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Abstract

While the Standard Model has been exceptionally successful at describing nature at

a fundamental level, there remain key questions that it cannot answer. The discovery

of non-zero neutrino masses provides direct evidence of physics beyond the Standard

Model, yet the origin of these masses remains unknown. In addition, the Standard

Model does not include gravity — a force measured with exquisite precision over

macroscopic distances, but largely unexplored at short length scales. In this thesis,

I describe experimental efforts on both of these fronts. nEXO is a planned experi-

ment to search for neutrinoless double beta decay, a process that, if observed, would

establish neutrinos as Majorana fermions and provide insight into their mass gener-

ation mechanism. The experiment will use five tonnes of liquid 136Xe in a cryogenic,

single-phase time projection chamber, serving as both the decay source and detection

medium. I discuss two projects essential to meeting nEXO’s target energy resolution

and stringent radioactivity requirements: the development of a novel light response

calibration scheme and the design of a low-radioactivity xenon purifier. Following this,

I introduce a search for modifications to Newtonian gravity at short distances using

optically-levitated microspheres as highly sensitive force sensors. I then present the

latest constraints on micron-scale Yukawa interactions from this search and describe

a systematic study of the backgrounds limiting the sensitivity.

v



vi



Acknowledgments

None of the work described in the following pages would have been possible without

the continuous support and guidance of my advisor, Giorgio Gratta. His endless

curiosity and enthusiasm for physics set an example I will carry with me throughout

my own career. I am grateful to Giorgio both for his mentorship and for the enjoyable

and productive research environment he cultivated among his students and postdocs.

While working on two separate experiments in Giorgio’s group, I had the bene-

fit of learning from excellent scientists from a wide range of research backgrounds.

Throughout my time in the liquid xenon lab, I learned a lot from Evan Angelico,

Jacopo Dalmasson, Ralph DeVoe, Brian Lenardo, Lin Si, Marie Vidal, and Shuoxing

Wu. The long hours we spent together in the lab formed an instrumental part of my

education. Brian Lenardo deserves particular credit for his contributions to the work

described in Chapter 5, both for conceiving the project and overseeing my own work.

The nEXO experiment would not be possible without the dedication of every member

of the nEXO Collaboration. In addition to my aforementioned Stanford colleagues,

Isaac Arnquist, Dmitry Chernyak, Brian Mong, Jespere Calderone Nzobadila Ondze,

Andreas Piepke, Peter Rowson, and Raymond Tsang all made essential contributions

to the work reported in Chapters 5 and 6. My correspondence with Paolo Chiggiato

of CERN on the topic of Chapter 6 was also a valuable resource.

My work for the microspheres group was done primarily in collaboration with

Gautam Venugopalan, and I credit much of my learning to his extensive knowledge

of optics and signal processing. Gautam ran the lab and continually improved the

experimental hardware while I wrote software and performed the analysis. I am well

aware that I had the easier job. On this project, I also benefited from collaboration

vii



with Jacqueline Huang, Chengjie Jia, Kenneth Kohn, Meimei Liu, Lorenzo Magrini,

Zhengruilong Wang, and Yuqi Zhu. I joined the microspheres group late in my fourth

year with little experience outside of particle physics. It was through continued

collaboration with these individuals that I began to understand and appreciate new

approaches to experimental physics.

During my time in the Gratta group, I enjoyed countless conversations with many

people, including those I did not work with directly. In addition to those already men-

tioned, this includes Soud Al Kharusi, Chas Blakemore, Chiara Brandenstein, Alexan-

der Fieguth, Joey Howlett, Albert Nazeeri, and Nadav Priel. Our group lunches and

coffee chats, on physics and seemingly everything else, made for a fun and memorable

graduate school experience.

Finally, I want to thank my parents for their unconditional support and encour-

agement throughout this process. Their commitment to my success and happiness

made this accomplishment possible.

viii



Contents

Abstract v

Acknowledgments vii

1 Introduction 1

2 Neutrino Masses and the Standard Model 3

2.1 The Standard Model of Particle Physics . . . . . . . . . . . . . . . . 3

2.1.1 The Fermion Mass Mechanism . . . . . . . . . . . . . . . . . . 5

2.1.2 A Short History of Neutrino Physics . . . . . . . . . . . . . . 6

2.1.3 The Three-Neutrino Paradigm . . . . . . . . . . . . . . . . . . 7

2.1.4 Other Neutrino Mass Probes . . . . . . . . . . . . . . . . . . . 12

2.1.5 Open Questions . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Massive Neutrinos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.1 The Effective Field Theory Approach . . . . . . . . . . . . . . 16

2.2.2 Adding Right-Handed Neutrinos . . . . . . . . . . . . . . . . . 17

2.2.3 The Seesaw Mechanism . . . . . . . . . . . . . . . . . . . . . . 17

2.3 From Theory to Experiment . . . . . . . . . . . . . . . . . . . . . . . 20

2.3.1 Two-Neutrino Double Beta Decay . . . . . . . . . . . . . . . . 20

2.3.2 Neutrinoless Double Beta Decay . . . . . . . . . . . . . . . . . 22

2.3.3 The Decay Rate . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.4 The Experimental Program . . . . . . . . . . . . . . . . . . . 26

2.3.5 Implications of a Discovery . . . . . . . . . . . . . . . . . . . . 30

ix



3 Gravity and New Physics at the Micron Scale 33

3.1 Theoretical Considerations . . . . . . . . . . . . . . . . . . . . . . . . 33

3.1.1 The Hierarchy Problem . . . . . . . . . . . . . . . . . . . . . . 33

3.1.2 Potential Resolutions . . . . . . . . . . . . . . . . . . . . . . . 34

3.1.3 Large Extra Dimensions . . . . . . . . . . . . . . . . . . . . . 35

3.1.4 Other Theoretical Motivations . . . . . . . . . . . . . . . . . . 37

3.2 Experimental Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2.1 The Landscape of Measurements . . . . . . . . . . . . . . . . 40

3.2.2 A New Experimental Technique . . . . . . . . . . . . . . . . . 42

4 The nEXO Experiment 45

4.1 Xenon Time Projection Chambers . . . . . . . . . . . . . . . . . . . . 45

4.1.1 Xenon Microphysics . . . . . . . . . . . . . . . . . . . . . . . 46

4.2 The nEXO Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2.1 Measuring Charge Signals . . . . . . . . . . . . . . . . . . . . 49

4.2.2 Measuring Light Signals . . . . . . . . . . . . . . . . . . . . . 51

4.3 Three-Parameter Analysis . . . . . . . . . . . . . . . . . . . . . . . . 52

4.3.1 Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.3.2 Standoff Distance . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.3.3 Event Topology . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.4 Backgrounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.5 Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5 A Xenon-127 Calibration Scheme for nEXO 61

5.1 The Energy Resolution Model . . . . . . . . . . . . . . . . . . . . . . 61

5.2 Position Dependence of the TPC Response . . . . . . . . . . . . . . . 63

5.2.1 Standard Calibration Techniques . . . . . . . . . . . . . . . . 65

5.2.2 127Xe as a Calibration Source . . . . . . . . . . . . . . . . . . 66

5.3 Experimental Demonstration . . . . . . . . . . . . . . . . . . . . . . . 67

5.3.1 Source Production . . . . . . . . . . . . . . . . . . . . . . . . 67

5.3.2 Deployment in a Test TPC . . . . . . . . . . . . . . . . . . . . 70

5.3.3 Electron Lifetime Calibration . . . . . . . . . . . . . . . . . . 72

x



5.4 Projected Calibration Performance for nEXO . . . . . . . . . . . . . 75

5.4.1 Simulating the Light Response . . . . . . . . . . . . . . . . . . 75

5.4.2 Lightmap Reconstruction Strategies . . . . . . . . . . . . . . . 77

5.4.3 Lightmap Calibration Performance . . . . . . . . . . . . . . . 82

5.5 Conclusions and Prospects for nEXO . . . . . . . . . . . . . . . . . . 84

6 A Purifier for nEXO using Pure Zirconium 87

6.1 Introduction to Xenon Purification . . . . . . . . . . . . . . . . . . . 88

6.1.1 Getter Materials . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.1.2 Zirconium Alloys . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.1.3 High-Purity Zirconium . . . . . . . . . . . . . . . . . . . . . . 90

6.2 Design of a Xenon Purifier . . . . . . . . . . . . . . . . . . . . . . . . 91

6.2.1 Getter Pellets . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.2.2 Geometry & Pressure Drop . . . . . . . . . . . . . . . . . . . 93

6.2.3 Design & Assembly . . . . . . . . . . . . . . . . . . . . . . . . 97

6.3 Measurements of Purification Efficiency . . . . . . . . . . . . . . . . . 100

6.3.1 The SLAC Xenon Purity Monitor . . . . . . . . . . . . . . . . 100

6.3.2 Purification Measurement Procedure . . . . . . . . . . . . . . 101

6.3.3 Impurity Transport Model . . . . . . . . . . . . . . . . . . . . 102

6.3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.4 Radioactivity of High-Purity Zirconium . . . . . . . . . . . . . . . . . 105

6.4.1 Radioassay Measurement Campaign . . . . . . . . . . . . . . . 105

6.4.2 Measured Activity . . . . . . . . . . . . . . . . . . . . . . . . 107

6.5 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.5.1 Dry Distillation for Radium Removal . . . . . . . . . . . . . . 111

6.5.2 Capacity and Regeneration Measurements . . . . . . . . . . . 111

7 The Search for Micron-Scale Interactions 113

7.1 Introduction to Optical Tweezers . . . . . . . . . . . . . . . . . . . . 114

7.1.1 The Force from a Laser . . . . . . . . . . . . . . . . . . . . . . 114

7.1.2 Creating an Optical Trap . . . . . . . . . . . . . . . . . . . . 115

7.1.3 The Equation of Motion . . . . . . . . . . . . . . . . . . . . . 116

xi



7.1.4 Microspheres as Force Sensors . . . . . . . . . . . . . . . . . . 118

7.2 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

7.2.1 The Laser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

7.2.2 Position Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . 119

7.2.3 The Trapping Region . . . . . . . . . . . . . . . . . . . . . . . 120

7.2.4 Improvements Since the Previous Result . . . . . . . . . . . . 122

7.3 Overview of the Search . . . . . . . . . . . . . . . . . . . . . . . . . . 124

7.4 The Statistical Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

7.4.1 Likelihood Function Construction . . . . . . . . . . . . . . . . 127

7.4.2 Test Statistic Construction . . . . . . . . . . . . . . . . . . . . 128

7.4.3 Incorporating Systematic Uncertainties . . . . . . . . . . . . . 130

7.4.4 Harmonic Selection Criteria . . . . . . . . . . . . . . . . . . . 131

7.5 Constraints on Yukawa Interactions . . . . . . . . . . . . . . . . . . . 133

7.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

8 Background Management Strategies 137

8.1 Techniques for Background Subtraction . . . . . . . . . . . . . . . . . 137

8.1.1 Physics-Based Model . . . . . . . . . . . . . . . . . . . . . . . 138

8.1.2 Asynchronous Measurement . . . . . . . . . . . . . . . . . . . 139

8.1.3 In Situ Witness . . . . . . . . . . . . . . . . . . . . . . . . . . 139

8.2 General Features of the Backgrounds . . . . . . . . . . . . . . . . . . 139

8.3 Mechanical Vibrations . . . . . . . . . . . . . . . . . . . . . . . . . . 141

8.4 Scattering of Stray Laser Light . . . . . . . . . . . . . . . . . . . . . 141

8.4.1 Constructing a Scattered Light Witness Stream . . . . . . . . 146

8.5 Coupling to the Electric Dipole Moment . . . . . . . . . . . . . . . . 159

8.5.1 Electric Dipole Moment of Silica Microspheres . . . . . . . . . 159

8.5.2 Contact Potentials . . . . . . . . . . . . . . . . . . . . . . . . 160

8.5.3 In Situ EDM Background Monitoring . . . . . . . . . . . . . . 161

8.6 Summary and Current Status . . . . . . . . . . . . . . . . . . . . . . 168

Conclusions 169

xii



Summary for Non-Scientists 173

A 0νββ Discovery Probability 179

B The Stanford Liquid Xenon Lab 183

B.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

B.2 Cryogenics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

B.2.1 System Design . . . . . . . . . . . . . . . . . . . . . . . . . . 185

B.3 Xenon Filling & Handling . . . . . . . . . . . . . . . . . . . . . . . . 185

B.3.1 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

B.3.2 Filling & Recovery . . . . . . . . . . . . . . . . . . . . . . . . 189

B.3.3 Recirculation . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

B.4 Slow Controls & Monitoring . . . . . . . . . . . . . . . . . . . . . . . 193

B.4.1 LabVIEW Code . . . . . . . . . . . . . . . . . . . . . . . . . . 193

B.4.2 Monitoring Code . . . . . . . . . . . . . . . . . . . . . . . . . 194

B.5 Experiments Currently Supported . . . . . . . . . . . . . . . . . . . . 196

B.5.1 Test TPCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

B.5.2 Data Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . 198

B.5.3 Light & Charge Sensing . . . . . . . . . . . . . . . . . . . . . 199

B.5.4 LXe Compatibility Test Chambers . . . . . . . . . . . . . . . 200

B.5.5 Calibrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

C Microspheres and Measurements 205

D The OptLevAnalysis Package 209

D.1 The data processing Module . . . . . . . . . . . . . . . . . . . . . . 209

D.1.1 The FileData Class . . . . . . . . . . . . . . . . . . . . . . . 209

D.1.2 The AggregateData Class . . . . . . . . . . . . . . . . . . . . 212

D.2 Other Modules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

D.2.1 The plotting Module . . . . . . . . . . . . . . . . . . . . . . 213

D.2.2 The stats Module . . . . . . . . . . . . . . . . . . . . . . . . 214

D.2.3 The signals Module . . . . . . . . . . . . . . . . . . . . . . . 215

xiii



D.2.4 The synthetic data Module . . . . . . . . . . . . . . . . . . 215

D.2.5 External Code . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

E Exclusion Limit Calculation 219

E.1 Computing the Log-Likelihood Functions . . . . . . . . . . . . . . . . 219

E.2 Limits from the Test Statistic . . . . . . . . . . . . . . . . . . . . . . 222

F The Physics of Contact Potentials 225

References 229

xiv



List of Tables

2.1 Field content of the Standard Model. . . . . . . . . . . . . . . . . . . 4

2.2 Global fits to neutrino oscillation parameters. . . . . . . . . . . . . . 12

6.1 List of the high-purity zirconium samples that were procured from ALB

Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.2 The radioassay measurements conducted by various participating in-

stitutions on the high-purity zirconium samples. . . . . . . . . . . . . 106

C.1 Properties of the microspheres used in this work. . . . . . . . . . . . 205

C.2 Summary of microsphere measurement configurations. . . . . . . . . . 207

xv



xvi



List of Figures

2.1 Neutrino flavor oscillation probability. . . . . . . . . . . . . . . . . . . 9

2.2 Neutrino mass ordering scenarios. . . . . . . . . . . . . . . . . . . . . 13

2.3 Measured values of all fermion masses. . . . . . . . . . . . . . . . . . 15

2.4 Feynman diagram showing the Weinberg operator. . . . . . . . . . . . 16

2.5 Feynman diagram for the Seesaw Mechanism. . . . . . . . . . . . . . 19

2.6 Mass excess parabolas showing β-decay and ββ-decay. . . . . . . . . . 21

2.7 Electron energy spectra for 2νββ and 0νββ. . . . . . . . . . . . . . . 22

2.8 Feynman diagrams for 2νββ and 0νββ. . . . . . . . . . . . . . . . . . 23

2.9 Feynman diagrams illustrating the Black Box Theorem. . . . . . . . . 24

2.10 The lobster plot showing the allowed parameter space for the effective

Majorana mass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.11 Q-values and abundances for isotopes which undergo 2νββ. . . . . . . 27

2.12 The sensitivity of a selection of experiments to 0νββ. . . . . . . . . . 28

3.1 Constraints on modifications to the gravitational inverse square law. . 41

3.2 Two sample apparatuses for the study of short-range gravity. . . . . . 43

4.1 Production of scintillation and ionization signals in xenon. . . . . . . 48

4.2 CAD rendering of the nEXO TPC. . . . . . . . . . . . . . . . . . . . 50

4.3 Schematic of a nEXO charge-sensing tile. . . . . . . . . . . . . . . . . 51

4.4 Three parameters used for signal/background discrimination in nEXO. 53

4.5 Rotated energy axis constructed from ionization and scintillation signals. 54

4.6 The projected sensitivity of nEXO to 0νββ. . . . . . . . . . . . . . . 58

xvii



5.1 127Xe electron capture decay scheme. . . . . . . . . . . . . . . . . . . 67

5.2 Ionization and scintillation signals produced by the decay of 127Xe. . . 68

5.3 Neutron capture cross section and reactor flux spectrum. . . . . . . . 69

5.4 Activities of radioisotopes produced by neutron irradiation of the SS

cylinder of xenon gas. . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.5 Test TPC and charge tile used in the 127Xe calibration demonstration. 72

5.6 Deployment of the 127Xe source in a test detector. . . . . . . . . . . . 73

5.7 Data from the electron lifetime calibration using a 127Xe source. . . . 74

5.8 Simulated charge and light detected in nEXO. . . . . . . . . . . . . . 77

5.9 Sequence of steps in a simulated lightmap calibration scheme. . . . . 78

5.10 Lightmap error using a Kernel Smoothing reconstruction method. . . 83

5.11 Lightmap error in the TPC with increasing calibration dataset sizes. . 84

5.12 Lightmap error attainable with a 127Xe calibration scheme. . . . . . . 85

6.1 XPS data collected with a high-purity zirconium sample. . . . . . . . 92

6.2 SEM images of St 707 and high-purity zirconium pellets. . . . . . . . 94

6.3 Pressure drop across the purifier as a function of diameter. . . . . . . 97

6.4 Design of the custom purifier using high-purity zirconium. . . . . . . 98

6.5 Photos of the custom purifier during and following assembly. . . . . . 99

6.6 The xenon purity during the run at the SLAC XPM . . . . . . . . . . 104

6.7 Xenon purity over time when purifying with the SAES. . . . . . . . . 105

6.8 Xenon purity over time when purifying with the SCP. . . . . . . . . . 106

6.9 The 238U decay chain. . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6.10 Radioassay measurements of the high-purity zirconium samples. . . . 109

7.1 Optical forces on a sphere in the geometric optics regime. . . . . . . . 116

7.2 Schematic of the optics system used in this work. . . . . . . . . . . . 121

7.3 Diagram of the trap region. . . . . . . . . . . . . . . . . . . . . . . . 122

7.4 Time evolution of the force on the microsphere. . . . . . . . . . . . . 123

7.5 Measured force spectra compared to a signal template. . . . . . . . . 125

7.6 Measurements of the force at selected harmonics. . . . . . . . . . . . 126

7.7 Systematic errors included in the constraints on Yukawa interactions. 131

xviii



7.8 New constraints on Yukawa interactions from this work. . . . . . . . . 134

8.1 Variation of the backgrounds over time. . . . . . . . . . . . . . . . . . 140

8.2 Backgrounds caused by mechanical vibrations. . . . . . . . . . . . . . 142

8.3 Effect of an aperture and the microsphere-attractor separation on back-

grounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

8.4 Fitted signal strengths as a function of microsphere-attractor separation.145

8.5 Microsphere resonances seen in each of the quadrant photodiode sensors.148

8.6 Visualization of the position-sensing matrices. . . . . . . . . . . . . . 154

8.7 Resonances and the null stream before and after calibration. . . . . . 155

8.8 Response to driven forces before and after position-sensing calibration. 156

8.9 Backgrounds as measured in x, y, and the null stream. . . . . . . . . 157

8.10 The technique for measuring the dipole moment of a microsphere. . . 160

8.11 Demonstration of electric dipole interaction background witnessing. . 165

A.1 Effective Majorana mass as a function of Majorana phases. . . . . . . 181

B.1 Photo of the liquid xenon detector test facility. . . . . . . . . . . . . . 184

B.2 Piping & instrumentation diagram for the liquid xenon handling system.185

B.3 Cooling and warming of a detector in the large test stand. . . . . . . 188

B.4 Stability of the xenon cell temperature. . . . . . . . . . . . . . . . . . 189

B.5 Natural warming of a xenon cell in the large test stand. . . . . . . . . 190

B.6 Mass flow rate measured during recirculation through the purifier. . . 193

B.7 Functional schematic of the distributed monitoring system. . . . . . . 195

B.8 CAD renderings of three test TPCs. . . . . . . . . . . . . . . . . . . . 198

B.9 CAD renderings of the xenon compatibility test chambers. . . . . . . 202

D.1 Flow chart showing the analysis pipeline for the micron-scale interac-

tion search. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217

F.1 Schematic illustrating the origin of the contact potential. . . . . . . . 227

F.2 Elimination of the contact potential with an applied bias. . . . . . . . 228

xix



xx



Chapter 1

Introduction

As its title suggests, this thesis concerns Majorana neutrinos and micron-scale inter-

actions, two topics that may appear unrelated. Each of these topics is the focus of

a separate experiment in the domain of fundamental physics. Despite their apparent

differences, the two experiments are united by the goal of discovering phenomena

that are not explainable under the current theoretical paradigm. Both experiments

approach this goal by targeting a known gap in the existing theory.

In the first case, the gap is in the neutrino sector. The Standard Model in its cur-

rent form does not include masses for the neutrinos, though there are well-motivated

ways in which it could be extended to accommodate them. As I will show, the ex-

istence of a process called neutrinoless double beta decay can be seen as a natural

consequence of this extension. An observation of this process would represent a ma-

jor breakthrough with far-reaching implications for particle physics and cosmology.

Chapter 2 introduces the theory underlying this elusive process, before turning to the

landscape of experiments aiming to discover it. Chapter 4 describes nEXO, a search

for neutrinoless double beta decay, and outlines many of the experimental consider-

ations that will be key to its eventual success. Two of these are expanded upon in

Chapter 5 and Chapter 6, which describe my own work for nEXO on developing a

calibration scheme and designing a xenon purifier, respectively.

The second gap in the existing theory is much larger; it is the complete absence

of a quantum description of gravity. Gravity has never been directly measured for

1
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separations below fifty micrometers, and many attempts to reconcile gravity with

quantum mechanics postulate new interactions that manifest as modifications to the

gravitational force at short distances. A selection of these theoretical ideas is intro-

duced in Chapter 3. The latest constraints from the experiment we conducted at

Stanford using optically-levitated microspheres to search for interactions of this kind

are presented in Chapter 7. As the sensitivity of the search was limited by back-

grounds, much of my work was focused on understanding their origin. In Chapter 8,

I introduce some diagnostic tools for this purpose.

In the Conclusions, I reiterate the findings of this thesis and look ahead to the

future of the projects described within. And for readers without a technical back-

ground, or for anyone who does not find discussions of vacuum systems and statistical

minutiae as enthralling as I do, the Summary for Non-Scientists provides a condensed

overview of this thesis at a more accessible level.



Chapter 2

Neutrino Masses and the Standard

Model

For the last quarter-century, it has been understood that the neutrino has a non-zero

rest mass. Incorporating this fact into the existing theoretical framework is not trivial,

however. In this chapter, that framework is introduced and some relevant findings

from neutrino physics are reviewed. The chapter concludes with a description of an

experimental signature that would shed light on the nature of neutrino masses.

2.1 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics is a gauge quantum field theory which

describes all known fundamental particles and interactions, with the notable exception

of gravity [1]. The basic ingredients of the theory are the fields listed in Table 2.1

and the symmetry properties they exhibit. These include fermions comprising matter

(expressed as Weyl spinors1), force-carrying gauge bosons, and a Higgs scalar. The

constituent fields can be classified according to their transformation properties under

1Throughout this chapter, I use the notation convention from Ref. [2], with spinor indices omitted
for clarity. All fermion fields are expressed as two-component left-chiral Weyl spinors; the right-chiral
components required to build Dirac spinors are obtained via Hermitian conjugation. A bar over a
field labels it as an SU(2)L singlet, while the unbarred fields are SU(2)L doublets.

3
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the gauge symmetry group,

SU(3)C × SU(2)L × U(1)Y, (2.1)

where C stands for color in the strong interaction, L refers to the weak interac-

tion’s parity-violating preference for left-handed chirality, and Y symbolizes weak

hypercharge. In addition to the gauge symmetries, the SM respects two U(1) global

symmetries: baryon number, B, and lepton number, L, although these symmetries

are accidental ; they are not built into the theory in advance.

Table 2.1: The fields that make up the Standard Model along with their respective
symbols and transformation properties under the gauge groups. The index i runs
from 1 to 3 and refers to the fermion generation.

Name Symbol SU(3)C SU(2)L U(1)Y
Electron/muon/tau ei 1 1 +1

Lepton doublet ℓi ≡
(
ei νi

)T
1 2 −1/2

Down/strange/bottom quark di 3 1 +1/3
Up/charm/top quark ui 3 1 −2/3

Quark doublet qi ≡
(
ui di

)T
3 2 +1/6

Gluons Gµ 8 1 0
Weak isospin gauge bosons Wµ 1 3 0
Weak hypercharge gauge bosons Bµ 1 1 0
Higgs scalar Φ 1 2 +1/2

The full Lagrangian of the SM can then be generated according to a simple pre-

scription: include all couplings of the fields that respect Lorentz invariance, gauge

invariance, and renormalizability [2]. This is in accordance with the totalitarian prin-

ciple, attributed to Murray Gell-Mann, which says,“that which is not forbidden is

compulsory” [3]. Stated differently, any interactions that do not explicitly violate the

symmetries of the theory should be expected to occur with some probability. This

prescription will be useful later in this chapter when we confront the task of modify-

ing the theory to accommodate massive neutrinos. Before addressing neutrino mass

generation, however, a discussion of ordinary fermion masses will set the stage.
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2.1.1 The Fermion Mass Mechanism

Fermions obey the Dirac equation; they are described by four-component Dirac

spinors ΨD ≡ (χ ξ†)T with a left-chiral part (χ) and a right-chiral part (ξ†) [4].

Alternatively, as was first demonstrated by Ettore Majorana in 1937 [5], a Majorana

spinor ΨM ≡ (ψ ψ†)T can be constructed from a single Weyl spinor, ψ, and its conju-

gate, reducing the number of real degrees of freedom from four to two. This describes

a particle that is its own antiparticle, and therefore requires that the particle carry

no gauge charges. The mass terms in the Dirac Lagrangian for these spinors are

LD = −mD(χξ + χ†ξ†) and LM = −mM(ψψ + ψ†ψ†), (2.2)

where mD and mM are the Dirac and Majorana masses, respectively. Neither of these

terms is among the SM Lagrangian terms generated according to the prescription

defined above, however. The reason is that such terms are not gauge invariant2. The

problem of giving the fermion fields masses in a gauge invariant way is solved by the

Higgs field, Φ. The following terms are allowed by the gauge symmetries of the SM

(considering only a single fermion generation for simplicity):

LSM ⊃ −yuΦqu− ydΦ
†qd− yeΦ

†ℓe+ h.c.. (2.3)

These terms represent the Yukawa couplings between Φ and the left- and right-

handed3 fermion fields, with yu,d,e determining the strength of the couplings. At high

temperatures, the effective Higgs potential has a minimum at Φ = 0, rendering the

fermions massless. When the temperature decreases, the potential takes on its fa-

mous wine bottle shape, and Φ acquires a non-zero vacuum expectation value (vev)

as it settles into the new minimum. In this process, known as Electroweak Symme-

try Breaking (EWSB), the SU(2)L × U(1)Y gauge symmetry is spontaneously broken

2To see this, note that the Dirac mass term for the electron −meee includes both the SU(2)L
singlet e and the SU(2)L doublet e, so the full term is not a singlet under SU(2)L.

3In this context, left-handed and right-handed refer to the SU(2)L transformation properties of
the fields, with “left-handed” meaning an SU(2)L doublet, and “right-handed” meaning an SU(2)L
singlet. When referring to chirality of a field, I will instead use the terms “left-chiral” and “right-
chiral.”



6 CHAPTER 2. NEUTRINO MASSES AND THE STANDARD MODEL

down to the electromagnetic gauge symmetry, U(1)EM. In the unitary gauge, the

Higgs doublet in the broken phase can be expressed as

Φ(x) =
v +H(x)√

2

(
1

0

)
, (2.4)

where H(x) is a real scalar field and v is the Higgs vev. The Lagrangian terms then

become

LSM ⊃ −yuv√
2
qu− ydv√

2
qd− yev√

2
ℓe. (2.5)

Finally, the familiar Dirac mass terms have appeared, with mu = yuv/
√
2, and

similarly for md and me. The masses are generated by the Yukawa coupling between

the left- and right-handed fermions and the Higgs, and they are proportional to the

coupling strengths and the Higgs vev. While this explains the origin of the up quark,

down quark, and electron masses, the neutrino is left massless. This is because the

SM does not include an SU(2)L singlet counterpart for the neutrino field, ν. Indeed, in

the minimal SM, this was by design — at the time it was being developed, neutrinos

were taken to be massless. Since then, it has been established that at least two of

the three neutrino masses must be non-zero, rendering the minimal SM incomplete.

2.1.2 A Short History of Neutrino Physics

With the general framework having been described, we can now look at how neutrinos

fit into the picture. Neutrinos were first postulated byWolfgang Pauli in 1930 as a way

to explain the continuous energy spectrum of electrons from β− decay, which seemed

to violate the law of conservation of energy without a third body [6]. It wasn’t until

more than two decades later that Cowan and Reines found the first direct evidence of

their existence. In a series of two experiments, they observed the capture of antineu-

trinos from a nuclear reactor on hydrogen, first using a hydrogenated liquid scintillator

target, and later with water targets sandwiched between liquid scintillator detectors

[7, 8]. With the discovery of parity violation in the weak interaction by Chien-Shiung

Wu, after the idea was proposed by Lee and Yang, evidence was mounting to suggest
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that neutrinos are left-handed [9, 10]. The Goldhaber experiment conducted in 1957

confirmed that neutrinos (antineutrinos) have negative (positive) helicity [11].

The 1960s ushered in a new approach to the study of neutrino properties with

the first detection of solar neutrinos. Neutrinos from the Sun, predominantly those

produced in the β+ decay of 8B in the solar core, were measured by the Homestake

experiment conducted by Raymond Davis Jr. and John Bahcall [12, 13]. The exper-

iment measured the production of 37Ar through neutrino capture on 37Cl in a large

chlorine tank deep underground in the Homestake gold mine [14]. Bahcall’s detailed

modeling of nuclear processes in the solar core gave a predicted neutrino detection

rate approximately three times the measured rate [15–17]. This became known as the

solar neutrino problem. A solution first proposed by Bruno Pontecorvo suggested that

if the neutrino masses were non-zero, neutrinos produced in one flavor could oscil-

late into other flavors undetectable by the Homestake experiment [18]. By the early

2000s, results from the Sudbury Neutrino Observatory (SNO) [19] and the Super-

Kamioka Neutrino Detection Experiment (Super-Kamiokande, or Super-K) [20] had

confirmed that at least two of the neutrino masses are non-zero, solving the solar

neutrino problem and establishing the existence of physics beyond the minimal SM.

2.1.3 The Three-Neutrino Paradigm

In the current paradigm, three flavor states (νe, νµ, ντ ) are related to the three mass

states (ν1, ν2, ν3) by a unitary mixing matrix, UPMNS [18, 21, 22]:
νe

νµ

ντ

 =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3



ν1

ν2

ν3

 . (2.6)
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The matrix UPMNS is known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mix-

ing matrix. It is parameterized as follows:

UPMNS =


1 0 0

0 c23 s23

0 −s23 c23




c13 0 s13e
−iδCP

0 1 0

−s13eiδCP 0 c13




c12 s12 0

−s12 c12 0

0 0 1

 (2.7)

where sij ≡ sin θij and cij ≡ cos θij. The PMNS matrix has four free parameters:

the mixing angles, θ12, θ13, and θ23, and a phase, δCP that describes CP violation

in the neutrino sector. The off-diagonal terms in the PMNS matrix mean that the

mass eigenstates and flavor eigenstates do not align, and mixing is expected. In the

relativistic limit, the energy of a propagating mass eigenstate |νi⟩ is given by4

Ei =
√
p2i +m2

i ≈ pi

(
1 +

m2
i

2p2i

)
= pi +

m2
i

2pi
≈ E +

m2
i

2E
, (2.8)

where E is the total neutrino energy, and in the last step, the approximation E ≈ pi

is used. Applying the time evolution operator with energy Ei to the mass eigenstates

in Eq. (2.6) allows a flavor eigenstate |να⟩ to be described by

|να(t)⟩ =
∑
i

Uαi exp

[
−i
(
E +

m2
i

2E

)
t

]
|νi⟩ . (2.9)

To illustrate the phenomenology of neutrino oscillation, it is helpful to consider the

simpler two-neutrino case, with flavors |να⟩ and |νβ⟩, mass eigenstates |ν1⟩ and |ν2⟩,
and a 2× 2 mixing matrix with a single angle, θ. One can show that the probability

that a neutrino produced in state |να⟩ will be detected in state |νβ⟩ at time t is given

by

Pα→β = |⟨νβ(t)|να(0)⟩|2 = sin2 (2θ) sin2

(
∆m2L

4E

)
, (2.10)

where ∆m2 ≡ m2
2−m2

1, and t ≈ L has been used to express the probability in terms of

the travel length, L. Evidently, the flavor state oscillates with a frequency set by the

difference between the squared masses and the ratio of the propagation distance to

4In this chapter and the next, I use natural units with c = ℏ = 1.
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the neutrino energy. This is true in the three-neutrino case as well, though amplitude

modulations and interference between multiple oscillation frequencies also play a role.

These features are visible in Fig. 2.1. The dependence on L has permitted a broad

range of experiments to target different oscillation parameters by placing detectors

at different baselines. A brief survey of these techniques follows.
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Figure 2.1: Illustration of the phenomenon of neutrino oscillation. Neutrinos pro-
duced in one flavor (in this case, electron neutrinos) develop a probability of being
measured in a different flavor after some distance of propagation, depending on their
energy.

Solar Neutrinos

A number of experiments have measured θ12 and ∆m2
21, known as the solar neu-

trino parameters. Solar neutrinos travel a significant distance through the Sun be-

fore exiting. Due to the electron background in the solar interior, the mass states

that diagonalize the Hamiltonian are not eigenstates of free propagation. This re-

sults in a modification to the oscillation behavior described above and is known as

the Mikheyev-Smirnov-Wolfenstein (MSW) effect [23–29]. The admixture of flavor

states that constitute eigenstates of the Hamiltonian is different for neutrinos and
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antineutrinos, allowing the sign of ∆m2
21 to be determined. The solar neutrino flux

was first measured by the Homestake experiment [30], and then concurrently by

the Gallium Experiment (GALLEX), later called the Gallium Neutrino Observatory

(GNO) [31, 32], and the Soviet-American Gallium Experiment (SAGE) [33]. The

GALLEX/GNO and SAGE programs used neutrino capture on 71Ga, with the reac-

tion threshold of 233.2 keV allowing for much lower energy neutrinos to be detected,

compared to the 37Cl threshold of 814 keV. First evidence of neutrino oscillations in

solar neutrinos was published by SNO, which separately measured charged current,

neutral current, and neutrino-electron elastic scattering interactions on a heavy wa-

ter target. The first interaction channel is sensitive only to electron neutrinos, the

second equally to all flavors, and the third preferentially to electron neutrinos, but

with some sensitivity to the other two as well [34, 19, 35]. Super-K and Borexino

have also measured solar neutrinos, the former with sensitivity to both neutral and

charged current elastic scattering on electrons in an ultrapure water target, and the

latter using a liquid scintillator target [36–38].

Atmospheric Neutrinos

The first direct evidence of neutrino oscillations was observed by Super-K in neutri-

nos produced by cosmic rays in the upper atmosphere [20]. The atmospheric neutrino

oscillation parameters, θ23 and |∆m2
32|, have since been measured with improved pre-

cision by Super-K and the IceCube DeepCore experiment [39–41]. IceCube is a cubic-

kilometer of ice at the South Pole instrumented with PMTs to measure Cherenkov ra-

diation for through-going charged particles; the denser sub-array of PMTs in IceCube

known as DeepCore has sensitivity to GeV-scale atmospheric neutrinos, in contrast

to the much larger energy astrophysical neutrinos for which IceCube is optimized.

Measurements of neutrinos on an upward trajectory through the Earth allows for a

full Earth-diameter to be used as the baseline.
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Reactor Neutrinos

Disappearance of electron antineutrinos produced in nuclear reactors over medium

(∼1 km) baselines has enabled direct measurements of θ13 and |∆m2
31|. The Double-

Chooz experiment, the Reactor Experiment for Neutrino Oscillation (RENO) and the

Daya Bay Reactor Neutrino Experiment have all reported such measurements [42–

44]. Reactor neutrinos measured over a longer baseline by Kamioka Liquid Scintillator

Antineutrino Detector (KamLAND) have provided further data on ∆m2
21, along with

the mixing angles θ12 and, with less precision, θ13 [45].

Accelerator Neutrinos

Accelerated protons impacting a graphite target produce pions and kaons, which de-

cay predominantly into muons and muon neutrinos. The resulting neutrino beam can

be used to study oscillation parameters via the disappearance (appearance) of muon

(electron) neutrinos or antineutrinos between a near detector and a far detector. The

Main Injector Neutrino Oscillation Search (MINOS) using the Fermilab accelerator,

along with its successor, the NuMI Off-axis νe Appearance (NOνA) experiment, and

the Tokai to Kamioka (T2K) experiment using the neutrino beam from the J-PARC

facility in Tokai, have all produced measurements of the mixing angle θ23 and the

mass-squared difference |∆m2
32| [46–49]. As these experiments use both neutrino and

antineutrino beams and are sensitive to differences between them, they have some

sensitivity to δCP. Furthermore, because these beams propagate through the Earth,

the MSW effect provides sensitivity to the sign of |∆m2
32| as well, though the current

sensitivity is not enough to provide definitive evidence in favor of one over the other.

Global Fits to Neutrino Oscillation Data

Joint fits over the many individual datasets can provide a more complete picture of

the current status of the three-neutrino paradigm. The NuFIT collaboration [50,

51] provides continually-updated fit parameters as new measurements are reported;

results from the latest release are included in Table 2.2. A remaining unknown is

the ordering of the mass eigenstates. The scenario in which ∆m2
32 > 0 is known as
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the normal ordering (NO) scenario, as it implies that m1 < m2 < m3. If ∆m2
32 < 0,

then the inverted ordering (IO) scenario is correct and m3 < m1 < m2. As there

is no a priori reason to prefer one scenario over the other, the labels “normal” and

“inverted” are somewhat misleading. Fig. 2.2 depicts both scenarios.

Table 2.2: Best-fit values of the neutrino oscillation parameters along with their 1σ
uncertainties, from Ref. [51]. In the fifth row, ℓ = 2 under the NO scenario and ℓ = 1
under the IO scenario.

Parameter NO Fit (±1σ) IO Fit (±1σ)

sin2 θ12 0.308+0.012
−0.011 0.308+0.012

−0.011

sin2 θ23 0.470+0.017
−0.013 0.550+0.012

−0.015

sin2 θ13 0.02215+0.00056
−0.00058 0.02231+0.00056

−0.00056

∆m2
21 [10−5 eV2] 7.49+0.19

−0.19 7.49+0.19
−0.19

|∆m2
3ℓ| [10−3 eV2] +2.513+0.021

−0.019 −2.484+0.020
−0.020

δCP [°] 212+26
−41 274+22

−25

2.1.4 Other Neutrino Mass Probes

In addition to the aforementioned oscillation experiments, the precision measurement

of β-decay spectra and analysis of astrophysical data can also serve as probes of the

neutrino mass, as described below.

Beta Decay Spectra

In β-decay, the shape of the electron kinetic energy spectrum near the Q-value is

sensitive to a weighted average of the three neutrino masses, mβ, given by

mβ =

√√√√ 3∑
i=1

|Uei|2m2
i . (2.11)
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Figure 2.2: The two possible neutrino mass ordering scenarios allowed by current
neutrino oscillation data, with the solar neutrino mass squared difference defined
as ∆m2

sol ≡ ∆m2
21 and the atmospheric neutrino mass squared difference defined as

∆m2
atm ≡ ∆m2

32 ≈ ∆m2
31.

In principle, this allows for mβ to be determined from precise measurements of the

spectral shape near the endpoint, though a direct measurement of mβ is currently

beyond the limits of experimental sensitivity. The Karlsruhe Tritium Neutrino (KA-

TRIN) experiment has demonstrated sensitivity to mβ at the level of 0.45 eV in

tritium β-decay using a large spectrometer based on Magnetic Adiabatic Collimation

with Electrostatic (MAC-E) filters [52, 53]. The planned Project 8 experiment aims

to improve on this limit by approximately an order of magnitude using the novel

Cyclotron Radiation Emission Spectroscopy (CRES) technique [54, 55].
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Cosmology

Measurements of cosmological observables can be used to constrain the sum of neu-

trino masses, Σ ≡
∑

imi, as neutrinos leave their imprint at multiple stages through-

out the evolution of the Universe [56]. The cosmic microwave background (CMB)

power spectrum is a reflection of temperature anisotropies as a function of length

scale (expressed as a multipole moment) on the last scattering surface, which in

turn depends on scale-dependent density perturbations at the time of recombination.

Neutrinos can affect the CMB power spectrum in a number of ways. By contribut-

ing to the radiation budget, they delay the epoch of matter-radiation equality (via

the early integrated Sachs-Wolf effect), predominantly affecting the first peak. They

also affect the expansion history and the angular scale. Before recombination, they

inhibit structure formation on length scales smaller than their free streaming scale,

resulting in the attenuation of density fluctuations at high multipole moments. After

recombination, the suppression of structure formation reduces the gravitational lens-

ing potential; this affects the sharpness of the high-multipole peaks. Baryon acoustic

oscillations at recombination are visible today as a preferred separation scale in the

distribution of galaxies, reflecting the length scale at the baryon-photon decoupling

time. Measurements of this feature in galaxy surveys can break the degeneracies

in the CMB fit parameters, improving the constraints on Σ. The latest constraint,

combining data from the Planck satellite [57, 58] and the Atacama Cosmology Tele-

scope (ACT) [59, 60] with BAO measurements from the Dark Energy Spectroscopic

Instrument (DESI) [61] requires Σ < 0.082 eV [62, 63]5.

These disparate probes all point to an extraordinarily small absolute neutrino mass

scale. Indeed, the maximum allowed mass from current data is more than a million

times smaller than that of any other fermion (Fig. 2.3). If neutrinos get Dirac masses

from the Higgs, this would suggest an unnaturally small Yukawa coupling strength of

yjν ∼ 10−12.

