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Abstract: We propose the 1000-kg phase of the Large Enriched Germanium Experiment for Neutrinoless
double beta Decay (LEGEND-1000). Though the main focus of LEGEND-1000 is the search of neutrinoless
double beta decay of "®Ge, it will also have a rich program searching for other rare events from beyond
standard model (BSM) physics processes that are relevant to the Cosmic and Rare Processes and Precision
Frontiers. These searches are enabled by its keV-level thresholds, large mass, low backgrounds, and detector
technology. We provide an overview of these opportunities in this LOL.



29
30
31
32
33
34
35
36
37
38
39

40

41
42
43

44

45
46
47
48

49

50
51

52

53
54
55

56

57
58
59
60
61
62
63

64
65
66
67
68
69

70

Baseline detector design for LEGEND-1000.

We propose the 1000-kg phase of the Large Enriched Germanium Experiment for Neutrinoless dou-
ble beta Decay (LEGEND-1000), based on the successful MAJORANA and GERDA experiments. We
have prepared technical designs that are compatible with the leading candidate underground laboratories.
The LEGEND-1000 baseline technical design is centered around the demonstrated low-background, low-
thresholds, low-noise, and excellent energy performance of p-type, point-contact (P-PC) high-purity Ge
(HPGe) semiconductor detectors, enriched to over 88% in "®Ge. Specifically, the inverted-coaxial, point
contact (ICPC) design is the standard for LEGEND-1000. Approximately 400 individual ICPCs with an
average mass of 2.6 kg are instrumented for a total detector active mass of 1000 kg. The detectors are
mounted using underground electroformed Cu rods that provide mechanical support. Below each detector
is a silicon base plate supporting a wire-bonded signal cable and front-end ASIC board that collects charges
from the detector’s p* electrode. From there, flat flex cables carry the signal to a data acquisition system
for waveform digitization and offline storage. A separate single conductor flat flex cable wire-bonded to the
detector’s n™ electrode provides a high-voltage bias.

Pulse-shape analysis of detector signals allows discrimination of backgrounds from the BSM signal of
interest. The highly granular nature of the Ge detector array allows discrimination of background interac-
tions that span multiple detectors. Finally, background interactions external to the Ge detectors are detected
by an active liquid Ar (LAr) shield.

The HPGe detectors are split among four 250-kg modules to allow commissioning of the array in stages
and independent operation. In each module, the detector strings are immersed within the LAr active shield,
sourced from radiopure underground Ar. Each of the four underground LAr modules are surrounded by
natural LAr, with additional light collection inside a cryostat, itself inside a water tank providing additional
shielding.

As a baseline, we use the SNOLAB cryopit overburden depth and cavity size for cosmogenic back-
ground estimates, the cryostat conceptual design, and infrastructure needs. The impact on the design and
background contribution has been considered for shallower depths .

We anticipate construction of LEGEND-1000 to take about 6 years. However, it will begin operation
with the first 250-kg payload approximately at year 4, with additional payloads becoming operational over
the final 2 years.

LEGEND-1000 BSM Program

Though the main focus of LEGEND-1000 is the search of neutrinoless double beta decay of "®Ge, it
will also have a rich program searching for other rare events from beyond standard model (BSM) physics
processes. These searches are enabled by its ke V-level thresholds, large mass, low backgrounds, and detector
technology. A unique benefit is the demonstrated excellent energy resolution of P-PC detectors at low
energies (0.4keV FWHM at 10.4keV?), which makes LEGEND-1000 especially sensitive to BSM physics
with sharp features or peaks in the spectrum, such as solar axions, exotic atomic transitions, and bosonic
DM. We expect the ICPC detectors in LEGEND-1000 to have similar resolution.

Axions and Axion-like Particles (ALPS): Bosonic pseudoscalar (i.e. ALPs) and vector dark matter, with
mass scale of 1—100 keV, offer explanations for the observed subgalactic structure in the Universe, assuming
a large number density compensates for their light mass>—. With suitable electronic coupling strength, they
may be detectable via a pseudoscalar or vector-electric effect that is analogous to photoelectric absorption.
In this case the particle is absorbed, and its rest-mass energy is passed to atomic electrons in the detector,
ultimately producing a peak in the detector energy spectrum at the rest mass of the particle. In 2017 the
MAJORANA Collaboration presented several limits on BSM processes, including ALPS, using data acquired
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during its 2015 commissioning run?. The Collaboration presented more recent results using production data
at the TAUP 2019 conference®. Very recently, the GERDA Collaboration released limits on vector and
pseudo-scalar dark matter in the mass region from 60 keV/c? to 1 MeV/c?’. Some of these limits have been
surpassed subsequently by the XENON experiment®.

