andvrel is the relative velocity of two dark

matter particles in the center of mass frame [25]. The averaged producthsannvrel i f is taken

at the time of freeze out.

Wc h2 �
mc nc T0

r c
h2 =

T3
0

r c

xf

M̄P

1
hsannvrel i f

(1.14)

Substituting in the best estimated values, includingWc h2 = 0:12 from Planck 2018

(Wc � Wc) and a WIMP massMc � 100 GeV/c2 � 10 TeV/c2, gives Eq. 1.15 [14] [25].

hsannvrel i f � 3� 10� 26cm3=s (1.15)
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This results in a weak strength cross-section (� 10� 36 cm2) for a WIMP velocity of

v � 0:1c. The realization that a weak scale annihilation cross-section and a velocity that

is consistent with the expected WIMP velocity at freeze out results in the observed dark

matter density is referred to as theWIMP miracle. The signi�cance of the result has been

debated [26].

One of the most noteworthy theories where WIMPs arise is supersymmetry. A few su-

persymmetric standard model partners are considered to be WIMP dark matter candidates.

Though minimal supersymmetry has recently fallen out of favor due to the lack of support-

ing experimental �ndings, many other theories propose WIMPs or WIMP-like particles

that could be dark matter candidates. These theories include universal extra dimensional

theories, asymmetric dark matter theories, and Little Higgs models [27]. There are plenty

of reasons to believe WIMPs may still be waiting to be discovered.

1.3 Thesis Outline

Dark matter is a signi�cant outstanding problem in physics. There is overwhelming

evidence for its existence but no direct understanding of its nature. WIMPs remain a leading

particle candidate for dark matter. The remainder of this dissertation focuses on the WIMP

detection experiment LUX-ZEPLIN.

Chapter 2 will introduce the LUX-ZEPLIN (LZ) experiment. The physics of particle

interactions in liquid Xe will be explained. The dual phase liquid Xe time projection cham-

ber detector technology is shown to be exemplary for WIMP detection. Other components

of the LZ detector and their role in WIMP detection are also discussed.

Chapter 3 discusses the technique applied to monitor the purity of LZ Xe. Kr and Ar

concentrations in LZ Xe are measured to within 10s of parts per quadrillion (g/g) usingcold

trap mass spectrometry. Xe purity is chronicled from the time before it entered LZ until
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the end of LZ's WIMP Search 2024 science run. The Kr and Ar concentrations informing

the LZ background priors for85Kr and39Ar in each science run are reported here.

Chapter 4 examines the methods used to measure the decay rate of an excited state

of 85Kr. This decay proceeds through85mRb and provides a unique signature in the LZ

detector. Simulations and data from the LZ detector are used to quantify the cut ef�ciency.

The �nal results are shown and several sources of background are discussed to conclude

the chapter.

Tritiated methane is injected into the Xe to calibrate the detector response to electrons.

It must be effectively removed with the LZ noble gas puri�er because it is a background

for the WIMP search. Chapter 5 assesses methane removal in LZ. Measurements made

using both the cold trap mass spectrometry technique from chapter 3 and data from the LZ

detector are shown. The removal curve informing the number of expected tritium decays

at the start of the WIMP Search 2024 science run is reported here.
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Chapter 2: Dark Matter Detection and The LUX-ZEPLIN Experiment

Observation of dark matter could come in a variety of ways. They are summarized by

the Feynman diagram in Fig. 2.1.

Figure 2.1: A hypothetical Feynman diagram for dark matter coupling to normal matter is
shown. The diagram can be interpreted to suggest that dark matter annihilation and creation
may be viable channels for �nding evidence of dark matter. Direct detection experiments
(like LUX-ZEPLIN) attempt to observe dark matter scattering off of normal matter.

Dark matter could self-interact and annihilate. An experiment may be able to observe

the annihilation products to claim evidence of dark matter. It may be possible to smash

normal matter together at high energies to create dark matter. A collider could create dark

matter in this way and claim a missing mass signal as evidence of dark matter. The most

straightforward way to detect (particle-like) dark matter would be to observe it scattering
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off normal matter. This is referred to as direct detection.

The choice of target medium is the �rst design decision for a direct detection experi-

ment. A WIMP interaction with an atom is expected to cause the target nucleus to recoil.

A 30 GeV/c2 mass WIMP scattering off of a Xe atom is expected to deposit up to 30 keV.

Prior to the LUX-ZEPLIN experiment, the most promising and well motivated WIMP de-

tection medium was liquid Xe (LXe). The 90% C.L. cross-section exclusion limits for a 50

GeV/c2 WIMP by detection medium are shown as of 2017 in Fig. 2.21.

Figure 2.2: The 90% con�dence (upper) limit on the scattering cross-section of a 50 GeV/c2

WIMP measured by experiments using various detection media is shown. The square mark-
ers represent mostly NaI and Ge crystal experiments. The circular markers represent cryo-
genic Ge detectors. The triangle shaped markers (regardless of color) represent liquid Xe
experiments and the diamond shaped markers represent liquid Ar experiments. Xe exper-
iments have been dominant since 2010. The 2016 projected limits for XENON1T and LZ
are also included in this plot (image from [28]).