5These results are in tension at the level of ∼ 3σ with oscillation data, potential indicating
unknown systematics or hinting at new physics.
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Figure 2.3: Current measured values for the masses of all three generations of
fermions. Limits on the neutrino mass are also shown, with both ordering schemes
considered.

2.1.5 Open Questions

Despite substantial progress on narrowing in on the neutrino mass parameters, the

following unknowns remain:

• The ordering of the masses. The solar neutrino mass splitting (between m1 and

m2) is much smaller than the atmospheric neutrino mass splitting (between m2

and m3). However, sign of the former is known, while that of the latter is not.

• The degree of CP-violation in the neutrino sector, though preliminary evidence

suggests a departure from the fully-CP-conserving scenario.

• The absolute neutrino mass scale, though β-spectrum endpoint measurements

and limits from cosmology both suggest it is well below the eV scale — six

orders of magnitude smaller than the next lightest fermion.

• The origin of the neutrino mass.

The last point will be the focus of the following section.
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2.2 Massive Neutrinos

It should now be evident that the SM must be extended to incorporate the new,

massive neutrino paradigm. In what follows, two standard approaches to neutrino

mass origin are considered. For simplicity, I will ignore flavor mixing and consider

only a single generation.

2.2.1 The Effective Field Theory Approach

To take a model-independent approach, we can use the Effective Field Theory (EFT)

framework, and consider non-renormalizable operators parameterizing beyond-the-

SM (BSM) physics that may give rise to neutrino masses at low energy. Fortunately,

there is just such an operator — the coupling of ν to Φ at energy scale Λ5, given by

LEFT ⊃ − 1

Λ5

ΦΦνν, (2.12)

is allowed by the gauge symmetries of the SM. Indeed, this is the first non-

renormalizable term to be omitted from the SM, as it is the only allowed dimension-5

term. It is known as the Weinberg operator [64]. When the Higgs acquires a vev,

this interaction gives the neutrino a Majorana mass mν ∼ v2/(2Λ5). This approach

yields a simple neutrino mass mechanism without the introduction of any new particle

content.

1
5

Figure 2.4: Feynman diagram showing the Weinberg operator, which describes the
interaction of two ν and two Φ.
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2.2.2 Adding Right-Handed Neutrinos

An alternative approach is to suppose that neutrinos get a mass in the same way

as all the other fermions: via a Yukawa coupling joining the left- and right-handed

fields. We can therefore introduce a new right-handed neutrino, N . It is trivial to

determine the gauge charges of N , as since right-handed neutrinos have never been

observed experimentally, they must be singlets under all three gauge groups. The

usual Yukawa coupling term is then allowed by gauge symmetries, and as before,

when the Higgs acquires a vev, the neutrino gets a Dirac mass,

Lν ⊃ −yjνiΦℓiN
j EWSB−−−→ −y

j
νiv√
2
ℓiN

j
. (2.13)

Now, recall that the prescription for building the SM is to write down all renor-

malizable terms that respect the gauge symmetries and Lorentz invariance given the

field content. We have now added to the field content of the theory and therefore

must ensure we have included all possible terms for the added field. It turns out that

there is an additional term that is allowed: a Majorana mass term for N , given by

Lν ⊃ −mMN N. (2.14)

Introducing N gives two new mass terms: a Dirac mass, mD ≡ yνv/
√
2, and a

Majorana mass, mM. Moreover, the inclusion of both terms provides a natural reason

for the small neutrino mass scale, as described below.

2.2.3 The Seesaw Mechanism

With the introduction of N , the neutrino mass portion of the Lagrangian becomes,

−Lν =
mD

2
νN +

mM

2
N N + h.c., (2.15)

with a Dirac mass coupling ν and N to one another and a Majorana mass coupling

N to itself. There is no Majorana mass term for ν, as it is forbidden by gauge
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symmetry6. These mass terms can be rewritten in matrix form as

−Lν =
1

2

(
ν N

)( 0 mD

mD mM

)(
ν

N

)
+ h.c.. (2.16)

The physical mass eigenstates can then be obtained by diagonalizing the mass

matrix. The eigenvalues are,

mR/L =
mM ±

√
m2

M + 4m2
D

2
, (2.17)

with subscripts R or L denoting right- or left-handed, respectively, for a reason that

will become clear shortly. It is natural to take yν ∼ 1 so that mD ∼ v ∼ 102GeV

and the Dirac mass originates from the electroweak scale. By contrast, mM is likely

to originate from some as-yet-unseen high energy physics. Suppose we take this to

be at the scale of grand unification, mM ∼ mGUT ∼ 1016GeV. Since mM ≫ mD, the

mass eigenvalues can be approximated by

mL ≃ m2
D

mM

and mR ≃ mM. (2.18)

This is known as the Type I Seesaw Mechanism, since one mass eigenvalue goes

up as the other goes down [66–68]. Plugging in the numbers from above, we find

mL ∼ 1meV. This simple model, built from a minimalistic extension to the SM and

using natural estimates of the energy scales involved, produces a state near the true

neutrino mass scale. The corresponding eigenstates can be written as,

νL ≃ ν − mD

mM

N and νR ≃ N +
mD

mM

ν, (2.19)

6Adding a Higgs triplet to the SM allows for ν to have a Majorana mass. This condition gives
rise to what is known as the Type II Seesaw Mechanism [65].



2.2. MASSIVE NEUTRINOS 19

meaning that νL is mostly the left-handed neutrino, ν, and νR is mostly the right-

handed neutrino, N . The diagonalized neutrino mass term can then be expanded,

−Lν =
1

2

(
νL νR

)(m2
D/mM 0

0 mM

)(
νL

νR

)
+ h.c. (2.20)

=
m2

D

2mM

νLνL +
mM

2
νRνR + h.c., (2.21)

revealing that both physical mass eigenstates νL and νR have a Majorana mass only.

It is in this sense that the neutrino is a Majorana particle despite the constituent

fields having both a Dirac and a Majorana mass term7.

mMy y

Figure 2.5: The interaction resulting from both a Dirac mass term for ν and N and
a Majorana mass term for N . The resulting mass state is much lighter than either
mD or mM via the Seesaw Mechanism. In the limit where the mM ≫ mD, the three
vertices converge to a point, and the diagram in Fig. 2.4 is recovered.

It is worth pointing out that this gives identical phenomenology to the EFT ap-

proach: we can identify the cutoff Λ5 as the Majorana mass mM. This specific ap-

proach is captured by the effective operator, as expected.

Since the two minimalistic extensions to the SM discussed here both generate

Majorana masses, it is worth considering how they could be integrated into the current

neutrino paradigm. The only change required to the paradigm described above is the

7In the limit that mM → 0, the two Majorana states are maximally mixed and have the same
mass mD, allowing them to be expressed as a single Dirac spinor, as expected.
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addition of two new phases η1 and η2 to the neutrino mixing matrix:

UMajorana
PMNS = UPMNS ·


1 0 0

0 eiη1 0

0 0 eiη2

 . (2.22)

The usual mixing phenomenology is unaffected by these additions. The same is

true for the β-spectrum endpoint measurements, by the definition of mβ. Since the

Majorana phases leave no experimental signature in oscillation data or β-spectrum

endpoint measurements, a different experimental probe is required to verify the neu-

trino’s Majorana nature.

2.3 From Theory to Experiment

The claim that “a neutrino is its own antiparticle” leads naturally to the question

of why an “antineutrino” has never been observed interacting as a “neutrino” (e.g.,

through the νe+n→ p+e− detection channel). In principle, if neutrinos are Majorana

particles, this is indeed allowed. But antineutrinos are almost always ultrarelativistic8

with right-handed helicity. This results in a suppression bym2/E2 ∼ 10−14 of the left-

chiral component — the one responsible for enabling neutrino-like interactions. This

suppression, combined with the inherently small interaction cross section, renders

such a detection practically impossible. Fortunately, though, nature has provided an

ideal laboratory for studying processes of this kind: the atomic nucleus.

2.3.1 Two-Neutrino Double Beta Decay

β-decay occurs when a nucleus (A,Z) decays to a final state (A,Z + 1). This is

only possible when the daughter nucleus has a lower binding energy than the parent.

Since nuclear binding energy is lowered by spin coupling between nucleons in the

same energy level, even-even nuclei (those with an even number of both protons and

8An exception is the cosmic neutrino background — neutrinos which decoupled from thermal
equilibrium in the early Universe, and have since been redshifted to ∼10−5 eV. Unfortunately, this
makes them effectively impossible to detect with current technology.
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neutrons) tend to have lower binding energy than other isobars. In such cases, β-

decay can be energetically unfavorable, while the process (A,Z) → (A,Z + 2) may

not be. This process of two simultaneous β decays is called double beta decay (ββ-

decay), or sometimes two-neutrino double beta decay (2νββ) to distinguish it from

the neutrinoless alternative discussed below. In this process, two neutrons decay to

two protons, releasing two electrons and two antineutrinos. It was first described by

Maria Goeppert-Mayer in 1935 [69]. It is exceedingly rare, with typical half lives of

∼ 1020 years [70].
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Figure 2.6: Mass excess parabolas for A = 124 showing data from Refs. [71, 72].
The horizontal steps represent the measured mass excess and the parabolas are fits.
There is a vertical offset between the mass parabolas for nuclei with odd and even Z.
β-decay or electron capture (ε-decay) can change Z by one unit if it is energetically
allowed, i.e. if the Q-value is positive (note that selection rules may still prohibit or
suppress these decays). In cases where β-decay or ε-decay is energetically prohibited,
ββ-decay or double electron capture (εε-decay) may still occur.
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2.3.2 Neutrinoless Double Beta Decay

ββ-decay is intriguing from the perspective of searching for Majorana neutrinos. If

a neutrino is its own antiparticle, then there is a possibility of it being emitted at

one vertex and absorbed at the other (Fig. 2.8), leaving the electrons to take all

the energy (Fig. 2.7). This hypothesized process is called neutrinoless double beta

decay (0νββ), first proposed by Wendell Furry in 1939 [73], and it has yet to be

observed. The particular Feynman diagram for 0νββ shown in Fig. 2.8b is called the

0.0 0.2 0.4 0.6 0.8 1.0
(E1 + E2)/Q

Co
un

ts

2

0

Figure 2.7: Energy of the emitted electrons in 2νββ and 0νββ. In the former, the
electrons share the energy with the antineutrinos, and the spectrum is continuous; in
the latter, the electrons carry away the full decay energy. E1 and E2 are the kinetic
energies of the two electrons, while Qββ is the Q-value of the decay. The relative
scaling of the two distributions is arbitrary.

light neutrino exchange model, because the process joining the two β-decay diagrams

involves exchange of the light neutrino state νL. More generally, though, the process

does not need to be mediated by light neutrinos. In fact, it need not involve neutrinos

at all9. The Schechter-Valle theorem, commonly called the Black Box Theorem, holds

9Other mechanisms, including so-called Left-Right Symmetric Models, include right-handed weak
currents which could give rise to neutrinoless double beta decay [74, 75].
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(a) Two-neutrino double beta decay (2νββ)
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(b) Neutrinoless double beta decay (0νββ)

Figure 2.8: Feynman diagrams showing both two-neutrino and neutrinoless double
beta decay. In 2νββ (left), two neutrons decay to two protons and two electrons,
accompanied by two antineutrinos. In 0νββ (right), the same process occurs without
the neutrinos, resulting in the emission of only two electrons.

that if 0νββ occurs, then whatever operator is responsible for it also induces a non-

zero Majorana mass for the neutrino10 (Fig. 2.9) [77, 76]. An observation of 0νββ

would therefore 1) establish definitive evidence of lepton number non-conservation,

and 2) prove that neutrinos are Majorana fermions.

2.3.3 The Decay Rate

While 2νββ is itself rare, 0νββ (if it exists) is even more so. The half life of a nucleus

which can undergo 0νββ is given by

[
T 0ν
1/2

]−1
=

⟨mββ⟩2

m2
e

G0νg
4
A

∣∣M0ν
∣∣2 , (2.23)

where me is the electron mass, ⟨mββ⟩ is the effective Majorana mass, G0ν is the

kinematic phase space factor, g4A is the axial-vector coupling constant11, and M0ν is

10This contribution to the Majorana mass is at the level ∼ 10−28 eV [76], so while it technically
implies that neutrinos are Majorana particles, it may not have any phenomenological consequences.

11It is often assumed that gA ≈ 1.27, as has been observed in free neutron β-decay; the necessity
of applying quenching to this value is a topic of ongoing debate [78].
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Figure 2.9: The operator which causes 0νββ (left) need not involve Majorana neutri-
nos. By crossing symmetry, however, if such an operator exists, it would contribute
an effective Majorana mass for neutrinos at the four-loop level (right), enabling par-
ticles to oscillate into antiparticles and vice versa. This result is known as the Black
Box Theorem.

the nuclear matrix element. G0ν and M0ν are both isotope dependent; the former

can be calculated to high precision [79–81], while the latter is subject to considerable

uncertainties. Several techniques have been employed and result in estimates that

span more than a factor of 3 for each isotope; see Ref. [82] for a recent review. The

effective Majorana mass is defined as

⟨mββ⟩ =

∣∣∣∣∣
3∑

i=1

U2
eimi

∣∣∣∣∣ . (2.24)

The sensitivity of an experiment to 0νββ is often reported in terms of the lowest

⟨mββ⟩ value to which it is sensitive. It is common to show the parameter space on a

plot of ⟨mββ⟩ as a function of the lightest neutrino mass (m1 under NO or m3 under

IO) or of the sum of masses, Σ. This is the so-called “lobster” plot. Fig. 2.10 shows

both versions of the lobster plot for both ordering scenarios. The yellow shaded areas

enclosed by the black curves are regions of the parameter space allowed at 3σ by the

measured oscillation parameters, while the color scale shows the Bayesian posterior

probability density in the allowed regions (see Appendix A for a description of the

calculation). The color scale is typically omitted as it relies on a choice of priors and

NME values, though its inclusion here is intended as a reminder that the allowed

regions should not be implicitly interpreted as flat probability distributions.
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For a portion of the parameter space, the allowed regions under both IO and NO

are degenerate. In the IO scenario, the entire 0νββ parameter space can be excluded

by any experiment with sensitivity to ⟨mββ⟩ ∼ 10meV. This is in stark contrast to

the NO scenario, where a sensitivity of ⟨mββ⟩ ∼ 1meV covers all the parameter space

but the tail fromm1 ∼ 1meV to 10meV. This tail arises due to the possibility that η1

and η2 conspire to orchestrate a precise cancellation of the three terms in Eq. (2.24).
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Figure 2.10: The lobster plot showing the allowed parameter space for the effective
Majorana mass. The yellow shaded regions bounded by black lines indicate the
parameter space allowed at 3σ by a recent global fit to oscillation data. The color
scale shows the posterior distribution in this parameter space. For each ordering
scenario, the other scenario is shown in light gray as a point of reference.
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2.3.4 The Experimental Program

There are 35 isotopes that can undergo 2νββ [83], and therefore, in principle, can

undergo 0νββ as well if ⟨mββ⟩ > 0. Which of these to use for an experimental search

depends on a number of considerations. Two worth noting here are 1) the decay

Q-value, Qββ, and 2) the natural abundance. The first is important because, to a

good approximation, the phase space factor (and by consequence, the decay rate)

scales with Q5
ββ [84]. There is a more concrete experimental reason to prefer isotopes

with high Q-values as well: above a few MeV, the number of potential radioactive

backgrounds diminishes quickly with increasing energy. The most problematic back-

grounds originate from daughters of the 238U and 232Th decay chains due to trace

concentrations of these isotopes in detector materials.

The second consideration, high natural abundance, is also important for experi-

mental feasibility. Maximizing the decay rate requires an instrumented volume that

includes as many atoms as possible. For solid targets, this often requires growing

crystals to sufficiently large sizes. Isotopic enrichment allows for significant concen-

trations of the ββ-decaying isotope to be instrumented, though the procurement and

enrichment processes can pose significant challenges in themselves. Fig. 2.11 shows

the Q-value of the decay as a function of the natural abundance for all isotopes that

can undergo 2νββ. β and γ backgrounds from the aforementioned decay chains are

also shown. α decays have been omitted, as they tend to be easier to identify and

reject.

Many experiments have searched for 0νββ (see Refs. [88–90] for recent reviews);

here, I describe a selection of these to highlight the technologies that will be used

in future large-scale experiments. The current generation has begun probing the IO

band, and next generation searches will be sensitive to nearly all of it. Fig. 2.12

summarizes the sensitivities (both demonstrated and projected) of these experiments

to ⟨mββ⟩.
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Figure 2.11: Q-values for the double beta decay of the 35 isotopes in which the process
is allowed, plotted against their natural abundance [85]. Filled circles indicate isotopes
that are currently or have previously been used in major 0νββ searches. Also shown
are the β-decay Q-values and the γ energies for decays in the 238U and 232Th decay
chains [86, 87]. The opacity of the γ lines reflects their relative intensity. Only γs
(βs) with an intensity (branching ratio) of > 1% are shown.

Semiconductor Detectors

High-purity germanium (HPGe) detectors, used commonly in γ spectroscopy, can be

fabricated from crystals enriched in 76Ge. The growth process can yield extremely

pure crystals, and these detectors are known to achieve excellent energy resolution.

Current 76Ge-based experiments include the Germanium Detector Array (GERDA)

and the Majorana Demonstrator, both of which use point-contact detectors

enabling pulse shape discrimination to distinguish signals from multisite and α back-

grounds [91, 92]. HPGe detectors must be operated at cryogenic temperatures due to

the low band gap. GERDA uses crystals immersed in a liquid argon (LAr) cryostat,
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Figure 2.12: The 3σ discovery sensitivity (demonstrated and projected) of a selection
of experiments to 0νββ. The vertical extent of the boxes shows the range of ⟨mββ⟩
corresponding to the reported half life based on different calculations of the NMEs.
Color indicates the isotope used in each experiment. Experiments that are currently
running or have run in the past are shown as filled boxes, while experiments that are
in the planning or construction phases are shown as unfilled boxes. MJD stands for
Majorana Demonstrator and KLZ stands for KamLAND-Zen. Data in this plot
is taken from Tab. IV of Ref. [89].

enabling scintillation in the LAr to be monitored for background rejection. These

two experiments have merged to form the Large Enriched Germanium Experiment

for Neutrinoless Double Beta Decay (LEGEND) Collaboration. LEGEND-200 is cur-

rently taking data, while the tonne-scale LEGEND-1000 experiment anticipates first

data beginning in the early 2030s [93, 94].

Bolometers

Bolometers measure energy depositions in cryogenic (∼ 10mK) crystals via minute

increases in temperature. Like HPGe detectors, they benefit from clean detector ma-

terials due to the crystal growth process. The Cryogenic Observatory for Underground
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Rare Events (CUORE) experiment uses towers of TeO2 crystals in a dilution refriger-

ator, instrumented with Neutron Transmutation Doped (NTD) germanium thermis-

tors, to search for the 0νββ of 130Te [95]. The CUORE Upgrade with Particle ID

(CUPID) experiment plans to use scintillating bolometers consisting of Li2MoO4 crys-

tals enriched in 100Mo, instrumented with germanium wafer light sensors, to search

for 0νββ with improved discrimination of α backgrounds [96]. The Advanced Molyb-

denum Based Rare Process Experiment (AMoRE) uses CaMoO4 crystals to search

for the 0νββ of 100Mo [97]. The crystals are enriched in 100Mo to maximize the signal,

but depleted in 48Ca to minimize backgrounds from the high-Q-value 2νββ. Metallic

magnetic calorimeters are used to detect phonons, both from energy depositions in

the crystal and from scintillation light absorbed in a germanium wafer coupled to the

crystal. AMoRE is currently taking data with half of the eventual target mass.

Scintillator Detectors

Liquid scintillator (LS) can be loaded with a ββ-decaying isotope to form a highly

scalable combined decay source and detection medium. The SNO+ experiment is

using existing infrastructure from SNO in a multiphase neutrino physics program

[98]. In the 0νββ phase, tellurium will be loaded into a LS cocktail, enabling the

wavelength-shifted scintillation light from 0νββ in 130Te to be detected by the sur-

rounding SNO photomultiplier tubes (PMTs) [99]. Similarly, the KamLAND-Zen

experiment uses a LS cocktail loaded with xenon enriched in 136Xe. The xenon-

loaded LS is contained in a balloon which sits in a mineral oil buffer surrounded by

an array of PMTs. KamLAND-Zen currently has the most stringent constraints on

0νββ in 136Xe, and plans to increase the target mass from 320 kg to 1000 kg in the

second iteration, KamLAND2-Zen, along with other upgrades [100, 101]. ββ-decaying

isotopes can be combined with solid scintillators as well. The CANDLES experiment

uses scintillating CaF2 crystals in a LS vessel to search for the 0νββ of 48Ca [102].

Scintillation light from the crystals and the LS is read out by PMTs coupled to light

pipes in the vessel.
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Tracking Calorimeters

Unlike many experiments mentioned so far, tracking calorimeters separate the decay

source from the detection medium. The source isotope is contained in a foil, on either

side of which is a gas tracking region and then a calorimeter. A magnetic field through

the tracking region allows for both electron tracks to be identified and reconstructed,

while the calorimeters provide a measurement of the energy. The NEMO program has

demonstrated this technology using 100Mo, with smaller quantities of several other

isotopes as well [103].

Time Projection Chambers

Chapter 4 describes the physics of time projection chambers (TPCs) in detail, so

they are introduced here only briefly. TPCs use the prompt arrival of a scintillation

signal, combined with the delayed arrival of a drifting charge signal, to reconstruct

the three-dimensional position and energy of events in the active volume. The ratio

of scintillation to ionization can be used for particle discrimination. Like LS-based

detectors, TPCs for 0νββ are homogeneous detectors with a combined decay source

and detection medium, a feature which lends itself to scalability. The Neutrino Ex-

periment with a Xenon TPC (NEXT) uses high pressure xenon gas enriched in 136Xe

as the source/medium for their 0νββ searches [104, 105]. Operating in the gas phase

enables the reconstruction of individual electron tracks and the identification of track

endpoints, allowing improved background discrimination based on event topology.

Liquid-phase detectors benefit from a much higher density of the decay source at the

expense of full electron track reconstruction. EXO-200, the flagship experiment of the

Enriched Xenon Observatory (EXO) program, used liquid xenon enriched in 136Xe to

search for 0νββ and reported the first detection of 2νββ in that isotope [106, 107].

nEXO, the successor to EXO-200, is the subject of Chapters 4 to 6.

2.3.5 Implications of a Discovery

A discovery of 0νββ would have profound implications for particle physics. It would

provide a natural explanation for the extraordinarily small neutrino mass scale. It
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would hint at the possibility of new physics arising from the grand unification scale —

far beyond anything accessible in state-of-the-art accelerator facilities, or even those

that could be constructed in the foreseeable future. It would demonstrate lepton

number non-conservation via the creation of two leptons. Relatedly, it would address

one of the most pressing questions in modern cosmology — why there is more matter

than antimatter in the Universe. The creation of two leptons, unaccompanied by

the creation of two antileptons, would provide a pathway for the observed matter

asymmetry via a process known as leptogenesis12 [108, 109]. In addition, certain

classes of models explain dark matter via heavy right-handed neutrinos of the kind

present in the Seesaw Mechanism [110]. A discovery of 0νββ would lend support to

Seesaw-based models that serve to explain both dark matter and the neutrino mass.

To conclude, this chapter can be summarized as follows:

• SM fermions acquire masses via the Yukawa interaction between the Higgs field

and the left- and right-handed fermion fields.

• When the SM was established, neutrinos were thought to be massless, though

recent evidence has demonstrated that this is incorrect.

• Unlike other fermions, neutrinos can have both Majorana and Dirac masses,

and natural extensions to the SM often give rise to Majorana masses.

• An observation of 0νββ would be evidence of a non-zero effective Majorana

mass and BSM physics.

• Global fits to oscillation, β-decay, and cosmological data suggest that a first

detection of 0νββ may be near or within the reach of next generation searches.

After a brief detour into another shortcoming of the SM, I will introduce nEXO,

a proposed next-generation experiment with the aim of discovering 0νββ.

12The decay N → ℓΦ in the early Universe can lead to a baryon asymmetry, provided that 1) it
occurs out of thermal equilibrium, so that the asymmetry is not washed out by the reverse process;
2) CP violation in the Yukawa couplings causes the rate of N → ℓΦ to differ from that of N → ℓ†Φ†;
and 3) an electroweak sphaleron process converts the lepton asymmetry to a baryon asymmetry
while preserving B − L.
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Chapter 3

Gravity and New Physics at the

Micron Scale

Gravity is arguably the most tangible of the fundamental forces due to its ubiquity

at macroscopic scales. Four centuries of planetary motion data has established the

utility of Newton’s theory of universal gravitation at the scale of the Solar System,

while precision tests of General Relativity (GR) have validated its applicability in

the strong gravity regime [111, 112]. At shorter length scales, however, the nature

of gravity remains unexplored. The gravitational force has never been measured at

separations of less than 52µm, despite the implicit assumption that GR holds all the

way down to the Planck length — a gap of more than 30 orders of magnitude. In

this chapter, theoretical motivations for the study of gravity at the micron scale are

developed, and the experimental landscape is introduced.

3.1 Theoretical Considerations

3.1.1 The Hierarchy Problem

One feature of gravity that poses a challenge to the SM is its extraordinary weak-

ness. This can be quantified in terms of the energy scale at which gravitational

effects become relevant. Gravity can be considered “strong” in the vicinity of the

33
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Schwarzschild radius, rs = 2Gm, of a source mass, m. When the reduced Compton

wavelength of the source mass, λc = 1/m, is of the order of rs, gravitational effects

cannot be ignored. This occurs at the Planck scale, MPl, where

MPl ≡
√

1

G
≈ 1019 GeV. (3.1)

Recall that the electroweak scale, given approximately by v, is ∼ 102GeV — 17

orders of magnitude smaller. This enormous difference of scales is known as the

gauge hierarchy problem [113]. Returning to the EFT picture, we can see why this

is termed a “problem,” rather than just a noteworthy empirical observation. In the

EFT picture, the SM is taken to be an effective descriptor up to some cutoff scale,

Λ. The sensitivity of measurable quantities in the low-energy theory to high-energy

physics can then be expressed in terms of Λ. Of particular concern is the Higgs mass,

mH, which consists of a bare mass term, m0
H, and quantum corrections, δmH:

m2
H =

(
m0

H

)2
+ δm2

H. (3.2)

The problem is apparent when considering even a single term in δm2
H,

δm2
H =

Λ2

16π2

(
−6y2t + . . .

)
, (3.3)

where yt is the top quark Yukawa coupling. The mass-squared correction term is

quadratic in Λ, so one should expect the Higgs mass to be of order Λ as well. The

fact that it is 17 orders of magnitude smaller is mathematically allowed, but it requires

a delicate cancellation between m0
H and δmH. While the particular manifestation of

the hierarchy problem shown here depends on the regularization scheme, the general

problem — sensitivity of the Higgs mass to high-energy physics — does not [114].

3.1.2 Potential Resolutions

There are a number of hypothesized solutions to the hierarchy problem which can

broadly be classified into two groups:
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1. The existence of a new symmetry which results in cancellations in δm2
H

2. A cutoff at near the electroweak scale rather than the Planck scale

Supersymmetry (SUSY) is a popular solution which falls into the first category. Em-

bedding the SM in a larger symmetry group which associates to each fermion (boson) a

bosonic (fermionic) superpartner results in the addition of opposite-sign counterterms

to cancel the existing terms. Continuing with the example above, the superpartner

of the top quark, the “stop squark”, adds an opposite-sign term to δm2
H, canceling

the contribution from the top quark. In reality, SUSY must be broken since the

stop squark is constrained to be significantly heavier than the top quark; nonetheless,

the Higgs mass is protected from these quadratically-divergent quantum corrections.

Still, the lack of observation of any superpartners from collider searches up to the TeV

scale requires some fine-tuning even if the SUSY scale were just beyond experimental

reach.

In the second category, composite Higgs models suggest that the Higgs is not

fundamental, and the appropriate cutoff scale is at the energy scale at which its

constituents could be separated. Another solution in the second category, worthy

of mention here due to its relevance to Chapter 3, brings down the cutoff scale by

postulating the existence of large extra dimensions.

3.1.3 Large Extra Dimensions

The Arkani-Hamed–Dimopoulos–Dvali (ADD) model is an illustrative example of

large extra dimensions (LED) as a solution to the hierarchy problem [115]. The

motivation for large extra dimensions can be seen from Gauss’s law: in a theory with

D spatial dimensions, the gravitational potential from a point mass scales with radial

distance r as V ∼ r2−D (for D > 2). The gravitational flux is diluted by additional

dimensions — the existence of extra dimensions could therefore explain the apparent

weakness of gravity1. Evidently, our macroscopic world consists of only three spatial

dimensions and one time dimension, so the extra dimensions, if they exist, must

1This requires that the remaining fundamental interactions remain confined to the 3+1 spacetime
dimensions
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be hidden. One way for extra dimensions to hide is through compactification. In

this scenario, the extra dimensions are curled up in a small, closed manifold with

a specific geometry, making them unobservable at macroscopic distances. If there

are n extra dimensions all compactified in circles with the same radius, R, then the

gravitational potential energy for a configuration of point massesm1 andm2 separated

by r becomes2:

V (r) ∼


m1m2

Mn+2
D

1

rn+1
, r ≪ R,

m1m2

Mn+2
D Rn

1

r
, r ≫ R.

(3.4)

whereMD is the real energy scale of gravity. At macroscopic scales, we get the familiar

r−1 scaling, while Newton’s gravitational constant G can be identified as M−n−2
D R−n.

At short length scales, the r−1 scaling would be replaced with r−1−n, and the “true”

gravitational constant M−n−2
D would emerge.

Across all scales, the gravitational force is mediated by the exchange of massless

spin-2 bosons called gravitons. The energy-momentum relation for a graviton in extra

dimensions can be written as

E2 =
3∑

i=1

p2i +
3+n∑
i=4

p2i , (3.5)

where the first sum is over the usual 3-momentum components and the second is over

the momentum components in the n extra dimensions. A comparison to the usual

energy-momentum relation,

E2 =
3∑

i=1

p2i +m2, (3.6)

reveals that momentum components in the extra dimensions take the place of the

mass term and therefore make the graviton appear massive. Moreover, when bound-

ary conditions with period R are applied in the extra dimensions to account for com-

pactification, the resulting modes comprise an infinite spectrum of discrete states,

2There are compactification-dependent prefactors that account for the surface area and volume
of the compactified geometry which are omitted here.
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known as Kaluza-Klein (KK) modes, with masses of

mj =
j

R
, (3.7)

where j is a positive integer. The large-r (small-r) limit of the potential above can

be interpreted as the case in which none (all) of the massive states contribute to the

interaction. When r ∼ R, only the lightest state in each extra dimension contributes,

and the potential takes on a Yukawa form [116, 117],

V (r) ∼ m1m2

Mn+2
D Rn

1

r

(
1 + 2ne−r/R

)
(3.8)

where the factor of 2 accounts for the degeneracy of the lightest state in each dimen-

sion.

This model can be tested in multiple ways [118]. Collider experiments can search

for the production of KK modes or quantum black holes [119–121]. Small-scale ex-

periments can search for deviations from the inverse-square law (ISL), either of the

form in Eq. (3.8) at length scales near R, or of the form in Eq. (3.4) at much shorter

length scales [122, 123]. Collider searches have already tightly constrained the n = 2

scenario; constraints are slightly weaker for larger n [124–133]. Nonetheless, the ADD

model is a single illustrative example out of many models which introduce extra di-

mensions.

3.1.4 Other Theoretical Motivations

The ADD model is a useful starting point for this discussion as a representative

example of a larger class of theories. Extra dimensions with different compactifications

can give rise to similar short-range interactions. It is possible that the size of extra

dimensions fluctuates across spacetime. This would necessitate a massless scalar field

known as a “radion” that parameterizes the radii of the extra dimensions. In order to

prevent the radion from mediating long-range forces that have not been observed, a

stabilization mechanism which gives the radion a mass is required. This is a general

feature of extradimensional models, including the ADD model and those discussed
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below.

In the Randall-Sundrum (RS-I) model [134], a single extra dimension is intro-

duced, with the SM residing on a (3+1)-dimensional brane (called the TeV brane)

at one boundary of the 5-dimensional anti-de Sitter space (AdS) on which gravity

propagates. A second (3+1)-dimensional brane (called the Planck brane) sits at the

other boundary, separated from the TeV brane by πrc, with rc the compactification

radius. If the full geometry is warped along the extra dimension, then the gravi-

tational energy scale in the TeV brane can be exponentially suppressed, leading to

a naturally large hierarchy. This model includes massive KK modes and a radion

which can become massive as a result of a stabilization mechanism [135]. These are

typically too heavy to be detected via short-range gravity experiments but could be

visible at colliders [136, 137]. A second model by the same authors (RS-II) takes rc

to infinity, giving rise to infinite-volume extra dimensions [138] and again producing

massive KK gravitons. Other models based on warped extra dimensions can include

ultralight radions that could be detectable in fifth-force experiments [139].

String theory also motivates the existence of extra dimensions and new short-

range interactions; in fact, the ADD model can be embedded within string theory

[140]. A recent model inspired by the swampland program [141, 142] introduces a

single, micron-scale extra dimension and suggests that the resulting tower of KK

modes could comprise the observed dark matter [143].

More generally, string theory vacua are known to contain many massless scalar

fields known as moduli, whose vevs parameterize the compactification [144]. If the

particular theory includes SUSY broken at low energy, the moduli can become mas-

sive, albeit extremely light. This makes them appealing targets for short-range force

searches. Of these, the dilaton, which parameterizes the strength of gauge couplings,

is among the most well understood.

Extra dimensions aside, generic light scalars can result in similar phenomenology

and are worthy of a brief mention. A new scalar field ϕ can be added to the SM with

any of the following Yukawa couplings,

me

f
ϕee,

md

f
ϕdd,

mu

f
ϕuu,

1

f
ϕGa

µνG
aµν (3.9)
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where f is the mass scale of the coupling and Ga
µν is the gluon field strength tensor.

The first three terms are protected by chiral symmetry, so the couplings should be

limited to the chiral-symmetry-breaking scale; i.e., that of the fermion masses. The

gluon coupling scale, which is of the order of the nucleon mass scale, will then domi-

nate over these. If the mass of the scalar is mϕ, the resulting Yukawa interaction will

have a characteristic length scale of λ = 1/mϕ.

In addition to those mentioned, there are many other theoretical models that give

rise to new short-distance physics. See Ref. [122] for a comprehensive review.

3.2 Experimental Tests

Given the breadth of theoretical models testable in short-range gravity experiments,

it is impractical for each experiment to report a separate test of each model. It is

common instead to report experimental constraints using a single parameterization

that captures the broad classes of new physics described previously. The most com-

mon is the Yukawa parameterization, which modifies the gravitational potential V (r)

with a Yukawa term of strength α and length scale λ:

V (r) = −Gm1m2

r

[
1 + α e−r/λ

]
. (3.10)

This parameterization is well motivated as it applies to any process mediated by the

exchange of a boson with a mass mb = 1/λ. This includes the LED scenario in which

the lightest KK mode mediates the gravitational force when r is near the compact-

ification length scale. A somewhat less common parameterization is the power law

potential,

V (r) = −Gm1m2

r

[
1 + αN

(r0
r

)N−1
]

(3.11)

which includes a length scale r0 and a strength αN for each of N = 2, 3, 4, . . . . In

addition to describing the LED scenario at separations well below the compactification

scale, this model captures higher-order processes mediated by the exchange of multiple

bosons. In this thesis I will use the first parameterization (Eq. (3.10)), though I note

that certain experimental tests are more suited to tests of the second (Eq. (3.11)).
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Regardless, the generic parameterization is simply a placeholder for the more specific

models that would have to be tested in the event that a signal is observed.

3.2.1 The Landscape of Measurements

Modifications to the gravitational ISL have been searched for using many techniques

covering a large range of length scales. At the angstrom scale, constraints are de-

rived from measurements of neutron-atom scattering, often using noble gas targets

[145–150]. Constraints in the nanometer range have been obtained from experiments

which measure the Casimir force and report limits on deviations from the expected

behavior [151], though the current best constraints come from neutron interferom-

etry [152]. Experiments most sensitive in the micron to millimeter range often use

micromechanical cantilevers or torsion pendulums; these are discussed in more detail

below. Above the laboratory scale, the strongest constraints come from geophysical

or astrophysical data [153]. Laser Lunar Ranging (LLR) is a technique which uses the

retroreflectors left by the Apollo and Luna missions on the lunar surface to precisely

measure the Earth-Moon distance. Constraints on the anomalous precession of the

Moon’s orbit from LLR are the most sensitive probes of the Yukawa modification,

with sensitivity better than a part in 1010 at λ ∼ 108m [154].

Micromechanical Oscillators

The strongest constraints in the range from λ = 30 nm to 8µm were set in Ref. [157]

using a microelectromechanical torsion oscillator (MTO) (Fig. 3.2a). The oscillator

consisted of a 500 µm × 500 µm plate with an axis along its midpoint. A 300µm
diameter sapphire sphere coated with layers of chromium and gold was glued to

one end and acted as the test mass. A disk with concentric rings of azimuthally-

alternating gold and silicon sections was glued to a circular glass flat and acted as the

source mass. To shield the test mass from Casimir backgrounds, a 150 nm gold coating

was deposited on the disk. During the measurement, the disk was positioned near the

sphere (as close as 200 nm) and rotated at an angular frequency of ω = 2πfr/n, where

fr ≈ 300Hz is the resonant frequency of the MTO and n is the number of gold/silicon



3.2. EXPERIMENTAL TESTS 41

10 12 10 8 10 4 100 104 108 1012

 [m]

10 12

10 6

100

106

1012

1018

1024

1030

neutron scattering

& interferometry

m
icrom

echanical

oscillator

torsionpendulum
geophysical

LLR

planetary

Excluded by experiment

10 4 10 8 10 12 10 16 10 20 10 24 10 28
mb [GeV]

Figure 3.1: Strongest constraints at the 95% CL level on Yukawa modifications to
the gravitational ISL across a range of length scales. Constraints come from neutron
scattering [145–150], neutron interferometry [152], micromechanical oscillators [155–
157], torsion pendulums [158–164], and geophysical/astrophysical measurements [165,
166, 154].

sectors. The resonant response of the MTO was then measured via the capacitance

between the oscillator plate and underlying electrodes. In an initial run, a background

was observed, though this was later identified as originating from a mechanical step-

like wobble in the rotation of the spindle. By repositioning the test mass over the

disk, the phase of the background was shifted with respect to that of the hypothetical

Yukawa interaction, significantly reducing the in-phase component. This resulted

in a measured force that was consistent with zero and enabled strong constraints

on Yukawa interactions across a broad range of λ values. A similar technique was

employed in Refs. [167, 156] to search in the ∼10 µm range. In that experiment, the

oscillator consisted of a micromechanical cantilever with a gold test mass mounted
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to the end, while an attractor with alternating bars of silicon and gold oscillated

horizontally beneath it.

Torsion Pendulums

The first measurement of the gravitational force between two masses in the laboratory

was performed by Henry Cavendish in 1797 using a torsion pendulum [168]. While its

design has evolved significantly in the years since, the torsion pendulum remains the

predominant apparatus for laboratory-scale measurements of the gravitational force.

The Eöt-Wash experiment at the University of Washington used a torsion pendulum

to measure the gravitational force between two masses with a face-to-face separation

reaching as little as 52µm [164]. This represents the smallest separation at which

the gravitational force has been measured. The basic principle on which a torsion

pendulum operates is that a test mass suspended from a thin wire can undergo rota-

tional oscillations as a result of minuscule torques. In the Eöt-Wash experiment, the

test mass and attractor were gold-coated platinum disks (Fig. 3.2b). Two concentric

epoxy-filled hole patterns with 18-fold and 120-fold azimuthal symmetry provided

the density modulation. A thin foil was used to shield electromagnetic interactions

between the attractor and test mass. Data was collected with the attractor rotating

at an angular frequency, ω. The twist angle of the test mass was measured using an

autocollimator while the capacitance between the source and test mass provided a

measurement of the separation. The torques measured at 18ω, 54ω, and 120ω were

then fitted as a function of the separation. Constraints on Yukawa interactions were

obtained by repeating the fit with finite λ values. Torsion pendulums have been used

in a number of other such measurements [158–163].

3.2.2 A New Experimental Technique

At the scale of a few microns, even state-of-the-art experiments lack the sensitivity

to probe gravity directly. This is due to a combination of noise, measurement back-

grounds, and the experimental challenge of placing large enough masses sufficiently

close together. As these experiments have so far reported only null results, the field
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(a) Micromechanical cantilever (b) Torsion pendulum

Figure 3.2: Left: the micromechanical cantilever used in Ref. [157]. The source
mass is a rotating, density-patterned disk. Deflections of the gold-coated sphere are
used to measure the force. Right: the torsion pendulum described in Ref. [164].
The density patterned disk below the pendulum rotates and sources the gravitational
torque which is then measured from the response of the pendulum. These figures
have been adapted from the cited references.

can be said to be systematics limited. This is in stark contrast to the prior discussion

on neutrino physics; in that field, inadequate statistics limits the current generation

of experiments. Given that issues of systematics — not statistics — are limiting

progress in the field of short-range gravity experiments, there is immense value in

developing novel techniques which complement those that are already more mature.

These new techniques, while undoubtedly bringing about their own unique challenges,

may bypass existing limitations and open new pathways to improvements. And, in

the event that something new is observed, confirmation by multiple experiments em-

ploying different techniques will be required for a credible discovery claim. This was

a key motivation behind the development of the experiment described in Chapter 7,
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one of the few experiments that does not use a mechanical-spring-based oscillator. In

that chapter, I will describe the technique in detail, and report updated constraints

on micron-scale forces from the latest iteration of the experiment.

In keeping with the theme of this thesis, I have presented the motivations for

short-range gravity measurements in terms of the implications that a discovery of

something new would carry for particle physics and the SM. There is another im-

portant aspect of this work worth mentioning, however. Recently, interest has been

growing in experimental techniques that demonstrate quantum mechanical phenom-

ena in the laboratory. These have included cooling nanoscale levitated objects to

the motional quantum ground state, developing quantum-limited force sensors, and

working towards the preparation of gravitational quantum superpositions of objects

[169–173]. Techniques like the one described in Chapter 7 may be of considerable

interest to this burgeoning subfield of precision measurement.