Another potential axion/ALP source is the solar interior with production mechanisms that include Pri-
makoff interactions of plasma photons, electron interactions, or nuclear transitions. These particles can be
detected on earth in germanium detectors when they interact with atomic electrons or a virtual photon from
an atomic Coulomb field”. Ge detectors are also sensitive to coherent Bragg-like ALP to photon conversion
in the Ge-crystal lattice '°, as was demonstrated by the CDMS Collaboration''. LEGEND-1000 will be able
to significantly improve on these searches by solid-state detectors. LEGEND-1000 could also study the solar

axion interpretation of the recently reported excess in the XENON low-energy electron recoil spectrum®.

Lightly ionizing particles (LIPs): LIPs are hypothetical particles with suppressed electromagnetic inter-
actions when compared to charged hadrons and leptons. Unbound quarks, noninteger-charged bound states
of quarks, millicharged particles, or new leptons with a fractional charge are examples that occur in exten-
sions of the SM %13, MAJORANA was able to set a world-leading limit searching for these in cosmic-rays '#,
and LEGEND-1000 will further extend our sensitivity.

Baryon number violating nuclear decays: Many BSM theories predict baryon number (B) violating
process. For example, the Standard Model with small neutrino masses has an anomaly-free Zg symmetry
that acts as discrete B'>. In this model AB = 1 or AB = 2 processes are forbidden, but AB = 3
transitions can arise from a dimension 15 operator. The MAJORANA Collaboration published the first limits
for trinucleon decay (AB = 3) modes and invisible decay modes for Ge isotopes '®. LEGEND-1000 will
be able to greatly extend these results and look for similar decays in Ar.

Other BSM searches: Other BSM searches include sterile neutrinos, majorons, charge-violating electron
decay, Lorentz-violation, and Pauli Exclusion Principle violation. The LAr itself can be used for searches
for BSM physics. GERDA performed a search for neutrinoless double-electron (ECEC) capture in 35Ar!”
and similar searches will be possible in LEGEND-1000. Both the Ge and Ar can also serve as targets for
supernova neutrinos. HPGe detectors are also sensitive to WIMP-nucleus recoils, though LEGEND-1000
will probably not be competitive with the noble gas experiments. The list in this section is clearly not
exhaustive, and it is likely additional opportunities will arise.

Experimental Considerations.

A major challenge to searches for BSM physics with low-energy deposits (below 100 keV) in LEGEND-
1000 is 3°Ar decay in the LAr. 3Ar undergoes beta decay with a Q-value of 565keV and a half-life of
268 years. This yields a background spectrum that increases monotonically with decreasing energy below
565keV, as was shown in GERDA '®. The use of underground argon depleted in 3?Ar is one strategy to
mitigate this background. A factor of 1400 reduction of 3?Ar has already been demonstrated by the Dark-
side experiment ', Other mitigation strategies include pulse-shape discrimination and increased LAr veto
efficiency.

Other sources of background are cosmogenic tritium and %8Ge, ?Ar, energy degraded surface events,
and small angle Compton scatters from gamma-ray sources. Cosmogenic backgrounds are mitigated by
storing Ge underground and transportation and fabrication protocols to minimize surface exposure’. To
achieve its physics potential, LEGEND-1000 is developing a detailed model of the low-energy background
to help guide design decision, for example to refine the level of 3° Ar depletion required and levels of surface
exposure that can be tolerated for the Ge.