LXe experiments outperformed others by over two orders of magnitude in 2017. The

gap between Xe and other mediums has only widened since. Current limits show that

1These cross-sections are determined using a standard set of assumptions regarding astrophysical param-
eters such as the local dark matter density and the WIMP particle velocity distribution. This will be true of
all cross-section exclusion plots shown.
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WIMP scatter interactions are limited to extremely low cross-sections; several experiments

have ruled out (spin independent) cross-sections exceeding 10� 46 cm2 [29] [30] [31]. All

are LXe time projection chamber dark matter experiments.

Xe is far better suited for detecting high mass WIMPs than any other medium because of

high energy transfer ef�ciency. Liquefaction increases the Xe density to increase exposure.

LXe is more dense than other liquid noble gases. These properties, along with others that

will be discussed in the following sections, make LXe an obvious WIMP scattering target.

Section 2.1 gives an overview of the LZ detector and some of the main detector sys-

tems. Section 2.2 discusses time projection chamber design, interaction signals in LZ, Xe

microphysics, and energy reconstruction. Various subsystems are described, including the

Xe skin veto detector in section 2.3, the outer detector veto in section 2.4, and the Xe

circulation system in section 2.5. Some basic background mitigation techniques will be

explained in section 2.6. The chapter will conclude with a brief summary in section 2.7.

2.1 LZ Overview

LUX-ZEPLIN is an experiment designed to detect WIMP dark matter. It is housed on

the 4850 ft level of the Sanford Underground Research Facility (SURF) in Lead, SD. It

consists of a time projection chamber with a seven tonne active mass of LXe, an instru-

mented LXe skin detector, an instrumented outer detector, and an outer ultra-pure water

shield. These pieces of the LZ experiment can be seen in Fig. 2.3.

Other pieces of the experiment (not seen in the �gure) include the Xe circulation sys-

tem, calibration source hardware, cryogenics systems, electronics readout and control, and

vacuum systems.
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Figure 2.3: A diagram of the LZ detector is shown. At the center is the time projection
chamber (1). The LZ Xe skin detector (not labeled) rests outside the gray time projection
chamber walls but inside the yellow cryostat walls. The cryostat is surrounded by the green
acrylic tanks (2), which hold gadolinium loaded liquid scintillator. Ultrapure water lies
between the acrylic tanks and the Tyvek curtain and PMT array (3). The liquid scintillator
tanks, water, PMTs and Tyvek all make up the LZ outer detector. More ultrapure water
(primarily used for shielding) lies between the outside of the Tyvek curtain and the water
tank wall (4). LZ's cathode high voltage connection (5) is shown attached to the bottom
left side of the time projection chamber. A conduit pipe (6) for neutron calibration can be
seen on the right side of the cryostat, extending to the water tank wall (image from [32]).
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2.2 The LZ Time Projection Chamber

The heart of the LZ experiment is a ten tonne, dual phase, scintillation based liquid

xenon (LXe) time projection chamber. A two phase liquid noble gas time projection cham-

ber (TPC) is most commonly an upright cylinder. At the top and bottom of the cylinder are

arrays of photo multiplier tubes (PMTs). Multiple sets of nearly transparent, thin wire grids

are held at speci�c voltages to create vertical electric �elds. In a dual phase (scintillation

based) liquid noble TPC, there may be as many as �ve wire grids. From the bottom to the

top, these are ordered: the bottom grid, the cathode grid, the gate grid, the anode grid, and

the top grid. LZ only has four grids (no top grid). The liquid-gas boundary is designed

to be between the tightly spaced anode and gate grids, near the top of the chamber. The

space between the cathode and bottom grids is known as thereverse �eld regionfor obvious

reasons. A diagram of a slice along the diameter of the LZ TPC can be seen in Fig. 2.4.

The LZ TPC has a height of 1.456 m (from cathode to gate) and an effective diameter of

1.456 m. The barrel of the cylinder is coated in polytetra�uoroethylene (Te�on or PTFE).

Field shaping rings maintain electric �eld uniformity. The height of the liquid-gas bound-

ary is set by three weir drain pipes. The inner cryovessel contains numerous temperature

monitoring and control instruments, like resistive temperature devices, thermosiphons, and

heaters. About seven tonnes of the ten tonne mass of LZ Xe is contained in the active por-

tion of the TPC between the cathode and gate grids. The LZ TPC is described in extensive

detail in [28].

A diagram of a particle interaction in the LZ TPC is shown in Fig. 2.5. A broad

overview of the process is given here. A particle interaction with LXe can excite or ionize

Xe atoms.Prompt scintillationlight is released immediately at the location of the inter-

action. This light re�ects around the TPC until it is either collected at a PMT or lost to

absorption. Light collected from prompt scintillation is referred to as theS1signal. Free
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