Chapter 4

The nEXO Search for Neutrinoless

Double Beta Decay

nEXO is a planned experiment to search for the 0νββ of 136Xe using a single phase,

liquid xenon time projection chamber, with data collection beginning in the 2030s and

continuing for 10 years. The nEXO collaboration includes scientists and engineers

from 40 participating institutions spread across 9 countries. This chapter introduces

the working principle behind the technology employed by nEXO before describing

the design of the detector itself. Particular attention is given to those aspects of

the experiment that are relevant to later chapters. The chapter concludes with a

discussion of nEXO’s projected sensitivity to 0νββ.

4.1 Xenon Time Projection Chambers

A time projection chamber (TPC) is a type of detector that enables three-dimensional

reconstruction of a particle trajectory. It typically works by using electric fields to

drift electrons liberated via ionization to a plane of charge sensors, thereby project-

ing the trajectory onto the two-dimensional surface. The time elapsed between the

prompt detection of scintillation light and the delayed arrival of the drifting charge

provides the third dimension. Xenon is an attractive detection medium for TPCs due

45
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to its production of anticorrelated scintillation and ionization signals, allowing the de-

posited energy to be resolved better than the signals in the either channel alone [174].

The partitioning of energy into charge and light signals is interaction-dependent, and

therefore the simultaneous measurement of both channels enables particle identifica-

tion and discrimination of α backgrounds [175]. This feature has made the xenon

TPC a staple of a number of rare event search programs, including searches for dark

matter and — since the detection medium itself includes a candidate isotope — for

0νββ [176].

Xenon TPCs can use liquid xenon (LXe) or gaseous xenon (GXe) in a “single

phase” configuration, or both, in a “dual phase” configuration. The high density of

LXe compared to GXe enables LXe TPCs to be more easily scaled to large target

masses, though the shorter scattering length prohibits fine-grained trajectory recon-

struction, an attractive feature of GXe TPCs. Dual phase TPCs use a strong electric

field at the phase boundary to extract the drifting electrons from the LXe target.

The light produced via electroluminescence is then detected in the gaseous region

by photosensors, resulting in significant amplification of the charge signals. For this

reason, dual phase TPCs are the standard in dark matter direct detection programs

such as XENON, PandaX, and LZ, where low energy thresholds are critical [177–179].

0νββ experiments, which need excellent energy resolution at much higher energies,

often use single-phase TPCs.

4.1.1 Xenon Microphysics

A particle passing through xenon may interact either with a nucleus or a bound

electron, resulting in either a nuclear recoil or an electron recoil, respectively. In

an electron recoil, the energy deposited by an incident particle is divided entirely

between ionization and scintillation. In a nuclear recoil, a portion of the deposited

energy is lost to atomic motion which cannot be measured. The process that causes

the scintillation and ionization signals is depicted in Fig. 4.1 and unfolds as follows. A

population of excited xenon atoms (excitons) is created; each of these then combines

with another xenon atom to form an excited dimer (excimer). The relaxation of these
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excimers is accompanied by the emission of scintillation light peaked at 175 nm in

GXe and 178 nm in LXe [180]. In addition to creating excitons, the primary energy

deposition also ionizes a number of atoms, some of which combine with another atom

to form an ionized dimer. In a process called recombination, an ionized dimer can

capture a free electron to produce a neutral atom and an exciton. The excitons result

in an additional scintillation signal, while the electrons which escape recombination

constitute the ionization signal. The fraction of electrons which recombine, r, depends

on the local electric field, electron mobility, and ion density [181]. The number of

scintillation photons, Nph, and the number of ionization electrons, Nq, are then given

by,

Nph = Nex + rNi and Nq = (1− r)Ni, (4.1)

where Nex (Ni) is the number of excitons (ions) created by the energy deposition. The

mean energy required to produce a single electron-ion pair, called the W -value, can

then be used to reconstruct the energy deposited in the xenon. For electron recoils,

where no energy is lost to heat, the total energy is proportional to the sum of the

number of excitons and ions, or equivalently, the number of scintillation photons and

ionization electrons,

E = W (Nex +Ni) = W (Nph +Nq). (4.2)

AW -value of 13.7 eV has been adopted widely throughout the community, though

other measurements [182, 183] suggest a lower value of 11.5 eV. For nuclear recoils, the

fraction of the initial energy deposition lost as heat is accounted for by the Lindhard

quenching factor L , with

E =
W

L
(Nex +Ni) =

W

L
(Nph +Nq). (4.3)

In nEXO, the signal of interest is detected through electron recoils, so Eq. (4.2)

will be used. The exciton-ion ratio, α ≡ Nex/Ni, is larger in nuclear recoils than in

electron recoils by more than a factor of 5. The resulting difference in the charge-to-

light ratio can be used for clean separation of electron recoils from nuclear recoils. It

is convenient to think of Eq. (4.2) as defining an energy axis related to the charge
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and light axes through a rotation of 45°. In reality, Nq and Nph are estimated from

measured quantities subject to statistical fluctuations and measurement uncertainties.

A more general definition of the rotated energy axis is,

E ∝ W (cos θ ·Nph + sin θ ·Nq) (4.4)

where θ depends on the variances and covariances of the estimated charge and light

quanta. Fig. 4.5 show simulated data on this empirically-determined rotated energy

axis.

nuclear/electron  recoil

heat

excitation/ionization

Xe* Xe+  + e

+ Xe + Xe
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2 Xe+

2
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+ e
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Figure 4.1: Diagram showing the processes which produce the scintillation and ion-
ization signals resulting from either an electron recoil or a nuclear recoil on a xenon
target.

4.2 The nEXO Detector

nEXO will use a single phase LXe TPC with five tonnes of xenon enriched to 90%

in 136Xe (natural abundance 8.86%) acting as both the 0νββ source and detection
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medium. The nEXO TPC will be housed in a cylindrical copper vessel with an inner

height and diameter of 127.7 cm. The drift region will be contained between a charge-

sensing anode plane at the top and a circular copper cathode at the bottom, with

copper rings with an inner diameter of 113.3 cm spaced regularly along the cylinder

axis to maintain the electric field uniformity. The cathode will be held at negative

high voltage to maintain a 400V/cm electric field across the 118.3 cm drift length.

A CAD rendering of the nEXO TPC is shown in Fig. 4.2. More details on the design

can be found in Ref. [184].

nEXO will be installed in the Cryopit at SNOLAB, the laboratory located 2 km

underground near Sudbury, Ontario, Canada. At that depth, the cosmic ray muon

flux is reduced by a factor of ∼5× 107 compared to ground level [185]. Surrounding

the TPC will be 33,000 kg of Novec 7000, an organic fluid which acts as a thermal

bath. A spherical, double-walled cryostat will hold the Novec 7000; the cryostat itself

will be suspended in a large water tank instrumented with PMTs to act as both a

shield layer and an outer detector (OD) for muon tagging. The TPC, cathode, and

field rings will all be electroformed underground at SNOLAB to mitigate intrinsic

radioactive contaminants.

4.2.1 Measuring Charge Signals

When ionizations occur in the LXe volume, the electric field causes the positive ions

to drift to the cathode and the electrons to the anode. Repeated collisions with

xenon atoms along the drift path keep the electron drift speed to a fixed value,

vd ≈ 1.7mm/µs, which depends on the field strength. As electrons drift much faster

than ions, the ions are usually treated as stationary on the timescale of a single event.

The drifting cloud of electrons will diffuse in both the longitudinal and transverse

directions, enlarging the charge cloud and obscuring any underlying structure in the

charge signals. A point-like charge signal produced just above the cathode will have

increased in size to ∼2mm by the time it reaches the anode; energy depositions over

multiple sites separated by less than this will appear as a single diffuse charge cloud

[186, 187]. Drifting electrons can also be captured by electronegative impurities in



50 CHAPTER 4. THE NEXO EXPERIMENT

Cathode

Charge-sensitive 
anode plane

Field-shaping 
rings

Electroformed 
Cu body

Sapphire 
support rods 1.2 m drift 

length

SiPMs tiling 
inner surface

Figure 4.2: CAD rendering showing a section view of the nEXO TPC, with essential
components labeled.

the xenon, reducing the amount of charge collected. This reduction can be accounted

for via calibration, though it still worsens the energy resolution (see Chapter 5 for

further discussion). During operation, the xenon will be continuously boiled off at the

TPC outlet, recirculated through a gas-phase xenon purifier, and recondensed at the

inlet to remove electronegative impurities. This process is described in more detail in

Chapter 6.

Charge signals will be measured using square tiles with side lengths of 10 cm

which cover the anode plane. The tiles consist of square-diamond-shaped gold pads

deposited on a quartz substrate, as shown in Fig. 4.3 [188]. The pads are connected

at the corners to join them into strips along both the x and y directions. Insulation

layers between perpendicular gold crossings keep the x and y channels separate. The

strip pitch will be 6 mm to ensure adequate position resolution in the x−y plane. To
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minimize cabling from the large number of charge channels, the charge signals will

be digitized by ASIC chips on the back of each of the tiles. Research is ongoing to

determine how best to route the charge signals to the back of the chip, with efforts

underway on the development of traces wrapping over the edges and through-quartz

vias.
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Figure 4.3: Schematic of a nEXO charge-sensing tile with a callout showing the
crossings of x and y strips separated by an insulating layer.

4.2.2 Measuring Light Signals

To collect the scintillation signals, the barrel of the TPC will be tiled with staves con-

taining VUV-sensitive silicon photomultipliers (SiPMs). The SiPMs will be grouped

into tiles, with 16 readout channels per tile, digitized by an ASIC chip on the re-

verse side. A stave will be formed from a ten-by-two array of tiles, with 24 staves

covering the interior of the TPC. This will result in a total of 7680 light channels.

Al+MgF2 coatings will be applied to the field rings and copper cathode to increase

their reflectivity of VUV light and improve the light collection efficiency.

Two candidate manufacturers are under consideration for the SiPMs: Fondazione
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Bruno Kessler (FBK) and Hamamatsu Photonics (HPK). Three models (FBK VU-

VHD3, HPK VUV4-50, and HPK VUV4-Q-50) have been characterized in terms

of their photon detection efficiency, dark count rate, and production of correlated

avalanches [189]. Work is ongoing to compare these candidates in terms of external

cross-talk and stability over long periods in nEXO-like conditions.

4.3 Three-Parameter Analysis

Energy resolution is an important factor in signal/background discrimination for 0νββ

experiments. Indeed, many experiments use energy alone as the axis along which

signals and backgrounds can be distinguished. However, a distinct advantage of large,

monolithic detectors such as nEXO is their ability to leverage spatial and topological

information for improved signal/background discrimination capabilities. In addition

to energy, nEXO uses the distance from the nearest detector component surface, called

the “standoff” distance, and the event topology to separate the signal of interest from

backgrounds. The sensitivity is calculated by exploiting the differences in signal and

background distributions over these three parameters shown in Fig. 4.4.

4.3.1 Energy

As energy is one of three parameters in which signals differ from backgrounds, energy

resolution at the ββ-decay Q-value of Qββ = 2458 keV is critical to achieving opti-

mal signal/background discrimination in nEXO. Many factors contribute to nEXO’s

energy resolution; here, I give only a brief overview. In each of the charge and light

channels, the following factors contribute to the overall energy resolution:

1. Statistical fluctuations in the number of charge/light quanta produced

2. Statistical fluctuations in the number of charge/light quanta detected

3. Error in the calibrated charge/light detection efficiencies

4. Noise in the charge/light readout electronics
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Figure 4.4: Histograms showing simulated 0νββ signal with T1/2 = 0.74× 1028 years
and background data in all three of the parameters used in the analysis. Each his-
togram shows data with cuts applied to the other two parameters to select the signal
region.

Factor 1 consists of recombination fluctuations, which depends on the covariance

between the number of charge and light quanta produced, and an overall Fano factor,
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which quantifies fluctuations in the total number of quanta. These have a negli-

gible effect at Qββ. The contribution from factor 2 can be reduced by increasing

the charge/light collection efficiency, while that from factor 3 can be reduced with

improved calibration techniques. These two factors are discussed in more depth in

Chapter 5. Minimizing the contribution from factor 4 involves implementing stan-

dard low-noise measurement practices. nEXO projects an energy resolution of 0.8%,

including contributions from all of these factors.
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Figure 4.5: Distribution of reconstructed charge and light signals for simulated 208Tl
decays in the TPC, with the rotated energy axis overlaid in green. The red dashed
lines indicate the charge-to-light cuts that select electron recoils and eliminate α
events.
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4.3.2 Standoff Distance

The attenuation length of a 2.5 MeV γ in LXe is ∼ 9 cm [190]. For backgrounds

originating from interior detector surfaces, this results in the background rate falling

off significantly with increasing standoff distance. In contrast, the 0νββ signal rate is

independent of the standoff distance. This difference between signal and background

rates is more pronounced in detectors with dimensions many times larger than the

attenuation length. In nEXO, the inner tonne of the detector (a cylindrical region

> 200 mm from the detector walls) is effectively background free, with 0.6 events

expected near the Q-value in the full ten-year exposure. The benefits of this strong

attenuation go beyond shielding; backgrounds measured in the outer region of the

TPC can be used to validate the background model. Moreover, as γ attenuation is

extremely well described by simulation, these background measurements can be used

to predict the background rate in the inner region.

4.3.3 Event Topology

Events in nEXO can be classified as single-site (SS) or multi-site (MS) depending on

whether the individual energy depositions can be spatially resolved. The dominant

backgrounds in nEXO are MS events, as γs tend to Compton scatter multiple times,

creating spatially-separated energy depositions which are then detected as separate

charge clusters. MeV-scale electrons, on the other hand, have mean ranges of a

few millimeters [191] resulting in localized energy depositions and appearing as SS

events. Bremsstrahlung from the electrons results in a fraction of 0νββ appearing as

MS events with a particular event topology. A deep neural net (DNN) based on the

ResNet-18 architecture [192] is used for discrimination between signal and background

based on event topology. The DNN takes charge waveforms for the x and y strips as

input and outputs a DNN score ranging from 0 to 1. It is trained on simulated data,

allowing for PDFs for both signal and background events to be produced and used in

the sensitivity analysis.
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4.4 Backgrounds

The backgrounds which limit sensitivity most severely are those which are similar in

the three aforementioned parameters to the signal; i.e., those that have an energy near

Qββ, appear at least a few millimeters from detector surfaces, and exhibit β/ββ-like

topology. These include β-emitters in the LXe volume with Q-values greater than

Qββ. One such background source is 137Xe, which undergoes β-decay with a half life

of 3.82 minutes and a Q-value of 4162 keV. It is produced when neutrons from muon

interactions near the TPC capture on 136Xe. As 137Xe is produced in an excited state

and promptly emits a 4026 keV γ, a coincidence trigger between the OD and the TPC

can be used to tag 137Xe production and veto the subsequent few minutes of data.

The 2νββ of 136Xe can also contribute background events in principle, though despite

the total activity of 0.2 Bq, the fraction of those with energies near the Q-value is

negligible.

Backgrounds from γ transitions with energies within ∼ 1% of Qββ can also be

problematic if not properly mitigated. The β-decay of 214Bi (a daughter of 238U) is of

particular concern as it is accompanied by the release of a 2447.9 keV γ. Emission of

this γ from detector components in or around the TPC can result in energy depositions

in the LXe. For components which are in direct contact with xenon (either the LXe

in the TPC or the GXe elsewhere in the xenon handling system), 222Rn produced in

the α-decay of 226Ra can emanate into the xenon volume and be transported into the

active volume of the TPC. 222Rn that makes it into the LXe volume will subsequently

decay, with a fraction of the daughters produced in an ionized state. These charged
222Rn daughters will drift toward the cathode where they will plate out and continue

emitting radiation into the LXe. The β-decay of 214Bi is followed by the α-decay of
214Po with a half life of 163.5µs. With a sufficiently long coincidence window, this

“BiPo” decay sequence can be tagged. The tagging efficiency depends strongly on

the location of the decay, with near-perfect efficiency in the bulk of the LXe, and

∼ 50% efficiency for decays on the cathode, where the α has equal probability of

being emitted into the LXe or the copper. The β decay of 208Tl (a daughter of 232Th)

is also of concern due to the accompanying 2614.5 keV γ which can Compton scatter
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and deposit energy near Qββ.

To mitigate these backgrounds, all materials must be carefully screened to en-

sure concentrations of problematic radioisotopes do not exceed stringent limits. In

practice, this screening is often done by measuring the activity or concentrations of
238U and 232Th under the assumption that the decay chain is in secular equilibrium.

The more relevant activities/concentrations are those of 226Ra and 228Ra/228Th, the

nearest long-lived parent radioisotopes to the decays of concern in each decay chain.

Radioassay measurements of candidate materials are performed at many of nEXO’s

participating institutions. Results of these measurements are compiled and stored in

an online database to facilitate design studies and background modeling [193].

Radioassay measurements from a number of LXe-based collaborations, along with

data from EXO-200, suggest that purifier media constitute a significant source of
222Rn emanation. As the xenon will be continuously recirculated through a gas-

phase purifier during data acquisition, much of the 222Rn will be transported into

the LXe volume. This has sparked an interest within nEXO in a new design for a

low-radioactivity purifier to reduce this source of backgrounds. Chapter 6 discusses

the preliminary results of this ongoing effort.

4.5 Sensitivity

Every aspect of nEXO mentioned so far is relevant to the degree that it affects the

ultimate sensitivity to 0νββ. A prior estimate of the sensitivity that nEXO is ex-

pected to reach was reported in Ref. [194] based on the multi-parameter analysis and

background model described previously. Here, that study is briefly summarized and

the results are discussed.

Signal and background data were simulated using the Geant4-based nexo-offline

simulation framework. The simulation included a complete geometric model of the

nEXO TPC, surrounding cryostat, and water tank, with component properties as-

signed based on shielding properties and radioisotope content. The production of

scintillation and ionization signals was calculated with a modified version of the Noble

Element Simulation Technique (NEST) code [195] tuned to match the scintillation and
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ionization responses measured in EXO-200 [182]. Charge waveforms were simulated

for channels near the event, accounting for diffusion, attenuation by electronegative

impurities, and electronics noise. The number of scintillation photons detected was

sampled from a high-statistics optical simulation of the TPC, with added fluctuations

to account for the photon detection efficiency and correlated avalanches. A series of

cuts was applied to mimic those present in the analysis of real data, including on

event position, reconstructed energy, and ionization to scintillation ratio. The data

was then binned in energy, DNN score, and standoff distance to construct PDFs for

each component or group of components.
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Figure 4.6: The projected 90% CL exclusion sensitivity of nEXO to 0νββ (orange
band). The 90% CL exclusion limit from the full EXO-200 dataset is shown for
comparison (gray band). The bands reflect the uncertainty in where the upper limit
is placed originating from different calculations of the NMEs. The ticks on the right
side of each band indicate specific calculated values while the bands span their full
range.

Toy datasets were produced by sampling the PDFs scaled by weighting factors to

account for the relative contributions of each. Fig. 4.4 shows the summed signal and

background PDFs in all three parameters. A frequentist statistical analysis based on

the profile likelihood ratio method was used to compute the median 90% confidence
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level (CL) exclusion sensitivity and 3σ discovery sensitivity from the toy datasets.

This method gives a projected 3σ discovery sensitivity of 0.74 × 1028 years and a

projected 90% CL exclusion sensitivity of 1.35 × 1028 years after ten years of data

collection.

As discussed in Section 2.3.3, there are a range of calculated NMEs for 136Xe;

this is the largest source of uncertainty in translating a reported half life into ⟨mββ⟩.
Fig. 4.6 shows a band of ⟨mββ⟩ values corresponding to this range. For all but one of

the NMEs, nEXO is projected to cover the entirety of the IO band, and for many, a

large portion of the NO band below the degenerate region will be accessible. nEXO

is an ambitious, discovery-focused experiment, with discovery potential in both the

IO and NO ordering scenarios. Chapter 5 and Chapter 6 focus on addressing two

components of the experiment design that will enable nEXO to realize this projected

sensitivity when the detector turns on. Those chapters describe a small selection of

the R&D activities for nEXO at Stanford; a more complete overview can be found in

Appendix B, which provides a comprehensive discussion of the Stanford test facility

for LXe TPC development and its many applications.
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Chapter 5

Development of a 127Xe Calibration

Scheme for nEXO

This chapter has been adapted from Ref. [196], of which I am a primary author.

The description that follows places more emphasis on my own contribution — the

lightmap calibration scheme — and less on the work led by my collaborators.

5.1 The Energy Resolution Model

Accurate calibration is essential for ensuring that nEXO’s energy resolution target

is met. In this section, the quantitative impact of calibration uncertainties on the

energy resolution is determined. Both charge and light sensors detect quanta, so we

can begin by discussing the generic problem before addressing the particularities of

light or charge detection. The number of detected quanta, qdet, can be modeled as

originating from a binomial process with the number of trials given by the quanta

produced, q0, and the probability given by the collection efficiency at position x⃗ and

time t, ε0(x⃗, t):

qdet ∼ B(q0, ε0). (5.1)

Calibration campaigns will be conducted to measure the collection efficiency,

61
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εc(x⃗, t), allowing for the estimate of the number of quanta produced, q, to be cal-

culated using1

q̂ =
qdet

εc(x⃗, t)
. (5.2)

The random variable q has a probability mass function P (q; q0, ε0, εc). To model

the energy resolution in nEXO, we require the mean and variance of P (q; q0, ε0, εc)

when averaged over the full detector volume, V . It has been shown in Ref. [197] that

these quantities are, respectively,

E [P (q; q0, ε0, εc)] = q0 E

[
ε0
εc

]
V

and (5.3)

Var [P (q; q0, ε0, εc)] = q0 E

[
ε0(1− ε0)

ε2c

]
V

+ q20 Var

[
ε0
εc

]
V

, (5.4)

where E and Var denote the expected value and variance of a quantity, respectively.

The first term in Eq. (5.4) is the contribution from the binomial fluctuations

in the number of quanta collected, while the second arises purely from errors in the

calibration of the collection efficiency. The second term is therefore the one of concern

from the perspective of designing and assessing calibration schemes. The variance due

to calibration error can be labeled by σ2
c and rewritten as

σ2
c ≡ Var

[
ε0
εc

]
V

≈ Var

[
εc − ε0
ε0

]
V

, (5.5)

where the approximation is obtained with some algebra and the fact that εc ≈ ε0

for a good calibration. With this approximation, the quantity in the square brackets

is simply the relative calibration error across the TPC. To isolate the impact of this

calibration error, we can set the combined uncertainty in the energy from all other

factors to some fixed value, σfixed, and add the marginal contribution from σc according

to

σE
E

=

√
σ2
fixed + q20σ

2
c

E
, (5.6)

where the quantity on the left-hand side is the total energy resolution and E is the

1Throughout this chapter, a hat (̂ ) over a variable is used to denote an estimator for that variable.
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energy. This can be applied to both the light and charge response calibrations.

5.2 Position Dependence of the TPC Response

The spatial dependence of the ionization signal response arises from the attachment

of drifting electrons to electronegative impurities in the xenon. Because charge drifts

at a constant speed along the z direction, vd = z/t, charge signals are exponentially

attenuated as a function of the drift time, t. This allows for the true charge, Q0, to

be reconstructed from the detected charge, Qdet, as,

Q̂0 =
Qdet

e−t/τe
(5.7)

where τe is known as the electron lifetime and represents the timescale over which

a free drifting electron will be captured by an impurity in the xenon. The electron

lifetime is inversely proportional to the concentration of electronegative impurities

in the LXe volume. Calibrating the spatial dependence of the detector response

to ionization signals therefore amounts to determining the electron lifetime in the

detector. This can be achieved by producing events with a known Q0 at a range of

values of z (equivalently, t) and determining the τe that best reproduces the detected

charge signals, Qdet. Since the concentration of electronegative impurities in the TPC

varies on a ∼ 1 day timescale, the electron lifetime is time dependent and regular

calibrations are required.

The position-dependent response to scintillation signals is more complicated, and

depends on the quantum efficiency of the sensors, the geometry of the detector and

sensor arrays, and the reflectivity of surfaces within the TPC. LXe is highly trans-

parent to its own scintillation light, with a Rayleigh scattering length of ≳ 30 cm

and an absorption length of > 100 cm [198, 199], though in principle any scattering

or attenuation should be accounted for in the position dependence as well. The true

scintillation signal, S0, can be estimated from the detected scintillation signal, Sdet,

with,

Ŝ0 =
Sdet

εQE · εLM(x, y, z)
(5.8)
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where εQE is the sensor quantum efficiency and εLM is the position-dependent pho-

ton collection efficiency, also known as the “lightmap”. The lightmap describes the

fraction of the light produced at position (x, y, z) that will reach sensor surfaces,

accounting for the geometry and optical properties of the detector.

To calibrate the lightmap, events with a known S0 should be produced throughout

the full TPC volume. Fitting the three-dimensional lightmap from the corresponding

set of Qdet values is not straightforward. To see why, it helps to contrast it with the

electron lifetime calibration. The electron lifetime is calibrated with the assumption

that the impurity concentration is uniform throughout the TPC, while the drift field

is applied along the z-axis. This means that the charge signal attenuation anywhere in

the TPC can be fully described by the z-coordinate of the event position; moreover,

the z-dependence is captured by a single parameter, τe. No such symmetry exists

for the lightmap. The different optical properties of the cathode and anode along

with the regularly-spaced field rings result in a strong z-dependence to the photon

transport efficiency (PTE). The solid angle of the SiPMs from the location of the

event has a significant dependence on the radial position. There is an approximate

azimuthal symmetry which is broken by the pattern of charge tiles on the anode.

However, it is nonetheless desirable to have a framework for lightmap reconstruction

in three dimensions, allowing for other possible sources of azimuthal asymmetries in

the real detector (such as some arbitrary set of non-functioning SiPMs). Strategies

for this are discussed in Section 5.4.2. Unlike the electron lifetime, the lightmap is

not expected to vary over short timescales, so calibrations can be done with reduced

frequency.

The lightmap calibration requirement can be quantified by the lightmap error,

σLM. The target value for nEXO is σLM < 0.005. Potential calibration techniques

should therefore be assessed on their ability to meet this metric. By applying Eq. (5.5),

σLM can be written as

σLM =

√
Var

[
εLM
εc

]
V

≈

√
Var

[
εc − εLM
εLM

]
V

, (5.9)

where εc is the calibrated lightmap and εLM is the true lightmap. Later in the chapter,
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this quantity will be used to assess the quality of lightmap calibration schemes in terms

of their direct, quantitative impact on the total energy resolution in nEXO.

5.2.1 Standard Calibration Techniques

Both the electron lifetime and the lightmap calibrations require that events of known

energy be produced inside the TPC. Two strategies for this have previously been

considered and are discussed in turn below.

External γ Sources

One standard technique is to use external γ sources positioned around the TPC. This

is the planned technique to calibrate the absolute energy scale in nEXO. Because

of this, infrastructure to deploy sources to a series of locations around the TPC is

already a part of the design of nEXO, and could be used for regular electron lifetime

and lightmap calibration campaigns. Indeed, this is the baseline plan for both the

electron lifetime and the lightmap [184]. An additional advantage of using external

γ sources is that calibrations can be performed over the full energy range of interest

with the choice of appropriate sources. This strategy also does not require introducing

anything into the interior of the TPC, and therefore poses no risk of contamination

of the xenon, either with sources of background or electronegative impurities.

While this strategy has many advantages, the short attenuation length of γs in

the LXe poses a significant limitation. Achieving a sufficient number of events in the

center of the TPC requires accommodating a much higher rate near the walls. To

avoid overloading the readout electronics and causing pileup, source activities will

have to be sufficiently low and calibration campaigns commensurately long. This in-

creases detector downtime for the calibration campaigns and diminishes the livetime.

For this reason, alternative strategies which do not sacrifice livetime are desired.

Internal α Sources

A second option is to inject radioactive isotopes into the LXe volume. This has the

advantage of ensuring that events are distributed more uniformly throughout the



66 CHAPTER 5. A XENON-127 CALIBRATION SCHEME FOR NEXO

TPC, illuminating the full detection volume. This strategy has been used previously

with a number of different radioactive isotopes [200–207], including 83mKr, 129mXe,
131mXe, 37Ar, tritiated methane, and 220Rn. These have predominantly been used by

experiments searching for nuclear recoils from dark matter particles in the 1−100 keV

range, well below the nEXO energy threshold of ∼ 200 keV. The Q-value of all but
220Rn fall below this threshold. 220Rn is a possible option for nEXO, but it too has

some drawbacks. Calibrations with a 220Rn source use the rate-limiting α decay of
212Pb as a source of 570 keV energy depositions with excellent intrinsic resolution.

The 10.6 hour half life is comparable to the recirculation timescale in nEXO, meaning

there may not be sufficient time for the source to mix uniformly throughout the xenon

volume. Additionally, the β decay of 208Tl overlaps with the 0νββ region of interest,

resulting in backgrounds and limiting the frequency of these calibrations.

5.2.2 127Xe as a Calibration Source

127Xe is an attractive alternative to the standard options for a number of reasons,

possessing advantages of both options without many of the drawbacks. 127Xe decays

via electron capture (EC) to excited states 127I with a Q-value of 662.3 keV — far

too low to constitute a background in the 0νββ search. The subsequent relaxation to

the ground state results in the emission of either 375 keV (branching ratio 0.473) or

203 keV (branching ratio 0.527), accompanied by X-rays or Auger electrons totaling

33 keV (K-shell EC) or 5 keV (L-shell EC) [208]. This results in energy depositions

at four energies which, due to the detector resolution, are smeared into two broad

peaks in both the scintillation and ionization channels at 236 and 408 keV. The full

decay scheme is shown in Fig. 5.1, while Fig. 5.2 shows the simulated charge and light

production in nEXO. The 36-day half life ensures that the 127Xe can mix fully into

the enriched xenon and will be spread uniformly throughout the TPC.



5.3. EXPERIMENTAL DEMONSTRATION 67

ε
100%

I ≥ 1%
Threshold

127
Xe54

36.358 (31) d
0

ε (%)

0
Stable  

0

57.609
1.95 ns

1 

202.86
  

2 

374.992
  

3 

(keV)

127
I53

Q+ = 662.3 keV

17
.2

6
17

.2
6

25
.5

3
25

.5
3

68
.4

5
68

.4
5

4.
23

4.
23

1.
27

2
1.

27
2

52.7

 47.3

Figure 5.1: Decay scheme for the electron capture decay of 127Xe to excited states of
127I [208]. The red text indicates the branching ratio for each excited daughter state.
This figure was produced using the Laraweb tool [209].

5.3 Experimental Demonstration

Before a 127Xe calibration scheme can be adopted for nEXO, its viability must be

demonstrated. While a demonstration of the use of 127Xe in nEXO is evidently

impossible at present, its use in a small-scale experimental test served to address

several practical considerations, from the production of the source to the deployment

in a LXe TPC.

5.3.1 Source Production

127Xe is a synthetic isotope. It can be produced by neutron capture on 126Xe, which

has an isotopic abundance of ∼ 0.1% in natXe. The neutron capture cross section is

shown as a function of energy in Fig. 5.3a. To demonstrate the source production pro-

cess, a 150 cm3 316L stainless steel (SS) sample cylinder containing 69 g of natXe was

sent to the McClellan Nuclear Research Center (MNRC), a research reactor operated

by UC Davis, for irradiation with neutrons. The cylinder was placed in the Neutron
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Figure 5.2: Simulated ionization and scintillation signals produced by the decay of
127Xe in the LXe volume. The panels above and to the right of the scatter plot show
one-dimensional histograms of the projections along the scintillation and ionization
axes, with the recombination fluctuations causing the decays to appear as two broad
peaks in each channel.

Transmutation Doping (NTD) void and subjected to 15 minutes of irradiation with

the reactor operating at 250 kW. The neutron flux under nominal operating condi-

tions at 1 MW is shown in Fig. 5.3b. This spectrum was folded with cross sections

for isotopes present in both the natXe and the SS to compute the production of ra-

dioisotopes in both. Cross section data was obtained from the ENDF/B-VII.0 library

[210] for all reactions except those involving the two metastable isomers 129mXe and
131mXe; for those, the TENDL-2019 nuclear data library was used as it conveniently

provides residual cross sections for the desired products [211].

Following the irradiation, the xenon gas was transferred to a separate sample

cylinder, allowing for the activities in the irradiated cylinder and xenon gas to be

measured separately. Radioassay measurements of the sample cylinder using HPGe

counters were performed at MNRC and Stanford 9 and 25 days after the irradiation,
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Figure 5.3: Left: neutron capture cross section as a function of energy for 126Xe;
right: Flux spectrum of the MNRC nuclear reactor in the NTD void for the nominal
reactor operation of 1 MW.

respectively. Activities were obtained for the long-lived radioisotopes 51Cr, 58Fe, and
58Co; the first two are produced via thermal neutron capture, while the last results

from fast neutron (n, p) reactions. Systematic uncertainties due to the geometry of

cylinder/detector setup were estimated to be ∼ 50%. These measurements of the

activity in the SS allowed for the incident neutron flux to be calibrated by scaling the

calculated activity to the measured value, as shown in the left panel of Fig. 5.4. A

discrepancy of a factor of ∼ 4 was found between the nominal and inferred neutron

fluxes; this could be caused by operation of the reactor in transient mode during the

irradiation of the sample cylinder. The ratio of activities for the products of thermal

neutron and fast neutron reactions were consistent with the expectation from the

neutron flux spectrum, however.

The calibrated neutron flux was also used to infer the activities of radioisotopes

produced in the xenon (right panel of Fig. 5.4). Of these, 127Xe has the longest half

life. After a cool-off period of ∼ 100 days, the activities of all other radioisotopes

except 137Cs will have dropped to negligible levels, while the 137Cs is expected to be

easily removable using standard purification techniques. To verify these predicted ac-

tivities and ensure that no unexpected radioisotopes were produced, the activities of
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radioisotopes within the activated xenon gas were measured using a low-background

HPGe counter at the University of Alabama. The low activities required long mea-

surement periods of two weeks (compared to ∼ 30minutes for the SS cylinder). A

background measurement was made of the empty cylinder prior to transferring the ac-

tivated xenon gas. The background spectrum was then subtracted from that obtained

during the measurement of the xenon gas in the new cylinder. Five different 127Xe

emission lines were observed in the background-subtracted spectrum. The measured

activities of the two highest-energy transitions were 6.3 kBq and 6.9 kBq, consistent

with the activity of 6.5 kBq predicted from the neutron flux to within ∼5%. Larger

discrepancies were found for the metastable isomers for which thermal neutron cross

sections were extrapolated from single measurements with large uncertainties. The

most significant discrepancy occurred for 137Cs, which was observed at ∼100× lower

activity than predicted. This is likely due to attachment of the cesium on the inside

of the original sample cylinder, further supporting the hypothesis that the cesium can

be removed via purification. A more complete description of the radioassay procedure

and results can be found in Ref. [196].

5.3.2 Deployment in a Test TPC

To validate the proposed calibration procedure, the activated xenon was deployed in

a test TPC in the Stanford LXe lab (the “Long TPC” described in Appendix B). The

TPC consists of a 13.5 cm drift length housed in a 20.3 cm long by 25.4 cm diameter

cylindrical SS chamber and holds ∼30 kg of LXe (Fig. 5.5a). A 400V/cm drift field is

maintained between a SS mesh cathode held at −6 kV at one end of the drift length

and a charge-sensing anode plane at the other. Scintillation light is collected on a

tile located beneath the cathode mesh containing 24 FBK VUV-HD1 SiPMs paired

into 12 channels. Charge collection at the anode is done using the prototype charge

tile described in Ref. [188]. The 10 cm by 10 cm tile provides 16 strips with 3 mm

pitch in both the x and y directions, though some channels were ganged together as

shown in Fig. 5.5b due to the limited number of feedthroughs into the xenon volume.

These channels were connected to charge-sensitive preamplifiers located outside the
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Figure 5.4: Activity of radioisotopes present in the SS cylinder (left) and xenon gas
(right) after a 15-minute irradiation in the NTD with the reactor operating at 250 kW.
The points with error bars in the left panel indicate radioassay measurements of the
SS cylinder used to scale the predicted activity of the radioisotopes plotted.

xenon volume with a design based on Ref. [212]. The light and charge signals were

both digitized at 62.5 MS/s using Struck SIS3316 digitizers. Due to the low light

collection area provided by the single SiPM tile, the scintillation was used only for

triggering, with a three-fold coincidence requirement and the threshold set at the

mean single-photon pulse height for each channel.

To introduce the activated xenon into the TPC, the sample cylinder containing

the activated xenon was plumbed in to the recirculation manifold, with two valves

and an analog pressure gauge in between the cylinder and the main recirculation

flow path, as depicted in Fig. 5.6a. The valves were then opened one at a time

to first pressurize the intermediate volume, then release the activated xenon into the

recirculation path. During this period, the system was undergoing forced recirculation

at a flow rate which oscillated between 5 and 30 g/min depending on the stage of the

recirculation pump’s cycle. Each time xenon was introduced into the intermediate

volume, the pressure in the sample cylinder was recorded. Trigger rate measurements

were continually acquired throughout the full injection procedure to monitor the
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(a) The test TPC (b) Prototype nEXO charge tile

Figure 5.5: Left: CAD model of the test TPC used to demonstrate the deployment of
a 127Xe source for calibration of the electron lifetime; right: the prototype charge tile
used in the demonstration, with the ganging of multiple strips into charge channels
indicated.

rate at which activated xenon made it into the TPC. This injection procedure was

carried out twice, with approximately half of the xenon being deployed each time.

Data collected after the first injection was used to determine the optimal acquisition

settings, while the data following the second injection was used for the electron lifetime

measurements reported in Section 5.3.3. The pressure in the sample cylinder and

trigger rate in the TPC over the course of the second injection are shown in Fig. 5.6b.

The continued increase in trigger rate after the sample cylinder had been emptied

suggests some latency in the mixing of the activated xenon into the TPC.

5.3.3 Electron Lifetime Calibration

Following the injection, recirculation continued for a few days to thoroughly mix the
127Xe throughout the LXe. A number of datasets were then collected over the course

of two days. Data from four of these datasets was included in the analysis discussed

here2. The electron lifetime, τe, was determined by fitting the charge, Q, as a function

2The specific datasets used are DS16, DS17, DS18, and DS22 of Run 31.
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(b) Source deployment process

Figure 5.6: Left: schematic showing the source deployment manifold plumbed in to
the xenon gas recirculation loop; right: source cylinder pressure and source activity
in the TPC as a function of time during the source deployment process.

of the drift time, t, with the function,

Q(t) = I(t)×Q0 e
−t/τe (5.10)

where Q0 is the initial charge produced in the event and I(t) accounts for screening

of the charge signal by the positive xenon ions3. For a given event, the total charge

was calculated by summing the energies from all charge channels with a pulse height

greater than the threshold of 3× the baseline RMS. The corresponding drift time for

each channel was computed from the difference between the 90% rise time and the

scintillation trigger time. Cuts were then applied to keep only those events with at

3Equivalently, I(t) accounts for the position-dependent weighting potential near the anode.
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least one x and one y channel above threshold and with charge-weighted average x

and y coordinates within ±15 mm of the center of the TPC. Data that survived the

cuts was binned by the charge-weighted average drift time for the event, with data

from one such bin shown in the histogram in Fig. 5.7a. A joint fit of two Gaussians

and an exponentially-decaying background term then allowed for the location of both

charge peaks to be determined for each bin.

The resulting charge peaks across all bins are plotted as a function of the drift

time in Fig. 5.7b. To extract the electron lifetime, this data was fitted independently

with Eq. (5.10) for each of the low and high energy peaks. The function I(t) was

computed analytically as described in Ref. [188] by integrating the image charge den-

sity resulting from the positive ions, which are treated as stationary on the timescale

of an event. The integration was done over two strips, corresponding to the mean

number of charge channels with above-threshold signals.
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Figure 5.7: Left: plot showing the charge energy in a single drift time bin, with the
joint fit and fits to the individual peaks and background spectrum also shown; right:
charge energy as a function of drift time for both the low and high energy peaks along
with the fits used to extract the electron lifetime.

The electron lifetimes obtained from the low and high energy peaks were (40.9±
0.7)µs and (42.3± 0.9)µs, respectively, showing consistency to within ∼1.5σ. While

the calibration scheme worked as intended, the resulting lifetime indicated poor xenon



5.4. PROJECTED CALIBRATION PERFORMANCE FOR NEXO 75

purity. This may be explainable by a small segment of PVC-insulated wire which was

found during the disassembly of the TPC following the run. Outgassing from the PVC

insulation could have worsened the purity, resulting in the poor electron lifetime that

was measured.

5.4 Projected Calibration Performance for nEXO

In addition to the experimental demonstration of the calibration procedure in a

test TPC, a quantitative projection of the calibration performance in nEXO was

obtained through simulations. Simulated calibration datasets were produced using

the nexo-offline package described in Section 4.5. Calibration events were recon-

structed using a custom code specifically designed for this application.

To reconstruct the charge signals, channels with charge exceeding a preliminary

1200e− threshold are selected, and the transverse event position is computed from

the charge-weighted average of the channel coordinates. The five nearest channels on

each side in both x and y (20 total) are used to compute the energy, enabling channels

which see below-threshold charge signals to be included at the expense of added noise.

A full description of the electron lifetime reconstruction from simulated charge data

is given in Ref. [196]. Here, only the light response calibration is discussed in detail.

5.4.1 Simulating the Light Response

The light response of the detector is modeled with multiple steps, with statistical

fluctuations added at each one. For each simulated event, the number of scintillation

photons, S0, is computed by NEST. As recombination fluctuations dominate the vari-

ance in light production, the distribution from which S0 is drawn can be approximated

as a Gaussian with a mean of µS0 and a variance of σ2
S0
,

S0 ∼ N
(
µS0 , σ

2
S0

)
, (5.11)
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with the mean and variance determined by the calibration source used. The number

of photons collected by a sensor, Scol, is sampled from a Binomial distribution,

Scol ∼ B (S0, εQE · εLM(x, y, z)) (5.12)

where the number of trials is S0, and the probability is the product of the PTE from

the true lightmap, εLM, and the SiPM quantum efficiency, εQE. The true lightmap was

computed with Chroma, a ray tracing code for high energy physics that uses CUDA-

enabled GPUs for fast photon transport simulations [213]. A simulated dataset of

5 × 108 photon “bombs” positioned uniformly throughout the TPC volume, each

containing 104 photons, was binned in r and z (bin widths ∼0.25mm) and the PTE

in each bin was calculated. Gaussian smearing with a width of 1 bin was then applied

to give a smooth, continuous, azimuthally-symmetric lightmap (left panel of Fig. 5.9).

The measured number of scintillation photons is the sum of the number collected

by the SiPMs and the number resulting from correlated avalanches. The latter is a

Poisson random variable with an expectation given by the former times a factor Λ,

Sav ∼ P (Scol · Λ) . (5.13)

The reconstructed number of photons, correcting for correlated avalanches, is com-

puted with

Sdet =
Scol + Sav

1 + Λ
. (5.14)

The simulation used εQE = 0.186 and Λ = 0.2, the projected values for nEXO.