114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129

130

131

132

133

134

135

139

140

141

142

143

144

145

146
147

148

149

Acknowledgments: This material is based upon work supported by the U.S. Department of Energy
(DOE), Office of Science, Office of Nuclear Physics. We acknowledge support from the Particle Astro-
physics Program and Nuclear Physics Program of the National Science Foundation. We gratefully acknowl-
edge the support of the DOE through the LANL/LDRD Program and through the LBNL/LDRD Program
for this work. We acknowledge support from the Russian Foundation for Basic Research. We acknowledge
the support of the Natural Sciences and Engineering Research Council of Canada, and from the Canada
Foundation from Innovation John R. Evans Leaders Fund. We acknowledge the support of the German
Federal Ministry for Education and Research (BMBF), the German Research Foundation (DFG) via the
Excellence Cluster ORIGINS (EXC-2094 : 390783311) and the SFB1258, the Italian Istituto Nazionale di
Fisica Nucleare (INFN), the Max Planck Society (MPG), the Polish National Science Centre (NCN), the
Foundation for Polish Science (TEAM/ 2016-2/2017), the Russian Foundation for Basic Research (RFBR),
and the Swiss National Science Foundation (SNF). This research used resources provided by the Oak Ridge
Leadership Computing Facility at Oak Ridge National Laboratory and by the National Energy Research
Scientific Computing Center, a DOE Office of Science User Facility. We thank our hosts and colleagues at
the Sanford Underground Research Facility for their support. The Collaboration thanks the directors and
the staff of the Laboratori Nazionali del Gran Sasso for their continuous strong support of the LEGEND
experiment.

References

[1] Wiesinger, Christoph, Pandola, Luciano, and Schonert, Stefan. Eur. Phys. J. C, 78(7):597, 2018.
[2] N. Abgrall et al. Phys. Rev. Lett., 118:161801, 2017.

[3] Maxim Pospelov, Adam Ritz, and Mikhail Voloshin. Phys. Rev. D, 78:115012, Dec 2008.

[4] Javier Redondo and Marieke Postma. J. Cosm. Astropart. Phys., 2:5, 2009.

[5] Haipeng An, Maxim Pospelov, Josef Pradler, and Adam Ritz. Phys. Lett. B, 747:331, 2015.

[6] C. Wiseman et al. In [6th International Conference on Topics in Astroparticle and Underground
Physics (TAUP 2019) Toyama, Japan, September 9-13, 2019, 2019.

[7] M. Agostini et al. Phys. Rev. Lett., 125:011801, Jul 2020.

[8] E. Aprile et al. https://arxiv.org/abs/2006.09721.

[9] Igor G. Irastorza and Javier Redondo. Progress in Particle and Nuclear Physics, 102:89 — 159, 2018.
[10] Wengin Xu and Steven R. Elliott. Astroparticle Physics, 89:39 — 50, 2017.
[11] Z. Ahmed et al. Phys. Rev. Lett., 103:141802, Oct 2009.

[12] Andrew Haas, Christopher S. Hill, Eder Izaguirre, and Itay Yavin. Physics Letters B, 746:117 — 120,
2015.

[13] N. Vinyoles and H. Vogel. Journal of Cosmology and Astroparticle Physics, 2016(03):002-002, mar
2016.

[14] S. 1. Alvis et al. Phys. Rev. Lett., 120:211804, May 2018.

[15] K.S. Babu, Ilia Gogoladze, and Kai Wang. Physics Letters B, 570(1):32 — 38, 2003.

4



150

151

152

153

154

[16] S. 1. Alvis et al. Phys. Rev. D, 99:072004, Apr 2019.

[17] M. Agostini et al. The European Physical Journal C, 76(12):652, 2016.
[18] GERDA Collaboration. Eur. Phys. J. C, 78(5):388, 2018.

[19] P. Agnes et al. Phys. Rev. D, 98:102006, 2018.

[20] N. Abgrall et al. Nucl. Instrum. Meth. A, 877:314, 2018.



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

184

185

186

187

188

189

190

191

192

193

194

195

196

Full Author List (LEGEND collaboration)

N. Abgrall!, I. Abt?>, M. Agostini**, A. Alexander*, G.R. Araujo’, F.T. Avignone I1I3?,
A. Bakalyarov®, M. Balata!®, M. Bantel'!, I. Barabanov'2, A.S. Barabash®, P.S. Barbeau'*!4,
C.J. Barton', PJ. Barton', L. Baudis’, C. Bauer'!, E. Bernieri!®!’, L. Bezrukov'?,

K.H. Bhimani'®!'#, V. Biancacci'®?, E. Blalock?"'*°, A. Bolozdynya®?, B. Bos'®!*, E. Bossio®,
A. Boston?, V. Bothe!!, S. Boyd?*, V. Brudanin®, R. Brugnera!®*’, N. Burlac?*!°, M. Busch!*!4,
A. Caldwell?, T.S. Caldwell'®!%, R. Carney!, C. Cattadori®’, Y.-D. Chan', A. Chernogorov®,
C.D. Christofferson?®, P.-H. Chu?’, M. Clark'®!4, T. Cohen'®!4, T. Comellato?, R.J. Cooper!,
V. D’Andrea?®!?, Z. Deng®, J.A. Detwiler’!, N. Di Marco'?, J. Dobson*, A. Drobizhev',
M.R. Durand?!, F. Edzards*2, Yu. Efremenko??, S.R. Elliott?*, A. Engelhardt'®!4, L. Fajt,
M.T. Febbraro’, F. Ferella’®, D.E. Fields®*, F. Fischer?, M. Fomina®, H. Fox**, R. Gala?"1#?,
A. Galindo-Uribarri®, A. Gangapshev'?, A. Garfagnini®’, A. Geraci**, G.K. Giovanetti*?,

