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Abstract. The Majorana Collaboration has assembled an array of high purity Ge detectors to
search for neutrinoless double-beta decay in 76Ge with the goal of establishing the required
background and scalability of a Ge-based next-generation ton-scale experiment. The Majorana

Demonstrator consists of 44 kg of high-purity Ge (HPGe) detectors (30 kg enriched in 76Ge)
with a low-noise p-type point contact (PPC) geometry. The detectors are split between two
modules which are contained in a single lead and high-purity copper shield at the Sanford
Underground Research Facility in Lead, South Dakota. Following a commissioning run that
started in June 2015, the full detector array has been acquiring data since August 2016. We
will discuss the status of the Majorana Demonstrator and initial results from the first physics
run; including current background estimates, exotic low-energy physics searches, projections on
the physics reach of the Demonstrator, and implications for a ton-scale Ge-based neutrinoless
double-beta decay search.

1. Introduction
Searches for neutrinoless double-beta decay (0νββ) are the most direct experimental test of
the Majorana nature of the neutrino [1]. Observation of 0νββ decay would immediately
imply that neutrinos are Majorana particles and that total lepton number is violated, having
profound implications for physics beyond the Standard Model. Developments in germanium
detector technology have motivated searches for 0νββ decay in 76Ge. With complimentary
efforts ongoing from the GERDA experiment [2], the Majorana collaboration is now operating
an array of Ge detectors in the Demonstrator with the primary goal of demonstrating the
background and energy resolution required to justify a ton-scale 76Ge 0νββ experiment
capable of discovery level sensivity in the inverted neutrino mass ordering range.

2. Experimental overview
The Majorana Demonstrator consists of an array of 58 high-purity Ge detectors with a
combined mass of 44.1 kg. Isotopically enriched Ge was used to fabricate 35 of the detectors
(29.7 kg) which have 88% 76Ge content. The remaining 14.4 kg of the detectors are of natural
76Ge abundance (7.8%). In order to minimize cosmogenic activation of the enriched Ge, the
enriched material was stored underground and shielded through all phases of the detector
fabrication [3]. The detectors are P-type, point-contact (PPC) [4, 5], offering excellent energy
resolution, pulse shape based background rejection, and low energy thresholds.

Wherever possible, components required for mounting and housing the detectors are
made from underground electroformed copper (UGEFCu) that was machined in a dedicated
underground machine shop. Assay of the UGEFCu resulted in limits of ≤ 0.1 µBq/kg 232Th
and ≤ 0.1 µBq/kg 238U [6]. All other components near the detectors are selected based on a
rigorous radio-assay program [6].

The detectors are split between two modules, each housed within an independent vacuum
cryostat made from UGEFCu. As shown in Figure 1, the cryostats are surrounded on all sides
by a graded shield consisting of an inner layer of UGEFCu (5 cm), an outer layer of commercial
ultra-pure copper (5 cm), high-purity lead (45 cm), an active muon veto, and high density
polyethylene (30 cm). The entire lead shield is contained in a sealed aluminum enclosure that
is purged with liquid nitrogen boil-off to minimize the radon concentration near the cryostats.
Shielding from cosmogenics is achieved by operating the Demonstrator at the 4850-foot level
of the Sanford Underground Research Facility (SURF) in Lead, SD [8].

3. Operations and data acquired
Each configuration and operational state of the Majorana Demonstrator is assigned a Data
Set (DS) beginning with DS0 (June-October 2015). In this configuration, only Module 1 (M1)



Figure 1. A cross-section of the Demonstrator shield shown with both cryostats installed [7].

was installed in the shield, and the inner UGEFCu shield was not in place. The backgrounds in
M1 were reduced in DS1 (December 2015-May 2016) with installation of the UGEFCu shield.
In DS2 (May-July 2016), the digitizers were operated in a mode that pre-sums the waveforms
after the rising edge to test possible improvements in the discrimination of alpha events. Both
modules were operated simultaneously in the shield during DS3 and DS4 (August-September
2016) with independent DAQ systems for M1 and M2 respectively. In DS5 (October 2016-May
2017), the DAQ systems were merged into a single data stream, and blind data was acquired
from March 17-May 11. Currently the Demonstrator is acquiring blind data in DS6 with the
combined DAQ system and pre-summing of the post-rising edge waveforms.

4. Background rejection and initial results
The properties of Majorana Demonstrator’s PPC detectors offer additional background
suppression beyond that provided by clean materials and a high purity shield. The
excellent energy resolution of PPC detectors allows a narrow 0νββ region that minimizes
background from the 2νββ spectrum and other continuum backgrounds. In DS3 and DS4,
the Demonstrator has achieved a 2.4 keV FWHM at the Q-value of 2039 keV, the best energy
resolution in the 0νββ region of any double-beta decay experiment to date.