Fig. 5.8a shows the detected charge and light from the simulation prior to any charge

or light response calibrations. The absence of a lightmap correction is evident in the

vertical smearing resulting from the varying PTE across the detector; this is also

visible in the histogram in Fig. 5.8b. The histogram also shows that with a perfect

lightmap calibration, the peak width can be corrected back to the true width up to

statistical fluctuations. A 20 mm standoff cut is applied to the data to remove events

near detector surfaces and an energy selection cut (defined by the red dashed line in

Fig. 5.8a) selects only the 408 keV peak since the 236 keV peak is near nEXO’s energy
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threshold. 90% of events survive the fiducial cut; 47.2% of those survive the peak

selection. This results in 42.5% of the simulated events contributing to the lightmap

calibration.

A single calibration dataset consists of a set of event coordinates and the PTE

calculated by dividing Sdet by the expected number of detected photons, µS0 · εQE

(center panel of Fig. 5.9). This data is used to produce a reconstructed lightmap

(right panel of Fig. 5.9) using one of the strategies described in the next section. The

accuracy of the lightmap calibration for a given dataset can then be determined by

comparing the reconstructed and true lightmaps.
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Figure 5.8: Left: simulated charge and light signals detected in nEXO from a 127Xe
calibration source prior to the application of any detector response calibration; right:
histogram of reconstructed scintillation quanta after correction a constant scaling
factor (orange) and a perfect lightmap (green) compared to the true distribution of
scintillation quanta. Correction with a perfect lightmap cannot perfectly reconstruct
the distribution due to statistical fluctuations in the number of photons detected by
the SiPMs.

5.4.2 Lightmap Reconstruction Strategies

Complete three-dimensional lightmap reconstruction with sufficient precision is non-

trivial. This is in large part due to the sparsity of calibration events when the dataset
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Figure 5.9: The sequence of steps followed during the simulation of a lightmap cali-
bration campaign. The left panel shows the true lightmap from which the scintillation
signals are sampled in the simulation. The middle panel shows the reconstructed cal-
ibration data with the colors showing the measured PTE. The right panel shows the
lightmap as reconstructed using the data in the middle panel.

is diluted into three dimensions, as opposed to just one in the electron lifetime case,

as described in Section 5.2. To illustrate, we address the problem of reconstructing

the lightmap in a small subvolume of the detector over which the PTE is approxi-

mately constant. The PTE in that subvolume can be estimated from the mean of the

calculated PTEs for all events, given by,

ε̂c =
1

Nc

Nc∑
i=1

Sdet,i

µS0 · εQE

(5.15)



5.4. PROJECTED CALIBRATION PERFORMANCE FOR NEXO 79

where there are Nc calibration events indexed by i and Sdet,i is the number of scin-

tillation photons detected in each event. The error on this quantity depends on the

variance at each step in the statistical chain described in the previous section. Setting

all sampled quantities to their mean values gives a rough estimate of the contribution

at each step, indicating that the dominant contribution comes from the scintillation

peak width, σS0 . The uncertainty in εc can therefore be approximated by,

σε̂c ≈
ε̂c√
Nc

· σS0

µS0

, (5.16)

and the required number of calibration events in that subvolume is then given by

Nc ≈
(
σS0

S0

)2(
ε̂c
σε̂c

)2

. (5.17)

To achieve a total lightmap error of σLM < 0.005, we should aim to have σε̂c/ε̂c <

0.005 in each subvolume. With a source line width of σS0/µS0 ≈ 0.1, this implies

Nc ≳ 400 events. What constitutes a single subvolume is not well defined. It should

be related to the length scale over which the lightmap changes, yet this varies by

position throughout the lightmap, with more rapid variations with position near the

cathode and the anode and approximately constant efficiency throughout much of the

center of the TPC. The specific requirement on the number of calibration events will

depend on the lightmap reconstruction scheme used. Below, some potential schemes

are discussed.

Histogram

Consider a calibration campaign in which a 127Xe activity of 2 Bq is maintained for

two weeks. This would result in a dataset of ∼ 106 decays in the 408 keV peak.

One method of reconstructing the lightmap from the calibration data is to histogram

the measured efficiencies in x, y, and z. The total active volume in the TPC is

∼ 1.4 × 109mm3, meaning that a cubic voxel containing 400 events it would have

a side length of ∼ 80mm. This is much larger than the spatial scale on which the

lightmap varies. Evidently a histogram is not well suited to this problem.
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Kernel Smoothing

An alternative strategy is to use a kernel smoothing (KS) algorithm. With this

approach, the estimate of the lightmap at location x⃗ is given by

εKS(x⃗) =

Nt∑
i=0

Sdet,i

µS0 · εQE

· wi(x⃗)

Nt∑
i=0

wi(x⃗)

, (5.18)

where Nt is the total number of calibration data events and wi is the kernel. It is

common to use a Gaussian kernel, defined as

wi(x⃗) = exp

(
−|x⃗− x⃗i|2

2σ2
k

)
, (5.19)

where x⃗i is the position of calibration event i and σk is a smoothing length scale which

must be chosen based on the data. Due to the Gaussian weighting, only those events

with distances less than a few σk from x⃗ will contribute to the sum. If a large number

of events are distributed uniformly throughout the detector, the sum over discrete

events in Eq. (5.18) can be replaced by an integral over the mean event density, ρ:

Nt∑
i=0

exp

(
−|x⃗− x⃗i|2

2σ2
k

)
≈
∫
d3x′ ρ exp

(
−|x⃗− x⃗′|2

2σ2
k

)
. (5.20)

With a uniform event density the calculation is translation-invariant, so for con-

venience we can shift our coordinate system such that x⃗ = 0. The effective number

of events contributing to the lightmap, Neff , can then be calculated as,

Neff =

∫
d3x′ ρ exp

(
−|x⃗′|2

2σ2
k

)
= ρ(2πσ2

k)
3/2. (5.21)

As expected, the number of events contributing depends on ρ and σk. We can now

equate the effective number of events to the required number of calibration events
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per subvolume (Nc from Eq. (5.17)) and solve for ρ:

ρ =
1

σ3
k (2π)

3/2

(
σS0

µS0

)2(
ε̂c
σε̂c

)2

. (5.22)

Using the same relative source width and lightmap uncertainty as before, we find

that the required event density is ∼ 25/σ3
k. The dataset of 106 calibration events

gives σk ∼ 30mm, much smaller than the voxel side length in the naive histogram

approach.

This is a useful benchmark to which lightmap reconstruction techniques can be

compared. However, it is not a computationally feasible way to implement lightmap

reconstruction. The lightmap should be a simple function that takes a single argu-

ment — a position within the TPC — and returns an efficiency. In the KS method,

this efficiency is computed by summing over all calibration events with a weighting

that depends on the Euclidean distance between the location of the event and the

input position. As this requires computing Nt pairwise distances for each input, it is

computationally expensive for large Nt. Moreover, the use of a single parameter σk

means that the smoothing scale must be constant across the full detector. In reality,

there are some regions where the lightmap changes rapidly and a smaller scale is

needed, and some where the lightmap varies little and the smaller scale simply adds

statistical noise.

Deep Neural Net

For problems such as the one described here, where a complicated function needs to be

fitted to a large dataset, a neural net is a natural solution. In particular, it avoids the

problem of specifying smoothing length scales, as it is adaptive to the training data.

It scales well to large datasets, as after the one-time computational cost of training,

it can be sampled rapidly. A deep neural net (DNN) using five hidden layers in a

basic multi-layer perceptron architecture was designed for this purpose. The DNN

takes as input a vector (x, y, z, x, y, z) of position coordinates within the TPC, and

outputs a number from 0 to 1 corresponding to the lightmap value at that point. The

three coordinates were repeated in the input vectors to improve extraction of features
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with radial dependence. To train the DNN, the reconstructed event positions from

simulated calibration datasets were passed as inputs, with the calibration efficiency

computed using Eq. (5.15) used as the outputs. During training, half of the calibration

events were allocated as validation data. The training loss and validation loss were

monitored during training to prevent against overfitting to the training data. For

each simulated calibration dataset, the training process was repeated five times and

the resulting networks were averaged to produce the final DNN. The architecture and

hyperparameter values were chosen to minimize σLM following a comprehensive study

of the dependence of DNN performance on these parameters.

5.4.3 Lightmap Calibration Performance

For both the KS and DNN methods, the performance of the lightmap reconstruction

was assessed with calibration datasets of varying sizes. This assessment was done by

sampling the reconstructed lightmaps on a three-dimensional grid of points through-

out the TPC and computing the relative uncertainty as a function of position. Recall

from Section 5.1 that the lightmap error parameter σLM is the square root of the sam-

ple variance of the relevant uncertainty over the full volume. For both reconstruction

methods, σLM was computed for 25 datasets ranging in size from 103 to 106 events.

For each dataset size, the calibration events were sampled with replacement from the

full set of 107 events.

The left panel of Fig. 5.10 shows the lightmap error achieved with the KS method

as a function of the number of calibration events. The lightmap error shows the

expected scaling with
√
ρ, or equivalently

√
Nt, as would be expected from Eq. (5.22).

The parameter σk was chosen at each dataset size by scanning many values and

choosing the one that minimizes σLM; the optimal values of σk are shown in the right

panel of Fig. 5.10.

For the DNN, which operates as a black box, it is helpful to visualize the cali-

bration accuracy across the TPC to understand what drives performance. Fig. 5.11

shows the relative lightmap error throughout the TPC for one of these 25 datasets

of each size. While the full lightmap reconstruction is done in three dimensions, the
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Figure 5.10: Left: lightmap error attainable as a function of the number of calibra-
tion event using the Kernel Smoothing reconstruction method; right: the optimal
smoothing length, determined by scanning over different parameter values, at each
dataset size. The smoothing length on the right at each dataset size is the one used
to give the lightmap reconstruction performance shown in the left.

plots show only a single azimuthal slice. The qualitative performance matches ex-

pectations, with errors decreasing significantly with increasing dataset size. When

calibration data is limited, the DNN tends to produce an overly flat lightmap, result-

ing in significant overprediction (underprediction) of the PTE in regions where the

true PTE is lower (higher) than the average across the TPC. When trained on larger

datasets, the DNN is better able to match the steeper gradients in the lightmap,

and the errors recede toward the edges of the TPC. The best performance is consis-

tently achieved in the inner two tonnes of the detector; fortunately, this is also the

region which drives the physics sensitivity and for which precise calibration is most

important.

The mean and ±1σ range of the σLM values obtained at each dataset size with the

DNN are plotted in Fig. 5.12a. With few calibration events, the performance scales

much faster than with the KS method, though it begins to flatten out for larger

calibration datasets. As shown in the figure, ∼5× 105 calibration events are required

to meet the nEXO target lightmap error of 0.005 in the inner two tonnes. This can be

directly interpreted in terms of the lightmap contribution to the energy resolution by
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Figure 5.11: The lightmap error as a function of position in an azimuthal slice of the
TPC for datasets of four different sizes. The gray region around the edges shows the
fiducial cut, while the red dashed line encloses the inner two tonnes of the LXe.

fixing the energy resolution to its nominal value of 0.008 and computing the marginal

contribution from the lightmap as a function of the number of events. Fig. 5.12b

shows the resulting energy resolution achievable for a range of calibration periods,

assuming a constant activity of 1 Bq is maintained in the detector. This study shows

that the lightmap error contributes negligibly to the total energy resolution in the

inner two tonnes of the detector after only ∼5 days of calibration data, without any

detector downtime. Unlike the default lightmap calibration scheme, which requires

interruption of data collection every few months, this calibration could be done on

an ongoing basis.

5.5 Conclusions and Prospects for nEXO

In this chapter it was demonstrated that a 127Xe calibration scheme can be used to

calibrate both the electron lifetime and lightmap in nEXO. The production of such

a source was demonstrated, and it was shown that the expected radioisotope content
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Figure 5.12: Left: the lightmap error parameter as a function of the number of
calibration events in nEXO for both the inner two tonnes and the full detector volume;
right: the resulting energy resolution as a function of calibration time assuming the
nominal nEXO energy resolution model with only the lightmap contribution varied.

matches expectations and does not include any problematic background sources for

nEXO. Using this source, nEXO would be able to meet the lightmap error target in

less than 6 days if a 1 Bq activity were maintained for the duration of the calibration.

While it was not discussed here, a similar analysis was done for the electron lifetime,

showing that with the same source activity, it could be calibrated to sufficient preci-

sion on a daily basis (see Ref. [196] for details). This work has important implications

for nEXO as it removes the requirement for detector downtime during calibration,

allowing for more frequent calibrations without a loss of livetime.
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Chapter 6

Development of a Xenon Purifier

for nEXO Using High-Purity

Zirconium

Xenon purification is essential to meeting the energy resolution target in nEXO, as

electronegative impurities capture drifting charges and attenuate the charge signals

before they are collected. While this attenuation is corrected with the calibrated

electron lifetime, binomial fluctuations in the charge collected worsen with more at-

tenuation, so improving the electron lifetime is still critical. The electron lifetime is

related to the concentration Ci of each species i of impurity as

τe =
1∑

i

kiCi

=
MXe

ρLXe

∑
i

kixi
(6.1)

where ki is the rate constant for electron attachment in LXe for species i, and in the

second step, the concentration Ci has been replaced with the mole fraction xi using

the LXe density, ρLXe, and the molar mass of xenon, MXe. Since the composition

of impurities is usually unknown, yet O2 is typically the dominant contributor to

the measured electron lifetime, the oxygen-equivalent concentration, xO2 , is used to

87
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represent all impurities by convention. Rewriting Eq. (6.1) in terms of xO2 gives

τe =
MXe

ρLXekO2xO2

≈ 10 ms× 47 ppt

xO2

(6.2)

where k ≈ 9.8× 1010 M−1s−1 is used for nEXO’s planned operating field of 400 V/cm

[214]. The steady-state oxygen equivalent concentration in the TPC must therefore

be at or below 47 ppt in order to meet the electron lifetime target. At the same time,

nEXO’s background budget allocates 80µBq/kg of allowable 222Rn activity for the

purifier media, so a purifier design must satisfy this constraint as well.

6.1 Introduction to Xenon Purification

In steady state, the impurity concentration in a LXe TPC is limited by the continuous

desorption of electronegative impurities from surfaces within the detector. Continuous

purification of the xenon is therefore required to achieve and maintain the target

purity. A standard purification technique uses continuous forced recirculation of the

xenon through a dedicated external purifier. Purification is most commonly done

in the gas phase, with a heater at the TPC outlet used to boil off the xenon and a

recirculation pump to force it through the purifier, usually a heated bed of zirconium-

alloy getter pellets. The purified GXe reenters the TPC through an inlet above the

liquid surface where it recondenses. Purification in the liquid phase has also been

demonstrated [215], allowing for significantly higher mass flow rates to be achieved

at the expense of lower purification efficiency.

Getter purifiers operate by absorbing electronegative impurities on their surface,

and the combination of high temperature and large interstitial spacing within the

getter matrix enhances the diffusion from the surface into the bulk volume of the

material. While this technique has proved to yield exceptional purification efficien-

cies, the getter pellets are a source of radioactive backgrounds. A sufficiently large

mass of getter materials could emanate radon at levels that will limit the physics

sensitivity. Indeed, the dominant radon backgrounds in EXO-200 are suspected to

have originated from the steady-state population of 222Rn atoms originating from the
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getter materials [194]. Furthermore, a diffusion-dominated emanation process could

be enhanced at the high temperatures at which typical zirconium-alloy getters oper-

ate. The considerations above make clear the need for an effective purifier that does

not exceed nEXO’s strict background budget. Following a brief introduction to getter

materials, the development of a new xenon purifier will be described in detail.

6.1.1 Getter Materials

A getter is a material which exhibits a pumping action by adsorbing gases on its sur-

face to form stable chemical compounds [216, 217]. This process, known as chemisorp-

tion, requires that the surface of the material be clean. A clean surface can be obtained

in two ways: by evaporating and depositing a film of material in situ, or by heating the

material to sufficiently high temperatures as to cause the diffusion of atoms from the

surface into the bulk. A material falling into the first category is called an evaporable

getter, while one in the second is a non-evaporable getter (NEG). Common getter

materials are barium, titanium, and zirconium, with barium and titanium used for

evaporable getters and alloys of zirconium used as NEGs [218]. NEGs are preferred

where the surface area needed for the required pumping speed is impractically large.

6.1.2 Zirconium Alloys

Zirconium is an excellent gettering agent due to its ability to dissolve large amounts of

oxygen [219]. At room temperature, zirconium is capable of adsorbing an oxide layer

as large as 1.5 nm to 2 nm in a range of oxidation states [220]. When heated beyond

room temperature, rapid diffusion of oxygen from the surface to the bulk is observed,

with very little desorption [221, 222]. This makes zirconium an ideal constituent

of a gettering material, often in an alloy with aluminum for increased diffusivity

at high temperature [216, 217]. However, the activation temperature required for

typical zirconium-alloy getters exceeds 700 ◦C, making in situ activation difficult.

The alloy St 707 [223], consisting of 70% zirconium, 24.6% vanadium, and 5.4% iron,

was designed with a lower activation temperature of 450 ◦C for this specific purpose.

Its pumping characteristics have been well studied [224–226]. Sintered pellets of
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St 707 are used in the commercial SAES Monotorr purifiers that have found use in

many xenon-TPC-based experiments due to their excellent purification performance

of xenon gas [227].

Despite their superior purification capabilities, zirconium alloys like St 707 are not

optimized for use in rare event searches. In particular, the mitigation of radioactive

contaminants was not a design consideration, and as a result, purifiers which use

St 707 tend to be significant sources of 222Rn, with specific activities varying from

18µBq/kg to 293µBq/kg [228–231]. As these getters are maintained at 450 ◦C or

higher during normal operation, the diffusion of 222Rn through the material could be

enhanced, resulting in more transport into the TPC1. Commercial purifiers are also

designed with far more capacity than is required for the steady-state purification of

xenon that has already been purified prior to its deployment in the TPC. For low

enough impurity concentrations, transport into the getter bulk is not required as

the surface alone can capture impurities until it saturates, provided it is periodically

regenerated.

6.1.3 High-Purity Zirconium

Evidently nEXO’s specific requirements for a getter are in some ways more stringent,

and in other ways more relaxed, than those for commercial getters. This has mo-

tivated investigations into alternative purifier designs that meet nEXO’s unique set

of design requirements. High-purity zirconium (HPZr) has emerged as a compelling

alternative due to its natural gettering properties and its commercial production in

large quantities for the nuclear industry.

Indeed, zirconium alloys are commonly used as structural materials for nuclear

reactors due to their strong corrosion resistance and favorable mechanical properties

[233, 234]. Zirconium is found naturally in the mineral zircon (ZrSiO4), usually

in combination with 1% to 3% hafnium due to their similar chemical properties.

Hafnium, in contrast to zirconium, has a high neutron absorption cross section, so

1The temperature is relevant for diffusion-driven 222Rn transport, which was expected to be the
dominant mechanism. More recent evidence suggests that the 222Rn transport through metals may
instead be recoil-driven, rendering the high operating temperatures less of a concern [232].
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zirconium alloys for nuclear applications are required to have low levels (typically

< 100 ppm) of hafnium contamination [235]. While removal of actinides is not a goal

of the techniques for separating zirconium and hafnium, it was suspected that lower

uranium and thorium concentrations may be a byproduct of the production process of

HPZr. The natural gettering properties of zirconium and the potential for obtaining

a more radiopure product than in commercial getters were the primary motivations

for studying HPZr as an alternative purifier media for nEXO.

6.2 Design of a Xenon Purifier

For a custom xenon purifier to be used in nEXO, it must be capable of handling

the nominal recirculation rate of 350 SLPM [184] while maintaining its purification

efficiency. It must also meet the 222Rn specific activity design goal of 80µBq/kg, cho-
sen based on the allowable steady-state 222Rn population of 600 atoms and assuming

15 kg of purifier media. A prototype purifier using 1 kg of HPZr pellets was designed

as a first step toward this end.

6.2.1 Getter Pellets

HPZr pellets to be used in the purifier were procured in two batches from ALB Ma-

terials, a metal supplier which operates out of Nevada. The two batches were ordered

six months apart and were produced in separate lots. The first batch consisted of 1 kg

of pellets. This batch was used in the prototype purifier after having been sent away

for assays and then returned to Stanford. The second batch consisted of another 1 kg

of pellets along with dedicated samples for other measurement techniques. Table 6.1

summarizes the samples that were measured while Section 6.4.2 describes the assay

results in detail. In addition to the assays, a test was conducted on the regeneration

of the gettering surface through baking, and the surface was imaged to understand

the potential impacts on radon emanation and active gettering surface area.
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Table 6.1: List of the high-purity zirconium samples that were procured from ALB
Materials.

Number Lot Quantity Shape Length Width Height
0 ALB-202012 — — — — —
1 ALB-202102 1 kg Cylinder 2 mm 2 mm 2 mm
2 ALB-202107 1 kg Cylinder 2 mm 2.4 mm 2.4 mm
3 ALB-202107 5 pieces Cylinder 20 mm 2 mm 2 mm
4 ALB-202107 5 pieces Slab 20 mm 10 mm 2 mm

Activation Test

Sample 4 was sent to CERN to test the surface activation procedure. The test was

done by measuring the surface content of the HPZr using X-ray photoelectron spec-

troscopy (XPS) at a range of temperatures. A HPZr slab was placed in the XPS vac-

uum chamber (base pressure 4× 10−10 mbar), then heated to 160 ◦C, 250 ◦C, 300 ◦C,

and 350 ◦C. The sample was kept at each temperature for one hour, after which the

XPS data was collected for 25 minutes. The surface composition as a function of

temperature is shown in the left panel of Fig. 6.1 while the absolute measurements of

carbon and oxygen are shown in the right panel.
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Figure 6.1: Left: the surface fraction of four elements as a function of temperature;
right: the relative peak area for the C and O 1s peaks as a function of temperature.
Data for a standard Ti/Zr/V NEG is shown for comparison.
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The XPS data show a decrease in zirconium oxide peaks accompanied by an

increase in metallic zirconium peaks, indicating that the activation process is removing

adsorbed oxygen from the surface, as intended. The metallic zirconium peak at

350 ◦C was compared to that of a typical Ti/Zr/V NEG, revealing a similar extent

of surface oxygen reduction. However, the decrease in carbon and oxygen on the

surface was delayed compared to the typical NEG by ∼100 ◦C, suggesting that higher

temperatures are required to begin regenerating the surface. A slight increase in

carbon content was observed above 250 ◦C, potentially attributable to uptake from

the measurement chamber and the formation of carbides. While this data does show

regeneration of the gettering surface at only 350 ◦C, it indicates a potential reduction

in the available gettering surface due to the formation of compounds that cannot

be easily removed at that temperature. This is a known phenomenon which can be

reduced by keeping other regions of the vacuum system at low temperatures during

regeneration bakeouts [236].

Surface Imaging

A pellet from sample 2 and an St 707 pellet from a SAES purifier cartridge were

imaged with a scanning electron microscope (SEM) to compare their surfaces. As

the St 707 is sintered, it was expected to have a significantly higher surface area

and a commensurately higher radon emanation rate for the same bulk concentration.

Section 6.2.1 shows an SEM image of each pellet at similar magnifications.

As expected, the HPZr surface looks flat with some surface defects, while the

St 707 exhibits structure over a range of length scales, with many deep caverns and

extrusions visible. This should limit the impurity capacity of the HPZr accordingly,

though makes the capacity more amenable to estimation due to the relatively fea-

tureless surface geometry.

6.2.2 Geometry & Pressure Drop

Like the standard SAES Monotorr purifiers, a custom purifier should be constructed

using a column of getter pellets through which xenon gas can flow. The fluid dynamics
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(a) St 707 pellet (b) High-purity zirconium pellet

Figure 6.2: SEM images of an St 707 pellet (left) and a HPZr pellet (right). The
HPZr pellet has a comparatively featureless surface with a significantly lower surface
area than the St 707 pellet.

of gas flow over a column of pellets is well studied due to the extensive use of this

geometry in catalyst bead reactors. Findings from the existing literature can be used

in the design of a purifier for nEXO to ensure that the pressure drop across the pellet

bed is manageable given the operating pressure and flow rate. The following analysis

uses correlations obtained from the analysis of many previous experimental results

[237] and CFD simulations [238].

Before beginning the quantitative analysis, some qualitative features of flow over

a packed bed of cylindrical pellets are discussed. As we will see, the pressure drop

depends on the geometry of the pellets and the tube containing them, along with

the Reynolds number, Re, for the flow. In particular, wall effects can significantly

increase or decrease the pressure drop depending on Re. At low Re, a boundary layer

forms near the walls and the resulting friction increases the total pressure drop. At

high Re, the boundary layer is thin and its effect subdominant to that of the increased

void fraction near the walls, decreasing the pressure drop. As might be expected, the

overall contribution from wall effects diminishes with increasing tube diameter, with

the effects becoming negligible when the tube diameter is more than 10 times the

pellet diameter.

Another qualitative feature worth mentioning is the significant local variation in
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the flow speed over the pellets. The azimuthally-averaged flow speed oscillates by

around a factor 2 with distance from the wall with a periodicity on the order of the

pellet diameter. Moreover, when the full three-dimensional flow profile is considered,

inhomogeneities in the local flow velocity as large as a factor of 8 can arise as a

consequence of the random packing of the pellets. While this is unavoidable from

the design perspective, it means that areas exposed to high flow should be expected

to saturate earlier, and as a result the gettering surface area (and by extension the

purification efficiency) may decrease before the purifier becomes fully saturated.

To quantitatively understand the effect of design parameters on the pressure drop,

we can use a modified version of the Ergun equation [239] for the friction factor, ΨW ,

as a starting point:

ΨW =
AW

ReW
+BW , (6.3)

where AW and BW replace the empirically-derived parameters found by Ergun to

account for viscous and inertial energy losses, respectively. We consider the specific

case of a column of length L and diameter D containing cylindrical pellets whose

diameter and height are both equal to dp. For such a configuration, a combined

analysis of thousands of experimental results has yielded

AW = 190 and BW =

(
2
d2p
D2

+ 0.77

)2

(6.4)

as the best parameters. The modified Reynolds number for flow through a pellet bed,

ReW , is defined as,

ReW =
ρusdp

µ(1− ε)M
(6.5)

where ρ, us, and µ are the density, superficial velocity, and dynamic viscosity of the

fluid, respectively, dp is the pellet diameter, ε is the bulk porosity of the column, and

M is a correction to account for wall effects, defined as

M = 1 +
2dp

3D(1− ε)
. (6.6)

The friction factor can be expressed in terms of the pressure drop, ∆P , and the
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pellet bed and fluid flow parameters as

ΨW =
ε3

1− ε

∆P

ρu2s

dp
L

1

M
, (6.7)

allowing for the pressure drop to be calculated directly using

∆P =
LMρu2s(1− ε)

dpε3

[
190

µ(1− ε)M

ρusdp
+

(
2
d2p
D2

+ 0.77

)2
]
. (6.8)

When designing a purifier, the amount of getter material to be used should be

chosen based on the desired impurity capacity. Supposing a fixed massMZr of purifier

pellets is specified, D becomes the design parameter which in turn will set L, with

L ∝ D−2. For a fixed mass flow rate during recirculation, the choice of D also

determines us. Ignoring the secondary dependence of M and BW on D, we find,

∆P ∝


D−6, ReW ≪ AW

BW

,

D−8, ReW ≫ AW

BW

.

(6.9)

The strong dependence of the pressure drop on D along with the decrease in wall

effects at large D underlines the need for a column with a sufficiently large diameter.

At the same time, there are clear drawbacks to using a column that is too short.

For one, the length over which an impurity could be captured is shorter, potentially

reducing purification efficiency. Additionally, the flow through a short column may

be dominated by entrance or exit effects, rendering the prior analysis inapplicable.

As a rule of thumb, the minimum column diameter can be set by the allowable

pressure drop or by the condition that D/dp > 10, whichever is larger. With that

condition satisfied, the column should be made as long as possible. Fig. 6.3 shows

the calculated pressure drop as a function of the column diameter for the small-scale

prototype purifier (1 kg zirconium purifying at 1 SLPM) and a nEXO-scale purifier

(5 kg zirconium purifying at 350 SLPM).
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Figure 6.3: The pressure drop across a cylindrical column of zirconium pellets as a
function of the column diameter for a small-scale prototype (blue) and a nEXO-scale
purifier (orange). The bulk porosity ε is taken to be 0.35 and the shaded regions show
the range 0.3 < ε < 0.4.

6.2.3 Design & Assembly

Based on the aforementioned design considerations, a Lesker DN35CF 304L SS full

nipple is used to house the pellet column. With an inner diameter of 35 mm, this

results in D/dp ≈ 17 and a column height (for the full 1 kg of pellets) of 24.7 cm.

The CF nipple is 91.4 cm long, with the pellets confined to the middle. This allows

for the pellets to be baked at the desired temperature of > 350 ◦C while the flanges

at the ends remain near room temperature to avoid annealing the CF knife edges or

gaskets. The pellet column is sandwiched between two sintered SS 40 micron filters

coupled to positioning rods with custom SS coupling pieces. The positioning rods

meet the end flanges of the tube via additional coupling pieces, with a SS spring on

one end to compress the pellet bed and minimize motion following assembly.

Baking is done with two 1 kW Tempco band heaters stacked end-to-end around

the center of the tube. As SS is a poor thermal conductor, two aluminum clamshell

pieces clamp around the tube with the heaters tightened around them to distribute
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the heat evenly across the tube and prevent hotspots at the contact points. The

complete design is shown in the annotated CAD model in Fig. 6.4.

Aluminum clamshells

1 kW ceramic 
band heater 
(x2)

Sintered 
stainless 
steel filter

Spring to 
secure pellet 
column

HPZ pellet 
column

Figure 6.4: Annotated CAD drawing showing the design of the custom purifier, with
certain components called out.

For simplicity and convenient integration with the existing recirculation manifolds

in the Stanford LXe lab, 1/2-inch tubing extending from both CF flanges at the

end connects to Swagelok bellows-sealed valves with 1/4-inch VCR fittings. This

allows the purifier to be easily plumbed into existing LXe purification manifolds. The

Stanford Custom Purifier (SCP), as it later became known, was assembled according

to this design and mounted in an aluminum T-slot structure.

After assembly, the SCP was plumbed into the recirculation manifold for the large

LXe test stand, as shown in the photo on the right of Fig. 6.5. This allowed for it

to be pumped out through the manifold during the bakeout. A LabVIEW program

was written to control the bakeout, with safety thresholds applied to multiple ther-

mocouples and a required human interaction interval to ensure that the bakeout was

not continuing unsupervised. Initial bakeouts were done to monitor the temperature

stability and understand the temperature profile along the length of the SCP column.
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Figure 6.5: Left: the HPZr pellets being loaded into the CF nipple; right: the fully-
assembled custom purifier mounted to a T-slot structure, plumbed into a Stanford
LXe TPC test stand, and instrumented with thermocouples to monitor the bakeout
during regeneration.

A first purification test was then conducted using a test TPC (the “Long TPC” de-

scribed in Appendix B) in the lab at Stanford and a 220Rn calibration source. While

this did not provide a sufficiently precise measurement of the purity for quantitative

conclusions to be drawn as to the purifier’s performance, a > 100 ms electron lifetime

was achieved, indicating that the purifier was performing comparably to the SAES in

the same system.
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6.3 Measurements of Purification Efficiency

6.3.1 The SLAC Xenon Purity Monitor

Following the preliminary test in the Stanford test stand, more quantitative testing

was conducted at SLAC using the Xenon Purity Monitor (XPM). The XPM consists

of a 10.9 cm LXe drift region between a cathode and anode grid inside a 6.5 cm

diameter copper vessel. 266 nm laser pulses are transmitted via a multimode optical

fiber into the LXe, where they create photoelectrons on a gold-coated cathode. The

cathode, a window grid (6 mm above the cathode and 5 mm below the cathode

grid), and the anode (2.5 mm above the anode grid) are all AC-coupled to a low-

noise charge preamplifier. Photoelectrons create a rising signal when passing through

the window grid and then a falling signal when passing through the anode grid;

the difference in amplitude gives a measure of the charge captured by impurities in

the drift region. The XPM is controlled by a LabVIEW program which includes

a pulse-fitting module to extract the electron lifetime for each measurement. For

each measurement, a background-only waveform is produced by averaging a sequence

of waveforms collected with a mechanically-actuated shutter blocking the laser just

before the input to the fiber. This is then subtracted from an average of waveforms

collected with the shutter open, allowing for electromagnetic pickup from the laser

firing to be removed. This provides a near-real-time measurement of the xenon purity.

A complete description of the SLAC XPM can be found in Ref. [240].

The xenon recirculation manifold includes a SAES Monotorr PS3-MT3 purifier

which uses St 707 as the gettering agent. The SCP was plumbed into the recirculation

manifold in parallel, allowing for either purifier to be opened to the recirculation path.

A magnetically-coupled piston pump [241, 242] with buffer volumes on either side

forces recirculation at a tunable flow rate. A heater at the XPM outlet boils off the

xenon prior to its recirculation in the gas phase. A mass flow meter and Baratron

gauges at the inlet and outlet of the XPM allow the mass flow rate and pressures to

be monitored. The electric field in the drift region is maintained at 250V/cm during

regular operation.
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6.3.2 Purification Measurement Procedure

In preparation for the purity measurements, the SCP was baked for two hours at

365 ◦C to regenerate the gettering surface. A relay controlled by an Omega temper-

ature control unit reading a thermocouple on the aluminum surface inside the jaws

of one of the heaters was used to switch the heaters on or off to maintain the target

temperature. For the duration of the bakeout, the SCP was pumped out through the

recirculation manifold.

After filling the XPM with LXe and recirculating through the SAES to achieve a

high initial purity, the measurement procedure was followed for both the SAES and

the SCP. The procedure was as follows:

1. Dose the xenon with ∼1 torr of air

2. Start recirculation with both purifiers bypassed to allow the air to mix through-

out the xenon

3. Close the bypass valves and open the valves for the purifier under test

4. Continue recirculation until the purity reaches the measurement limit

A short section of tubing separated from a roughing pump by a valve was used as a

dosing volume from which air at a known pressure could be metered into the xenon

flow path. A TC gauge attached to a tee connector at the inlet of the roughing pump

provided a measurement of the pressure in the dosing volume. To fill the dosing

volume, the valve was opened with the pump off, putting the volume at atmospheric

pressure. The pump was then turned on and the pressure was monitored, allowing

for the valve to be closed once the target pressure was reached.

The SAES purifier was tested first. After the dosing step, the purity dropped to an

unmeasurably low level, much worse than was predicted given the measured pressure

in the dosing volume. Following some investigation, it was discovered that the TC

gauge used to set the pressure in the dosing volume was broken, and would read from

1 torr to 1.2 torr even when exposed to atmospheric pressure. This indicated that the

amount of air injected into the xenon was likely much larger than intended. Nonethe-

less, the purity reached ∼ 4ms after a weekend of recirculation through the SAES.
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The procedure was then repeated for the SCP with a functional TC gauge. With the

correct air pressure in the dosing volume, the purity reached ∼ 100 µs following the

dosing step. It then rose to ∼7ms after two days of recirculation. The pressure and

mass flow readings were recorded regularly throughout the measurements.

6.3.3 Impurity Transport Model

The evolution of the O2-equivalent concentration, x, can be modeled as

dx

dt
= −εf

τC
x+

Λ

n
, (6.10)

where the first term describes the removal of impurities through purification, and the

second, the constant outgassing of impurities into the LXe. τC is the time required

to recirculate the total xenon mass which depends on the mass flow rate and is

typically on the order of a few hours. The rate at which changes in purity propagate

throughout the liquid phase is captured by the dimensionless equilibration factor,

f . For f = 0, the addition/removal of impurities never results in a change in the

measured impurity concentration in the liquid phase; for f = 1, the change in the

measured concentration follows instantaneously. The quantity of interest in this test

was the purification efficiency, ε, defined as the fraction of impurities removed in a

single pass through the purifier. Λ is the rate of addition of impurities via outgassing

and is taken to be constant over the course of a measurement, while n is the number

of moles of xenon in the system. The solution to Eq. (6.10) is

x(t) = x0e
−εft/τC +

ΛτC
nεf

, (6.11)

where x0 is the initial concentration prior to the start of purification. As f and ε

appear only once in Eq. (6.11) as a product, it is impossible to fit each of these

independently. Fortunately, the purification performance of the SAES purifier is well

understood, with typical impurity removal efficiencies of > 99.99% [227]. In this

analysis, ε = 1 was used for the SAES purifier, allowing f to be determined and used

to calculate ε for the SCP.
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This model ignores the distribution of impurities between the liquid and gas phases

in accordance with Henry’s law. The Henry’s law volatility constant, calculated to

be 62.5 for O2 in xenon [215, 243], is defined as the ratio of the mole fraction in the

gas phase to that in the liquid phase at equilibrium. However, the XPM contains

1.5 kg xenon and has a recirculation manifold volume estimated at 13.9 L from rough

measurements of the tubing. There is therefore ≳ 100× more O2 in the liquid phase

than the gas phase. With active recirculation, the equilibration timescale is much

shorter than τC , and therefore the impurities remaining in the gas phase can be

ignored.

6.3.4 Results

The electron lifetime over the full XPM run is shown in Fig. 6.6. Each point shown

on the plot is an average of ten datapoints collected. The error bars reflect the

systematic uncertainty in the measurements due to the resolution of the oscilloscope

from which the voltage measurements were made. At very low purity, the anode

pulse becomes indistinguishable from noise, while at very high purity, the anode

pulse amplitude will be smaller than the cathode pulse amplitude by less than the

noise. The measurement noise therefore sets effective lower and upper limits on the

measurable electron lifetime, respectively.

To account for this, for each measurement, 100 cathode and anode voltages were

sampled from a Gaussian distribution centered at the measured value with a standard

deviation of 0.1 mV. These sampled voltages were then used to compute a distribution

of electron lifetime measurements. The central values and error bars were taken from

the median and 16th and 94th percentiles of each distribution.

The impurity transport model was fitted to each of the two purification periods

independently, allowing for the products εf to be determined. Fig. 6.7 shows the

results for the SAES and Fig. 6.8 shows the results for the SCP. For both cases,

the goodness of fit was computed with a modified χ2 where the uncertainty for each

datapoint was taken as the upper (lower) 1σ uncertainty for those points falling above

(below) the median. The goodness of fit is shown in the blue panel on both plots. In
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Figure 6.6: The xenon purity as measured by the SLAC XPM over the course of
the run. Different stages of the run are shown by the dashed lines and shading as
indicated in the legend.

the SAES data, the equivalent O2 concentration starts at a much higher point than for

the SCP data due to the inadvertent injection of more air than intended. This could

also explain the higher outgassing rate in the SAES data, as the interior surfaces of

the XPM system likely adsorbed a layer of air which was then slowly released during

the purification phase.

The equilibration factor obtained from the SAES purification stage was f = 0.82±
0.02, indicating that changes in purity propagate quickly throughout the LXe volume

relative to the recirculation timescale. Combining this with the SCP purification

data, we find that ε = 0.83 for the SCP. While this indicates less efficient purification

than the SAES, the worse efficiency can be easily compensated by a slight increase

in the mass flow rate (corresponding to a reduction in τC).

It is important to note that this purification efficiency was determined with the

SCP operating at a lower flow rate and inlet pressure than the target in nEXO.

More work is required to understand the impact of the flow rate on the purification

performance and to determine whether a purifier with a design similar to the SCP will

be capable of operating under nEXO’s nominal conditions. If purification efficiency
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Figure 6.7: The oxygen-equivalent concentration as a function of time when purifying
with the SAES. The parameters obtained when Eq. (6.11) was fitted to the data are
shown in the upper right.

decreases with a higher mass flow rate, multiple SCP-like purifiers could be used

in parallel to ensure the flow rate through any one is within the optimal operating

window.

6.4 Radioactivity of High-Purity Zirconium

6.4.1 Radioassay Measurement Campaign

While the aforementioned design work and purification tests were being conducted,

in parallel, the samples procured from ALB Materials were being subjected to an

extensive campaign of radioassay measurements. The chemical composition of the

HPZr was measured via glow discharge mass spectrometry (GDMS) at the National

Research Council of Canada (NRC) and inductively-coupled plasma mass spectrom-

etry (ICPMS) at Pacific Northwest National Laboratory (PNNL). A report from a

GDMS analysis performed by Perfect Analysis Technology (PAT) on a previous lot

was also provided by ALB Materials. The University of Alabama and Laboratori
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Figure 6.8: The oxygen-equivalent concentration as a function of time when purifying
with the SCP. The parameters obtained when Eq. (6.11) was fitted to the data are
shown in the upper right.

Nazionali del Gran Sasso (LNGS) independently counted samples of pellets with low-

background germanium counters. Radon emanation was measured by the Laurentian

University nEXO group at SNOLAB and by the nEXO group at SLAC. A summary

of the measurements, with references both to the sample number and the identifier

used on the nEXO Materials Database, is given in Table 6.2.

Table 6.2: The radioassay measurements conducted by various participating institu-
tions on the high-purity zirconium samples.

Sample Technique Institution MaterialsDB Entry
0 GDMS Perfect Analysis Technology —
3 GDMS NRC R-177.1.1
1 ICPMS PNNL R-164.1.2
1 Ge counting University of Alabama R-164.1.1
2 Ge counting LNGS R-164.2.1
2 Rn emanation SNOLAB/Laurentian R-164.2.2
2 Rn emanation SLAC R-164.2.3
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6.4.2 Measured Activity

The most problematic backgrounds for nEXO are those likely to produce events with

energies near the 0νββ Q-value of 2.458MeV, such as the β-decay of 214Bi to 214Po

which can be accompanied by the release of a 2.448MeV γ. 214Bi is a daughter of

the 238U decay chain, shown in Fig. 6.9. The 222Rn activity is of particular relevance

as this gaseous radionuclide can emanate from detector surfaces into the LXe or

GXe volume. Under the assumption that the decay chain is in secular equilibrium,

measurements of the activity of any 238U daughters will allow for the 222Rn activity

to be inferred; however, it is possible that broken equilibrium of the decay chain

could result from various production processes. The suite of radioassay measurements

performed on the HPZr samples allow for both a direct measurement of the 222Rn

emanation rate and an understanding of the degree to which the decay chain may be

out of equilibrium. A summary of the radioassay measurements is shown visually in

Fig. 6.10 and the measurement techniques are discussed in turn.