M. Gold**, C. Gooch?, K.P. Gradwohl’, M.P. Green?"!'*?| J. Gruszko!'®!*, I. Guinn'®'4,
V.E. Guiseppe®, V. Gurentsov'?, Y. Gurov®, K. Gusev?-*, B. Hacket>*, J. Hakenmiieller!!,
M. Haranczyk®, Z. Harvey', L. Hauertmann?, C.R. Haufe'®!'*, C. Hayward**?, B. Heffron”>*,
R. Henning'®!'*, D. Hervas Aguilar'®!4, J. Hinton'!, R. Hodak??, W. Hofmann!!, A. Hostiuc?',
J. Huang’, M. Hult*®, M. Jeskovsky?’, H.T. Jia*®, J. Jochum®, R. Jones**, D. Judson®?,

M. Junker'?, J. Kaizer’’, K. Kang’, V. Kazalov'?, Y. Kermaidic!', H. Khushbakht**, M. Kidd*’,
T. Kihm!!, I. Kim?, A. Klimenko?, K.T. Knopfle!', O. Kochetov?, S.I. Konovalov®, I. Kontul*’,
L.L. Kormos*, V.N. Kornoukhov??, P. Krause?, V.V. Kuzminov'?, J.M. Lépez-Castafio'?,

K. Lang*', M. Laubenstein'?, E. Leén'®'4, B. Lehnert!, Y. Li**, H.B. Li*®, S.T. Lin®,

M. Lindner'!, I. Lippi!®?, S.K. Liu*, X. Liu?, J. Liu'®, D. Loomba?*, A. Lopez*,

A. Lubashevskiy?, B. Lubsandorzhiev'?, N. Lusardi*?, G. Lutter®, Y. Miiller’, H. Ma*,

M. Macko?®?, C. Macolino'®*, B. Majorovits?, F. Mamedov??, W. Maneschg!!, L. Manzanillas,
R.D. Martin®, E.L. Martin'®!4, R. Massarczyk®, N. McFadden’, D. Mei">, H. Mei'?,

S.J. Meijer®?, S. Mertens>?, M. Misiaszek®, B. Morgan*®, T. Mroz*, D. Muenstermann™*,

J. Myslik!, I. Nemchenok®, T. Oli'®, G. Orebi Gann'*#’, G. Othman'®!4, V. PaluSova®’, L. Papp’,
L. Pertoldi'®?°, W. Pettus®!, P. Piseri*>, A.W.P. Poon', P. Povinec®’, R. Panth">, A. Pullia*?,
D.C. Radford®, Y.A. Ramachers*®, C. Ransom’, L. Rauscher®®, A.L. Reine!®!*, S. Riboldi*?,
K. Rielage®, S. Rozov?, E. Rukhadze*, N. Rumyantseva®, J. Runge'*!4, N.W. Ruof?!,

R. Saakyan®*, G. Salamanna'!®!7 | F. Salamida®*'?, V. Sandukovsky?’, S. Schonert®, M. Schiitt!!,
J. Schreiner!!, A. Schuetz®, O. Schulz?, M. Schuster?, M. Schwarz?®, B. Schwingenheuer!'!,
O. Selivanenko!?, M. Shaflee®’, V. Sharma*®, E. Shevchik?, M. Shirchenko®, Y. Shitov?>,
H. Simgen'!, F. Simkovic*, M. Skorokhvatov®, M. Slavickova®?, K. Smolek*, A. Smolnikov?,
J.A. Solomon'®!*, 1. Stekl*?, D. Stukov'®!7, D. Stukov®, R.R. Sumathi’, K. Szczepaniec™®,

