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Abstract
The nature of dark matter and properties of neutrinos are among the most
pressing issues in contemporary particle physics. The dual-phase xenon time-
projection chamber is the leading technology to cover the available parameter
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space for weakly interacting massive particles, while featuring extensive sen-
sitivity to many alternative dark matter candidates. These detectors can also
study neutrinos through neutrinoless double-beta decay and through a variety
of astrophysical sources. A next-generation xenon-based detector will therefore
be a true multi-purpose observatory to significantly advance particle physics,
nuclear physics, astrophysics, solar physics, and cosmology. This review article
presents the science cases for such a detector.

Keywords: dark matter, neutrinoless double-beta decay, neutrinos, supernova,
direct detection, astroparticle physics, xenon

(Some figures may appear in colour only in the online journal)

Contents
1. Introduction 13
1.1. An observatory for rare events 13
1.2.  Evidence for dark matter 13
1.3.  Dark matter direct detection 15
1.4.  An evolution of scales 16
1.5. The liquid xenon time projection chamber 17
1.6. Xenon as a detector medium 18
2. Dark matter WIMPs 19
2.1. WIMP direct detection 19
2.2.  WIMP sensitivity projections: method 20
2.3. Spin-independent WIMPs 22
2.4. Spin-dependent scattering 23
2.5. Effective field theory 23
2.5.1. Nonrelativistic effective field theory 23
2.5.2. Chiral effective field theory 25
2.5.3. 'WIMP-pion coupling 25
2.5.4. Three-flavor EFT and the ultraviolet 26
2.6. Nuclear structure factors 26
2.7. Inelastic scattering 28
2.8. Discriminating between WIMP—nucleus responses 28
2.9. Scattering at high momentum transfer 29
2.10. Simplified models 30
2.11. Electroweak multiplet dark matter 31
2.12. Implications for supersymmetry 32
2.13. Inelastic dark matter 33
2.14. Self-interacting dark matter 34
2.15. Leptophilic interactions 34
2.16. Modulation searches 35
2.17. Confronting the neutrino fog 36

10



J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001

Topical Review

3. Broadening the dark matter reach

3.1.
3.2.
3.3.
3.4.
3.5.
3.6.
3.7.
3.8.

3.9.

3.10.
3.11.
3.12.
3.13.
3.14.
3.15.

Double photoelectron emission

Charge-only analysis

General dark matter-induced atomic responses
Migdal effect and bremsstrahlung

Hydrogen doping

Upscattered dark matter

Dark matter annihilation products

FIMPs and super-WIMPs

3.8.1. Dark photons

3.8.2. Axions and axion-like particles

3.8.3. Solar axions, dark matter, and baryon asymmetry
Asymmetric dark matter

Composite dark matter

Absorption dark matter

Mirror dark matter

Luminous dark matter

Magnetic inelastic dark matter

Dark matter around the Planck mass

4. Double beta processes

4.1.
4.2.
4.3.

Neutrinoless double beta decay of '3°Xe
Double electron capture on '*Xe
Other double-beta processes

5. Neutrinos for astrophysics

5.1.

5.2.

5.3.
54.

5.5.
5.6.

Neutrino interactions

5.1.1. Coherent elastic neutrino-nucleus scattering
5.1.2. Electroweak interaction

Solar neutrinos

5.2.1. Boron-8 solar neutrinos (NR)

5.2.2. Hep solar neutrinos (NR)

5.2.3. pp solar neutrinos (ER)

5.2.4. CNO neutrinos (ER)

5.2.5. Neutrino capture on xenon-131 and xenon-136
Atmospheric neutrinos (NR)

Supernova neutrinos (NR)

5.4.1. Galactic supernova neutrinos

5.4.2. Pre-supernova neutrinos

5.4.3. Supernova early warning system

5.4.4. Diffuse supernova neutrinos

Terrestrial antineutrinos (ER)

Other neutrino physics

5.6.1. Measuring the Weinberg angle

5.6.2. Electron-type neutrino survival probability

1

37
38
41
42
42
44
44
45
45
46
46
47
47
48
48
49
49
49
49
52
52
54
54
55
56
56
57
58
59
59
59
59
60
60
61
61
62
62
62
63
63
63
64



J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001

Topical Review

10.

5.6.3. Searching for new physics of neutrinos
Additional physics channels
6.1. Solar axions
6.2. Neutrino dipole moments and light mediators
6.3. Fractionally charged particles
6.4. Nucleon decay
6.5. Short-baseline oscillations
Background considerations
7.1.  Underground laboratories
7.2. Fiducialization
7.3. Material selection
7.4. Intrinsic background mitigation
7.5. Isolated light and charge signals and accidental coincidences
7.6. Monte-Carlo simulation of backgrounds
7.6.1. Background model
7.6.2.  Generation of S1 and S2 signals
7.7. Electronic/nuclear recoil discrimination
Complementarity with other experimental efforts
8.1. Crossing symmetry for freeze-out relic particles
8.2. Dark matter at colliders
8.3. Indirect dark matter searches
8.4. Measurements of standard model parameters
8.5. Other direct dark matter searches
8.5.1. Solid state detectors
8.5.2. Liquid target detectors
8.6. Neutrinoless double beta decay experiments
8.7. CE NS experiments
8.8. Solar neutrino experiments
8.9. Gravitational wave searches
8.10. Xenon in medical physics
8.11. Liquid xenon TPCs for nuclear security
8.12. Data-intensive and computational sciences
Research community priority
9.1. Dark matter
9.2. Neutrinoless double beta decay
9.3. Neutrinos
Summary
Acknowledgments
Data availability statement
References

12

65
65
66
66
69
69
70
70
71
72
72
73
74
74
74
75
76
77
77
78
79
79
80
80
81
81
82
82
83
83
83
84
84
85
86
86
86
87
88
88



J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001 Topical Review

1. Introduction

11 An observator