Elemental Composition

The sensitivity of the ICPMS and GDMS measurements was limited to 1 ppb. A mea-

surement of 238U at this concentration corresponds to a 222Rn activity of 12 mBq/kg

— well above the acceptable level for nEXO. Any measurable traces of 238U would

therefore preclude the HPZr from use in nEXO if the equilibrium of the decay chain

were preserved. The ICPMS and recent GDMS measurements both report a mea-

surable concentration of 238U at just above the measurement sensitivity. The results

are in mild tension at the level of a factor 2, though the measurements in question

were done using different lots of the HPZr, and near the sensitivity limits of the

instruments.

Germanium Counting

The first germanium counting measurement from the University of Alabama estab-

lished the broken equilibrium of the decay chain through tension in the inferred 238U

concentration with the ICPMS measurement. A limit was placed on the 226Ra activity
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Figure 6.9: The 238U decay chain. Elemental analysis techniques measure concentra-
tions of uranium. Assuming the concentration of uranium is approximately that of
238U (natural abundance 99.3%), and that the decay chain is in secular equilibrium
(activity of all daughters is set by the 238U activity), the activity of 222Rn and the
problematic 214Bi decay can be inferred.

of 8.37mBq/kg, corresponding to a 238U concentration of < 678 ppt for a decay chain

in equilibrium, while a uranium concentration of (2000±400) ppt was measured using
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Figure 6.10: Results from the radioassay measurement campaign. The left axis shows
the uranium concentration and the right shows the 226Ra/222Rn activity. The axes are
aligned using the assumption of secular equilibrium of the decay chain and the points
are color-coded based on the axis on which they are plotted. The non-alignment of
the two sets of points on the vertical scale indicates that the secular equilibrium of the
decay chain has been broken. The solid orange line indicates nEXO’s target activity
for purifier media while the shaded band shows the range of St 707 activities reported
in previous assays.

ICPMS. The broken equilibrium works in nEXO’s favor, with lower concentrations of

the more problematic 226Ra than expected from the measured uranium concentration.

A more sensitive measurement could allow for the degree of broken equilibrium to be

established.

The germanium counting also revealed a troubling inconsistency with the GDMS

report from PAT. 176Lu, which has a half life of 3.78× 1010 years and a natural abun-

dance of 2.5%, was observed with a specific activity of (86.3 ± 9.1)mBq/kg. This

corresponds to a concentration (1.65 ± 0.18) ppm, significantly higher than the re-

ported limit of < 5 ppb from the PAT GDMS, the only other assay which reported a

lutetium concentration. While lutetium is not itself a concern for nEXO, the discrep-

ancy in the measurement suggests inconsistent production between lots of the HPZr.

This is of significant importance, as the radioassay measurements reported here are
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only useful insofar as they generalize to future lots that may be used for nEXO.

The germanium counting measurements from LNGS are more sensitive to 226Ra

and report a measured specific activity of (0.53± 0.50)mBq/kg. This activity corre-

sponds to a concentration of (43 ± 40) ppt uranium, more than 20 times lower than

the concentration measured with GDMS. This activity is well above the 222Rn target

of 80µBq/kg. The degree to which this is a problem for nEXO depends on what

fraction of the 222Rn produced in these decays ends up emanating into the flowing

xenon and making its way to the TPC. An understanding of this can also inform both

the dynamics of the decay and radon transport, and the distribution of radium in the

HPZr pellets, discussed below.

Radon Emanation

Two separate radon emanation measurements were conducted using the same set of

pellets a few months apart, both using an electrostatic counter (ESC). The first, done

at SNOLAB, reported a 222Rn emanation activity of (0.95± 0.27)mBq/kg, while the

second at SLAC measured (0.373± 0.089)mBq/kg. The source of the discrepancy is

not understood. Both measurements exceed the nEXO target. But if the data allow

for something about the mechanism by which radon is released from the zirconium

matrix to be inferred, then strategies for mitigating the radon emanation may become

clear. We can calculate the ratio of the 222Rn activity to that of the 226Ra; this ratio

gives the fraction of radium atoms which make it from the solid zirconium matrix into

the flowing gas. This gives 1.79±1.77 and 0.685±0.704 using the SNOLAB and SLAC

measurements, respectively. The uncertainties are large enough that it is impossible

to draw strong conclusions from this data. But the fact that both measurements are

close to 1 indicates that a higher fraction of radon atoms escape from the zirconium

matrix than might be expected, suggesting that the majority of the radium may be

near the surface of the metal. If so, this could allow for its removal, a possibility

discussed in the next section.



6.5. FUTURE WORK 111

6.5 Future Work

This chapter presented the design of a purifier for nEXO which uses HPZr instead of

St 707 as the getter material. An in situ surface regeneration technique was demon-

strated, and the purification efficiency of the purifier was measured to be comparable,

though slightly inferior, to that of the standard SAES Monotorr purifiers. Despite

these promising results, the unacceptably high radon emanation rate prohibits this

design from being adopted in nEXO as-is. However, based on the radon emana-

tion and radium decay measurements collected throughout the extensive radioassay

campaign, there is reason for optimism.

6.5.1 Dry Distillation for Radium Removal

If the radium in the HPZr pellets is indeed concentrated on the surface of the metal,

as preliminary evidence suggests, then it may be removable using dry distillation.

This technique exploits the difference in the vapor pressures of radium and zirco-

nium, enabling the substantially more volatile radium to be baked off, leaving a more

radiopure zirconium surface behind.

This possibility is currently being explored by the nEXO group at PNNL. Small-

scale tests done by heating a single zirconium pellet to 1700 ◦C in an electrothermal

vaporizer have shown that barium, a chemical surrogate for radium with a much

higher concentration, can be removed using this process. A full-scale test using the

500 g of pellets originally sent for radon counting at SLAC is expected in the near

future. Following the bake, a second radon counting measurement will quantify the

success of this technique.

6.5.2 Capacity and Regeneration Measurements

Supposing the radium removal procedure is found to be successful, a realistic purifi-

cation scheme for nEXO will be needed. This will involve determining the quantity

of pellets and number of purifiers required. With multiple purifiers, one could be
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operational while the other(s) are being regenerated, allowing for nonstop purifica-

tion during the time that nEXO is running. Designing such a scheme will require a

measurement of the impurity capacity of each purifier and the degree to which the

surface can be regenerated following saturation. Measurements of this kind could be

carried out at the SLAC XPM using a purifier containing fewer pellets and a larger

impurity dose to prevent the saturation from taking prohibitively long. Dosing with

pure oxygen rather than air would eliminate other systematic effects, including that

of nitrogen absorption on the getter surface.



Chapter 7

The Search for Micron-Scale

Interactions using

Optically-Levitated Microspheres

This chapter presents a recent search for non-Newtonian interactions at the micron

scale, parametrized as modifications to the ISL, using optically levitated microspheres.

Part of this chapter has been adapted from Ref. [244], of which I am a primary author.

As was discussed in Chapter 3, the most stringent constraints on modifications to the

ISL of this type have so far been established by measuring responses of mechanical

oscillators. These techniques search for variations of one component of a temporally-

modulated force vector at one or more harmonics of the modulation frequency. In

contrast, the technique presented here uses the time-dependent behavior of the full

3-dimensional force vector to search for new interactions. By conducting the search

for a potential signal across multiple spatial dimensions and harmonics, the unique

spectral fingerprint of a potential interaction can be exploited, especially to constrain

and confirm a possible discovery. The chapter begins with an introduction to optical

tweezers — the experimental platform at the heart of this work — with a particular

focus on their application at the size scales relevant to what follows.

113



114 CHAPTER 7. THE SEARCH FOR MICRON-SCALE INTERACTIONS

7.1 Introduction to Optical Tweezers

Pioneered by Arthur Ashkin in the 1970s [245], optical tweezers have found a multi-

tude of applications in physics and biology due to their capability of confining and

manipulating nanometer- to micron-sized objects, including atoms and molecules, di-

electric particles, and living cells [246–251]. The principle underlying optical tweezers

is conservation of momentum; the interaction between a photon and a trapped object

causes a change in the photon’s path which transfers momentum to the trapped ob-

ject. This section shows how this effect can be used to confine objects near the focus

of a laser beam for their use as force sensors. For the discussion, we assume the laser

beam has a single TEM00 (Gaussian) mode.

7.1.1 The Force from a Laser

The force imparted by a laser beam on an object can be resolved into a scattering

component along the beam axis and a gradient component in the perpendicular direc-

tion. The appropriate mathematical description of these components depends on the

relative length scales of the wavelength of the trapping beam, λb, and the diameter of

the object, d. In the Rayleigh regime, where d≪ λb, the object can be modeled as a

point dipole in an electric field oscillating perpendicular to the beam axis. The dipole

radiation produced in response creates a net force along the beam axis and accounts

for the scattering term. As the intensity of a Gaussian beam falls off radially, the

dipole also interacts with the electric field gradient and experiences a force whose

time-averaged direction is toward the beam axis.

If instead d ≫ λb, the force components are best understood using geometric

optics. As a simple example, consider a dielectric sphere with a refractive index

higher than that of the surrounding medium that is positioned slightly off the beam

axis, as shown in Fig. 7.1. By solving the Fresnel equations for rays entering and

exiting the sphere, the momentum imparted by the reflected and refracted rays can be

determined; the result is a force vector with components along and toward the beam

axis [252]. The experiment described in this chapter uses spheres with d ≈ 10λb, near

the edge of the regime in which geometric optics can be applied. An exact solution
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applicable to spheres of arbitrary size can be obtained through Mie theory in the form

of an infinite series [253, 254], though it is not necessary for this application given

that calibrations can be performed using known forces.

7.1.2 Creating an Optical Trap

Independent of the length scale, the radial component of the force points toward the

beam axis, and the condition for radial confinement is satisfied. For small displace-

ments, the restoring force is approximately linear and well described by Hooke’s law.

Confinement along the direction of the beam axis is more complicated. Provided

there is an appreciable intensity gradient over the length scale of the trapped object,

a similar argument from geometric optics can be used to show that there is indeed

a confining force [255]. This condition is met when the numerical aperture (NA) is

sufficiently high, and the Rayleigh range, zR, is of order d. For the application de-

scribed in this chapter, however, it is necessary to bring a comparatively large object

in close proximity to the microsphere. As this would obstruct the diverging portion

of a tightly-focused trapping beam, a low-NA beam is used instead, and there is

negligible optical confinement along the beam axis.

Instead, equilibrium in the axial direction can be established by orienting the trap

vertically, with the beam propagating upward [256]. Radiation pressure then balances

the gravitational force, with the precise equilibrium position set by the laser power.

The required power is minimal in the vicinity of the trap focus and increases with

distance from it in both directions. Unlike the radial directions, this does not create

a harmonic trap; instead, active feedback is used to adjust the trap beam power

in response to small displacements. With a proportional gain feedback scheme, a

harmonic trap can be established in the vertical direction for small displacements in

regions where the power curve is locally monotonic1.

1Depending on the particulars of the trap and sphere, the required power as a function of z
can have minima on either side of the trap focus with a local maximum in between [257, 258].
Regardless of the sphere’s location on this curve, linear feedback can still be used to stabilize its
position provided that the sign of the feedback signal is chosen appropriately and the sphere does
not cross an extremum.
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Figure 7.1: Optical forces on a sphere in the geometric optics regime and under the
paraxial approximation. Two rays are shown, along with the forces imparted by the
transmitted and reflected portions at each interface (labeled F⃗T and F⃗R, respectively,
at one of the interfaces). As the left ray is closest to the beam axis (gray dashed line),
the intensity is higher, and the resulting forces are larger. The sum of the optical forces
can be resolved into a scattering component, F⃗scat, and a gradient component, F⃗grad.

The scattering component balances the gravitational force, F⃗g, while the gradient
component gives the net restoring force toward the beam axis.

7.1.3 The Equation of Motion

A sphere of mass m in an optical trap with a spring constant k will have a natural

frequency of ω0 =
√
m/k. We take the z axis to be pointing up, in the direction of

the beam. Interactions with the surrounding medium can be modeled as damping

described by the translational damping coefficient, βtr. At high vacuum, the viscous

damping is caused by collisions with gas molecules in the molecular flow regime. The
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translational damping coefficient in such circumstances can be calculated to be

βtr = πR2

√
128

9π

(
1 +

π

8

) p

vT
with vT =

√
kBT

m0

(7.1)

for a sphere of radius R in a gas at pressure p and temperature T , where vT is the

thermal velocity of a gas molecule of mass m0 and kB is Boltzmann’s constant [259].

When used for force sensing, the response of the sphere to a driving force of amplitude

F at an angular frequency ω is desired. The equation of motion in x is then simply

that of a driven, damped harmonic oscillator,

mẍ+ βtrẋ+mω2
0x = F cos (ωt) (7.2)

which can be solved with the Ansatz

x(t) = A cos(ωt− ϕ). (7.3)

Plugging this into Eq. (7.2) and simplifying allows for the amplitude, A, and

phase, ϕ, of the sphere’s response to be determined:

A =
F√

m2 (ω2
0 − ω2)

2
+ β2

trω
2

and ϕ = arctan

[
βtrω

m (ω2
0 − ω2)

]
. (7.4)

Near the resonance, one can show via Taylor expansion that the amplitude re-

sponse takes the form of a Lorentzian function with a linewidth of βtr/m. At fre-

quencies far below the resonance, ω ≪ ω0, the response is flat with an amplitude of

F/(mω2
0) = F/k. In the absence of external driving forces, the dominant force on

the sphere arises from collisions with gas molecules. By the fluctuation-dissipation

theorem, the resulting force noise, SF , can be expressed in terms of the damping

coefficient as SF = 4kBTβtr. This sets the limit on force sensing at low frequencies.

At such low pressures, however, gas damping is insufficient to prevent perturbations

near the resonance from knocking the sphere out of the trap. Derivative gain (velocity

damping) feedback is therefore used to damp motion at the resonance.
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7.1.4 Microspheres as Force Sensors

I have described a configuration in which a harmonic optical trap can be created

in three dimensions: two using the beam profile itself, and the third using active

feedback on the beam power. Like with a mechanical spring, the task of measuring

a force reduces to that of measuring the resulting displacement. In the z direction,

the way to do this is straightforward: a vertical displacement, ∆z, causes a change in

the optical path length of reflected light of 2∆z and is therefore encoded as a phase

change, ∆ϕ = 4π∆z/λb. In x and y, we saw that the deflection of photons causes,

by conservation of momentum, a displacement of the microsphere. If a fraction ξ of

the photons in a trapping beam of power Ptrap are deflected by an average angle ∆θ,

then conservation of momentum in the radial direction gives

Fgrad ≈ ξPtrap∆θ

c
(7.5)

as the gradient component of the force. Measuring this deflection of the transmitted

light allows for the corresponding displacements of the sphere to be inferred. This is

typically done by using a split photodiode, which allows the deflection to be measured

as the measured power simultaneously decreases in one segment and increases in an

adjacent segment. In the Mie regime, the dependence of the spatial profile of the

transmitted light on the sphere’s position is nontrivial. In the linear regime, in which

small displacements cause small deflections, however, a complete understanding of

this relationship is unnecessary, as the sensor response can be calibrated using known

forces applied to the sphere. The experimental realization of this force sensing scheme

is described in detail in the following section.

7.2 Experimental Setup

The experimental platform described in this work uses optically levitated silica micro-

spheres [260], with nominal diameters of either d = 7.56 µm or d = 9.98 µm trapped

using vertically-oriented optical tweezers. An early generation of the setup is de-

scribed in Ref. [261], while an updated diagram of the optical layout, showing the
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essential components in the setup used to produce the result described in this chapter,

is shown in Fig. 7.2.

7.2.1 The Laser

A 1064 nm laser diode (Innolume LD-1064-DBR-150) provides the seed for a linearly-

polarized, single-mode fiber amplifier (IPG Photonics YAR-2-1064-LP-SF). The

fiber amplifier output is split into a “trap beam” and a “reference beam” using a

fiber-coupled polarization-maintaining beam splitter. Two acousto-optic modulators

(AOMs) are used to shift the trap and reference beam frequencies and create a 125 kHz

frequency difference between them. At the input optics (left half of Fig. 7.2), the fiber

output is collimated (f = 15.3mm) into free space, the residual elliptical polarization

is removed, and the beam is expanded through a telescope (f1 = 50mm, f2 = 200mm)

before it enters the vacuum chamber. Inside the vacuum chamber, it is focused to a

waist of ∼3.5 µm using an off-axis parabolic mirror (NA ∼ 0.1) to create the optical

trap.

7.2.2 Position Sensing

The light scattered off the microsphere in the forward direction is re-collimated by a

second off-axis parabolic mirror. On the output optics side (right half of Fig. 7.2),

a reducing telescope (f1 = 200mm, f2 = 50mm) focuses the beam through a 50µm
aperture to spatially select light from the microsphere while blocking stray light from

elsewhere. The retroreflected light exits the trap through the input viewport and

passes through the Faraday rotator in the opposite direction to the incoming light,

allowing it to be separated based on its orthogonal polarization.

The forward scattered light and retroreflected light are separately combined with

the reference beams to perform interferometric (heterodyne) measurements. The

125 kHz beat signal produced by each combined beam encodes the changes in the

phase and amplitude of the trap beam originating from its interactions with the

microsphere. A quadrant photodiode (QPD, Hamamatsu S5980) is used to measure

deflections of the forward-scattered beam while the z photodiode (zPD, Thorlabs
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DET100A2) measures the retroreflected beam. The power measured on these sensors

is sampled at 500 kS/s and digitally demodulated, allowing the amplitude and phase

of the trap beam to be reconstructed. The difference between the summed QPD

amplitudes in the top and bottom halves of the sensor provides y, while that of the

left and right halves gives x. The phase of the retroreflected light gives z.

The optical setup also includes a second QPD (the “DC QPD”, Thorlabs

PDQ80A) to make a non-interferometric measurement of the x and y positions of

the microsphere, along with a 640 × 480 pixel camera (Allied Vision Mako U-029B)

currently being studied as a candidate position sensor. A photodiode (the “spin

PD”, Thorlabs PDAPC4) measures the orthogonal (S-polarized) light exiting the

trap. This can be used to reconstruct the rotation of the microsphere’s optic axis due

to its intrinsic birefringence. Some light is also picked off and measured by two other

photodiodes (the “input PD”, Thorlabs PDA20CS2, and “transmitted PD”, Thorlabs

PDAPC4) before and after passing through the vacuum chamber. Feedback on the

input PD signal is used to stabilize the trap beam intensity.

7.2.3 The Trapping Region

The geometry of the trapping region is illustrated in Figure 7.3. The microsphere is

trapped near the focus, allowing the closest distance of approach of a source mass (“at-

tractor”) with minimal interaction with the trapping beam. A piezo deflector outside

the input viewport is used to apply velocity damping feedback on the x and y positions

of the microsphere to stabilize it and allow operation at high vacuum (∼ 10−7 hPa).

The trap is surrounded by six electrodes (three pairs, one for each Cartesian axis,

separated by ∼ 8mm). The electrodes are spray-coated with AquaDAG [262] to re-

duce reflections of stray laser light. The monopole electric charge on the microsphere

can be controlled with single-electron resolution using a UV flash lamp [263, 264], al-

lowing for a bias on the electrodes to exert a known force on the microsphere, thereby

enabling the calibration of the optical position readout to force.

The attractor has a density pattern to source interactions coupling to mass [265].

Gold and silicon are used as the two materials generating a contrast in density, ρ, with
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Figure 7.2: Simplified schematic showing the optics system used in this work. All com-
ponents are shown from a top-down view except the cutaway showing the parabolic
mirrors, electrode cube, and microsphere. Some beam-steering mirrors have been
omitted. BS refers to a 50:50 beamsplitter; other splitting ratios are labeled explic-
itly. The cameras depicted here are assumed to include the required focusing optics.

ρAu ∼ 8ρSi. By scanning the position of the attractor along y in close proximity to the

microsphere at a frequency f0 = 3Hz, the microsphere is subject to a characteristic

force with a distinctive spectral fingerprint in each Cartesian axis that is unlikely

to be mimicked by backgrounds. Electromagnetic forces constitute an important

source of background, and while the microsphere can be made to have zero overall

charge, dipole and higher order moments persist and can couple to time-varying

electric field gradients as the attractor is scanned. In order to mitigate this effect,

a stationary “shield” (a microfabricated silicon fence structure, conformally coated

with ∼100 nm gold) is positioned between the microsphere and the scanning attractor
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using a separate nanopositioning stage. The “top camera” (Allied Vision Mako U-

029B) and the “side cameras” (Allied Vision Mako U-029B and U-130B) are used

for real-time imaging of the trap region, allowing for the attractor and shield to be

positioned precisely for the measurement.

Attractor
Shield

Trap 
laser

Microsphere

10 µm

~6 µm

x

yz

x
z

Si
Au

3 Hz 
motion

25 µm

Figure 7.3: Diagram of the experimental setup also defining the coordinate system
used and providing the most important physical dimensions. A microsphere is held
at the focus of the trapping beam while the density-patterned attractor oscillates by
170 µmpp at f0 = 3Hz behind the stationary shield. The inset shows a side view with
the microsphere diameter and the face-to-face separation between the microsphere
and attractor identified. The Platinum Black coating on the attractor, which hides
the underlying density pattern, has been omitted in this diagram.

7.2.4 Improvements Since the Previous Result

The first constraints on modifications to gravity using a levitated force sensor were

reported in Ref. [266]. The present iteration of the experiment incorporates several

improvements over the first. The amount of stray light scattering off the moving at-

tractor and resulting in a background on the detectors was reduced ≳ 100−fold. This
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Figure 7.4: Time evolution of the force exerted on a 10µmmicrosphere by a hypothet-
ical Yukawa interaction with the attractor (α = 106, λ = 10 µm). The z component
of the force is not shown as it is only present when a vertical offset is introduced
between the microsphere and the attractor. The secondary y axis shows the position
of the center of the attractor as it is driven through one full cycle.

was primarily achieved by adding the aperture at the focus of the downstream tele-

scope, and by coating the attractor with a ∼3 µm-thick layer of Platinum Black [267],

with a reflectivity at 1064 nm that is ≲ 1% that of the original gold. In addition, var-

ious parts of the vacuum chamber were stiffened to mitigate the effect of mechanical

vibrations. Three accelerometers (Wilcoxon 731A) were added close to the vacuum

chamber on a 3-axis mounting cube and a series of microphones (Adafruit MAX9814

Electret Microphone Amplifier) were placed around the lab to sense the acoustic en-

vironment near the setup. Optimal (Wiener) filters [268, 269] were then constructed

to subtract environmental disturbances coherently sensed by the microsphere and

the environmental sensors. Lastly, the noise in the force measurement was improved

by over a factor of 10 along the x and y axes, and ∼ 5× along the z-axis. This

improvement was achieved primarily with better stabilization of the laser intensity

delivered to the trapping region (relative intensity noise, RIN ≲ 5×10−7/
√
Hz). With

these upgrades, the forward-scatter detection system has a displacement sensitivity
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of ∼ 10−11m/
√
Hz, which translates to a force sensitivity of ∼ 10−17N/

√
Hz for the

typical trap spring constant of ∼10−6 N/m.

7.3 Overview of the Search

The results presented in this chapter were obtained from measurements of three mi-

crospheres, one with nominal diameter 7.56µm and the other two 9.98µm. Their

masses were measured in situ, following the procedure described in Ref. [270]. A de-

tailed list of the experimental conditions under which data was collected is available

in Appendix C, and the analysis pipeline is described in Appendix D. The search for

new interactions is done by determining the value of the signal strength, α, that pro-

vides the best fit between signal templates and the measured forces across multiple

dimensions and harmonics.

Signal templates are computed for various values of the Yukawa length scale, λ,

using a finite-element model of the geometry of the attractor and microsphere over a

spatial grid of the trap volume [271, 272]. An example template in the time domain is

shown in Figure 7.4. The path traversed by the attractor during each measurement is

recorded and used to construct the signal template for that particular trajectory. Both

positive and negative values of α are considered, enabling a search for attractive and

repulsive modifications to the Newtonian gravitational potential. The data presented

here was collected with a negligible offset between the attractor and microsphere

centers of mass in the z direction, maximizing the signal along the x and y directions,

at the expense of that in z. Fig. 7.5 shows the spectrum of apparent forces measured

at the first 13 harmonics in both x and y for a representative dataset, along with the

expected signal for a particular choice of Yukawa interaction parameters.

While some power is present above the noise level at harmonics of the 3 Hz scan-

ning frequency, the relative distribution of the excess power does not match the

Yukawa signal template and therefore the experiment found no evidence of a new in-

teraction. To better illustrate some features of the background, Figure 7.6 shows both

the magnitude and phase of the effective forces measured for three harmonics with the
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largest power above the noise. The magnitudes and phases expected for true attrac-

tive and repulsive interactions parametrized by Eq. (3.10) are also shown, allowing

for a direct comparison between the measurements and the signal template. Three

sources of background have been identified and are discussed in detail in Chapter 8:

mechanical vibrations, electromagnetic interactions, and scattering of stray light. All

three of them substantially improved with respect to the previously reported results.
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Figure 7.5: Force spectra in x and y measured by the microsphere for a single dataset,
with the templates for a Yukawa interaction with α = 109 and λ = 10 µm shown for
comparison.

7.4 The Statistical Model

Since the measurements reflect features that are not consistent with the hypothesized

interactions, the data is used to place constraints on α for a range of λ. Before pro-

ceeding, it must be stressed that a rigorous statistical methodology for setting limits

in the presence of unmodeled, bipolar backgrounds does not exist. Without a predic-

tive model of the backgrounds, the possibility that they are obscuring a real signal
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Figure 7.6: Measurements of the x and y components of the force vector at the
three harmonics with the largest observed power. The filled (unfilled) diamonds
show the expected signal magnitudes and phases for an attractive (repulsive) Yukawa
interaction with α and λ shown in the legend. The measurements are not consistent
with either signal template across all harmonics.

cannot be ruled out. This is not a far-fetched idea, nor does it require any particular

conspiracy among measurements in different harmonics. If nothing but noise were

measured, the probability that opposite-sign backgrounds had perfectly canceled a

true signal in all harmonics would be implausibly low. But given that backgrounds

are known to be present, mimicking an attractive force in some harmonics and a re-

pulsive force in others, if a real signal were hiding in the data, the backgrounds would

necessarily add to it in some harmonics and subtract from it in others. Depending on

which of these dominated, the fitted signal strength would be either larger or smaller

than the true value.

If the backgrounds exhibited no preferred polarity, we should expect the latter
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scenario roughly half of the time. This would mean that the signal had at least

partially been canceled by the backgrounds. The complex spectral fingerprint of a

real signal, while a powerful confirmation tool in the absence of backgrounds, is not

useful if the signal is overpowered by the backgrounds, even if the signal itself is well

above the noise. I point this out to convey that we are forced to do statistics on a

problem that is not amenable to standard statistical techniques. Consequently, the

strategies below are intended as temporary workarounds rather than comprehensive

solutions. The actual solution to this problem is obvious but difficult to implement:

either eliminate or model the backgrounds.

7.4.1 Likelihood Function Construction

The statistical analysis is performed using a frequentist framework. Each dataset

consists of measurements of the complex amplitude of each Cartesian component of

the force at Nh harmonics for each of the Nf 10-second integrations. The complex

amplitude is given by the discrete Fourier transform (DFT) over a 10-second inte-

gration, scaled by an appropriate normalization factor. For each dataset there is a

corresponding signal template, also consisting of a complex amplitude for all compo-

nents, harmonics, and integrations. This gives a total of 3×Nh ×Nf measurements

and templates. A likelihood function can then be constructed for each, describing

the probability of obtaining the measured complex amplitude Fijk given the scaled

template α τijk(λ), where i, j, and k index the file, harmonic, and force component,

respectively. The likelihood is defined as

Lijk(α|λ) =
1

2πσ2
ijk

× exp

{
− [ℜ(Fijk − α τijk(λ))]

2

2σ2
ijk

}

× exp

{
− [ℑ(Fijk − α τijk(λ))]

2

2σ2
ijk

}
, (7.6)

where σijk is the RMS noise as measured with the attractor stationary. One such

measurement is done in every tenth integration to account for potential changes in

the noise environment over long timescales. The value of σijk used in each likelihood
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function is the measurement at harmonic j for force component k from the next

noise-only file following integration i.

To exploit both amplitude and phase information, the likelihood function includes

both the real and imaginary parts of the complex amplitude at each frequency as

Gaussian distributions2 with means set by the signal template. Assuming statistical

independence among measurements, a global likelihood function can be constructed

from the product of the individual likelihood functions for each measurement included,

L (α|λ) =
∏
i

∏
j

∏
k

Lijk (α|λ) , (7.7)

where the products are over the chosen subsets of files, harmonics, and components

selected for the particular statistical test to be conducted. We define α̂ as the Maxi-

mum Likelihood Estimator (MLE) for α, or the value for which L (α|λ) is maximal.

This can be computed for any arbitrary subset of measurements to understand how

each subset contributes to the global fit.

7.4.2 Test Statistic Construction

To set a confidence interval (CI) on α for a particular λ, a likelihood ratio test is used

[273]. The likelihood ratio is defined as

Λ =
L(α|λ)
L(α̂|λ)

. (7.8)

In the numerator, α is set to a particular value (which defines the null hypothesis)

to be tested for compatibility with the data. In the denominator, α is fixed to its

best-fit value, ensuring that Λ ≤ 1, with Λ decreasing toward 0 as α gets further from

α̂. The likelihood ratio therefore provides a metric for compatibility between the null

hypothesis and the data. If the distribution of Λ under the null hypothesis is known,

this compatibility can be quantified, and CIs on α can be obtained.

For this purpose, it is convenient to use the quantity −2 log Λ, as Wilks’ theorem

2This is in contrast to the magnitude and phase, which follow Rayleigh and uniform distributions,
respectively.



7.4. THE STATISTICAL MODEL 129

then gives an analytic expression for its distribution under the null hypothesis [274].

For the likelihood function defined by Eqs. (7.6) and (7.7), this quantity takes a simple

parabolic form,

−2 log Λ =
(α− α̂)2

σ2
stat

, (7.9)

where α̂ is the global MLE for α over all measurements included, and σstat describes

the statistical uncertainty on α. In this case, both α̂ and σstat are calculable directly

from the data, with no parameter estimation required (see Appendix E for the calcu-

lation). To account for systematic uncertainties, we can define a modified likelihood

ratio, Λ′, such that

−2 log Λ′ =
(α− α̂)2

σ2
α̂

, (7.10)

where σ2
α̂ = σ2

stat + σ2
sys is the total variance including both statistical and systematic

uncertainties3.

There are multiple ways in which a test statistic can be constructed from Λ′,

depending on the allowed range of α and whether the test statistic is to be used for

discovery or exclusion. Thorough descriptions of many can be found in Ref. [275].

For the search presented here, we use the exclusion-only test statistic qα, defined as

qα =

−2 log Λ′, |α| ≥ |α̂|,

0, |α| < |α̂|,
(7.11)

which prohibits a discovery claim by construction, as the hypothesis that |α| < |α̂|
can never be rejected. To set an exclusion limit on α at the 95% CL, one finds the

value of α such that qα takes on its value at the 95th percentile of its distribution

3This is a convenient approximation; a rigorous treatment of the systematic uncertainties would
include the relevant terms as a set of nuisance parameters in the likelihood function and profile over
them across the range of α values. We do not use this approach for a key reason: the observed
backgrounds do not vary predictably or consistently with the parameters identified as sources of
systematic uncertainty. This means that rather than finding the true values of the nuisance param-
eters, the likelihood maximization routine would instead simply converge to the parameter values
that best absorb the apparent forces in the fit, without reflecting a real discrepancy between the
true and measured values of the physical quantity. This is a failure of the statistical model, and it
would not be an issue if a predictive background model were included.
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under the null hypothesis. This value can be calculated from the analytic form of

the distribution of qα provided by Wilks’ theorem. The critical value of α, which is

denoted α95, is given by

α95 = α̂ + sgn (α̂) · 1.64σα̂. (7.12)

Computing this quantity as a function of λ for the selected measurements gives the

desired exclusion curve.

7.4.3 Incorporating Systematic Uncertainties

The systematic uncertainties considered are shown in Fig. 7.7. For each parameter,

the signal template is recomputed at both of the ±1σ values, and the best-fit α value

over the given selection of files, harmonics, and components is determined. This is

repeated for all values of λ to get the fractional error on α at each. These fractional

errors are added in quadrature across all values of λ to produce the total uncertainty

curve shown in Fig. 7.7. The computed values of σsys have the effect in Eq. (7.10) of

broadening the Λ′ parabolas as a function of λ. At small λ, the systematic uncertainty

is dominated by uncertainty in the microsphere’s position (predominantly in x), while

at large λ, the dominant uncertainty comes from the thickness of the attractor.

I have not yet addressed which of the measurements should be included in the

calculation of the test statistic. It may seem sensible to use all of them, though this

simply adds noise (or backgrounds) to the data even in channels that shouldn’t see

much or any signal power to begin with. There may be some harmonics that see so

much power as to be obviously in statistical tension with the rest, so including them

just worsens the fit. But to leverage a key advantage of this technique — the ability

to use a complete spectral fingerprint to differentiate signals from backgrounds — a

sufficient number of harmonics must be included. The advantages and disadvantages

of multiple strategies are discussed below. Even in the absence of a bulletproof sta-

tistical methodology, the competing frameworks can be compared based on a number

of criteria to ensure that the chosen method is as responsible as possible.
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Figure 7.7: Systematic errors included in the constraint set on α. The microsphere
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plot.

7.4.4 Harmonic Selection Criteria

In most force components at most harmonics, the measured backgrounds are either

in-phase with or opposite-phase to the attractive Yukawa template. This means

that when multiple harmonics are included, the harmonics consistent with α > 0 will

compete with those consistent with α < 0, bringing the global best-fit α value down to

a small fraction of the background magnitude in any one component. The exact value

of α̂ depends on the particular selection of harmonics used. Indeed, switching out one

harmonic for another in the fit can even change the sign of α̂. This fact underscores

the need for a well-justified selection criterion. A sound selection criterion should

satisfy the following requirements:

• The reported statistical coverage should be accurate. If a 95% CL upper limit is

reported, then a real signal at that level should only be excluded 5% of the time.

With unmodeled, time-varying backgrounds in the data, guaranteeing accurate

coverage is strictly impossible, though clear bias in favor of undercoverage or
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overcoverage should be avoided.

• The harmonics chosen should include the majority of the available signal power.

By design, the attractor geometry results in signal power being distributed

among many harmonics. This is advantageous due to the signal identification

capability it provides, though it means that any one harmonic does not receive

much of the total.

• Limits should be placed on both attractive and repulsive interactions. By con-

struction, qα provides a single-sided limit when computed for any given set of

measurements, with the sign of α95 given by that of α̂. It is trivial to then

set conservative limits on α > 0 and α < 0 separately, by dividing harmonics

into those with α̂ > 0 and those with α̂ < 0, and computing qα for each. This

naive strategy overcovers significantly, as it eliminates the competition between

backgrounds of different signs in different harmonics.

The following three strategies are assessed on their ability to meet these require-

ments.

Choosing the “Best” Harmonic

In the first analysis reported from this experiment [266], qα was computed indepen-

dently for each of the six harmonics considered, and the results were summed together

to produce a single test statistic as a function of α. The limit was then set based

on this modified test statistic. For most datasets, this is equivalent to including only

the harmonic with the smallest value of α̂, since that will be the one in which qα

departs from 0 and crosses the critical threshold at the lowest value. For datasets

which include bipolar backgrounds, this test statistic construction inherently results

in undercoverage. This is because if a true signal were present, the backgrounds would

add to the signal in some harmonics and subtract from it in others. The test statistic

would then pick out the harmonic with the smallest |α̂|, which would preferentially

be one of those in which the background had canceled a portion of the signal. Other

features of the data, such as the spectral fingerprint or the time-dependence of the
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measurements, can be used to make a convincing case that backgrounds are present,

or even dominant. But these arguments have no bearing on where exactly the limit

should be set. Systematic undercoverage like this can be expected to occur whenever

the choice of harmonics depends on the measured values of α̂ in each one.

Signal Power

In this approach, the signal power in all harmonics is ordered from greatest to least.

Harmonics are then included in order until the signal power exceeds some predefined

threshold. This is advantageous in that the analysis is not punished by the inclusion

of measurements in channels insensitive to a signal. The fraction of signal power to

be included is arbitrary. This criterion gives a one-sided limit on α of the same sign

as α̂ for the harmonics included.

Goodness of Fit

An alternative selection criterion is based on the goodness of fit over some number of

harmonics. In this approach, the maximum likelihood is computed for every combi-

nation of some specified number of harmonics, and the combination which gives the

maximum value for each sign of α̂ is used. This can be construed as doing separate

statistical tests for α > 0 and α < 0, where the subset of data included in each is

that which looks the most like the signal under test. It therefore has the advantage

of constraining both attractive and repulsive interactions. The number of harmonics

to include is arbitrary.

7.5 Constraints on Yukawa Interactions

The constraints reported in Ref. [244] and in this chapter were computed from six

harmonics chosen by goodness of fit. Limits on α for new attractive and repulsive

interactions for λ ranging from 1µm to 100µm were computed for each of the datasets

considered. The strongest constraints among these are reported in Fig. Fig. 7.8.

These new constraints represent an improvement of a factor of ∼ 50 over previous
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results for length scales of λ > 10 µm, and ≳ 100 at λ = 2 µm. Moreover, they are

the first to use reconstruction of multiple spatial components of the force vector as a

function of time, hence exploiting the unique signature of a new force and providing

a robust pathway for discovery. For example, a z offset in either direction (c.f. the

negligible offset used to collect data analyzed in this work) could be used to verify

that a signal with the appropriate signature is transferred to this degree of freedom

in case of a discovery.
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Figure 7.8: Constraints on the α− λ parameter space obtained in this work and the
prior 2021 result [266]. The yellow shaded region indicates the region of parameter
space excluded by other experiments [157, 164, 161, 156].

The sensitivity of this search was limited by backgrounds primarily due to stray

laser light scattering off the attractor, creating modulations of the optical power on

the QPD at harmonics of the attractor drive frequency. While substantial progress

has been made in reducing this and other backgrounds, potential avenues for fur-

ther improvement have been identified. Work is underway to implement a low-noise,

high dynamic range and frame rate 100-pixel sensor, to be used for offline discrimi-

nation between true microsphere motion and scattered light effects. An alternative

attractor geometry, consisting of a 30µm thick, 1.5mm diameter rotating disk with

azimuthal density modulations [276], has also been prepared for potential use in the
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next experimental run. Better free space optics upstream of the trap is expected to

produce more stable conditions and backgrounds, specifically addressing slow drifts

of the trap focus which appear correlated with small variations in the refractive index

of air driven by atmospheric pressure fluctuations. Beyond these immediate steps, a

completely enclosed attractor should prevent any direct coupling between its motion

and the beam, vastly attenuating optical backgrounds. Design of such an attractor

system is a technical challenge to which future engineering efforts will be dedicated.

7.6 Conclusions

In this chapter, I have described the use of optically levitated microspheres as force

sensors capable of probing new Yukawa interactions that couple to mass at micron-

scale separations. In addition to complementing existing techniques, this platform

uses the fully-reconstructed force vector to search for the complex temporal signature

that would arise from such interactions, a feature that may become crucial should

future work result in a discovery. Techniques to probe the main sources of background

limiting the experiment, as well as mitigation strategies, have been identified, and are

discussed in detail in Chapter 8. Apart from the direct physics goal of the experiment,

this work may be relevant to other uses of levitated optomechanics for fundamental

physics [171], including searches for dark matter candidates [277, 278], sterile neu-

trino emission in weak decays [279], or tests of the neutrality of matter [280]. In

addition, this work demonstrates the operation of a setup with microscopic objects

levitated a few micrometers away from mechanical structures, while maintaining sta-

ble conditions, exploring backgrounds, and performing precision metrology. These

are among the challenges that will need to be addressed towards experimental tests

of the quantum nature of gravity [173, 172, 281].
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Chapter 8

Background Management

Strategies for the Micron-Scale

Interaction Search

The results presented in the previous chapter, while a significant improvement over the

first search for micron-scale interactions with levitated microspheres, were still limited

by backgrounds. Techniques for understanding and mitigating these backgrounds will

be the focus of this chapter.

8.1 Techniques for Background Subtraction

Before discussing the specific backgrounds present in the search for micron-scale in-

teractions, I will introduce some high-level strategies for background subtraction. I

will then discuss particular features of the observed backgrounds with emphasis on

which of the subtraction strategies they are most and least amenable to. To frame

the general problem, I assume that:

• The experimenter uses a number of signal channels to make a set of measure-

ments. The measurement in each channel is assumed to consist of signal and

background in some unknown proportions.

137
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• The backgrounds depend on a set of physical parameters. Some of these param-

eters may be measurable, or under the experimenter’s control, while others may

not. The background contribution to the measurement in each signal channel

is taken to be a function of the background parameters.

• There are also background channels in which an isolated measurement of the

backgrounds can be made simultaneous with regular data collection. The signal

couples negligibly into the background channels.

• There is some relationship that defines how the backgrounds appear in the

background channels versus the signal channels. If a transformation describing

this relationship can be determined, the background channels can be used to

infer the background contributions to measurements in the signal channels.

Given these assumptions, the experimenter’s challenge is to isolate the signal’s

contribution to the total measurement by subtracting the background. For the back-

ground contribution to be subtracted from a measurement, it must be quantitatively

understood. Below are three general approaches to this problem.

8.1.1 Physics-Based Model

If the origin of the backgrounds is well understood, then a background model can

be constructed to predict the backgrounds measured in a particular experimental

configuration. The model may be based on first principles, simulations, fits to exper-

imental data, or some combination of these. The clear advantage to this approach

is the ability to make generalizable predictions. If the backgrounds are known to

depend on a finite set of parameters, then a background model should contain a func-

tional dependence on each of these parameters, ensuring the flexibility to use it in

more than just a single configuration of the experiment. A basic requirement for an

accurate background model is the stability of the backgrounds with respect to any

of the model parameters. If the predicted background depends on an experimental

parameter more sensitively than that parameter can be measured, the background

model has little utility in predicting the backgrounds accurately.
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8.1.2 Asynchronous Measurement

If the backgrounds cannot be modeled, perhaps because they exhibit an unknown or

nontrivial dependence on the experimental parameters, they may still be measurable.

This must be done with the signal “turned off” so that the measurements in the signal

channels are direct measurements of the backgrounds. Repeating the measurement

with the signal “turned on” then allows for the measured backgrounds to be sub-

tracted. Identifying an experimental configuration in which the signal is eliminated

while the backgrounds remain unchanged is often impossible.

