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MAJORANA DEMONSTRATOR
Searching for neutrinoless double-beta decay (0𝜈𝛽𝛽) of 76Ge in HPGe detectors and 

additional physics beyond the standard model

Source & Detector: Array of p-type, point contact detectors 
29.7 kg of 88% enriched 76Ge crystals  

Low Background: 2 modules within a compact graded shield and 
active muon veto using ultra-clean materials

Excellent Energy resolution: 2.5 keV FWHM @ 2039 keV

Operating underground at the 4850’ level of the Sanford Underground Research Facility
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MAJORANA DEMONSTRATOR Results
2017 Release 2018 Release

9.95 kg-yr open data 26 kg-yr open+blind

PRL 120 132502 (2018) Neutrino 2018 
DOI:10.5281/zenodo.1286900

Median half-life sensitivity (90% CL): yr

Full exposure limit (90% CL): yr

Final configuration background: cts/(FWHM t yr)

Higher than prediction from initial 
background model: cts/(FWHM t yr) 

< 2.2
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11.9± 2.0
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2017 Release 2018 Release
9.95 kg-yr open data 26 kg-yr open+blind

PRL 120 132502 (2018) Neutrino 2018 
DOI:10.5281/zenodo.1286900

Median half-life sensitivity (90% CL): yr

Full exposure limit (90% CL): yr

Higher than prediction from initial 
background model: cts/(FWHM t yr) 

< 2.2
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MAJORANA DEMONSTRATOR Results

11.9± 2.0
<latexit sha1_base64="61tJd66U/4iPiL1gd3/OFLroh6w=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbB07IpgnorevFYwX5gu5Rsmm1Dk+ySZIVS+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8y8KBXc2CD49gpr6xubW8Xt0s7u3v5B+fCoaZJMU9agiUh0OyKGCa5Yw3IrWDvVjMhIsFY0up35rSemDU/Ugx2nLJRkoHjMKbFOesTYv+6msuoHvXIl8IM50CrBOalAjnqv/NXtJzSTTFkqiDEdHKQ2nBBtORVsWupmhqWEjsiAdRxVRDITTuYXT9GZU/ooTrQrZdFc/T0xIdKYsYxcpyR2aJa9mfif18lsfBVOuEozyxRdLIozgWyCZu+jPteMWjF2hFDN3a2IDokm1LqQSi4EvPzyKmlWfRz4+P6iUrvJ4yjCCZzCOWC4hBrcQR0aQEHBM7zCm2e8F+/d+1i0Frx85hj+wPv8AW12j3A=</latexit><latexit sha1_base64="61tJd66U/4iPiL1gd3/OFLroh6w=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbB07IpgnorevFYwX5gu5Rsmm1Dk+ySZIVS+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8y8KBXc2CD49gpr6xubW8Xt0s7u3v5B+fCoaZJMU9agiUh0OyKGCa5Yw3IrWDvVjMhIsFY0up35rSemDU/Ugx2nLJRkoHjMKbFOesTYv+6msuoHvXIl8IM50CrBOalAjnqv/NXtJzSTTFkqiDEdHKQ2nBBtORVsWupmhqWEjsiAdRxVRDITTuYXT9GZU/ooTrQrZdFc/T0xIdKYsYxcpyR2aJa9mfif18lsfBVOuEozyxRdLIozgWyCZu+jPteMWjF2hFDN3a2IDokm1LqQSi4EvPzyKmlWfRz4+P6iUrvJ4yjCCZzCOWC4hBrcQR0aQEHBM7zCm2e8F+/d+1i0Frx85hj+wPv8AW12j3A=</latexit><latexit sha1_base64="61tJd66U/4iPiL1gd3/OFLroh6w=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbB07IpgnorevFYwX5gu5Rsmm1Dk+ySZIVS+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8y8KBXc2CD49gpr6xubW8Xt0s7u3v5B+fCoaZJMU9agiUh0OyKGCa5Yw3IrWDvVjMhIsFY0up35rSemDU/Ugx2nLJRkoHjMKbFOesTYv+6msuoHvXIl8IM50CrBOalAjnqv/NXtJzSTTFkqiDEdHKQ2nBBtORVsWupmhqWEjsiAdRxVRDITTuYXT9GZU/ooTrQrZdFc/T0xIdKYsYxcpyR2aJa9mfif18lsfBVOuEozyxRdLIozgWyCZu+jPteMWjF2hFDN3a2IDokm1LqQSi4EvPzyKmlWfRz4+P6iUrvJ4yjCCZzCOWC4hBrcQR0aQEHBM7zCm2e8F+/d+1i0Frx85hj+wPv8AW12j3A=</latexit><latexit sha1_base64="61tJd66U/4iPiL1gd3/OFLroh6w=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbB07IpgnorevFYwX5gu5Rsmm1Dk+ySZIVS+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8y8KBXc2CD49gpr6xubW8Xt0s7u3v5B+fCoaZJMU9agiUh0OyKGCa5Yw3IrWDvVjMhIsFY0up35rSemDU/Ugx2nLJRkoHjMKbFOesTYv+6msuoHvXIl8IM50CrBOalAjnqv/NXtJzSTTFkqiDEdHKQ2nBBtORVsWupmhqWEjsiAdRxVRDITTuYXT9GZU/ooTrQrZdFc/T0xIdKYsYxcpyR2aJa9mfif18lsfBVOuEozyxRdLIozgWyCZu+jPteMWjF2hFDN3a2IDokm1LqQSi4EvPzyKmlWfRz4+P6iUrvJ4yjCCZzCOWC4hBrcQR0aQEHBM7zCm2e8F+/d+1i0Frx85hj+wPv8AW12j3A=</latexit>

