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Abstract: We propose the 1000-kg phase of the Large Enriched Germanium Experiment for Neutrinoless
double beta Decay (LEGEND-1000), for the search of neutrinoless double beta (0v3/3) decay of “°Ge. The
experiment will probe the 033 decay of "®Ge with a 3¢ discovery potential of Tlo/”2 > 1028 yr corresponding
to a limit on the effective neutrino mass of < 17 meV (worst case matrix element of 3.5). The 200-kg phase
(LEGEND-200), currently under construction in the existing GERDA infrastructure at LNGS, is using the
enriched detectors from the previous MAJORANA and GERDA experiments as well as new detectors for a
total mass of up to 200 kg. The background goal of the LEGEND-200 phase is only a factor of 2.5 below
the measured levels of MAJORANA and GERDA, reaching a level of <2 x 10~%cts/(keV-kg-yr). A scaling
toward a 1000-kg phase incorporating a further factor of 20 reduction in background beyond LEGEND-200
will provide discovery potential that encompasses the inverted hierarchy mass region for the light left-handed
Majorana neutrino exchange mechanism. LEGEND-1000 will probe a large/relevant part of the parameter
space even if the ordering is normal.
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The physics case. Since their discovery, neutrinos have been an object of extensive study, and the
knowledge of their properties has advanced our understanding of weak interactions significantly. Still unan-
swered, however, is the very fundamental question as to whether the neutrino is identical to its anti-particle
(a Majorana particle), which many extensions of the Standard Model incorporate.

More generally, Ov33 decay violates lepton number conservation and, if observed, would establish new
physics beyond the Standard Model of particle physics. Though Majorana neutrinos are the prime candidate
to mediate this elusive nuclear decay, other lepton number violating non-Standard Model processes could
also generate Ov /33 decay.

Furthermore, Majorana neutrinos are a robust prediction of Leptogenesis, a leading model for explaining
the particle-antiparticle asymmetry of the Universe. The study of O3 decay is the most sensitive approach
to test this prediction. If the decay occurs without the emission of neutrinos, then their Majorana nature is
established. The motivation of this technique has increased considerably recently since a non-zero mass of
the neutrinos has been established by the observation of neutrino flavor oscillation. In fact, the observation
of Ov36 decay would not only strongly imply the Majorana nature of the neutrino but also help elucidate
the effective neutrino mass.

The experimental situation. The Ov 3 reaction ((A,72) — (A,Z + 2) + 2e7) is only possible if
neutrinos are Majorana particles or, equivalently, if lepton number violating interactions occur in nature.
There is a long history of searches for Ov/33 decay with the best current experimental sensitivities at or above
10%6 yr coming from the isotopes *Xe! and "®Ge>™. Using calculations for nuclear matrix elements,
lifetime limits can be used to constrain the effective Majorana neutrino mass ((mgg)). Variations in the
nuclear transition calculations introduce about a factor of three uncertainty in the mass limit. The current
best limit is in the range (mgg) < (61 — 165) meV from Xe and (mgg) < (80 — 182) meV from Ge*. It is
critical to note that the Ge limits are comparable to the Xe limits even though the Ge exposure (= 127.2kg-yr
from GERDA) is nearly a factor 4.6 less than that from Xe (594 kg-yr).

Experimental Considerations. The parameters determining the sensitivity of a Ov3/ experiment are
the active mass of the relevant isotope, M, the run time, 7', and the background index B (often quoted
in units of cts/(keV-kg-yr)) in the relevant energy range, d . The kinetic energy spectrum of the outgoing
electrons is measured, and the number of events in 0 E/ near ()3 is evaluated. In the case where no events are
found, the (mgs) limit scaling can be approximated as (MT)~'/2. Once non-zero background is observed,
then the (mgg) limit approximately varies as [(BSFE)/(MT)]'/%. A high sensitivity experiment will need
maximum detector mass as well as very small backgrounds in order to operate in the “background-free”
regime. This is even more relevant to the discovery sensitivity of an experiment.