8.1.3 In Situ Witness

If a model or direct measurement of the background in the signal channels is not

possible, one may still be able to construct a separate data stream which is sensitive

to the backgrounds but not the signal. This will enable a moment-by-moment mea-

surement of the backgrounds in this second set of channels. If the transformation

relating the background channels to the signal channels is known, it can be used to

compute the background contributions to the signal channels, allowing them to be

subtracted. This method is advantageous in that it does not require an understanding

of the exact mechanism causing the background. Construction of the background-

only data streams can be done in multiple ways, such as by finding signal-free linear

combinations of sensors (discussed in Section 8.4.1) or by modulating a parameter to

create signal-free sidebands of the modulation frequency (discussed in Section 8.5.3).

8.2 General Features of the Backgrounds

Having developed the calculation of α̂ for a collection of datasets in Chapter 7, it

can now be used to understand the backgrounds in terms of their direct impact on

the physics sensitivity. By computing α̂ for each force component and harmonic

in consecutive subsets of files throughout a measurement, the time evolution of the

backgrounds can be determined. This reveals another key feature of the backgrounds:

unlike an expected signal, they vary in time, and the time variation of separate
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harmonics appears independent, as is visible in Fig. 8.1. This makes modeling the

backgrounds as a function of experimental parameters difficult, since each harmonic

appears to have a different time dependence. More difficult still, none of the measured

environmental parameters show any clear correlations with any of the background

measurements.
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Figure 8.1: Time evolution of the fitted signal strengths in a number of harmonics
for both the x and y force components. Different harmonics appear to evolve inde-
pendently, with no clear correlations with one another or with any other measured
parameters.

Three classes of backgrounds have been identified and will be discussed in turn:

mechanical vibrations, stray light scattering off the attractor, and electromagnetic

coupling to the dipole moment of the microsphere. There is strong evidence that the

second is currently the dominant source; this will be presented and discussed.
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8.3 Mechanical Vibrations

Mechanical coupling of the oscillating attractor stage to any optics in the vacuum

chamber could cause angular jitter of the trapping beam. This is not easily modeled,

but it can be measured. By oscillating the attractor at its nominal frequency and

amplitude, but retracted along x away from the trap focus, the signal is removed

while the backgrounds remain. Provided it is sufficiently far away, no optical or

electromagnetic coupling between the microsphere or trapping beam and the attractor

is possible. Data has been collected in this configuration on multiple occasions, with

the attractor typically ∼ 4mm from the trap focus. The spectra of apparent forces

are shown in Fig. 8.2 for one such dataset taken after the intensity stabilization

substantially improved the force sensitivity.

In the dataset shown, the backgrounds appear out to ∼30Hz predominantly in x,

but they are not in phase with the expected Yukawa interaction. It is possible that in

this particular dataset, the attractor stage was retracted by too much, causing it to

interfere with cables behind the stack, and that in a typical dataset these backgrounds

would not be present. Nonetheless, mechanical vibrations are a subdominant source

of backgrounds in the current configuration.

8.4 Scattering of Stray Laser Light

Backgrounds are observed when the attractor oscillates about its nominal position

even without a microsphere in the trap, indicating that they do not originate from real

forces on the microsphere. While this limits the range of possible sources, they can

further be identified as originating from stray laser light scattering off the attractor

based on three features: the spatial origin, the dependence on the laser power incident

on the attractor, and the dependence on the reflectivity of the attractor.

Spatial Origin

The QPD is used to image the region of the trap surrounding the focus. While

the central region of this image contains light transmitted by the microsphere, the
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Figure 8.2: Spectra showing the backgrounds caused by mechanical vibrations coupled
through the attractor stage and into the trap beam. The top two panels show the force
spectra both with and without the attractor oscillating. The bottom panel shows the
phase of the measured forces for the case in which the attractor was oscillating. The
phase is measured relative to the signal template, indicating that the backgrounds do
not appear with the phase expected for a signal.

outer regions could include light originating from other sources. In particular, the

top surfaces of the attractor and shield wall could be imaged incidentally due to their

proximity to the trap focus. As the attractor oscillates at 3Hz during a measurement,

light reflected from its surface would be modulated at this frequency and higher

harmonics to produce the backgrounds. To reduce these backgrounds, a spatial filter

can be used to select only light sourced by the microsphere’s motion. The first version

of such a spatial filtering system consisted of a circular Acktar-coated [282] aperture

placed at the focus of the output telescope to occlude the outer regions of the beam.

Apertures of 50µm and 100µm were tested, with the 50 µm aperture demonstrating
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the most significant reduction of backgrounds. More sophisticated methods of spatial

filtering could include the use of a spatial light modulator (SLM) to imprint a mask on

the reference beam to selectively interfere with the forward-scattered trapping beam,

or a multi-pixel sensor to allow for spatial selection to be done at a post-processing

step. Another option is to use the heterodyne phase in addition to the amplitude

for position reconstruction, allowing for light originating from the microsphere to be

selected based on its optical path length, though this requires further experimental

validation.

Dependence on Incident Power

The amount of light scattering from the attractor evidently scales with the amount of

light incident on it. This in turn depends on the intensity of laser light at the location

of the reflective surfaces. Due to the laser’s Gaussian intensity profile, retracting the

attractor from the beam center should decrease the amount of light scattered from

the attractor surface. While this trend is expected to hold over multi-wavelength

separations, it is possible that different behavior could be observed on wavelength

or sub-wavelength distances. The shield blocks any direct path by which upward-

propagating laser light could reflect off a surface of the attractor, but more compli-

cated scattering paths are still possible. One such possibility is that light diffracts

around the top of the shield wall and reflects off either the front face or top surface of

the attractor. If this were the mechanism responsible for scattered light backgrounds,

then interference fringes may be visible as the shield-attractor separation is increased.

Regardless of whether this fringing is observed, the overall trend in decreasing back-

grounds with increasing shield-attractor separation should hold if the backgrounds

originate from scattered light.

Fig. 8.3 shows the average prominence of the background peaks over eleven har-

monics with no aperture and with each of the apertures considered. As expected, the

backgrounds fall off sharply with distance as the attractor cuts into less of the trap

beam. At close separations, the aperture makes a significant difference and reduces

the backgrounds by up to a factor of ∼10. This data was collected without a micro-

sphere in the trap, providing additional evidence that backgrounds are present which
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Figure 8.3: Effect of different apertures and the microsphere-attractor separation on
the backgrounds. The background prominence is averaged over the fourth through
the fourteenth harmonic, as the noise is too high for a meaningful measurement at
the first three. For the first three points in each series, the shield was moved with the
attractor to maintain a 1µm separation, while for the last point, the shield was kept in
place while the attractor was retracted. The data was collected without a microsphere
in the trap, prior to the blackening of the attractor described in Section 8.4.

are not caused by real forces.

Given that the scattered light backgrounds decrease with separation, one might

wonder how the scaling with distance compares to that of the expected signal strength.

If the two scalings are sufficiently different, there may be an optimal separation at

which the backgrounds are minimal compared to a signal. To determine whether

this is the case, the distribution of |α̂| was computed for all harmonics and force

components at a series of separations, this time with a microsphere in the trap. The

absolute value allows backgrounds that appear both attractive and repulsive to be

included. Fig. 8.4 shows this data, collected with the 50µm aperture installed.



8.4. SCATTERING OF STRAY LASER LIGHT 145

14 16 18 20 22 24 26 28
x [ m]

108

109

1010
D

is
tr

ib
ut

io
n 

of
 |

| [
±1

]

Figure 8.4: The range of fitted signal strengths at a series of separations between the
attractor and the microsphere. The horizontal markers indicate the median while the
vertical bars show the ±1σ ranges of the computed α̂ values over all harmonics and
force components.

The spread of |α̂| values at each separation is significant, covering nearly two orders

of magnitude. There is a slight increase in the median |α̂| with distance, suggesting

that the backgrounds fall off more slowly than the signal strength and that a closer

approach is preferred. The combination of a 50µm aperture and the closest possible

approach therefore maximizes the ratio of signal strength to backgrounds.

Dependence on Reflectivity

Reducing the reflectivity of the attractor should also reduce the reflected power which

makes up the backgrounds. Coating the attractor with a ∼ 3 µm layer of Platinum

Black, which has a reflectivity ≲ 1% that of the underlying gold, did indeed reduce

the backgrounds significantly. The coating procedure and resulting reflectivity are

described in detail in Ref. [267].
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With a microsphere in the trap, the scattered light backgrounds are visible at har-

monics of the attractor drive extending beyond 100Hz, with no drop-off in amplitude.

This suggests that they are produced through reflections off structures with a high

spatial frequency, potentially including rough surfaces or sharp edges on the attrac-

tor. This is consistent with the time variation, which would only be significant in

the event that small drifts of experimental parameters (laser power, position of the

trap focus, position of the attractor, etc.) caused large and unpredictable changes in

the background spectrum. Additionally, considerable effort spent using ray tracing

and finite difference time domain (FDTD) software failed to yield any numerical pre-

dictions that matched the data, further suggesting that modeling or simulating the

backgrounds is untenable. As the presence of the sphere in the trap enhances scat-

tering and alters the light environment in the trap, a measurement of the background

spectrum under the same conditions — yet without a signal present — is also not

possible. The existence of the backgrounds is fundamentally unseparable from having

a sphere in the trap in proximity to the attractor, the same configuration under which

a potential signal would be present. For this reason, we turn instead to constructing

a background witness data stream.

8.4.1 Constructing a Scattered Light Witness Stream

The x (y) motion of the microsphere is naively calculated by taking the difference

between power incident on the left and right (top and bottom) halves of the QPD

and dividing through by the total light detected. If the four quadrants are numbered

one through four1 and each quadrant i measures an amplitude qi, then the x and y

1By convention, we number the quadrants in the order top right, bottom right, top left, bottom
left, as shown later in Fig. 8.6.
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positions can simply be calculated using

(
x

y

)
=

(
1 1 −1 −1

1 −1 1 −1

)
q1

q2

q3

q4

 (8.1)

up to some force calibration constants. This assumes that microsphere motion is cap-

tured through deflections of the beam centroid on the QPD, and that the x and y axes

at the trap focus are aligned with the axes of the QPD. This is a vast oversimplifica-

tion which ignores the complexities of Mie scattering and the subtle effects stemming

from the unique optical properties of each individual microsphere. A data-driven,

model-agnostic position detection scheme is preferable to this.

Calibrating to Microsphere Eigenmodes

Stepping back, the task we are faced with is using four sensors (the four QPD quad-

rants) to measure two physical quantities (x and y). We don’t need to know any-

thing about how the microsphere motion interacts with the laser light to produce

its signature on the QPD, but we do assume that the coupling is linear. To con-

struct the measurement streams for x and y from the four quadrants, we first require

some calibration data representing known motion. The x and y resonances provide

such motion, as these both have resonant frequencies at which the motion should

be predominantly along the given axis. In practice, feedback is required to keep the

microsphere in the trap at high vacuum, so the motion at the resonance includes

motion caused by the feedback signal. Instead, we can use data collected with the

trap at 1mbar to 2mbar with the feedback off, leaving the resonances broadened by

gas damping but otherwise undistorted.

Fig. 8.5 shows an example dataset collected under these conditions, with the

amplitude spectral density (ASD) of each quadrant plotted independently in the top

panel. The two resonances are visible in all four quadrants. The bottom panel

shows the measured phase in each quadrant, plotted relative to the phase of the first
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Figure 8.5: Amplitude and phase of the responses of each of the four quadrant photo-
diode sensors to free motion of the microsphere. The resonant frequency in y is lower
than that in x. The clear phase relationships between quadrants at both resonances
allows for the responses to x and y motion to be determined.

quadrant. A clear phase relationship between quadrants is visible for each of the two

resonances: at the y resonance, quadrant 1 is in phase with quadrant 3, while at the

x resonance, it is in phase with quadrant 2, as expected.

This calibration data can be used to determine the calibrated position-sensing

matrix Cxy which reconstructs the microsphere motion in x and y from the sensor

responses. Take the amplitude of x motion at the x resonance and y motion at the

y resonance to be 1. Scaling of these quantities into physically meaningful units will

be done at a later stage. Assume that the resonances overlap such that the y motion

at the x resonant frequency is ϵyx and the x motion at the y resonant frequency is

ϵxy, with ϵyx, ϵxy ≪ 1. Define the complex amplitude measured by quadrant i at the

resonant frequency for axis j to be qij. Then we know that the transformation Cxy
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must satisfy

(
1

ϵyx

)
= Cxy


q1x

q2x

q3x

q4x

 and

(
ϵyx

1

)
= Cxy


q1y

q2y

q3y

q4y

 . (8.2)

We can combine the column vectors into matrices M and Q, with

M =

(
1 ϵxy

ϵyx 1

)
and Q =


q1x q1y

q2x q2y

q3x q3y

q4x q4y

 , (8.3)

allowing Cxy to be defined by the product

M = CxyQ. (8.4)

The system described by this equation is underdetermined and infinitely many

solutions exist for Cxy. This is because the elements of Cxy can be arbitrarily large

while still delicately canceling one another when summed to satisfy Eq. (8.4). To

prevent the transformation from amplifying measurement noise, we use the minimum-

norm solution for Cxy. The minimum-norm solution is unique; it is given by

Cxy = MQ+, (8.5)

where Q+ is the pseudoinverse of Q. The pseudoinverse is a generalization of the ma-

trix inverse to matrices that need not be square. One can show that the pseudoinverse

can be calculated using

Q+ = (Q⊺Q)−1 Q⊺, (8.6)

and the full calibration matrix then becomes

Cxy = M (Q⊺Q)−1Q⊺. (8.7)
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The transformation Cxy takes the length-4 vector containing the complex ampli-

tudes of each quadrant, q, to the length-2 position vector, x:

x = Cxyq. (8.8)

Cxy is a 2×4 matrix which contains the empirically-determined coefficients by which

each quadrant amplitude should be multiplied to optimally reconstruct the micro-

sphere’s position.

So far, what I have described is a method to better calibrate the QPD data streams

to the motion of the microsphere. But with this comes a method to construct a

witness data stream for scattered light backgrounds. As only two linear combinations

of the sensor amplitudes are required to reconstruct the microsphere’s position, there

are two remaining linearly-independent combinations. One of these is the sum of all

quadrants. In practice, at each time step every quadrant amplitude is normalized by

the sum to reduce noise from intensity fluctuations, so this combination remains fixed

at 1. This leaves three remaining degrees of freedom: x, y, and a linear combination

orthogonal to the x−y plane. Unlike motion of the microsphere, stray light scattering

off the attractor will in general not be confined to the motional plane, and should

therefore be visible in the orthogonal linear combination. I refer to this combination

as the “null stream” since it represents the null space of Cxy and should be insensitive

to motion. The null stream, n, and the total light detected, t, can be added to Cxy

to make the full 4× 4 calibration matrix, C:

C =


Cxy

n⊺

t⊺


4×4

with Cxyn = 0, n⊺t = 0. (8.9)

As a point of comparison, it helps to determine what this matrix would look like

under the naive position calibration scheme. The first two rows are given by Eq. (8.2).

By inspection, one can find that the two remaining linearly-independent combinations
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to be added are (
n⊺

t⊺

)
=

(
1 −1 −1 1

1 1 1 1

)
. (8.10)

The null vector corresponds to opposite diagonals being excited in phase, as would

occur if the beam were stretched along one diagonal and compressed along the other.

Combining these with Eq. (8.2) allows us to define the “naive matrix” N, a useful

reference point when interpreting the data-driven calibration matrices:

N ≡


1 1 −1 −1

1 −1 1 −1

1 −1 −1 1

1 1 1 1

 . (8.11)

To facilitate direct comparisons between the calibrated and uncalibrated matrices,

the rows of C can be scaled such that they all have norm 2. If N is a relatively good

approximation of the optimal calibration matrix, then the elements of C should be

≈ ±1. Having explained the mathematical underpinnings of this method, I will now

describe its implementation in a realistic calibration scheme.

Implementation of the Calibration Scheme

As mentioned, the calibration procedure starts with data collected in the range of

1mbar to 2mbar with feedback off so the resonances are visible and undistorted.

These resonances can then be fit with Lorentzian functions so that the resonant

frequencies can be precisely determined. The cross-coupling used to populate the off-

diagonal elements of matrix M can also be estimated from these fits. The matrix Q is

then constructed using the real part of the complex amplitudes of all four quadrants

at each of the resonant frequencies, as defined in Eq. (8.3). Since the quadrants are

predominantly either in phase with or opposite phase to one another at the resonances,

throwing away the imaginary part should not result in a significant fraction of power

being discarded, though this fraction is calculated each time as a basic data quality

check.
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Cxy is then calculated from Q and M using Eq. (8.7). A row of ones is then added

to this 2×4 matrix to enforce that the null vector is orthogonal to both the x−y plane
and the sum of the quadrants, and the null space of the resulting 3×4 matrix (defined

by a single null vector) is computed using singular value decomposition (SVD). The

complete calibration matrix is then formed by stacking Cxy, the transposed null

vector, and the row of ones2. The scaling to ensure each row has a norm of 2 is then

applied.

Two additional checks are then performed. First, the angle between the x and

y rows of C is computed. This angle, in sensor space, not physical space, gives an

indication of how well decoupled the x and y motion can be. Finally, to ensure that

the calibration data contain only two motional degrees of freedom as expected, an

expanded, 4 × 4 version of the matrix Q is constructed, with the two additional

columns consisting of complex amplitudes from two additional frequencies. The sin-

gular values of this 4×4 matrix are then computed to ensure that it is approximately

rank 2. Across multiple microspheres, the first two singular values tend to be ∼10−4,

while the next largest is ∼10−8 to 10−7. The smallest is zero to within the limits of

numerical precision, as is to be expected given the removal of one degree of freedom

by normalizing all quadrant amplitudes by the sum over all quadrants. The fact that

the third singular value tends to be ∼1000× smaller than the other two confirms that

microsphere motion is limited to two physical modes and that other motion (spinning,

breathing modes, etc.) do not show up in the position data.

The calibrated matrix is used to compute the calibrated position and null data

streams for all data collected with that microsphere. This includes the data used to fit

the transfer functions and to compute the Wiener filters. As the null stream does not

contain measurements of a real force, it is impossible to assign it meaningful physical

units. In the procedure outlined above for determining the calibration matrix, the

rows are scaled such that they all have norm 2, and as a result the raw data measured

in the null stream will have the same units – scaled ADC counts — as in x or y. For

2A row of ones is evidently redundant when the quadrant amplitudes are normalized by their sum
at each timestep, as the corresponding data stream will always remain at 1. However, it is included
nonetheless to make the transformation matrix explicitly full rank, even when the data include only
three degrees of freedom.
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ease of interpretation, the null stream is then scaled to force units using the same

calibration factor as for x. This enables direct comparisons between the measurements

in the null stream and forces in x, and approximate comparisons to forces in y.

Performance on Real Data

The plots in this section demonstrate the performance of this calibration technique

using the calibration data shown in Fig. 8.5. A visual comparison of the calibrated

position sensing matrix C to the naive matrix N is shown in Fig. 8.6. In each of the

visualized matrices, the four numbered regions show the layout of the QPD quadrants,

while the colored areas in each quadrant show the weight that the quadrant is assigned

in the calculation of each quantity. Hatching indicates that the weight is negative.

In the naive matrix (left), the magnitudes of the weights in the calculation of each

quantity are equal for all quadrants, and the areas are the same. The calibrated matrix

(right) has unequal areas, representing the fact that some quantities rely more on one

quadrant than another for optimal reconstruction.

Both the naive and the calibrated position-sensing matrices are applied to recon-

struct x, y, and the null stream in the calibration dataset of free resonant motion. The

results are shown in Fig. 8.7. Using the naive matrix, the null stream contains sig-

nificant (20%) cross-coupled resonant motion. This is eliminated when the calibrated

matrix is used.

Another way to check the quality of the calibration is to quantify the degree of

cross coupling between x, y, and the null stream in the transfer function calibration

data. This data is collected with the microsphere charged and driven with a frequency

comb (1Hz spacing from 1Hz to 700Hz) in either x or y. When driven along either

axis, for well-calibrated position sensing, the response along the other axis and in the

null stream should be minimal. Fig. 8.8 shows this data using both the naive and the

calibrated position sensing matrices. With proper calibration, the response in x to a

driving force in y drops from ∼ 30% to ∼ 3%. In the null stream, the ∼ 20% cross

coupling in both axes drops to the noise floor in x and ∼ 4% in y. While the null

stream is not perfectly motion free, it is serviceable as a background witness; if the

null stream measures an apparent force more than ∼ 5% of that seen in y, then the
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Figure 8.6: A visualization of the position-sensing matrices before and after calibra-
tion. The visible area in each color indicates the weight assigned to that quadrant
for the data stream indicated. In the example shown here, quadrants 3 and 2 have
disproportionate sensitivity to motion in x and the null stream, respectively, when
compared to the naive matrix.

background in y must include scattered light in addition to any motion.

Finally, after having thoroughly checked the quality of the calibration, the null

stream can be used as further verification of the hypothesis that the backgrounds

originate predominantly from scattered light. Fig. 8.9 shows the measured force

spectra in x, y, and the null stream for a physics dataset, confirming that the null

stream sees apparent forces of comparable magnitude to the backgrounds in x and y.

Towards Background Subtraction

While the null stream is insensitive to motion, the calibrated motional data streams

remain sensitive to scattered light. Indeed, backgrounds are visible in the motional

data streams even when the proper calibration procedure has been followed. With

no knowledge of the behavior of the backgrounds, they can be treated as random



8.4. SCATTERING OF STRAY LASER LIGHT 155

300 400 500
Frequency [Hz]

10 3

10 2

10 1

100

101

102
AS

D
 [a

u/
Hz

]

x
y
Null

300 400 500
Frequency [Hz]

Figure 8.7: The microsphere resonances as detected in the x, y, and null data streams
before and after calibration. Without the proper calibration, the null stream sees
significant microsphere motion; after calibration, it is insensitive to motion in x and
y.

vectors in the four-dimensional sensor space. The projection of these vectors onto the

motional plane describes the coupling of backgrounds into the signal channels, while

the projection to the orthogonal axis describes their appearance in the null stream.

In the most general case, the background witness channel is useful as evidence that

at least some of the backgrounds originate from scattered light, and nothing more.

This is because the measurement of a vector along one axis says nothing about its

projection onto orthogonal axes. With this information alone, there is no way to use

the null streams to predict the backgrounds in the motional data streams — a required

step in background subtraction. If the backgrounds display any consistent behavior,

however, it may be possible to extract some relationship between the backgrounds as

measured in the null streams and as measured in x and y. At minimum, one might

expect there to be a consistent phase relationship between the two data streams.

Preliminary investigations have shown that the transfer function relating the coupling

of scattered light between the null stream and x and y is not stable, but with future

improvements to the setup more consistent behavior may emerge.
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Figure 8.8: The responses to driven microsphere motion in the x, y, and null stream
before and after the position-sensing calibration is applied. The columns correspond
to frequency combs being driven in either x or y, while the rows show the responses.
With calibration, the off-diagonal and null responses decrease significantly.

Scaling to Larger Sensors

The calibration technique demonstrated here has shown some utility in finding the

sensor combinations that optimally capture microsphere motion for a four-pixel sen-

sor. As the use of sensors with more pixels is explored, extending this method to

more dimensions will yield even greater benefits.
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Figure 8.9: Backgrounds observed in a physics dataset in the x, y, and null channels.
The apparent force measured in the null stream is of roughly the same amplitude as
those measured in x and y, indicating that scattered light backgrounds are responsible.
However, as the spectral fingerprint of the backgrounds in the null stream is not
predictive of the spectral fingerprint in the motional data streams, this spectrum
cannot be used for background subtraction.

There are many potential strategies that could be used to identify the signatures

of microsphere motion on a multi-pixel sensor, such as selective masking or blob

detection. These can synthesize intuitive ideas about how microsphere motion should

appear (e.g. it should show up in clusters of spatially-grouped pixels rather than be

distributed randomly across the sensor) with empirical findings (e.g. there are four

distinct blobs in most images). Unlike these, the approach described here is purely

empirical and does not rely on any preconceptions of what motion in an image should

look like. It is easily generalizable to an arbitrary number of pixels. For a sensor with
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Np pixels, the x− y motion calibration matrix will be given by

(Cxy)2×Np
= M2×2

(
Q⊺

2×Np
QNp×2

)−1

Q⊺
2×Np

(8.12)

requiring the inversion of a 2 × 2 matrix as before. The rows of (Cxy)2×Np
contain

weights for each of the Np pixels in the sensor. Plotting these would enable a visual-

ization of which regions of the sensor are most sensitive to microsphere motion. This

can then inform other strategies that make use of grouping pixels, pre-thresholding,

or other methods of identifying regions containing motional information on larger

than single-pixel scales. With Np pixels, there will be Np − 3 null streams in which

to witness backgrounds, all of which could also be used to identify light-sensitive but

motion-insensitive regions of the image.

In addition to complementing other techniques, the effectiveness of this strategy

should improve with increasing Np. Treating the background as a random vector in

the sensor space once again, we can determine its expected projection into the two-

dimensional motion plane to determine the coupling of backgrounds into x and y.

The projection scales like the square root of the number of pixels, so by replacing the

QPD with a 100-pixel sensor, the amplitude of backgrounds in the x and y channels

is expected to decrease by a factor of
√
100/4 = 5. We can expect this level of

improvement without doing any background subtraction or using any sophisticated

image analysis algorithms.

Improvements to the Implementation

The position-sensing calibration matrix is currently computed from data collected

immediately after a microsphere has been trapped, and then applied to all data

collected with that microsphere. More regular calibrations should be performed to

monitor potential drifts in the calibration matrix over time. In addition, the FPGA

code which implements the feedback should be modified to use a user-specified cali-

bration matrix rather than the hard-coded naive matrix, ensuring that the feedback

is not introducing cross-coupling between x and y.
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8.5 Coupling to the Electric Dipole Moment

Despite being discharged to neutrality, silica microspheres can have significant electric

dipole moments (EDMs). In an electric field E⃗, the force on a dipole with an EDM

of p⃗ at position r⃗ is given by

F⃗ (r⃗) = (p⃗ · ∇) E⃗(r⃗). (8.13)

Changes in the electric field evidently cause changes in the force on the dipole. A

trapped microsphere with a non-negligible EDM will therefore be sensitive to changes

in the electric field at the trap focus. If this electric field depends on the position

of the attractor, then the force will be modulated at the harmonics of the attractor

drive, causing backgrounds. This section describes a technique for measuring and

subtracting these backgrounds.

8.5.1 Electric Dipole Moment of Silica Microspheres

Silica microspheres can have both a permanent and an induced EDM. In a suffi-

ciently strong electric field, these can be independently measured. The measurement

technique, described in detail in Ref. [283], is summarized here briefly.

When a rotating electric field is applied to a microsphere, the microsphere will

spin to keep its dipole moment aligned with the electric field vector. Rather than

remaining perfectly aligned as the electric field spins, however, the direction of p⃗ will

undergo harmonic oscillations about the direction of E⃗ in the plane in which E⃗ is

rotating. Motion in this degree of freedom is called libration. The libration frequency

scales like f ∝
√

|p⃗||E⃗|/I where I is the moment of inertia of the microsphere. p⃗

is given by the sum of the permanent dipole moment, p⃗0, and the induced dipole

moment, αmE⃗, where αm is the polarizability of the microsphere. Scanning through

a range of electric field strengths and measuring the libration frequency allows for the

scaling with E⃗ and the contributions from each component to be measured.

The rotation of the microsphere is measured with the spin PD which detects
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s-polarized light exiting the trap. As the birefringent microsphere rotates, the s-

polarized light is modulated at twice its rotation frequency. Libration can then be

measured using the sidebands of the main rotation peak. Fig. 8.10 shows example

spin PD spectra at a range of electric fields and the corresponding plot of the libration

frequency as a function of the electric field.
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Figure 8.10: Measurement of the dipole moment, both permanent and induced, of a
microsphere. The left panel shows a set of spectra under different applied rotation
fields, with the libration sidebands appearing farther from the main rotation peak
with increasing field strength. On the right, the libration frequency is plotted as
a function of the rotation field, with the fit to the summed contributions from the
permanent and induced dipole moments shown in red.

8.5.2 Contact Potentials

During a measurement, the shield and attractor are both grounded through the same

power supply. This equalizes the Fermi level between both devices. Despite this,

there should still be a contact potential difference between the surfaces of the shield

and attractor due to their different work functions. This would create electric field

gradients at the trap focus which would then couple to the EDM of the microsphere.

A primer on the physics underlying contact potentials is included in Appendix F. The
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remainder of this chapter is devoted to a technique by which these backgrounds can

be measured in a set of dedicated background witness channels and subtracted from

the signal channels.

8.5.3 In Situ EDM Background Monitoring

We take the electric field to be caused by a contact potential difference Vc and an

applied voltage Vapp between the attractor and the shield. In the quasistatic approx-

imation, this electric field scales linearly with the potential difference between the

attractor and shield. It is therefore useful to compute the “reference” electric field

assuming a 1 V potential difference, E⃗ref , and define dimensionless scaling factors

to incorporate the voltage dependence. The dimensionless voltages are denoted by

ζ with appropriate subscripts. The electric field at position r⃗ in the trap when the

attractor is at position r⃗a is then given by,

E⃗(r⃗, r⃗a) = E⃗ref(r⃗, r⃗a) · (ζc + ζapp) , (8.14)

where we have now relegated the position dependence to the first term, while the sec-

ond term contains the dimensionless contact potential difference, ζc, and the dimen-

sional applied voltage, ζapp, which set the absolute scale. Plugging this into Eq. (8.13)

gives the force on the microsphere in terms of the applied potential difference:

F⃗ (r⃗) = (p⃗ · ∇) E⃗ref(r⃗, r⃗a) · (ζc + ζapp) . (8.15)

Each component of the force, indexed by i, can be expressed in terms of the

individual components of the other vector quantities as

Fi = (ζc + ζapp) · [(px∂x + py∂y + pz∂z)Eref,i(r⃗, r⃗a)] . (8.16)

For now, we assume that p⃗ is the permanent dipole moment of the microsphere, so

its components are constant in time3. The term in the square brackets can then

3An FEA study of the electric field produced by 1V potential difference between the attractor and
shield suggests that |E⃗| ≲ 103 V/m at the trap focus. For a typical microsphere with |p⃗| ∼ 25 e · µm,
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be labeled as Fref,i(r⃗, r⃗a), which again contains all the position dependence with no

dependence on the absolute scale of the potentials.

We see that the force scales linearly with ζapp and vanishes when ζapp = −ζc, as
expected. This means that backgrounds arising from a contact potential difference

can be eliminated by tuning the applied voltage to a particular value. In princi-

ple, scanning different values of ζapp until the force reaches a minimum would allow

ζc to be identified. However, as DC measurements tend to be more difficult than

measurements at higher frequencies, we modulate ζapp continuously instead.

Producing the Background Witness Sidebands

We use a bias modulation frequency fbias ≫ f0 and monitor the response induced by

this modulation. Take the bias as a function of time to be given by a sinusoid,

ζapp(t) = ζbias sin (2πfbiast) , (8.17)

where ζbias is the dimensionless amplitude of the modulation. The attractor stroke is

also sinusoidal, with an amplitude of y0 and a frequency of f0:

y(t) = y0 sin (2πf0t) . (8.18)

Keeping the position of the microsphere fixed, and assuming that the attractor

moves only in y, Fref,i can be expressed as a function of y(t) as

Fref,i = Fref,i(y0 sin (2πf0t)). (8.19)

This can be expanded as a Fourier series,

Fref,i = F0i +
∞∑
n=1

Fni cos(2πnf0t− φni), (8.20)

the torque is then 4 × 10−20 N ·m, which over a half-period of the attractor stroke would cause a
change in angular momentum of magnitude 2×10−21 kgm2/s. Given that microspheres are typically

spun up to ∼ 100 kHz (|L⃗| = 10−18 kgm2/s) prior to a measurement, the resulting change in the
orientation would be ∼0.1◦.



8.5. COUPLING TO THE ELECTRIC DIPOLE MOMENT 163

where F0i is the average force in component i and Fni and φni are the amplitude

and phase, respectively, of the modulations for each Fourier component indexed by

n. Plugging this back into Eq. (8.14) gives

Fi = F0i ζc + ζc

∞∑
n=1

Fni cos(2πnf0t− φni)

+ F0i ζbias sin (2πfbiast) + ζbias

∞∑
n=1

Fni cos (2πnf0t− φni) sin (2πfbiast) . (8.21)

The product in the second sum can be rewritten as,

cos(2πnf0t− φni) sin (2πfbiast) =
1

2

[
cos
(
2π (fbias + nf0) t− φni −

π

2

)
+cos

(
2π (fbias − nf0) t+ φni −

π

2

)]
,

(8.22)

and the force component then becomes,

Fi = F0i ζc

+ F0i ζbias cos
(
2πfbiast−

π

2

)
+ ζc

∞∑
n=1

Fni cos (2πnf0t− φni)

+
ζbias
2

∞∑
n=1

Fni cos
(
2π (fbias + nf0) t− φni −

π

2

)
+
ζbias
2

∞∑
n=1

Fni cos
(
2π (fbias − nf0) t+ φni −

π

2

)
.

(8.23)

The first term is a constant which represents the time-averaged force on the mi-

crosphere due to the contact potential. The second term gives the force on the mi-

crosphere resulting from the bias itself. The third term contains the forces resulting

from the contact potential with frequencies at integer multiples of f0; these are the

backgrounds at the drive harmonics we are trying to witness. The fourth and fifth

terms have frequencies at integer multiples above and below f0, respectively. Cru-

cially, the last three terms — including both the backgrounds themselves and new
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frequency-shifted terms — have amplitudes proportional to the harmonic-dependent

coefficient Fni, so the spectral fingerprint should be the same up to a scaling fac-

tor. These sideband frequencies fbias ± nf0 constitute witness channels in which the

backgrounds at the drive harmonics nf0 can be measured. The upper and lower

sidebands are phase shifted relative to the signal channels, with a relative phasing of

2φni between opposite sidebands of the same n. Measurements of both the upper and

lower sidebands will allow for Fni and φni to be measured for all n, ensuring complete

reconstruction of the spectral fingerprint of the backgrounds.

Let Fmeas
i (f) represent component i of the complex force vector measured at fre-

quency f . The magnitude, A±
ni, and phase, ϕ±

ni, of the sidebands are given by

A±
ni = |Fmeas

i (fbias ± nf0)| and (8.24)

ϕ±
ni = arg {Fmeas

i (fbias ± nf0)} . (8.25)

where + and − correspond to the upper and lower sidebands, respectively. With

these quantities, a background template Bni for component i of harmonic n, defined

as

Bni =
ζc
ζbias

[
A−

n exp
{
−i
(
ϕ−
n +

π

2

)}
+ A+

n exp
{
i
(
ϕ+
n +

π

2

)}]
, (8.26)

can be used to predict the background as a function of ζc. Since the drive harmon-

ics are assumed to consist of backgrounds plus a potential signal, ζc can then be

determined through a joint fit of both the signal and background templates to the

data.

Testing with Real Data

This procedure was tested with two different microspheres. Prior to the measure-

ments, the microspheres were spun to > 100 kHz in order to confine the EDM to a

single plane. In principle, this should mean that all components of the vector p⃗ av-

erage to zero; in reality, however, drifts in the EDM can still result in some non-zero

out-of-plane component. While this cannot be measured with the rotating electric

field off, its magnitude is constrained to less than the measured value. Fig. 8.11 shows
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the measured force spectrum for a dataset that used ζbias = 0.1 and fbias = 46.5Hz.

The force from the bias itself appears well above the noise in both x and y. From

Eq. (8.23), the phase should be either 90◦ or −90◦, depending on the sign of F0i. The

x component does have the expected phase; it is not clear why a different phase is

observed in y. Eq. (8.23) also shows that the sidebands should be phase shifted by

φni above and below the phase at fbias. For n = 1, the only sideband clearly visible

above the noise, this relationship holds in both x and y.
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Figure 8.11: The magnitude and phase of the measured forces at the sidebands of
the bias modulation frequency, indicated by the vertical dashed green lines. The
response is visible above the noise both at the bias modulation frequency and at the
first sidebands. In the lower panel, the phase at the sidebands is shown, with the
dashed lines indicating that the phases of the sidebands are shifted equally from the
main modulation peak, as expected. The peaks halfway between the green dashed
lines in the top panel are from scattered light backgrounds at the harmonics of the
attractor drive.

The peaks between the bias modulation sidebands originate from scattered light
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at the harmonics of the attractor drive. As the scattered light is evidently much

greater in magnitude than the EDM backgrounds in the sidebands, subtraction of

the EDM backgrounds should have little impact on the physics sensitivity.

Accounting for the Induced Dipole Moment

The calculation performed above requires that p⃗ not depend on ζbias; in other words,

p⃗ is the permanent rather than the induced dipole moment. If ζbias is sufficiently

large as to induce a dipole moment comparable to the permanent dipole moment, the

spectral fingerprint measured at the bias sidebands will simply reflect backgrounds

created by the modulation itself. Fortunately, if this occurs, it will leave a distinct

signature in the data. We repeat the calculation with the permanent dipole replaced

by the induced dipole,

p⃗ = αmE⃗ref · (ζc + ζapp) . (8.27)

Picking up from Eq. (8.16), we have,

Fi = (ζc + ζapp)
2 · [(αmEref,x∂x + αmEref,y∂y + αmEref,z∂z)Eref,i(r⃗, r⃗a)] , (8.28)

where now the force scales like (ζc + ζapp)
2. As before, we denote everything in

the square brackets Fref,i and perform a Fourier expansion. We do not need to re-

peat the full calculation to understand the result. With ζc constant and ζapp =

ζbias sin (2πfbiast), expanding the squared term gives

(ζc + ζapp)
2 = ζ2c + 2ζcζbias sin (2πfbiast) + ζ2bias sin

2 (2πfbiast) (8.29)

which, after simplifying and collecting terms, becomes

(ζc + ζapp)
2 =

(
ζ2c +

ζ2bias
2

)
+ 2ζcζbias sin (2πfbiast)−

ζ2bias
2

cos (2π (2fbias) t) . (8.30)

As before, we have a DC term which, when multiplied by the Fourier series, gives

backgrounds at the attractor drive harmonics. The amplitude is proportional to the

first term which now includes ζbias, so we are creating backgrounds due to the bias
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modulation. We have a term with a frequency of fbias again as well, though this

time it is proportional to the contact potential in addition to the bias modulation

amplitude. This creates the sidebands of fbias which can be used for background

witnessing — though the backgrounds we witness this way are now partly of our own

making. The final term gives something that wasn’t present previously — sidebands

of twice the modulation frequency and proportional to ζ2bias, with no dependence on

ζc. Peaks at these frequencies indicate that the bias modulation is causing an induced

dipole moment of sufficient magnitude as to result in a measurable response in the

microsphere.

Unfortunately, at the time the first data was collected to test this background

witnessing scheme, the effect of the induced dipole was not considered. The bias mod-

ulation frequency was chosen to be halfway between two drive harmonics to ensure

maximum visibility without any spectral leakage from the stray light backgrounds.

This choice of frequency means that the sidebands of 2fbias coincide with the drive

harmonics and as a result, they measure significant levels of stray light above the

noise. It is therefore not possible to determine whether the induced dipole had a

significant effect. In a future measurement, a different choice of fbias should be used.

Limits on the Background Modulation Technique

This technique of modulating an experimental parameter on which the background

depends can be a useful tool for in situ measurement, but there is a critical limitation

worth noting. It must not be possible for a true signal to couple into the background

channels; otherwise, it could be measured there and then subtracted from the signal

channels, resulting in a missed discovery. By extension, there must be no coupling

between the signal and the experimental parameter being modulated of any kind,

even indirect. For example, the following would not work: modulating the laser

power at some frequency flaser and reading the scattered light backgrounds, which

one would expect to be proportional to the total amount of light, from the sidebands,

flaser±nf0. While there is no direct interaction between the laser power and a Yukawa

interaction, if there were a Yukawa interaction, it would cause the microsphere to

move in response. This motion would then cause changes in the power measured in
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each quadrant of the QPD at nf0. If the laser power were being modulated, then

the changes in power as a result of true microsphere motion would also show up as

sidebands of flaser, coupling the Yukawa signal into the background channel indirectly.

8.6 Summary and Current Status

At the start of this chapter I introduced three strategies for background subtraction.

The first strategy — modeling the backgrounds — is still beyond reach. Having now

been thoroughly investigated, scattered light backgrounds do not seem amenable at all

to modeling as they evolve in time with no discernible cause. The second technique,

that of isolating and measuring the backgrounds, can be done for the mechanical

vibration backgrounds since their presence is independent of whether the attractor

is near enough to the microsphere to produce a signal. Witnessing the backgrounds

in situ with a different set of data streams appears the most fruitful, at least for

diagnostic purposes. A scattered light data stream which is insensitive to motion

has been constructed, allowing for the amplitude of scattered light backgrounds to

be measured on a file-by-file basis. Despite this, the inconsistent coupling of these

backgrounds into the measured harmonics in x and y prohibits their direct subtrac-

tion. For electromagnetic backgrounds, in situ background subtraction appears more

promising. A technique has been developed which allows for the spectral fingerprint of

the backgrounds in both x and y to be measured and subtracted, with only the overall

amplitude as a fit parameter. As these backgrounds are subdominant to scattered

light, the utility of this technique in a physics run has yet to be demonstrated, though

future reductions in scattered light backgrounds may enable such a demonstration.



Conclusions

The work described in this thesis spans two experiments that share the goal of advanc-

ing fundamental physics but take vastly different approaches to it. Each one targets

a separate topic in which a gap in our current understanding offers the promise of a

new discovery.

The field of neutrino physics has significant potential for groundbreaking discov-

eries, along with the tantalizing possibility that these discoveries could be used as

stepping stones to future breakthroughs. Definitive evidence of 0νββ would be one

such example. In addition to establishing that neutrinos are Majorana fermions, it

could lead to an explanation of the matter-antimatter asymmetry via leptogenesis, it

could lend support to Seesaw-based dark matter models, and it could point to physics

originating from otherwise-inaccessible energy scales.

The nEXO experiment to search for 0νββ boasts a mature design based on a

well-tested detector technology. LXe TPCs use the anticorrelated production of both

charge and light signals to achieve excellent energy resolution. nEXO adds to this two

additional levers for signal/background discrimination: machine-learning-based event

topology reconstruction, which allows for multi-site γ backgrounds to be distinguished

from the predominantly single-site 0νββ events, and standoff distance, which uses the

fact that the natural self-shielding of LXe results in a nearly background-free inner

volume. As the enriched xenon — the decay source — is removable, in the event of

a possible discovery, it can be replaced with natural or depleted xenon to check that

the signal disappears. nEXO is one of three proposed tonne-scale experiments, along

with LEGEND and CUPID, that together constitute a robust, global, multi-isotope

search program. While ever-present funding challenges have continually loomed large

169
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over nEXO, I hope that the discussion of nEXO in this thesis adequately justifies its

essential role in this program.