PPC detectors also have slow drift velocities throughout much of the crystal bulk with a
highly localized weighting potential near the point contact. The difference in drift times for
energy depositions at different locations in the crystal allows multi-site events to be identified
in contrast to single-site events like double-beta decays, which are single-site due to the short
range of the emitted electrons. In the Demonstrator, the maximum of the current pulse (A)
as a function of the reconstructed energy (E) is scaled using calibration data [9] to give 90%
acceptance of double-escape events from the 208Tl 2614 keV gamma. This provides an ‘AvsE’
parameter which is used to discriminate single-site from multi-site events [10].

The lithiated dead layer covering much of the detector surface makes the detectors largely
insensitive to alphas emitted by nearby contaminants. However, alphas incident on the
passivated surface surrounding the point-contact result in an energy-degraded signal with a
component of the charge drifting slowly along the passivated surface. This component with
slow charge collection results in a characteristic slope to the waveform tail which can be used to
identify alphas. The delayed charge recovery (DCR) parameter scales the slope of the waveform
tail to give 90% acceptance (for the results shown here) of single-site events in the Compton
shoulder of the 2614 keV 208Tl line from calibration data [11].

Before applying the pulse shape discrimination (PSD) cuts described above, instrumental
backgrounds [13] and events with energy deposition in multiple detectors within a 4 µs
coincidence window are removed. The spectrum shown in Figure 2 is the result of the
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Figure 2. The enriched detector background spectrum from DS3 and DS4 with combined
1.39 kg-y of exposure and PSD cuts applied.

combination of DS3 and DS4 and sequentially-applied AvsE and DCR cuts with an exposure
of 1.39 kg-y. After all cuts, the 2νββ spectrum is the only visible feature. In order to estimate
the background index in the narrow 0νββ region of interest (ROI), the background in a much
wider 400 keV window centered at 2039 keV is used, and the background is scaled to the width
of the ROI. Assuming a Gaussian line shape, the optimal ROI width is 2.9 keV and 2.6 keV for
M1 and M2 respectively. This results in a projected background rate of 5.1+8.9

−3.2 c/ROI/t/y.
The corresponding background index is 1.8 × 10−3 c/keV/kg/y. Analysis of all data sets
with a combined background is underway [14], and a first 0νββ limit from the Majorana

Demonstrator is expected to soon be released.
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Figure 3. Left: Energy spectra from the natural and enriched detectors in DS0 with 195 kg-
d and 478 kg-d exposures respectively. The dashed line shows a fit to a linear background
with the tritium beta spectrum and the 68Ge K-shell peak. For the natural detectors, tritium
is dominant at low energy, and the 68Ge, 65Zn, and 55Fe peaks are indicated by arrows. Right:
The 90% upper limit on pseudoscalar dark matter from DS0 compared to other recent results
(see [12] for references).

The low background in the Demonstrator, together with excellent energy resolution and
low energy thresholds of PPC detectors, allows the Demonstrator to have sensitivty to low



energy searches for physics beyond the Standard Model. Here we consider only low energy data
from the DS0 commissioning which has a factor of 3-4 higher background than in later data
sets since the inner UGEFCu shield had not been installed. In the left panel of Figure 3, the DS0
low energy spectrum is shown for the natural and enriched detectors. Control of the surface
exposure of the enriched Ge has reulted in a dramatic reduction in low energy cosmogenic
backgrounds, which are visible in the natural detector spectrum. With the low backgrounds in
the enriched detectors, the Demonstrator can perform searches for pseudoscalar dark matter,
vector dark matter, solar axions, and other exotic beyond the Standard Model physics. Initial
results from peak searches in the DS0 spectrum are presented in [12] with 478 kg-d exposure,
and the right panel of Figure 3 shows the pseudoscalar dark matter limit obtained from the M1
commissioning data. Improving instrumental background removal and analysis techniques for
all datasets is ongoing, and will allow the analysis threshold to be lowered from 5 keV to near
the sub-keV hardware trigger thresholds.

5. Summary and outlook
The Majorana Demonstrator began operating the first module containing enriched PPC
detectors in-shield in June 2015, and both modules have been operating with the completed
inner shield since August 2016. The main goal of the Demonstrator is to show that
backgrounds can be reduced to the level which justifies a ton-scale 0νββ experiment using
76Ge. Initial backgrounds in the 0νββ region of interest, estimated from operation of both
modules in DS3 and DS4, are approaching the leading values set by the GERDA experiment [2].
At the time of this writing, approximately 10 kg-y of enriched exposure has been acquired, and
the analysis of the later datasets is being finalized in preparation for an initial 0νββ result from
the Demonstrator. With the increased exposure from later data sets and reduced analysis
threshold, the Demonstrator will also perform sensitive tests for beyond the Standard Model
physics at low energy.

The recently formed LEGEND collaboration [16] will combine the strengths of the
Majorana Demonstrator and GERDA designs with the goal of a ton-scale 76Ge 0νββ
experiment capable of discovery level sensitivity in the inverted neutrino mass ordering region.
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