Final configuration background: cts/(FWHM t yr)



Control of Backgrounds
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Ultra-pure materials 
- Low mass design 
- Custom cable connectors and front-end 

boards 
- Selected plastics & fine Cu coax cables 
- Underground Electro-formed Cu

Machining and Cleaning 
- Cu machining in an underground clean room 
- Cleaning of Cu parts by acid etching and passivation 
- Nitric leaching of plastic parts

Detector assembly 
- Dedicated glove boxes with a purged 

N2 environment
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• P-type point contact detectors:                        
slow drift, localized potential 

• 0𝜈𝛽𝛽 events appear single-site 

• Max current versus energy rejects multi-site 
(AvsE) 

• Delayed charge recovery rejects alphas on 
passivated surface (DCR)

Multi-Site Event Discrimination

arXiv:1901.05388 [physics.ins-det]
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ules 1 and 2. A low-mass front-end (LMFE) electronic
board is situated adjacent to the each detector inside the
vacuum cryostat to minimize the readout noise [1, 5]. A
2.15m signal cable connects the LMFE with the pream-
plifiers located outside the cryostat. The signals are then
digitized at 100MHz by a 14-bit ADC. The modules are
operated in a low-background passive shield that is sur-
rounded by a 4⇡ active muon veto. To mitigate the e↵ect
of cosmic rays and prevent cosmogenic activation of de-
tectors and materials, the experiment is operating at a
depth of 4850 ft (4260m.w.e. overburden) at the Sanford
Underground Research Facility in Lead, South Dakota,
USA [6].
We presented results from data taken over June 2015

- April 2018, a 26 kg yr exposure, including construc-
tion, commissioning, and stable full operation. An un-
precedented energy resolution of 2.5 keV FWHM at the
0⌫�� Q-value (Q�� = 2039 keV for 76Ge) was achieved.
Also, a very low background was reached with a sin-
gle candidate event in the optimal region of interest
(ROI) resulting in a lower limit on the half-life of
2.7⇥ 1025 yr (90% CL) [2, 7]. In our experimental con-
figuration with the lowest background, the background
is 11.9±2.0 counts/(FWHMtyr). In order to achieve
this low background, multi-site background events are
rejected with the method and e�ciency described in this
paper.
The data presented in the 0⌫�� results are subdi-

vided into data-sets, referred to as DS0 through DS6,
distinguished by significant experimental configuration
changes. DS0 was a set of commissioning runs of Mod-
ule 1. DS1 had the inner 2-inch electroformed copper
shield installed. DS2 was devoted to test multisam-
pling of the digitized waveforms, providing extended sig-
nal capture following an event for improved alpha back-
ground rejection. DS3 and DS4 consist of data taken
from Module 1 and Module 2, respectively, with sepa-
rate DAQ systems. DS5 consists of three sub-ranges cor-
responding to minor configuration changes. DS5a was
marked by combined data taking with both modules af-
ter the DAQ systems were merged. DS5b corresponds to
data taken after the detector was fully enclosed within
the layer of poly shielding, allowing the establishment of
a robust grounding scheme that reduced the electronic
noise. DS5c implemented blindness and was excluded
from the first result analysis. Finally, in DS6 multisam-
pling is in place.