Meeting nEXO’s energy resolution target of 0.8% at the ββ-decay Q-value re-

quires that the charge and light responses be calibrated to sufficient precision. In

Chapter 5, I showed how the electron capture decay of 127Xe within the active vol-

ume could be used to calibrate the position-dependent light response, or lightmap.

With colleagues at Stanford, I demonstrated the deployment of a 127Xe calibration

source in a test TPC for electron lifetime calibrations. With simulated data produced

using the nexo-offline framework, I also showed how a machine learning algorithm

could be used to reconstruct the lightmap in nEXO on a more frequent basis than in

the baseline plan, which uses external γ calibration sources. I found that with a 1Bq

activity maintained in the TPC throughout a calibration campaign, less than six days

would be required to meet nEXO’s energy resolution target of 0.5% lightmap error in

the inner two tonnes. This calibration could be conducted during data acquisition,

as the low-energy 127Xe decay does not interfere with the physics search, eliminating

the need for dedicated lightmap calibration periods.

Xenon purification plays an important role in ensuring good charge signal quality

in nEXO. Continuous purification is required to remove electronegative impurities

which diffuse into the xenon from wetted surfaces. Standard purifiers, while excel-

lent at their nominal purpose, often emanate radon into the flowing xenon gas at

unacceptably high rates. My work described in Chapter 6 focused on developing a

purifier made from high-purity zirconium to eliminate this source of backgrounds.

The work involved multiple components: the design and construction of a prototype,

the characterization of its purification performance, and radioassay measurements

of the candidate material. The first two of these three were met with success. A

prototype purifier was constructed which was found to have a purification efficiency

of 83%; lower than the off-the-shelf alternative, but sufficiently high to allow for an

increased flow rate to compensate for the difference. The radioassay measurements,

on the other hand, showed that the high-purity zirconium was slightly more radioac-

tive than the standard getter pellets. At the same time, there are indications that

the radium resides on the surface of the pellets, potentially allowing for its removal
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through a high-temperature bakeout. This possibility is under investigation, and the

success or failure will determine the future of high-purity zirconium for use in nEXO’s

purifiers.

The second topic of this thesis concerns the possibility that our understanding of

gravity is limited to the macroscopic world. Gravity has yet to be properly incorpo-

rated into a quantum mechanical framework, leaving it ripe for study at ever-shorter

distances. Furthermore, many theoretical models postulate microscopic extra dimen-

sions or new light bosons which could manifest as modifications to the gravitational

ISL.

A search for new interactions of this kind, conducted using optically-levitated

microspheres, is the focus of Chapter 7. The first search using this technique was

performed in 2020, and since then, a number of upgrades have been made to the

experimental setup. Most notably, the laser intensity noise was improved, and the

attractor was made less reflective with the addition of a Platinum Black coating. Ac-

companying these hardware upgrades was my overhaul of the data analysis pipeline

and statistical framework. With reduced scattered light backgrounds and intensity

noise, measurements of both the x and y components of the force vector at multi-

ple harmonics could be incorporated into the search. This enabled a major feature

of the experiment — the ability to identify signals based on their unique spectral

fingerprint — to be properly included in the statistical model, fully exploiting the

inconsistencies between the reconstructed signal strengths in x and y and across all

harmonics. The resulting constraints are ∼ 100× stronger than those previously

reported.

Despite the clear improvement over the prior result, measurement backgrounds

still limit the sensitivity of the experiment. Much of my work, discussed in Chapter 8,

was centered on developing diagnostic tools that could be used to better understand

these backgrounds. I developed a technique for calibrating the QPD response to

the eigenmodes of the microsphere, allowing for cleaner force measurements, while

at the same time providing a non-motional data stream in which the scattered light

backgrounds can be monitored. This method gives a model-independent prescription

for mapping out which pixels are most sensitive to motion compared to scattered light,
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which will yield even greater benefits on a future sensor with many more pixels. I also

demonstrated a method of witnessing backgrounds originating from electromagnetic

interactions between the attractor and the dipole moment of a microsphere. This

method, based on producing a copy of the background spectrum in the sidebands of

a chosen modulation frequency, could allow for in situ background subtraction in the

future, when scattered light backgrounds no longer dominate. While these techniques

may provide some degree of background removal capability, even the most robust

witnessing and subtraction methods cannot be expected to decrease backgrounds

by multiple orders of magnitude. Subtraction of backgrounds in analysis is a poor

substitute for their elimination in hardware. With these diagnostic tools in hand,

reduction of the backgrounds should be the primary focus of future upgrades.

There are noticeable contrasts between the two experimental techniques described

in this thesis. Experimental particle physics is a mature field in terms of both the

hardware and software it employs. Its detector technologies have benefited from

countless improvements over multiple generations of experiments. Alongside detector

development, sophisticated tools for simulation and statistical analysis have been

developed to maximize the returns from a given experiment. Meanwhile, optically-

levitated sensors are only now passing the proof-of-principle stage and are beginning

to catch up with the state of the art for tests of fundamental physics on the precision

frontier. Many of their unique systematic effects are just beginning to be understood,

and the most significant advancements are still to come.

The SM is known to be incomplete, though the next steps along the path to a more

complete description of nature have yet to be found. Until a clear direction emerges,

the daunting problem of discovering physics beyond the SM demands a wide range

of strategies. The experiments described in this thesis represent two such strategies

among many. This breadth of experimental techniques will be key to making the next

breakthrough, whatever it may be.



Summary for Non-Scientists

The Standard Model of particle physics is the preeminent description of nature at the

most fundamental level. It describes the world in terms of interactions among the

known elementary particles, and it can be used to predict how these particles behave

under specific conditions. These predictions can then be compared to experimental

measurements to validate the theory. So far, the Standard Model has stood up to

nearly every experimental test to which it has been subjected. Despite this, it is

known to be an incomplete theory. It doesn’t explain dark matter or dark energy,

which are estimated to collectively account for 95% of the energy content of the

Universe. It also fails to include gravity, which to this day is still best described

by Albert Einstein’s century-old theory of General Relativity. Finding experimental

results that disagree with the Standard Model is therefore critical to understanding

how it falls short and how it can be extended.

Majorana Neutrinos

Neutrinos are elementary particles produced in radioactive decays. They are second

in abundance only to photons, they travel at near the speed of light, and they interact

so rarely with the matter they pass through as to be virtually undetectable. They

also represent a rare failure of the Standard Model. Neutrinos were first postulated in

the 1930s to explain why energy appeared to be lost in some radioactive decays. They

were later incorporated into the Standard Model as massless particles. It was only

in the late 1990s that neutrinos were conclusively shown to have tiny but non-zero

masses, and the Standard Model, by consequence, was shown to be incomplete.
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Most other particles in the Standard Model have mass, so it may seem strange

that neutrinos with mass pose such a challenge to the theory. Unlike other matter

particles with mass, which are known as Dirac particles, neutrinos may be Majorana4

particles instead. Loosely speaking, Dirac particles are distinct from their antimatter

counterparts, while Majorana particles are their own antiparticles. Any particle which

carries charge is forbidden from being a Majorana particle. This is because particles

have opposite charges to their antiparticles, so for a particle to be its own antiparticle,

it must have zero charge. As the only uncharged particles with mass, neutrinos are

the sole candidates for Majorana status. A confirmation that neutrinos are Majorana

particles would have profound implications for physics.

Neutrinos could be confirmed as Majorana particles through the observation of an

exceedingly rare interaction called neutrinoless double beta decay. In regular double

beta decay, two electrons (matter particles) and two antineutrinos (antimatter parti-

cles) are emitted from the nucleus of an atom. While this process is rare, it is known

to occur in a number of isotopes. In the predicted neutrinoless version, the antineu-

trinos combine and vanish in a process known as annihilation, and only the electrons

are emitted. Annihilation is only possible between a particle and its antiparticle, so

a search for neutrinoless double beta decay is a direct test of whether a neutrino is

its own antiparticle.

If observed, neutrinoless double beta decay would constitute the first evidence

of the creation of matter (the electrons) without antimatter. This would have far-

reaching implications for cosmology. According to the Standard Model, energy can

be converted into equal quantities of matter and antimatter. Yet we know that the

Universe is almost exclusively made of matter, with little antimatter to be found.

This requires that some process in the early Universe created matter and antimatter

asymmetrically. An observation of neutrinoless double beta decay would demonstrate

that the laws of physics allow for this to occur.

4Pronounced “my-uh-RAH-nuh”.
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The nEXO Experiment

To search for neutrinoless double beta decay, an experiment should consist of a large

amount of a candidate isotope and a way of instrumenting it to detect the decay.

The nEXO experiment (the topic of Chapter 4) will use an isotope of xenon as the

decay candidate. Five tonnes of xenon enriched in this isotope will be liquified inside

a cylindrical copper vessel. When a decay occurs within the xenon, a flash of light

and a cloud of charge will be produced at the decay site and detected by light and

charge sensors covering the interior of the vessel, allowing the energy of the decay to

be determined. A rendering of the experiment is shown in Fig. 4.2 on page 50. The

experiment will be conducted at SNOLAB, a laboratory more than 2 km underground

in a nickel mine near Sudbury, Ontario, Canada, to shield the sensitive detector from

the showers of particles produced by cosmic rays in the atmosphere. My work for

nEXO focused on two critical aspects of the detector design: calibration and xenon

purification.

Development of a Calibration Scheme for nEXO

Calibration is required to ensure that the energy of decays is measured correctly. The

particular calibration I focused on corrects the amount of light detected based on its

location in the detector, since some regions of the detector are more visible to the

light sensors than others.

I showed how a different radioactive isotope of xenon can be mixed throughout the

vessel to produce decays with a known amount of light uniformly across the detector

volume. The discrepancy between the amount produced and the amount measured

could then be used to create a map of how efficiently light is collected throughout

the detector. This work was done in two ways. In collaboration with colleagues in

the lab at Stanford, I injected the radioactive xenon into a small-scale test detector

as a proof of principle. I also ran simulations of the calibration process to validate

its use for the full-scale nEXO detector. This work was published in Ref. [196] and

is described in more detail in Chapter 5.
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Design of a Xenon Purifier for nEXO

The energy of decays in the xenon volume is measured using the charge and light they

produce. Xenon is transparent to the light produced, so the light reaches the sensors

unimpeded. The charge, however, moves slowly through the xenon, guided by an

electric field pulling it toward the sensor array. If impurities like oxygen and carbon

dioxide are present in the xenon, they can capture a fraction of the charge produced

in the decay before it is detected. To mitigate this, the xenon in nEXO will be

continuously circulated through dedicated purifiers. The purifiers can be purchased

off the shelf, though they are known to contain trace amounts of natural radioactivity

that are problematic for sensitive detectors like nEXO.

My work, described in Chapter 6, involved designing an alternative purifier us-

ing high-purity zirconium metal, which we suspected of being lower in natural ra-

dioactivity than the standard purifiers. To test this, I procured multiple samples of

high-purity zirconium and coordinated with colleagues within nEXO and elsewhere

to subject the samples to a series of measurements. At the same time, I designed and

built a prototype purifier in the lab at Stanford and brought it to SLAC National

Accelerator Laboratory for testing. With the help of scientists at SLAC, I measured

the purification capabilities of my custom purifier by deliberately loading xenon with

impurities and using my purifier to remove them. As the results from the measure-

ments of the zirconium samples started to come in, we were disappointed to learn

that our suspicion was wrong, and the high-purity zirconium had roughly the same

level of natural radioactivity as the standard purifiers. But we found encouraging

evidence to suggest that the radioactive elements reside predominantly on the surface

of the metal, so work is ongoing to determine if they can be removed. Depending on

the success of this effort, purifiers using high-purity zirconium may be used by nEXO.

Micron-Scale Interactions

There are many reasons to search for new interactions at the micrometer scale. One is

that gravity has never been measured over such short distances. To fully understand
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gravity, its behavior at the micrometer scale must be confirmed, though due to its

weakness a direct measurement is not feasible with current technology. Other reasons

are more exotic in nature, with many theories predicting extra dimensions or new

particles that could manifest as minuscule forces between objects a few micrometers

apart.

A straightforward way to measure a force is to take a spring of known stiffness

and measure how much it extends or compresses when the force is applied to it. This

same principle underlies the measurement described here, but in this case the spring is

replaced by a glass sphere levitated by a focused laser beam. Remarkably, this system

behaves in much the same way as a mechanical spring. The laser applies forces on

the sphere to keep it aloft and confined near the focus of the beam. When the sphere

is pulled to one side, the light pulls it back, and the farther the sphere is pulled,

the more the light resists. At the same time, the movement of the sphere causes

measurable deflections of the laser light, allowing its motion to be reconstructed.

The exact mechanism is complicated — it arises from a combination of reflections and

refractions at the surface of the sphere, as illustrated in Fig. 7.1 on page 116 — but the

result is that a sphere trapped in a laser beam can be used for precise measurements

of very weak forces.

Search for New Interactions

Our search for new interactions uses a 10-micrometer-diameter sphere trapped at the

focus of a laser as described above. A device with alternating strips of high and low

density, called the attractor, acts as the source for new interactions. The complete

setup is shown in Fig. 7.3 on page 122. By oscillating the attractor back and forth near

the trapped sphere, any attractive or repulsive interaction with the density variation

would cause the sphere to undergo a distinct sequence of motions in response. This

would allow the response to be identified as the signature of a new interaction rather

than something more mundane. My role in this project was to write the data analysis

code and build the statistical model used to conduct the search. After conducting the

search and looking at the data, we found that we had measured an apparent force,
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but without the signature expected for a new interaction. We used this data to rule

out new forces of a particular strength. Chapter 7 describes this work, and a paper

summarizing it more concisely has been submitted for publication [244].

Identifying the Apparent Force

Since our measurements were not consistent with the signature of a new force, much

of my work was on understanding their origin. This is described in Chapter 8. It

seemed likely from the start that this apparent force was caused by stray laser light

scattering from the attractor and landing on the sensor used to determine the sphere’s

position. I came up with a way to distinguish sensor readings originating from mo-

tion of the sphere from those caused by stray light. This method showed us that

the apparent force was indeed originating predominantly from stray light. Another

suspected source of the apparent force was from electromagnetic interactions between

the sphere and the attractor. I developed a way to measure this effect and understand

its contribution to our data. Efforts are currently underway to further mitigate the

stray laser light interfering with our search for new interactions. If those are success-

ful, the leftover electromagnetic interactions could be dealt with using my method for

additional improvements in sensitivity.

Conclusions and Outlook

The two experiments described in this thesis are unified by the goal of discovering

physics that cannot be explained under the Standard Model. The nEXO experiment

will search for a predicted nuclear process that would have major implications for

our understanding of nature. Taking an entirely different approach, levitated spheres

can be used as sensors to search for the tiny forces that are predicted by many new

theories. As we don’t yet know where the next breakthrough will arise, this broad

portfolio of experimental approaches is essential to further progress.



Appendix A

Bayesian Estimation of the 0νββ

Discovery Probability

The calculation performed here is based on similar calculations from Refs. [284] and

[285] but uses updated neutrino oscillation parameters. Experiments which measure

neutrino oscillation or mass parameters often report a ∆χ2(θi) curve, where θi is the

parameter being measured. This can be used to compute the likelihood of obtaining

the data, xi, conditional on θi, as

Li (xi|θi) ∝ exp

{
−∆χ2 (θi)

2

}
. (A.1)

A global likelihood function can be constructed to represent the probability of ob-

taining all experimental data, X, conditional on the set of all parameters, Θ, as

L (X|Θ) =
∏
i

Li (xi|θi) . (A.2)

We are interested in using this likelihood to compute the posterior probability of

Θ given X, which is related to the likelihood by Bayes’ Theorem,

P (Θ|X) ∝ L (X|Θ) π (Θ) (A.3)
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where π(Θ) is the prior probability of Θ. This calculation can be done using a Markov

Chain Monte Carlo (MCMC) approach. The calculation proceeds by choosing a basis

set of parameters and assigning them priors. I have used the set

Θ =
{
Σ,∆m2

21,∆m
2
23, θ12, θ13, η2, η3 − δCP

}
, (A.4)

with non-informative priors for all parameters: the mass terms have log-uniform priors

while all angles have uniform priors on [0, 2π]. For computational convenience, the

likelihoods and priors are implemented via their negative logarithms, with

− log π(ϕ) ∝

constant, 0 ≤ ϕ ≤ 2π

∞, otherwise
(A.5)

for each ϕ ∈ {θ12, θ23, η2, η3 − δCP}, and

− log π(θi) ∝

logm, m ≥ 0

∞, otherwise
(A.6)

for each m ∈ {Σ,∆m2
21,∆m

2
23}. The results of this calculation are not sensitive to

the parameter basis or the choice of priors used; see Ref. [284] for further discus-

sion. The Li were calculated using published data for the oscillation parameters

(from the NuFIT-5.2 release), me (from recent results from KATRIN) and ⟨mββ⟩
(from KamLAND-Zen) [51, 286, 100]. The MCMC was implemented using the emcee

Python package [287]. Sample chains consisting of 107 sampled Θ values for each of

the NO and IO scenarios were produced.

To create the left panels on the lobster plot in Fig. 2.10, ⟨mββ⟩ and mlightest were

computed for both the NO and IO scenarios using a number of the sampled Θ values.

The calculated masses were then binned in a two-dimensional histogram with log-

spaced bin edges. The same procedure was repeated with Σ in place of mlightest to

create the plots in the right panels.

Unlike the standard, uniformly-colored lobster plot, this version conveys how little

probability density is contained in the downward-pointing tail under the NO scenario.
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To see why this is so, one can fix all other parameters and plot ⟨mββ⟩ as a function

of the Majorana phases, η2 and η3 (Fig. A.1).
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Figure A.1: Dependence of the effective Majorana mass on the two Majorana phases.

The required coincidence of phases becomes clear in this plot. ⟨mββ⟩ is only

driven to zero for precise combinations of η2 and η3, while for the vast majority of

the parameter space their values have almost no impact. Of course, there is nothing

prohibiting some underlying physics that drives the phases toward these particular

values, but in the absence of such a mechanism (or an unfortunate coincidence), ⟨mββ⟩
should be expected to be at or above the meV scale.
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Appendix B

The Stanford Liquid Xenon Lab

Much of the work described in Chapters 5 and 6 was done using the test facility

in the lab at Stanford, which I helped to construct, maintain, and operate. This

appendix describes the facility and some of its applications. It has been adapted

from a manuscript submitted for publication of which I am a primary author [288].

B.1 Overview

The Stanford LXe TPC test facility, shown in Fig. B.1, includes two independent test

stands, each with the infrastructure necessary to operate a variety of different LXe

test chambers. The “Large System” is so named because it uses a cryostat with a

50 cm inner diameter, while the “Small System” uses a cryostat with a 40 cm inner

diameter. The Small System and Large System can host test chambers with flange

diameters of up to 30.5 cm (DN250CF) and 41.9 cm (DN350CF), respectively.

For each system, a flange mounted at the top of a Unistrut support frame acts as

the feedthrough interface between the air side and cold space of the cryostat, sealing

to a vacuum-insulated dewar using an o-ring. LXe test chambers are suspended from

the underside of the top flange using low-thermal-conductivity rods, such as 1/4”

SS316 all-threads or thin-wall SS316 tubing welded to fixture plates. Dewars are

raised to mate with the top flange using a rope-and-pulley system. Each Unistrut

frame includes a diamond-tread platform, providing access to the top flange, DAQ
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rack, and xenon handling manifold. Both manifolds are connected to the same xenon

storage bottle, with valves to direct xenon into and out of either system.

Large systemSmall system

CryochillerXenon storage cylinder Novec 7000 drums

Figure B.1: Left: photo of the lab showing the two LXe test stands, the xenon storage
cylinder, and the Novec 7000 supply. Right: the cryo chiller outside the lab.

B.2 Cryogenics

Unlike similar facilities, which typically use a cold finger conductively coupled to a test

chamber in a vacuum space, the systems described here achieve cooling by immersing

the test chambers into a temperature-controlled bath of cooling fluid. This alternative

technique possesses a number of advantages, particularly with larger-scale detectors.

The large thermal mass of the cooling fluid, which far exceeds the thermal mass

of LXe in the test chambers, results in excellent temperature stability; if cooling is

lost due to a failure of the cryostat, the temperature of the LXe rises slowly and in

sync with the temperature of the cooling fluid. For experiments using greater than

10 kg LXe masses, which can take multiple days to fill, this level of thermal stability

is greatly appreciated by the operators that monitor for failures.
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Furthermore, in the liquid-submerged cryostat, no mechanical or conductive ther-

mal contact is required between the chamber and cooling element. Convective cooling

between the liquid, cooling element, and submerged chamber removes the need for

a copper LXe chamber or copper braids to achieve thermal uniformity. A cham-

ber of any geometry can be cooled in this fashion, provided it fits inside the cryostat.

This allows the LXe chambers to be constructed using off-the-shelf ultra-high-vacuum

hardware such as ConFlat (CF), adding convenience and reducing cost.

B.2.1 System Design

B.3 Xenon Filling & Handling
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Figure B.2: Piping & instrumentation diagram for the Large System. Red lines rep-
resent high-pressure tubing while blue lines represent tubing maintained at vacuum.
The Small System shares the xenon supply and the cryo chiller; otherwise the dia-
gram for the Small System is the same.

A diagram illustrating one of the xenon systems in its entirety, including xenon
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manifold, cryostat, and instrumentation, is shown in Fig. B.2. In addition to illus-

trating the context of the cryostat design and operation, this diagram will also be

referred to in later subsections related to experimental capabilities like radioactive

source deployment and purification.

Cooling power is provided to both systems by a dual-coil, Telemark TVP-2000 cryo

chiller, which circulates a proprietary refrigerant in a closed-loop system. The fridge

is supplied with room temperature water from the building for cooling its internal

heat exchanger. Two sets of vacuum-jacketed refrigerant lines connect the fridge to

feedthroughs on the cryostats, allowing for a closed-loop flow of refrigerant through

a copper heat exchanger submerged within the cold space of each cryostat.

Each heat exchanger is suspended from the top flange, and consists of a copper

tube with a 6 mm outer diameter brazed in a groove that meanders across a finned

copper slab. The copper slabs are shaped as partial cylinders with a diameter close

to the inner diameter of the cryostat, allowing for access to the central region where

test chambers are suspended. This configuration is designed to promote convection

of the cooling fluid. Cartridge heaters are embedded within the copper-slab heat

exchangers to increase the rate of warming during xenon recovery. Thermocouples

are fixed to the inlet tubing, outlet tubing, and at the top, middle, and bottom of the

heat exchanger.

The cooling fluid used in these systems is the hydrofluoroether Novec 7000 pro-

duced by 3M [289]. Novec 7000 freezes at 151 K, enabling its use in the 161–175 K

temperature range for LXe-based experiments. At 163 K, it has a kinematic viscosity

of 8 × 10−6 m2/s, providing acceptable convective heat transfer in the LXe temper-

ature range. The use of Novec 7000 as a cooling fluid for LXe TPCs was pioneered

by EXO-200 [290] due to its intrinsic radiopurity, shielding power, viscosity at low

temperatures, and thermal mass [291].

A typical experiment in the Stanford LXe facility involves filling a cryostat with

200–300 kg of Novec 7000; the substantial thermal mass ensures temperatures at the

chamber remain stable, and provides a generous window in which the xenon in the

chamber will remain at manageable pressures in the case of a loss of cooling power.

Novec 7000 is added by simultaneously cooling the heat exchanger and keeping open a
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tubing line between the cryostat (at rough vacuum) and a Novec 7000 storage drum.

Filling is also facilitated by pressurizing the drum with nitrogen to overcome the

hydrostatic column pressure of the fluid in the cryostat. Once the heat exchanger

is partially submerged, refrigerator cooling rapidly reduces the Novec 7000 vapor

pressure (9.5 psi at room temperature), reducing the pressure required to push liquid

from the drum to the cryostat.

Cooling remains on continuously until the top thermocouple on the heat exchanger

reaches the desired filling temperature of 163 K. Fig. B.3 shows an example cooling

and warming cycle for an experiment in the Large System. Cooling typically takes

about 10 hours, though ∼5 more hours of normal on-off cooling are required for the

temperature distribution throughout the Novec 7000 volume to reach its equilibrium

state.

B.3.1 Performance

During operation, the temperature of a single thermocouple bolted to the heat ex-

changer is maintained by switching refrigerant flow on or off. A cooling duty cycle

of 25% with a period of 5 minutes is typical. The Novec 7000 bath ensures that the

chamber remains insensitive to temperature changes caused by the change in cooling

state. xenon cell temperatures have been shown to remain stable to within 100 mK

over many hours of operation (Fig. B.4 for example). There are no sensors measuring

the LXe directly; thermocouples and resistance temperature detectors (RTDs) are

instead placed in thermal contact with the body of the SS316 CF chamber.

Heat leaking into the cryostat is dominated by conduction through the cryostat

top flange — a solid steel plate, 1.3 cm thick in the Small System and 1.6 cm thick

in the Large System — coupled through gas convection of dry nitrogen between the

Novec 7000 liquid surface and the top flange. The nitrogen is used to back-fill the

cryostat volume to 1 atmosphere, mitigating potential water vapor leaks from the

numerous KF connections and epoxied electrical feedthroughs. Permanent insulation

of this region is impractical because of the density of cables and tubes extending

through it.
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Figure B.3: Cooling and warming temperatures and timescales for an experiment in
the Large System cryostat. The temperatures during the multi-day experiment are
redacted from the x-axis. A visible feature in a thermocouple at the bottom of the
LXe cell associated with the time when LXe starts condensing into the chamber.

A rate of natural warming of 1 K per hour was measured by stopping cooling

intentionally after establishing equilibrium at 168.5 K for multiple days (Fig. B.5).

Based on the masses and heat capacities of objects within the cryostat, this implies a

roughly 80 W heat leak. Because the LXe systems have been designed with a pressure

rating of 1500 torr, operators have approximately 12 hours to remove the xenon in

case of a loss of cooling power. While the system status is checked on a more frequent

basis than every 12 hours, this flexibility has reduced the burden on operators who

otherwise would have had to respond immediately to power outages. See Section B.4

for further detail about the monitoring and alarm system architecture.
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Figure B.4: Stability of the xenon cell temperature measured by a thermocouple
mounted on its top flange. Averaging is done over five on-off cooling cycles.

B.3.2 Filling & Recovery

A single aluminum-body storage cylinder containing ∼ 30 kg of LXe, designed to

be submerged in liquid nitrogen (LN2) for cryopumping recovery1, is used to fill

test chambers in both systems. This cylinder is permanently plumbed into a high-

pressure manifold with valves that can be used to direct flow to one of the two

xenon handling manifolds. Each of the handling manifolds uses a clean regulator2

to supply xenon to the low-pressure region, while a bypass valve allows flow in the

opposite direction during xenon recovery. The xenon storage bottle is suspended from

a strain gauge, allowing for real-time monitoring of the mass of xenon that has been

filled into an experimental chamber. In addition to the strain gauge, a mass flow

1Luxfer SGS N265-SGS
2APTech two-stage, tied diaphragm regulators, models AP1720SM and AP1702SM.
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Figure B.5: Xenon temperature increase due to natural warming of a test cell while
installed in the Large System. The linear fit is used to estimate an 84 W heat leak
based on an estimate of the heat capacity of dominant masses in the cryostat. The
Novec 7000 mass is 230 kg, the chamber is 38 kg, the copper heat exchanger is 16 kg,
and the LXe mass is 9 kg, for a total of capacity of 326 kJ/K.

meter3 plumbed into the delivery manifold is used to measure xenon flow rates and

reconstruct delivered mass. Below the suspended storage bottle is a dewar which

can be raised and filled with LN2, submerging the bottom portion of the aluminum

storage bottle for use as a xenon cryopump.

Prior to filling, each system is pumped to vacuum with its own scroll pump and

turbomolecular pump (turbopump). Each system is equipped with its own residual

gas analyzer (RGA) and cold-cathode gauge (CCG) located near the turbopump.

Under typical conditions, the vacuum achievable is∼10−7 hPa at room temperature at

the location of the gauge. However, the test chamber is separated from the pump and

3MKS Type 179A and 1479A mass flow meters.
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CCG by ∼4 meters of 13 mm diameter tubing, representing an effective conductance

of about 0.03 L/s and a source of surface-water outgassing from 1200 cm2 surface

area. Lumped-element circuit models are maintained to represent each system’s xenon

delivery manifold, and are used to estimate pressure as a function of location and infer

outgassing rates from control experiments. Depending on the outgassing state inside

the chamber and in the manifold tubing, pressures inside the test chambers can fall

between 10–100× larger than the value measured at the pump.

During filling, the regulator is opened until pressure gauges4 at the cell inlet and

outlet read the desired cell pressure. A heated non-evaporable getter (NEG) purifier5

in the flow path is used to purify the xenon during filling. The filling rate is limited by

the rate of condensation at the liquid surface and stainless steel walls, which in turn

depends on the surface area in the detector. For this reason, the larger test chambers

can be filled at higher flow rates. A typical filling time is ∼24 hours for ∼30 kg.

Recovery of the liquefied xenon is limited by the temperature of the LXe surface

inside the test chamber. To decrease the time it takes to recover LXe, limited by

the natural warming rate of 1 K per hour, heaters embedded in the copper heat

exchanger apply up to 1 kW of power to the Novec 7000. A constant supply of LN2

is maintained to keep the xenon storage cylinder cold during the recovery process.

Because the recovery rate exceeds the range of the mass flow meter, and the

cylinder mass cannot be measured accurately due to the changing buoyant force from

LN2, the pressure in the chamber is used as an indication of the progress of recovery.

Early in the recovery process when the xenon is coldest, the flow is throttled through

a single valve to ensure that the LXe surface does not drop below freezing due to

evaporative cooling. A finned aluminum heat sink at the storage bottle inlet passively

prevents xenon freezing as gas enters and expands in the bottle during fast recovery.

Multiple other tube and valve heaters consisting of ceramic heaters embedded in

aluminum blocks can be placed around the manifold to prevent freezing at regions

most susceptible to cooling by the fast-moving xenon gas.

As the Novec 7000 surrounding the chamber warms, the valve can be fully opened,

4MKS Baratron Capacitance Manometer
5SAES Monotorr PS3-MT3-R-1.
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at which point the end of the recovery process is indicated with the chamber pressure

dropping to below the solidification pressure, solid-xenon vapor pressure, and even-

tually to ¡ 1 mbar. A typical recovery rate is 10 kg per 3 hours, but can reach as high

as 10 kg per hour in cases where the Novec 7000 is pre-warmed prior to recovery.

B.3.3 Recirculation

In both systems, a xenon recirculation pump is used to force flow of xenon gas through

a heated NEG purifier to remove electronegative impurities which can capture drifting

charges. Both pumps use hermetic volumes in which the only contact with xenon is

with stainless steel or teflon. Actuation of a piston draws xenon into the pump inlet

and out the pump outlet through one-way valves which set the flow direction.

In the Small System, the pump consists of a large bellows which is driven externally

by a pneumatic piston. The Large System uses the pump described in Ref. [241,

242], with a magnetically-coupled piston driven via a stepper motor coupled to a

linear translation stage. The controller for the stepper motor can run customized

programs for different flow conditions, depending on the pressure, impedance, and

flow rate. Flow rate readings in both systems are continually recorded, allowing for

a measurement of the time to recirculate the entire mass of xenon contained within

the chamber, which is a key parameter in determining equilibrium with impurities.

An example of instantaneous mass flow rate over a 5 minute period of time using the

Large System xenon pump is shown in Fig. B.6.

Recirculation is aided by a resistive heater at the outlet of each chamber ensuring

the evaporation rate is sufficient to maintain the desired flow rate. These heaters are

coupled to a copper block surrounding the outlet tubing, all in a vacuum volume to

thermally isolate this region from the Novec 7000.

Recirculation is also used for the deployment of internal calibration sources, as de-

scribed in Section B.5.5. In this method, forced flow of xenon over a radioactive source

sweeps radon atoms into the test chamber. Additional ports along the recirculation

manifold are flexible enough to allow testing of alternative purifying technologies for

cross comparison.
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Figure B.6: Mass flow rate measured during recirculation through a heated NEG
purifier. Each linear stroke of the pump creates a positive pressure differential, but
at the turning points the flow decreases, creating the periodic triangular shape shown
above. The pump is turned off for a short period of time to allow the xenon gas at the
inlet to condense at high pressures, resulting in a duty cycle that is typically greater
than 80% (the off period is shown in shaded red). The average flow rate is calculated
by integrating two periods of this cycle (shaded grey).

B.4 Slow Controls & Monitoring

B.4.1 LabVIEW Code

LabVIEW programs provide the main slow controls interface for both systems. Each

system has its own National Instruments chassis through which all instrumentation

for that system is controlled and read out. This includes:

• Temperatures measured at 5–10 locations covering the test chamber, heat ex-

changer, and cryostat using T-type thermocouples and Pt100 RTDs
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• Pressures measured at the xenon cell inlet, xenon cell outlet, in the Novec 7000

volume, and by a two-stage vacuum gauge in the pumping manifold

• Strain gauge mass measurements for the xenon storage bottle and Novec 7000

storage drum

• Mass flow measurements through the recirculation manifold

The LabVIEW programs also read and write data to and from the cryo chiller via

RS232. Commands to turn on and off the cryo chiller, start the precooling sequence,

and turn on or off cooling for a specified system can be sent using dedicated buttons on

the LabVIEW front panel. The LabVIEW programs continually read the suction and

discharge pressures in the cryo chiller along with the temperature at five locations.

While the cryo chiller does have an internal interlock to shut down in the event of loss

of cooling water flow, an additional flow switch is added externally to allow LabVIEW

to redundantly handle and monitor this failure condition.

All data described above is written to a text file at a loop frequency that is

typically set to be between 1 and 10 seconds. A Python-based data parsing class

is used both for fast analysis of slow controls data by users, and by the monitoring

system which regularly checks these parameters against a set of thresholds.

The temperature setpoint, electrode voltages, xenon pump, and data acquisition

system are all controllable from the lab computers which can be accessed remotely.

The only regular tasks that require the physical presence of an operator involve the

operation of manual valves, typically used only during xenon filling and recovery.

This ensures that between filling and recovery, the system can be operated entirely

remotely.

B.4.2 Monitoring Code

The test facilities described here are designed to allow for operation by as few as 2

people. To enable that level of short-handed operation, a Python-based monitoring

system was developed that automates the process of checking critical parameters and

alerting operators.
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Figure B.7: Functional schematic of the distributed monitoring system.

Fig. B.7 shows a schematic of the monitoring system. The primary monitoring

script runs on a desktop computer in the lab, while a second script runs on an off-site

server managed by Amazon Web Services. Two configuration files may be updated

as the monitoring program operates:

• Shift schedule: a YAML file that contains a list of operators and a run coor-

dinator, along with their email addresses, phone numbers, and start/end times

for their shift. The monitoring code has been designed to ensure that there is

always a designated operator that can be reached by phone.

• Alarm config file: a YAML file that allowable ranges for thermocouples, pres-

sures, and any other parameter logged by the LabView system. If a parameter

departs from its allowed range, the operator will be alerted by email and with

regular phone calls until the issue is resolved.

The main loop of the monitoring code includes the following steps. The shift
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schedule and alarm configuration are loaded and synchronized with the remote mon-

itoring server. The operator currently on shift is identified, and if they were not on

shift previously, they are alerted with a phone call. Next, the most recent LabVIEW

data file is downloaded from a Google Drive folder, the file is parsed, and the param-

eters are checked against the thresholds in the alarm config file. At the same time, a

number of diagnostic plots are produced and uploaded to a Google Drive folder for

quick interpretation by the operator. The monitoring loop will also ensure that the

slow controls data is up to date and that the LabVIEW code is still writing current

parameters as expected. If no errors occur, the script will sleep for the specified time

until the next iteration (typically 5 minutes).

Both the shift schedule and the alarm configuration can be modified at any time

without interrupting the monitoring code. The entire code is wrapped in a loop

with error-catching cases that call the operator upon encountering any unexpected

problems to ensure that the monitoring never crashes without notifying.

If an alarm is triggered by the monitoring code, almost all potential problems can

be resolved remotely. All computers are remotely accessible, and a series of cameras

placed around the lab allow for remote viewing of most hardware and instrumentation.

Only errors originating from the cryo chiller, which require a manual reset, and power

failures necessitate the physical presence of the operator.

In the event of a power outage in the lab, the remote monitoring server will detect

that the local monitoring computer is no longer pingable and alert the operator. Some

essential instruments in the lab are powered through an uninterruptible power supply

(UPS) to ensure the xenon can be safely recovered without building power.

B.5 Experiments Currently Supported

The test platforms described above are designed to be general-purpose systems ca-

pable of supporting a variety of R&D efforts relevant to LXe detectors. A few of

the xenon test chambers that are frequently operated within the Stanford xenon fa-

cility are described in this section, as well as the supporting electronics and sensor

technologies that they exercise.
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B.5.1 Test TPCs

Three single-phase test TPCs (Fig. B.8) are frequently used in the Stanford xenon

facility. These detectors were designed primarily to test prototype charge and light

sensors for the nEXO experiment [194].

All three detectors have an active volume enclosed by a cathode grid at one end,

a charge-sensitive anode plane at the other, and copper field-shaping rings spaced

out along the length of the cylindrical drift region. The drift region is enclosed in

a stainless steel CF spool piece with the charge-sensitive anode mounted to the top

flange and a light sensor array mounted to the bottom flange beneath the cathode.

The cathode grids are constructed from stainless steel etched hexagonal meshes with

∼ 95% optical transparency. Four Vespel rods screwed to the bottom flange of the

test chamber extend vertically upwards around the drift region. Regularly-spaced

notches in these rods hold the cathode and field shaping rings. The TPCs and sensor

arrays are fully modular; any test TPC can use any charge or light sensor array with

the appropriate CF adapters.

Short TPC

The “Short TPC” (STPC) is contained within a CF spool piece between two

DN250CF flanges at either end. The drift region is 2.1 cm long, resulting in a drift

time of 8µs at the nominal drift field of 380 V/cm [186]. The STPC holds ∼ 10 kg

xenon.

Long TPC

Like the STPC, the “Long TPC” (LTPC) has a 19.3 cm diameter drift region between

two DN250CF flanges. The LTPC has a significantly longer drift region of 13.8 cm,

corresponding to a ∼ 70 µs drift time at 380 V/cm. The drift region is surrounded

by five field-shaping rings which keep the electric field uniform to within 80% in the

central 55% fiducial volume. It holds ∼34 kg xenon.
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Wide TPC

The “Wide TPC” (WTPC) has a 16.1 cm drift length. It is contained within a

DN350CF vessel and has a drift region with a diameter of 29.6 cm. With this larger

diameter, the WTPC can hold ∼64 kg xenon. With 7 rings surrounding the drift re-

gion, an electric field uniformity of 95% in the central 55% fiducial volume is achieved.

This TPC was designed specifically to test arrays of large area sensors which require

the largest commercially available CF diameter.

Figure B.8: CAD renderings of the Short TPC (left), the Long TPC (middle) and
the Wide TPC (right), at a 1:1 scale with one another.

B.5.2 Data Acquisition

Both test stands have a dedicated data acquisition (DAQ) rack, distinct from the

slow controls, which provides flexible triggering and digitization schemes. The most

commonly used waveform digitizers are four Struck SIS3316 VME digitizers. Each

unit consists of 16 channels with configurable 14-bit ADC dynamic range and sampling
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rate from 25 to 250 MS/s, allowing for simultaneous readout of the multi-channel

charge and light sensors described in Section B.5.3.

B.5.3 Light & Charge Sensing

Scintillation light is collected by a square array of 24 FBK VUV-HD1 SiPMs grouped

together in pairs, providing 12 light-collection channels. The SiPM array measures

6.5 cm×6.5 cm. It is mounted to a double-sided DN100CF flange, which can be bolted

to the underside of the bottom flange of any test chamber. The bottom flanges of all

test chambers have a 10.6 cm bore to accommodate the SiPM tile.

The small area of the SiPM tile compared to the test TPCs results in a low light

collection efficiency. For this reason, the light signals are primarily used for triggering

but not energy reconstruction. Alternatively, the flange carrying the SiPM array can

be replaced with a UV quartz viewport and a UV photomultiplier tube.

A sub-D feedthrough routes SiPM signals from the LXe volume into a dry-

nitrogen-filled volume containing preamplifier electronics [292]. This volume is sealed

using CF to isolate the electronics from the Novec 7000. The preamplifier outputs

are transmitted through feedthroughs to the Novec 7000 space, where RG58 cables

transmit to the top flange and air space.

The prototype ionization-charge detection module, or “charge tile”, described in

Ref. [188] has been used with both the LTPC and the STPC. In nEXO, charge tiles

similar to this prototype will be arrayed to cover the entire anode plane, maximizing

charge collection efficiency and single-site/multi-site discrimination [293].

One strength of a mid-scale LXe facility is in its ability to test arrays of prototype

sensors, exploring potential unknown impacts on signal quality driven by inter-sensor

interactions. The WTPC is specifically designed to explore a 2-by-2 array of 10 cm×
10 cm charge-tile modules, requiring a large chamber diameter.
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B.5.4 LXe Compatibility Test Chambers

Xenon Purity Monitor

The xenon Purity Monitor (PM) (Fig. B.9, left) consists of a 12 cm drift region, a gold-

coated photocathode, an anode, and two Frisch grids. A charge signal is produced

by the photoelectric effect using UV light injected through a 600 µm-core polyimide

coated fiber in the xenon space. Light is sourced by a 60 W xenon flash lamp,

liberating on the order of 100–1000 fC of charge per flash from the photocathode. A

Frisch grid 1 cm from both the photocathode and anode isolate them from induction

current while charges drift in the central region, and 14 field rings maintain a constant

electric field of up to 400 V/cm in the central region.

The electron lifetime is determined by the ratio of charge collected by the anode

to charge liberated by the photocathode. Materials and test samples installed into

two sample holders outside of the field cage allow for measurements of electronegative

out-diffusion of elements to be included in large-scale xenon detectors. The design of

the PM is based on a similar device described in Ref. [294].

High-Voltage Test Chamber

The High-Voltage Test Chamber (HVTC) (Fig. B.9, right) is a 10 kg-scale LXe exper-

iment that has observed a variety of high-voltage phenomena (HVP) using multiple

pairs polished electrodes with 16 cm2 field-stressed area oriented in a plane-to-plane

geometry with the ability to explore fields up to 60 kV/cm. The emphasis of the

experiment is to explore the impact on HVP mitigation by depositing thin films of

metals and insulators onto the surfaces of electrodes. A comparison of the perfor-

mance of electrodes with surfaces of bare stainless steel, platinum, and aluminum-

magnesium-fluoride has been explored. A publication detailing this experiment is in

progress.