L. Taffarello'®?°, D. Tagnani'®!”, D. Tedeschi®, J. Thompson?®, Y. Tian*°, R.L. Varner’,

S. Vasilyev?®, A. Veresnikova'?, K. Vetter!*’, C. Vignoli'?, C. Vogl*, K. von Sturm!*-?°,

D. Waters*, J.C. Waters'®!4, W. Wei'®, T. Wester™’, C. Wiesinger?, J.F. Wilkerson'®!49,

M. Willers*?, C. Wiseman®', M. Wojcik®, H.T. Wong*®, V.H.S. Wu>, W. Xu'>, E. Yakushev?,
L. Yang®, C.-H. Yu°, Q. Yue®®, V. Yumatov®, 1. Zhitnikov?®, D. Zinatulina®®, A.-K. Zschocke™,
A.J. Zsigmond?, K. Zuber*’, and G. Zuzel®

Unstitute for Nuclear and Particle Astrophysics and Nuclear Science Division, Lawrence Berkeley National



197
198
199
200
201
202
203
204
205

207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235

237
238
239
240
241
242
243
244
245
246
247
248

Laboratory, Berkeley, California 94720
>Max-Planck-Institut fiir Physik, Miinchen
3Physik-Department E15, Technische Universitit, Miinchen
*University College London, London
5Physik—Insl‘iz‘ut, University of Ziirich, Ziirich
SNational Research Centre “Kurchatov Institute”, Moscow
" Leibniz Institute for Crystal Growth, Berlin
8Department of Physics and Astronomy, University of South Carolina, Columbia, South Carolina 29208
0ak Ridge National Laboratory, Oak Ridge, Tennessee 37830
7stituto Nazionale di Fisica Nucleare, Laboratori Nazionali del Gran Sasso, Assergi (AQ)
U Max-Planck-Institut fiir Kernphysik, Heidelberg
2 Institute for Nuclear Research of the Russian Academy of Sciences, Moscow
BDepartment of Physics, Duke University, Durham, North Carolina 27708
YTriangle Universities Nuclear Laboratory, Durham, North Carolina 27708
SDepartment of Physics, University of South Dakota, Vermillion, South Dakota 57069
16Roma Tre University and INFN Roma Tre, Rome
"Roma Tre University Istituto Nazionale di Fisica Nucleare, Rome
8 Department of Physics and Astronomy, University of North Carolina, Chapel Hill, North Carolina 27514
 Dipartimento di Fisica e Astronomia dell’ Universita’ di Padova
2 Padova Istituto Nazionale di Fisica Nucleare, Padova
21Deparl‘ment of Physics, North Carolina State University, Raleigh, North Carolina 27607
22 National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 115409 Moscow
B University of Liverpool, Liverpool
% Department of Physics and Astronomy, University of New Mexico, Albuquerque, New Mexico 87131
2 Joint Institute for Nuclear Research, Dubna
26 Department of Physical and Chemical Sciences University of L’Aquila, L’Aquila
T Istituto Nazionale di Fisica Nucleare, Milano Biocca, Milano
BSouth Dakota School of Mines and Technology, Rapid City, South Dakota, 57701
21 0s Alamos National Laboratory, Los Alamos, New Mexico 87545
N Key Laboratory of Particle and Radiation Imaging (Ministry of Education) and Department of Engineering
Physics, Tsinghua University, Beijing
31 Center for Experimental Nuclear Physics and Astrophysics, and Department of Physics, University of Washington,
Seattle, Washington 98195
2Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37916
3 Czech Technical University, Institute of Experimental and Applied Physics, CZ-12800 Prague
34 Department of Physics, Lancaster University, Lancaster
3 Institute of Physics, Jagiellonian University, Cracow
3 European Commission, Joint Research Centre, Directorate for Nuclear Safety & Security, Geel
¥ Department of Nuclear Physics and Biophysics, Comenius University, Bratislava
B College of Physical Science and Technology, Sichuan University, Chengdu
¥ University Tiibingen, Tiibingen
OTennessee Tech University, Cookeville, TN 38505
# Department of Physics, University of Texas at Austin, Austin, Texas 78712
2 Milano Univ. and Milano Istituto Nazionale di Fisica Nucleare, Milano
B Department of Physics, Williams College, Williamstown, Massachusetts 01267
#Gran Sasso Science Institute, L’Aquila
4 Department of Physics, Engineering Physics & Astronomy, Queen’s University, Kingston
4 Department of Physics, University of Warwick, Coventry
4 Department of Physics, University of California, Berkeley, California, 94720
B Institute of Physics, Academia Sinica, Taipei
Y Department of Nuclear Engineering, University of California, Berkeley, California, 94720
NOTechnische Universitiit Dresden, Dresden