II. MULTI-SITE EVENT DISCRIMINATION IN
PPC DETECTORS

The experimental sensitivity is improved by pulse
shape analysis (PSA) of the detector signals to reject
background events. In particular, the 0⌫�� event topol-
ogy consists of the two electrons carrying the entire decay
energy. This results in a monoenergetic peak at the Q�� ,
with all the energy being deposited within ⇠1mm in a

single-site energy deposit. Therefore, single-site events
(SSE) must be retained, but multi-site events (MSE)
characteristic of gamma backgrounds should be rejected.
The point contact detector technology was chosen for the
strong weighting potential in the vicinity of the point con-
tact readout and the relatively low weighting potential
elsewhere throughout the detector, see Fig. 1. This forces
the majority of the charge to be collected only at the very
end of the trajectory of the charge drift within the detec-
tor resulting in a signal that has a risetime that is much
shorter than the drift time of charge through the detec-
tor. If charge is deposited at multiple locations within
the crystal, the drift times may di↵er up to ⇠1µs and
the individual charge collections can be resolved. This
leads to a signal with a current pulse that is degraded in
amplitude with respect to the current pulse relative to
that of a SSE of the same energy. Examples of current
and charge pulses for SSE and MSE are shown in Fig. 2.
By comparing the maximum amplitude of the current
pulse (A) with the energy (E) we can reject events that
have a spread-out current pulse and are likely multi-site
as indicated by low values of A relative to E [8].
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FIG. 1. Weighting potential for the point contact (bottom
center) in a PPC detector. White lines are isochrones of equal
drift time for holes to reach the point contact spaced by 200 ns.

As a reference population of SSE, we use the Dou-
ble Escape Peak (DEP) of the 2614-keV 208Tl gamma
ray. This peak is generated by the creation of an elec-
tron positron pair during the photon interaction with a
nucleus of the detector. The photons from the positron
annihilation both escape the detector leaving an energy
deposit 1592 keV, two electron masses less than the in-
cident gamma ray energy. This physics requires these
events to have single-site structure similar to that ex-
pected of 0⌫��. Monte Carlo simulations including X-ray
excitations and bremsstrahlung predict the 0⌫�� signal
events to be 90% single-site. Defining a cut to leave this
fraction of events in the DEP yields the near-optimal re-
jection e�ciencies for the single escape peak (SEP) at
2103 keV (mostly MSE) and the Compton continuum in
the ROI. A cut to remove high values of A relative to

1
2
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Normal Event 
Alpha Event Alphas have positive 

slope in this region

𝛾



• P-type point contact detectors:                        
slow drift, localized potential 

• 0𝜈𝛽𝛽 events appear single-site 

• Max current versus energy rejects multi-site 
(AvsE) 

• Delayed charge recovery rejects alphas on 
passivated surface (DCR)

arXiv:1901.05388 [physics.ins-det]
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Multi-Site Event Discrimination
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ules 1 and 2. A low-mass front-end (LMFE) electronic
board is situated adjacent to the each detector inside the
vacuum cryostat to minimize the readout noise [1, 5]. A
2.15m signal cable connects the LMFE with the pream-
plifiers located outside the cryostat. The signals are then
digitized at 100MHz by a 14-bit ADC. The modules are
operated in a low-background passive shield that is sur-
rounded by a 4⇡ active muon veto. To mitigate the e↵ect
of cosmic rays and prevent cosmogenic activation of de-
tectors and materials, the experiment is operating at a
depth of 4850 ft (4260m.w.e. overburden) at the Sanford
Underground Research Facility in Lead, South Dakota,
USA [6].
We presented results from data taken over June 2015