Electrodes specifically shaped to create a large, uniform electric field in the central

region are held at a fixed position, separated by 3.3 mm [295]. The stressed effective

area of the surfaces of the electrodes is about 16 cm2, and within that area the field
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is uniform to 3%6. The stressed volume, a cylinder of radius equal to the stressed

area contour, is 5.7 cm3 with a field uniformity of 3%.

The cathode, attached to a 100 kV-rated high-voltage feedthrough, is biased at a

ramp rate of 2 V/s. The anode is connected to a passive integration circuit with a

400µs time constant, and observes charge depositions across the gap at an equivalent

noise level of 1 pC. Two 2.54 cm diameter photomultiplier tubes7 with a 90 degree

azimuthal separation view the electrode gap through re-entrant, VUV-transparent

vacuum windows. The photomultipliers record scintillation coincident with charge

depositions, as well as cosmic rays.

B.5.5 Calibrations

Both systems allow for multiple types of calibration sources to be used, including

internal α sources and internal and external γ sources. An overview of the deployment

system for each source is outlined below.

Internal Sources

To calibrate the detector response for a particular test chamber, internal sources which

generate events uniformly throughout the LXe volume are preferred. Dissolved 220Rn

sources have been used to calibrate large-scale LXe TPCs [296, 297, 206] by releasing

α particles in the LXe volume. 127Xe has been shown to be a useful calibration source

for low-energy events in LXe TPCs [298, 196]. The test stands described here have

infrastructure to facilitate the deployment of both of these sources.

The α-decays for calibration originate from an electrodeposited and diffusion-

bonded oxide disc of 228Th from Eckert & Ziegler8. The disc is held in a CF enclosed

volume equipped with particle filters on either end. The source volume is installed

into the xenon recirculation path with a bypass valve and lockable radiation source

valves.

6Standard deviation over the surface of the electrode
7Hamamatsu R8520-406
8AF-228-PM at 18 kBq original activity.
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Figure B.9: CAD renderings of the purity monitor (left) and high-voltage test cham-
ber (right), at a 1:1 scale to one another.

The decay chain of 228Th includes a decay to 220Rn, which emanates from the

surface of the disc into the flowing xenon gas. The 220Rn atoms are carried into the

xenon chambers before they decay with a 55 second half life. Following a sufficiently

long recirculation period, an equilibrium concentration of the 10.64 hour half life
212Pb is reached in the chamber. Short-lived daughters of 212Pb result in an α-decay

of 212Po which may be used for the electron lifetime and energy calibration.

The internal 127Xe calibration source is produced through neutron activation on
126Xe by irradiating a sample cylinder of natural xenon, as described in Ref. [196].

A 5.6 mL intermediate volume between the high-pressure sample cylinder and the
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recirculation manifold is used to inject quantities of the activated xenon into the

recirculation path. The 127Xe mixes uniformly throughout the TPC, allowing uni-

form detector illumination with 408 keV electron recoil events which can be used for

electron lifetime and energy calibrations. Due to the longer half life of 36.3 days,

this calibration source is useful for repeated calibrations without having to frequently

re-introduce the active isotope into the TPC.

External Sources

External γ sources are also useful as they allow for rapid deployment and removal.

The Large System includes a removable source tube submerged within the Novec 7000

to allow external γ sources to be inserted in close proximity to the test chamber. The

source tube is isolated from the Novec 7000 and the air using an UltraTorr fitting

inserted into a welded, closed tube. The source, which is attached to the end of a

plastic rod, can be positioned anywhere along the 80 cm length of the source tube. A

sealed 232Th source is typically used in this system, with calibrations performed on

events from the 2614 keV 208Tl γ transition.
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Appendix C

Microsphere Properties and

Measurement Configurations

The results discussed in Chapters 7 and 8 were obtained from datasets collected with

four microspheres. Some datasets were collected without a trapped microsphere.

Measured properties of the microspheres used are shown in Table C.1, while the

datasets and measurement conditions are summarized in Table C.2.

Table C.1: Properties of the four microspheres with which the data used in this
work was collected. Date refers to the date the microsphere was trapped. It is also
used as the name of the directory in which all datasets collected with it are saved
(see Table C.2 for specific locations). Diameters are the nominal values, verified using
SEM imaging of ensembles of microspheres. Masses are measured in the trap; unequal
inferred densities between microspheres are attributed to differences in the synthesis
process. |p⃗0| is the magnitude of the permanent electric dipole moment and αm is the
polarizability of the microsphere.

Index Date Diameter [µm] Mass [pg] |p⃗0| [e · µm] αm [e · µm/(kV/m)]
1 20230303 7.56 225± 1 — —
2 20230614 9.98 543± 5 19± 9 19.5± 0.4
3 20240909 7.56 312± 12 19± 3 12.4± 0.2
4 20241009 9.98 1059± 37 38± 10 32.6± 0.5

There are four types of dataset included here. Gravity datasets are those collected

with the attractor oscillating in proximity to the microsphere. Transfer function

205
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calibration (TF cal.) datasets are those in which a frequency comb with 1Hz spacing

from 1Hz to 700Hz is applied separately along the x, y, and z axes. Position-sensing

calibration (Pos. cal.) datasets are those in which the microsphere undergoes free

resonant motion with the vacuum chamber at anywhere from 1mbar to 2mbar. In

distance ladder (DL) datasets, data is collected with the attractor at a range of

separations from the microsphere.

Many of the Gravity datasets included in Table C.2 were not used for any of the

figures or the physics result presented in this thesis. Datasets in the first ten rows

were selected as candidate datasets to be included in the global analysis, but not

all of them produced constraints that were competitive. The constraints shown in

Fig. 7.8 were set with Gravity dataset 1 for α < 0 and 3 for α > 0, both from sphere

4. Datasets from the eleventh row of Table C.2 onward were collected for calibration

or diagnostic purposes only and were not used to produce the physics result. More

information on the conditions under which each of these datasets were collected can

be found on the elog.
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Appendix D

The OptLevAnalysis Package

The OptLevAnalysis package includes Python modules used for analysis of data

from the levitated microspheres experiment. The code is hosted on GitHub [299]

and the basic functionality is described in this appendix. Only the most important

steps and analysis options are included in this overview. Thorough descriptions of

the functionality of the code can be found in the relevant docstrings. A high-level

summary of the basic analysis pipeline and the roles of selected modules is shown in

Fig. D.1.

D.1 The data processing Module

The data processing module contains the two main data analysis classes. The

FileData class contains methods for loading, filtering, applying calibrations, and

reducing individual 10-second data files. The AggregateData class is used for analysis

of complete datasets.

D.1.1 The FileData Class

A FileData object is initialized by passing the path to a binary file in HDF5 for-

mat. These files are typically stored in subdirectories of /data/new_trap/ on the

dataserver. The load data method is then used to extract the data and populate
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the attributes of the object. This data includes the following fields with an entry for

each timestep:

• quad data: interleaved data from the QPD, zPD, and FPGA clock. The first

five entries are the heterodyne amplitudes for the four QPD quadrants and the

zPD, the next five are their heterodyne phases, and the final two make up the

timestamp, broken up into two separate 32-bit objects.

• XYPD: the x and y positions from the DC QPD or, in older datasets, a position-

sensing photodiode.

• pos data: the measured x, y, and z positions reconstructed from QPD data on

an FPGA and used for feedback, along with the corresponding feedback signals.

• cant data: the x, y, and z position coordinates of the Aerotech cantilever stage

on which the attractor is mounted.

• laser power: the power measured by the input PD used to infer the power

entering the vacuum chamber.

• p trans: the power measured by the transmitted PD used to infer the power

transmitted through the vacuum chamber.

• spin data: (only recorded for every 10th file) the power measured by the spin-

monitoring photodiode. This is sampled at ten times the usual sampling rate

in order to capture the microsphere’s spin frequency.

• accel: the accelerations measured by the three seismic accelerometers fixed to

the granite table.

• microphone: noise measured by the microphones placed around the lab. Cur-

rently, only a single microphone is used, but the code can handle any number

of microphone channels.

Other data, including the sampling rate, camera status, and microsphere height

are also recorded in each file. After the data is extracted, it is processed as follows:
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1. The x, y, and z positions and the timestamps are reconstructed from the

quad data, using either the naive or calibrated position-sensing matrices de-

pending on the diagonalize qpd input argument.

2. The data is downsampled by a factor of 20. This step may be skipped depending

on the downsample input argument.

3. The attractor stage position is calibrated to position units.

4. The DFT of the microsphere position data is computed.

5. The microsphere position data is filtered using Wiener filters constructed to

remove coherent noise sensed by the accelerometers or the microphones. This

step may be skipped depending on the wiener input argument1.

6. The force response transfer functions are used to calibrate the microsphere

response measured in the QPD, XYPD, and zPD from raw ADC counts to

force units. This step may be skipped depending on the no tf input argument.

7. A mask is constructed to keep only the DFTs at the harmonics of the attractor

drive.

8. If the signal model input argument was provided, signal templates are com-

puted for each of the signal parameters (typically λ values).

9. Depending on the lightweight input argument, raw data may be dropped to

reduce the size of the object.

The FileData class has been designed to be compatible with multiple types of

datasets. For processing of many dataset types, the downsampling, filtering, transfer

function calibration, and signal template computation steps should be skipped with

the appropriate input arguments.

1The filtering step may be done prior to the computation of the DFTs if the time domain input
argument is provided and time-domain filters have been computed.
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D.1.2 The AggregateData Class

An AggregateData object is initialized with a path or paths to the directory or set

of directories containing the HDF5 data files, and optionally:

• File prefixes used to identify the files to be loaded.

• A description used to identify the dataset.

• The number of files to be loaded.

• The index of the first file to be loaded.

• The config files to be used for the data to be loaded.

If the data is to be used for the Yukawa interaction search, the load yukawa model

method should be called to initialize the signal model. This will then allow for signal

templates to be computed for each FileData object.

The load file data method is then used to create FileData objects for each of

the files specified by the arguments passed to the initialization method. This method

takes a number of input arguments, most of which are then passed to the individual

FileData objects to specify options for downsampling, calibration, filtering, etc. It

also takes an argument num cores which sets the number of CPU cores used to

parallelize the file loading process.

The config file for each dataset contains data on the experimental configuration

that is used to compute the signal templates. This includes the microsphere mass,

diameter, its position relative to the attractor, and the calibrated position sensing

matrix. A config file is created by default for each dataset when the LabVIEW

program to begin data collection is launched. The config file is written in the YAML

format.

Once FileData objects have been constructed for each of the files to be included,

the data is extracted and added to the agg dict attribute. This dictionary is the

main container for data which can be used by the plotting and statistical analysis

modules described below. Depending on the lightweight input argument to the
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load file data method, the individual FileData objects may either be kept as at-

tributes of the AggregateData object, or dropped.

The AggregateData class also contains the diagonalize qpd method, which is

used to compute the calibrated position-sensing matrix, as described in Section 8.4.1.

This method can be applied to an AggregateData object containing uncalibrated

datasets collected with the microsphere undergoing free resonant motion.

Once data has been loaded into an AggregateData object, the object can be

saved to HDF5 format using the save to hdf5 method. To load a previously-

saved AggregateData object, an empty object can be created by initializing an

AggregateData object with no input arguments, before calling the load from hdf5

method with the path to the HDF5 file specified.

D.2 Other Modules

D.2.1 The plotting Module

Once an AggregateData object has been constructed for a dataset or collection of

datasets, the agg dict can be passed to functions provided by the plotting module

to produce a number of diagnostic plots. These include:

• spectra: spectra or spectral densities for the measured forces in the QPD, zPD,

and XYPD.

• env noise: spectra or spectral densities for the environmental sensors (ac-

celerometers and microphones).

• spectrogram: spectrograms showing the time evolution of the spectra measured

in any of the QPD, zPD, XYPD, or environmental sensors.

• time evolution: time evolution of the forces in x, y, and z at a number of

harmonics as measured by the QPD, zPD, and XYPD.

• polar plots: polar plots showing the complex force responses at a number of

harmonics for a specified force component and sensor.
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• mles vs time: time evolution of the MLEs for α at a number of harmonics for

the specified force component and sensor.

• alpha limit: the constraints on α as a function of λ for the given dataset or

collection of datasets.

• limit vs integration: the relationship between the integration time and the

sensitivity to α in order to determine the point at which the experiment becomes

background limited.

The plotting module also includes functions to visualize the force response trans-

fer functions, Wiener filters, and position-sensing matrices.

D.2.2 The stats Module

Statistical analysis is performed on AggregateData objects by passing the agg dict

to functions from the stats module. Before doing any statistical analysis, the

fit alpha all files function must be used to compute the log-likelihood functions

for each harmonic, force component, and integration. The calculation is done as de-

scribed in Appendix E. The result is a numpy array of the log-likelihood coefficients

a, b, and c parameters or each measurement in a single harmonic, force component,

and integration. Since the signal templates depend on the particular λ value used,

there are entries for each λ included in the signal model.

Many other functions in the stats module take the array of log-likelihood co-

efficients as an input argument and perform operations to combine the individual

log-likelihoods or compute limits with them. These include:

• combine likelihoods over dim: takes an array of log-likelihood coefficients

and sums the log-likelihood parabolas along a given dimension to produce a

combined log-likelihood.

• get limit from likelihoods: computes a limit on α at a single λ from one or

more log-likelihood functions. The test statistic is computed independently for

each set of log-likelihood coefficients provided. If a single set of log-likelihood



D.2. OTHER MODULES 215

coefficients is given (meaning the log-likelihoods have been summed over all

dimensions), the calculation is done analytically as described in Appendix E.

If multiple are provided, the calculation is done with the sum of test statistics

(this is the “best harmonic” approach described in Section 7.4.4 and used in

Ref. [266]). This requires computing the limit numerically, as the asymptotic

behavior of multiple summed test statistics is no longer described by Wilks’

theorem.

• get alpha vs lambda: computes a limit curve for a range of λ by invoking the

get limit from likelihoods function for each λ.

• group likelihoods by parameter: tests all combinations of a specified num-

ber of harmonics and chooses those that either minimize the χ2 or maximize

signal power (two harmonic selection approaches discussed in Section 7.4.4).

• add systematic uncertainty: adds systematic uncertainty to the global log-

likelihood function as described in Section 7.4.3 by broadening the parabola.

D.2.3 The signals Module

Signal models are handled by the signals module. This module defines the

SignalModel class, which loads the force grids that have been pre-computed us-

ing the finite-element analysis method described in Section 7.3. This class can also

be used to compute background templates, such as those originating from electro-

magnetic interactions with the attractor, for example. The SignalModel object is

passed to the FileData object when each file is loaded, allowing a unique template

to be computed based on the attractor stroke in that particular file.

D.2.4 The synthetic data Module

To test a statistical model, it is useful to inject known signals into noise-only data

and ensure that the statistical model reconstructs the signal at the correct level.

The synthetic data module contains the SynthFile and SynthAggregate classes,
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subclasses of FileData and AggregateData, respectively. These subclasses can be

used in the same way as their parent classes to load and process data; however, they

also accept input arguments specifying the α and λ to be used for injected synthetic

signals. The signals are injected into the raw QPD or PSPD data in the time domain.

When signals are injected into noise-only datasets, a synthetic attractor stroke has

to be added as well so that the template for the given file is generated correctly as if

the attractor were actually moving.

D.2.5 External Code

Fitting of the force response transfer functions and the Wiener filters are both done

separately using compiled code. For the transfer functions, the code implements

a modified version of the method described in Ref. [300] to fit the complex do-

main data to poles and zeros, from which some physical interpretation can be drawn.

The Wiener filters are computed using code which implements the formulae in Refs.

[268, 301]. The transfer functions and filters produced using this code are stored

in subdirectories of /data/new_trap_processed/ on the dataserver. The FileData

code automatically looks for the transfer functions and filters in standard locations

when processing a file.

/data/new_trap_processed/
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QPD amplitudes Attractor position Auxiliary sensors

10 second data file

Quadrant 
amplitudes to x, y

Calibrate to force

Filter force data

Measured force at 
drive harmonics

Compute force at 
each position

Templates at 
drive harmonics

FFT FFT

Wiener filters

Fitted transfer 
functions
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MLE of α for each measurement

Compute a single test statistic

Limit / discovery

Initialize a FileData object for each

Calibration 
data

Noise 
spectra

Transfer functions computed from 
separate data

...
Dataset of many 10-second 

binary files

Add all files to an  AggregateData object

Use optlevanalysis.stats for statistical 
analysis of AggregateData objects Diagnostic plots

Produce diagnostic plots with 
optlevanalysis.plotting

10-second data file

Reduce data with 
FileData methods

Wiener filters computed from 
coherence between QPD and 

auxiliary sensor data

Figure D.1: Flow chart showing the analysis pipeline for the micron-scale interaction
search.
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Appendix E

Calculation of the Exclusion Limits

on Yukawa Interactions

This appendix describes explicitly how the statistical model introduced in Section 7.4

can be used to place constraints on α as a function of λ given a set of measured

complex amplitudes, Fijk, and their corresponding statistical uncertainties, σijk.

E.1 Computing the Log-Likelihood Functions

To minimize clutter in the following calculation, I do not explicitly write out the

dependence on α and λ except where it is necessary to avoid ambiguity. We start

from the definition of an individual likelihood function in Eq. (7.6) and take the

logarithm to obtain

logLijk = − log
(
2πσ2

ijk

)
− [ℜ(Fijk − α τijk)]

2

2σ2
ijk

− [ℑ(Fijk − α τijk)]
2

2σ2
ijk

. (E.1)

By expanding the squared terms and factoring out α and α2 where necessary, we
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can rewrite the equation for this parabolic function in standard form as

logLijk =−

(
ℜ(τijk)2 + ℑ(τijk)2

2σ2
ijk

)
α2

−

(
ℜ(Fijk)ℜ(τijk) + ℑ(Fijk)ℑ(τijk)

σ2
ijk

)
α

−

(
ℜ(Fijk)

2 + ℑ(Fijk)
2

2σ2
ijk

)
− log

(
2πσ2

ijk

)
. (E.2)

We then make the following definitions:

aijk ≡
ℜ(τijk)2 + ℑ(τijk)2

2σ2
ijk

, (E.3)

bijk ≡
ℜ(Fijk)ℜ(τijk) + ℑ(Fijk)ℑ(τijk)

σ2
ijk

, and (E.4)

cijk ≡
ℜ(Fijk)

2 + ℑ(Fijk)
2

2σ2
ijk

, (E.5)

where aijk, bijk, and cijk are directly calculable from the data. At this stage, one

can use these coefficients of the parabola to define α̂ijk, the MLE for the particular

measurement indexed by i, j, and k, as

α̂ijk = − bijk
2aijk

. (E.6)

To calculate −2 log Λ, we note that the triple product in Eq. (7.7) has become a

triple sum,

−2 log Λ = −2
∑
i

∑
j

∑
k

[logLijk (α|λ)− logLijk (α̂|λ)] , (E.7)
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which we can then rewrite in terms of the newly-defined parameters as

−2 log Λ = −2
∑
i

∑
j

∑
k

(
aijkα

2 + bijkα + cijk − aijkα̂
2 − bijkα̂− cijk

)
(E.8)

= 2
(
α2 − α̂2

)∑
i

∑
j

∑
k

aijk + 2 (α− α̂)
∑
i

∑
j

∑
k

bijk. (E.9)

We can group terms and make the following definitions,

a ≡ 2
∑
i

∑
j

∑
k

aijk (E.10)

b ≡ 2
∑
i

∑
j

∑
k

bijk (E.11)

which results in a much cleaner equation for −2 log Λ,

−2 log Λ = a
(
α2 − α̂2

)
+ b (α− α̂) . (E.12)

By definition, α̂ is the value of α which minimizes this quantity. Using this fact,

one can relate a, b, and α̂ as

b = −2aα̂, (E.13)

which, when plugged back in to Eq. (E.12), gives

−2 log Λ = a (α− α̂)2 . (E.14)

By comparing this equation to the log-likelihood for a Gaussian-distributed quan-

tity, we can identify a as relating to the statistical uncertainty, and make the definition

σstat =
1√
a
. (E.15)

This can then be added in quadrature with σsys, calculated as described in Sec-

tion 7.4.3, to give the overall uncertainty, σα̂. To recap, we started with a series of

complex force amplitude measurements, Fijk, and the corresponding force templates,

τijk, and showed how −2 log Λ can be calculated directly from that data.
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E.2 Limits from the Test Statistic

For any value of α, the observed value of qα, which we denote as qα,obs, can be calcu-

lated from the data using Eq. (7.11). We can then compare qα,obs to the distribution

of qα under the null hypothesis to quantify the incompatibility between the data and

the null hypothesis at each value of α. To be quantitative, we can define the p-value,

pα, as the probability under the null hypothesis of obtaining a value of qα of greater

than qα,obs for a particular value of α:

pα =

∫ ∞

qα,obs

f(qα|α)dqα = 1− F (qα|α) (E.16)

where f(qα|α) is the distribution of qα under the null hypothesis and F is its cumu-

lative distribution function (CDF). Wilks’ theorem tells us that f(qα|α) is a half-χ2

distribution with one degree of freedom,

f(qα|α) =
1

2
δ(qα) +

1√
2π

1
√
qα
e−qα/2, (E.17)

which has a CDF given by

F (qα|α) = Φ (
√
qα) , (E.18)

where Φ is the Gaussian CDF. Therefore, we get that

pα = 1− Φ (
√
qα) . (E.19)

Solving for qα gives the value of the test statistic corresponding to an exclusion

at a confidence level of 1− pα:

qα =
(
Φ−1 (1− pα)

)2
. (E.20)

Plugging in the definition of qα in terms of α̂ and σα̂, we find

(α− α̂)2

σ2
α̂

=
(
Φ−1 (1− pα)

)2
, (E.21)
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which tells us that the critical value of α for a 95% CL limit, α95, is

α95 = α̂ + sgn (α̂) · σα̂Φ−1 (1− pα) , (E.22)

where sgn(α̂) ensures that the limit is only set on the sign of α corresponding to the

sign preferred by the data. Our chosen exclusion confidence level is 95%, so pα = 0.05,

and the equation used to set the constraints becomes

α95 = α̂ + sgn (α̂) · 1.64σα̂. (E.23)

Repeating this calculation of α95 using the selected harmonics for each value of λ

gives the 95%CL limit shown in Fig. 7.8.
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Appendix F

The Physics of Contact Potentials

A potential difference can arise between the surfaces of two metals in electrical contact

due entirely to their surface properties, creating an electric field in their vicinity [302].

This appendix provides a brief overview of why this occurs.

In what follows, zero potential is taken to be at infinity. The electrostatic potential

at two points can then be defined: φ is the potential in the bulk phase of a metal,

called the inner potential, while ψ is the potential just outside the surface of the

metal, called the outer potential. The outer potential describes the work required to

bring a unit charge to just outside the metal’s surface, before any image charge effects

become significant. At the surface, the distribution of electrons extends partially into

the vacuum, creating a dipole layer separating the vacuum from the bulk. We call

the resulting potential difference the surface potential,

χ ≡ φ− ψ. (F.1)

When two metals are isolated from one another, there can be an arbitrary potential

difference between them. On being brought into contact, electrons will flow between

them to equalize the Fermi level everywhere. The Fermi level, EF , is given by

EF = µ+ eφ (F.2)

where µ is the chemical potential for an electron, φ is the electrostatic potential, and
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e is the negative elementary charge. Equating the Fermi levels in two phases gives

the electrostatic potential difference arising from the difference in chemical potential

of the two species:

φ2 − φ1 =
µ1 − µ2

e
. (F.3)

This potential difference between the bulk phases of two metals is known as the

Galvani potential. It results in a charge double layer forming at the metal interface,

yet the compensating difference in chemical potential means that no energy is required

or gained for an electron crossing from one phase into the other. As it does not result

in current flow, it also means that the Galvani potential is unmeasurable with a

voltmeter.

By contrast, energy is required for an electron to be brought from the Fermi level

across the dipole layer at the metal-vacuum interface. The work required is called

the work function, denoted by Φ, and calculated as,

Φ = eψ − EF . (F.4)

Now that we have defined the work required to cross the barrier between each of

the metals and vacuum, and established that no work is required to cross the metal-

metal interface, we can determine the potential difference that exists between the

outer surfaces of both metals, which we denote Vc. The net work to bring an electron

from material 1, to vacuum, to material 2, and back to material 1 should be equal to

zero:

0 = Φ1 + eVc − Φ2. (F.5)

Vc is therefore set by the difference in work function between the two metals,

Vc =
Φ2 − Φ1

e
. (F.6)

Vc is known as the Volta potential, or the “contact potential.” The name is

misleading; the contact potential has nothing to do with the contact or connection

between the metals, provided there exists some conductive path between them. It is

an effect arising from the surface properties of the two metals. The work function
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difference gives rise to a potential difference and a corresponding electric field in the

vacuum between the metals. Fig. F.1 summarizes the relationships between φ, ψ,

χ, µ, EF , and Φ, and shows how when isolated metals are brought into contact, a

contact potential can be produced.

E = E

E = EF1

Metal 1

e 1

1

e 1

e 1

1
E = EF2

e 2

2

e 2

e 2

2

Metal 2Vacuum

EF

Isolated
E = E

E = EF1

Metal 1

e 1

1

e 1

e 1

1

E = EF2

e 2

2

e 2

e 2

2

Metal 2Vacuum

eVc

In contact

Figure F.1: Schematic showing how the contact potential difference arises. When two
metals are isolated, their Fermi levels will in general not be the same. When brought
into contact, electrons flow to keep the Fermi levels the same, and as a result, the
difference in work function creates a potential difference between the metal surfaces.

If a bias Vbias is applied between the two metals, the Fermi level will differ by

eVbias. The potential difference between the two exterior surfaces then becomes,

V21 =
Φ2 − Φ1

e
+ Vbias. (F.7)

Applying a bias of Φ1−Φ2 therefore cancels the potential difference due to the contact

potential and eliminates the resulting electric field between the surfaces, as shown in

Fig. F.2.

Note that like the Galvani potential, the contact potential cannot be measured

using a voltmeter. A voltmeter measures currents driven by a difference in the Fermi

level at the two terminals. Since the Fermi level is the same throughout the system, no
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E = E

E = EF1

Metal 1

e 1

1

e 1

e 1

1
E = EF2

e 2

2

e 2

e 2

2

Metal 2

eVbias

Bias applied

Figure F.2: When a voltage Vbias is applied, the Fermi levels of the two metals differ by
eVbias. Tuning the bias voltage to −Vc can eliminate the potential difference between
the surfaces arising from the contact potential.

currents will arise when voltmeter probes are attached. The contact points between

the metals and the probes will simply cause new charge double layers to form at the

interfaces to compensate the differing chemical potentials, while the Fermi level will

remain unchanged.

Unlike the Galvani potential, the contact potential creates a real electric field

between two surfaces; this can be determined from measurements using Kelvin probe

force microscopy (KPFM) [303, 304]. The principle behind this measurement is that

variations in distance between two surfaces that are electrically connected changes

their capacitance and causes the flow of charge. KPFM can be used to measure the

work function of a metal on small length scales by modulating the bias between a

probe and the metal. This changing force on the probe causes a vibration at the

modulation frequency proportional to the potential difference between the surfaces.

Varying the DC bias until the vibration is minimized allows the contact potential

between the surface and the probe to be determined. Repeating this procedure for two

different materials allows the work function difference between them to be determined.



References

[1] C. Burgess and G. Moore, The Standard Model: a primer (Cambridge Univer-

sity Press, Cambridge, 2006).

[2] M. Srednicki, Quantum field theory (Cambridge University Press, Cambridge,

2007).

[3] M. Gell-Mann, “The interpretation of the new particles as displaced charge

multiplets”, Il Nuovo Cimento (1955-1965) 4, 848 (1956).

[4] P. A. M. Dirac, “The quantum theory of the electron”, Proceedings of the Royal

Society of London. Series A, Containing Papers of a Mathematical and Physical

Character 117, 610 (1928).

[5] E. Majorana, “Teoria simmetrica dell’elettrone e del positrone”, Il Nuovo Ci-

mento (1924-1942) 14, 171 (1937).

[6] L. M. Brown, “The idea of the neutrino”, Physics Today 31, 23 (1978).

[7] F. Reines and C. L. Cowan, “Detection of the free neutrino”, Physical Review

92, 830 (1953).

[8] C. L. Cowan, F. Reines, F. B. Harrison, H. W. Kruse, and A. D. McGuire,

“Detection of the free neutrino: a confirmation”, Science 124, 103 (1956).

[9] C. S. Wu, E. Ambler, R. W. Hayward, D. D. Hoppes, and R. P. Hudson,

“Experimental test of parity conservation in beta decay”, Physical Review 105,

1413 (1957).

229

https://doi.org/10.1017/CBO9780511819698
https://doi.org/10.1017/CBO9780511813917
https://doi.org/10.1007/BF02748000
https://doi.org/10.1098/rspa.1928.0023
https://doi.org/10.1098/rspa.1928.0023
https://doi.org/10.1098/rspa.1928.0023
https://doi.org/10.1007/BF02961314
https://doi.org/10.1007/BF02961314
https://doi.org/10.1063/1.2995181
https://doi.org/10.1103/PhysRev.92.830
https://doi.org/10.1103/PhysRev.92.830
https://doi.org/10.1126/science.124.3212.103
https://doi.org/10.1103/PhysRev.105.1413
https://doi.org/10.1103/PhysRev.105.1413


230 REFERENCES

[10] T. D. Lee and C. N. Yang, “Question of parity conservation in weak interac-

tions”, Physical Review 104, 254 (1956).

[11] M. Goldhaber, L. Grodzins, and A. W. Sunyar, “Helicity of neutrinos”, Physical

Review 109, 1015 (1958).

[12] J. N. Bahcall, “Solar neutrinos. I. Theoretical”, Physical Review Letters 12,

300 (1964).

[13] R. Davis, “Solar neutrinos. II. Experimental”, Physical Review Letters 12, 303

(1964).

[14] R. Davis, D. S. Harmer, and K. C. Hoffman, “Search for neutrinos from the

Sun”, Physical Review Letters 20, 1205 (1968).

[15] J. N. Bahcall and R. L. Sears, “Solar neutrinos”, Annual Review of Astronomy

and Astrophysics 10, 25 (1972).

[16] V. Trimble and F. Reines, “The solar neutrino problem—a progress(?) report”,

Reviews of Modern Physics 45, 1 (1973).

[17] J. C. Evans, R. Davis, and J. N. Bahcall, “Brookhaven solar neutrino detector

and collapsing stars”, Nature 251, 486 (1974).

[18] B. Pontecorvo, “Mesonium and antimesonium”, Soviet Physics JETP 6, 429

(1957).

[19] Q. R. Ahmad et al. (SNO Collaboration), “Direct evidence for neutrino fla-

vor transformation from neutral-current interactions in the Sudbury Neutrino

Observatory”, Physical Review Letters 89, 011301 (2002).

[20] Y. Fukuda et al. (Super-Kamiokande Collaboration), “Evidence for oscillation

of atmospheric neutrinos”, Physical Review Letters 81, 1562 (1998).

[21] Z. Maki, M. Nakagawa, and S. Sakata, “Remarks on the unified model of ele-

mentary particles”, Progress of Theoretical Physics 28, 870 (1962).

https://doi.org/10.1103/PhysRev.104.254
https://doi.org/10.1103/PhysRev.109.1015
https://doi.org/10.1103/PhysRev.109.1015
https://doi.org/10.1103/PhysRevLett.12.300
https://doi.org/10.1103/PhysRevLett.12.300
https://doi.org/10.1103/PhysRevLett.12.303
https://doi.org/10.1103/PhysRevLett.12.303
https://doi.org/10.1103/PhysRevLett.20.1205
https://doi.org/10.1146/annurev.aa.10.090172.000325
https://doi.org/10.1146/annurev.aa.10.090172.000325
https://doi.org/10.1103/RevModPhys.45.1
https://doi.org/10.1038/251486a0
http://jetp.ras.ru/cgi-bin/e/index/e/6/2/p429?a=list
http://jetp.ras.ru/cgi-bin/e/index/e/6/2/p429?a=list
https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1143/PTP.28.870


REFERENCES 231

[22] S. M. Bilenky and B. Pontecorvo, “Lepton mixing and neutrino oscillations”,

Physics Reports 41, 225 (1978).

[23] L. Wolfenstein, “Neutrino oscillations in matter”, Physical Review D 17, 2369

(1978).

[24] L. Wolfenstein, “Effect of matter on neutrino oscillations”, in Proceedings of

Neutrino ’78 (Purdue University, 1978) pp. C3–C6.

[25] L. Wolfenstein, “Neutrino oscillations and stellar collapse”, Physical Review D

20, 2634 (1979).

[26] S. P. Mikheyev and A. Yu. Smirnov, “Resonance enhancement of oscillations in

matter and solar neutrino spectroscopy”, Soviet Journal of Nuclear Physics 42,

913 (1985).

[27] S. P. Mikheyev and A. Yu. Smirnov, “Resonant amplification of ν oscillations

in matter and solar-neutrino spectroscopy”, Il Nuovo Cimento C 9, 17 (1986).

[28] S. P. Mikheev and A. Yu. Smirnov, “Neutrino oscillations in a variable density

medium and neutrino bursts due to the gravitational collapse of stars”, Soviet

Physics JETP 64, 4 (1986).

[29] A. Yu. Smirnov and S. P. Mikheev, “Neutrino oscillations in matter with varying

density”, in 6th Moriond Workshop: Massive Neutrinos in Particle Physics and

Astrophysics (1986) pp. 355–372.

[30] B. T. Cleveland, T. Daily, J. Raymond Davis, J. R. Distel, K. Lande, C. K. Lee,

P. S. Wildenhain, and J. Ullman, “Measurement of the solar electron neutrino

flux with the Homestake chlorine detector”, The Astrophysical Journal 496,

505 (1998).

[31] F. Kaether, W. Hampel, G. Heusser, J. Kiko, and T. Kirsten, “Reanalysis of

the Gallex solar neutrino flux and source experiments”, Physics Letters B 685,

47 (2010).

https://doi.org/10.1016/0370-1573(78)90095-9
https://doi.org/10.1103/PhysRevD.17.2369
https://doi.org/10.1103/PhysRevD.17.2369
https://doi.org/10.1103/PhysRevD.20.2634
https://doi.org/10.1103/PhysRevD.20.2634
https://doi.org/10.1007/BF02508049
https://doi.org/10.1086/305343
https://doi.org/10.1086/305343
https://doi.org/10.1016/j.physletb.2010.01.030
https://doi.org/10.1016/j.physletb.2010.01.030


232 REFERENCES

[32] M. Altmann et al., “Complete results for five years of GNO solar neutrino

observations”, Physics Letters B 616, 174 (2005).

[33] J. N. Abdurashitov et al. (SAGE Collaboration), “Measurement of the solar

neutrino capture rate with gallium metal. III. Results for the 2002–2007 data-

taking period”, Physical Review C 80, 015807 (2009).

[34] H. H. Chen, “Direct approach to resolve the solar-neutrino problem”, Physical

Review Letters 55, 1534 (1985).

[35] B. Aharmim et al. (SNO Collaboration), “Combined analysis of all three phases

of solar neutrino data from the Sudbury Neutrino Observatory”, Physical Re-

view C 88, 025501 (2013).

[36] K. Abe et al. (Super-Kamiokande Collaboration), “Solar neutrino measure-

ments using the full data period of Super-Kamiokande-IV”, Physical Review

D 109, 092001 (2024).

[37] G. Bellini et al. (Borexino Collaboration), “Measurement of the solar 8B neu-

trino rate with a liquid scintillator target and 3 MeV energy threshold in the

Borexino detector”, Physical Review D 82, 033006 (2010).

[38] M. Agostini et al. (Borexino Collaboration), “Comprehensive measurement of

pp-chain solar neutrinos”, Nature 562, 505 (2018).

[39] T. Wester et al. (Super-Kamiokande Collaboration), “Atmospheric neutrino

oscillation analysis with neutron tagging and an expanded fiducial volume in

Super-Kamiokande I–V”, Physical Review D 109, 072014 (2024).

[40] M. G. Aartsen et al. (IceCube Collaboration), “Measurement of atmospheric tau

neutrino appearance with IceCube DeepCore”, Physical Review D 99, 032007

(2019).

[41] R. Abbasi et al. (IceCube Collaboration), “Measurement of atmospheric neu-

trino oscillation parameters using convolutional neural networks with 9.3 years

of data in IceCube DeepCore”, Physical Review Letters 134, 091801 (2025).

https://doi.org/10.1016/j.physletb.2005.04.068
https://doi.org/10.1103/PhysRevC.80.015807
https://doi.org/10.1103/PhysRevLett.55.1534
https://doi.org/10.1103/PhysRevLett.55.1534
https://doi.org/10.1103/PhysRevC.88.025501
https://doi.org/10.1103/PhysRevC.88.025501
https://doi.org/10.1103/PhysRevD.109.092001
https://doi.org/10.1103/PhysRevD.109.092001
https://doi.org/10.1103/PhysRevD.82.033006
https://doi.org/10.1038/s41586-018-0624-y
https://doi.org/10.1103/PhysRevD.109.072014
https://doi.org/10.1103/PhysRevD.99.032007
https://doi.org/10.1103/PhysRevD.99.032007
https://doi.org/10.1103/PhysRevLett.134.091801


REFERENCES 233

[42] Y. Abe et al. (Double Chooz Collaboration), “Indication of reactor νe disappear-

ance in the Double Chooz experiment”, Physical Review Letters 108, 131801

(2012).

[43] J. K. Ahn et al. (RENO Collaboration), “Observation of reactor electron an-

tineutrinos disappearance in the RENO experiment”, Physical Review Letters

108, 191802 (2012).

[44] F. P. An et al., “Observation of electron-antineutrino disappearance at Daya

Bay”, Physical Review Letters 108, 171803 (2012).

[45] A. Gando et al. (KamLAND Collaboration), “Reactor on-off antineutrino mea-

surement with KamLAND”, Physical Review D 88, 033001 (2013).

[46] P. Adamson et al. (MINOS Collaboration), “Measurement of neutrino and an-

tineutrino oscillations using beam and atmospheric data in MINOS”, Physical

Review Letters 110, 251801 (2013).

[47] P. Adamson et al. (MINOS Collaboration), “Electron neutrino and antineutrino

appearance in the full MINOS data sample”, Physical Review Letters 110,

171801 (2013).

[48] M. A. Acero et al. (NOvA Collaboration), “Improved measurement of neu-

trino oscillation parameters by the NOvA experiment”, Physical Review D 106,

032004 (2022).

[49] K. Abe et al., “Measurements of neutrino oscillation parameters from the T2K

experiment using 3.6×1021 protons on target”, The European Physical Journal

C 83, 782 (2023).

[50] “NuFIT 6.0” (2024), http://www.nu-fit.org/, (Accessed: April 2025).

[51] I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler, J. P. Pin-

heiro, and T. Schwetz, “NuFit-6.0: updated global analysis of three-flavor neu-

trino oscillations”, Journal of High Energy Physics 2024, 216 (2024).

https://doi.org/10.1103/PhysRevLett.108.131801
https://doi.org/10.1103/PhysRevLett.108.131801
https://doi.org/10.1103/PhysRevLett.108.191802
https://doi.org/10.1103/PhysRevLett.108.191802
https://doi.org/10.1103/PhysRevLett.108.171803
https://doi.org/10.1103/PhysRevD.88.033001
https://doi.org/10.1103/PhysRevLett.110.251801
https://doi.org/10.1103/PhysRevLett.110.251801
https://doi.org/10.1103/PhysRevLett.110.171801
https://doi.org/10.1103/PhysRevLett.110.171801
https://doi.org/10.1103/PhysRevD.106.032004
https://doi.org/10.1103/PhysRevD.106.032004
https://doi.org/10.1140/epjc/s10052-023-11819-x
https://doi.org/10.1140/epjc/s10052-023-11819-x
http://www.nu-fit.org/
http://www.nu-fit.org/
https://doi.org/10.1007/JHEP12(2024)216


234 REFERENCES

[52] M. Aker et al. (KATRIN Collaboration), “Direct neutrino-mass measurement

based on 259 days of KATRIN data”, Science 388, 180 (2025).

[53] M. Aker et al., “The design, construction, and commissioning of the KATRIN

experiment”, Journal of Instrumentation 16, T08015.

[54] A. Ashtari Esfahani et al. (Project 8 Collaboration), “Cyclotron radiation emis-

sion spectroscopy of electrons from tritium β decay and 83mKr internal conver-

sion”, Physical Review C 109, 035503 (2024).

[55] A. Ashtari Esfahani et al., “Determining the neutrino mass with cyclotron ra-

diation emission spectroscopy—Project 8”, Journal of Physics G: Nuclear and

Particle Physics 44, 054004 (2017).

[56] Z. Sakr, “A short review on the latest neutrinos mass and number constraints

from cosmological observables”, Universe 8, 284 (2022).

[57] N. Aghanim et al. (Planck Collaboration), “Planck 2018 results - V. CMB power

spectra and likelihoods”, Astronomy & Astrophysics 641, A5 (2020).

[58] N. Aghanim et al., “Planck 2018 results - VI. cosmological parameters”, As-

tronomy & Astrophysics 641, A6 (2020).

[59] F. J. Qu et al., “The Atacama Cosmology Telescope: a measurement of the

DR6 CMB lensing power spectrum and its implications for structure growth”,

The Astrophysical Journal 962, 112 (2024).

[60] M. S. Madhavacheril et al., “The Atacama Cosmology Telescope: DR6 gravi-

tational lensing map and cosmological parameters”, The Astrophysical Journal

962, 113 (2024).

[61] A. Adame et al., “DESI 2024 VI: cosmological constraints from the measure-

ments of baryon acoustic oscillations”, Journal of Cosmology and Astroparticle

Physics 2025, 021.

https://doi.org/10.1126/science.adq9592
https://doi.org/10.1088/1748-0221/16/08/T08015
https://doi.org/10.1103/PhysRevC.109.035503
https://doi.org/10.1088/1361-6471/aa5b4f
https://doi.org/10.1088/1361-6471/aa5b4f
https://doi.org/10.3390/universe8050284
https://doi.org/10.1051/0004-6361/201936386
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.3847/1538-4357/acfe06
https://doi.org/10.3847/1538-4357/acff5f
https://doi.org/10.3847/1538-4357/acff5f
https://doi.org/10.1088/1475-7516/2025/02/021
https://doi.org/10.1088/1475-7516/2025/02/021


REFERENCES 235
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