Germanium is a good choice for such an experiment. The isotope "®Ge can be enriched to greater than
86% in sufficient quantities. Germanium detectors are standard commercial products and act both as source
and detector. They exhibit the best energy resolution of any 53 detector and no Th or U contaminations
have been found inside a detector so far’. Germanium detector experiments (MAJORANA and GERDA)
have achieved the lowest background of any 53 experiment - if normalized to §F - and operate in the
regime where the half-life sensitivity scales almost linearly with the exposure.

LEGEND will combine the most effective background-mitigating practices employed in GERDA and
MAJORANA. The dominant backgrounds in MAJORANA are found to be far away from the detectors and
will be reduced with a GERDA-style active LAr shield. The dominant backgrounds in GERDA, other than
42K, are close to the detectors and would be reduced with MAJORANA materials and improved energy res-
olution. This is why combining the advantages of both experiments can produce the necessary background
improvement. Further, the use of underground-sourced LAr will reduce surface *2Ar backgrounds. In to-
tal, a background improvement is anticipated for LEGEND-1000 yielding a projected background index of



81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

101

102
103
104
105
106
107
108
109
110

111
112
113
114
115
116
117
118

119

120
121

122

123
124
125

<1 x 1075 cts/(keV-kg-yr).

Baseline detector design for LEGEND-1000. We have
prepared technical designs that are compatible with the lead-
ing candidate underground laboratories. The LEGEND-1000
baseline technical design is centered around the demonstrated
low-background and excellent energy performance of p-type,
point-contact (P-PC) high-purity Ge (HPGe) semiconductor
detectors, enriched in “°Ge. The larger mass inverted-coaxial,
point contact (ICPC) detectors will be the standard in use

~ for LEGEND-1000. When combined with the LEGEND-200
ICPCs,a total of <400 individual ICPCs with an average mass
of 2.6 kg will be instrumented for a total detector active mass
of 1000 kg. The detectors are mounted using underground
electroformed Cu rods that provide physical support and elec-
trical isolation through plastic insulators. Below each detector
is a silicon base plate supporting a wire-bonded signal cable
and front-end ASIC board to collect charges at the detector’s
p* electrode. From there, the signal is passed out of the cryo-
stat and tank to a data acquisition system for waveform dig-
itization and offline storage. A separate single conductor flat
Figure 1: A conceptual design of the flex cable wire-bonded to the detector’s n* electrode provides

LEGEND-1000 "°Ge array showing the g high-voltage bias to deplete the Ge semiconductor.
four modules within the vacuum-insulated

cryostat and water tank.

The background rejection power of ICPC-style detectors
begins with the superior energy resolution, demonstrated to
be as low as 0.12% FWHM at Qs3°, which is sufficient to
separate 2v33 from Ov 3 decays. Beyond the tight energy cut, additional cuts based on pulse-shape analysis
parameters offer a discrimination of backgrounds from the Ov 3 signal of interest. A pulse shape analysis
of the charge-collection signature from a bulk 53 energy deposition can be distinguished from multiple-
interacting -y rays and surface events. The granular nature of the Ge detector array allows discrimination
of background interactions that span multiple detectors. Finally, background interactions external to the Ge
detectors are signaled by an active liquid Ar (LAr) shield.

The Ge detectors are distributed among four 250-kg modules to allow commissioning of the array in
stages and independent operation (Fig. 1). In each module, the detector strings are immersed within the LAr
active shield, sourced from radiopure underground Ar, to provide direct reduction of background. Alterna-
tive mitigation strategies have been developed if underground Ar is unavailable. Background sources that
deposit energy in the LAr create scintillation light that is read out by a curtain of wavelength-shifting (WLS)
polystyrene fibers. The TPB (tetraphenyl butadiene) coated fibers are coupled to silicon photomultiplier
photodetectors at each end and read out by charge-sensitive amplifiers. Each of the four underground LAr
modules are surrounded by natural LAr, with additional light collection, and supported within a vacuum-
insulated cryostat, itself inside a water tank providing infrastructure and additional shielding.

As a baseline, we define a reference overburden depth and cavity size to be that of the SNOLAB cryopit
for cosmogenic background estimate, 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 during year 4, with additional payloads becoming operational
over the final 2 years.
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