- April 2018, a 26 kg yr exposure, including construc-
tion, commissioning, and stable full operation. An un-
precedented energy resolution of 2.5 keV FWHM at the
0⌫�� Q-value (Q�� = 2039 keV for 76Ge) was achieved.
Also, a very low background was reached with a sin-
gle candidate event in the optimal region of interest
(ROI) resulting in a lower limit on the half-life of
2.7⇥ 1025 yr (90% CL) [2, 7]. In our experimental con-
figuration with the lowest background, the background
is 11.9±2.0 counts/(FWHMtyr). In order to achieve
this low background, multi-site background events are
rejected with the method and e�ciency described in this
paper.
The data presented in the 0⌫�� results are subdi-

vided into data-sets, referred to as DS0 through DS6,
distinguished by significant experimental configuration
changes. DS0 was a set of commissioning runs of Mod-
ule 1. DS1 had the inner 2-inch electroformed copper
shield installed. DS2 was devoted to test multisam-
pling of the digitized waveforms, providing extended sig-
nal capture following an event for improved alpha back-
ground rejection. DS3 and DS4 consist of data taken
from Module 1 and Module 2, respectively, with sepa-
rate DAQ systems. DS5 consists of three sub-ranges cor-
responding to minor configuration changes. DS5a was
marked by combined data taking with both modules af-
ter the DAQ systems were merged. DS5b corresponds to
data taken after the detector was fully enclosed within
the layer of poly shielding, allowing the establishment of
a robust grounding scheme that reduced the electronic
noise. DS5c implemented blindness and was excluded
from the first result analysis. Finally, in DS6 multisam-
pling is in place.

II. MULTI-SITE EVENT DISCRIMINATION IN
PPC DETECTORS

The experimental sensitivity is improved by pulse
shape analysis (PSA) of the detector signals to reject
background events. In particular, the 0⌫�� event topol-
ogy consists of the two electrons carrying the entire decay
energy. This results in a monoenergetic peak at the Q�� ,
with all the energy being deposited within ⇠1mm in a

single-site energy deposit. Therefore, single-site events
(SSE) must be retained, but multi-site events (MSE)
characteristic of gamma backgrounds should be rejected.
The point contact detector technology was chosen for the
strong weighting potential in the vicinity of the point con-
tact readout and the relatively low weighting potential
elsewhere throughout the detector, see Fig. 1. This forces
the majority of the charge to be collected only at the very
end of the trajectory of the charge drift within the detec-
tor resulting in a signal that has a risetime that is much
shorter than the drift time of charge through the detec-
tor. If charge is deposited at multiple locations within
the crystal, the drift times may di↵er up to ⇠1µs and
the individual charge collections can be resolved. This
leads to a signal with a current pulse that is degraded in
amplitude with respect to the current pulse relative to
that of a SSE of the same energy. Examples of current
and charge pulses for SSE and MSE are shown in Fig. 2.
By comparing the maximum amplitude of the current
pulse (A) with the energy (E) we can reject events that
have a spread-out current pulse and are likely multi-site
as indicated by low values of A relative to E [8].
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FIG. 1. Weighting potential for the point contact (bottom
center) in a PPC detector. White lines are isochrones of equal
drift time for holes to reach the point contact spaced by 200 ns.

As a reference population of SSE, we use the Dou-
ble Escape Peak (DEP) of the 2614-keV 208Tl gamma
ray. This peak is generated by the creation of an elec-
tron positron pair during the photon interaction with a
nucleus of the detector. The photons from the positron
annihilation both escape the detector leaving an energy
deposit 1592 keV, two electron masses less than the in-
cident gamma ray energy. This physics requires these
events to have single-site structure similar to that ex-
pected of 0⌫��. Monte Carlo simulations including X-ray
excitations and bremsstrahlung predict the 0⌫�� signal
events to be 90% single-site. Defining a cut to leave this
fraction of events in the DEP yields the near-optimal re-
jection e�ciencies for the single escape peak (SEP) at
2103 keV (mostly MSE) and the Compton continuum in
the ROI. A cut to remove high values of A relative to
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• Closely packed detector array allows 
discrimination of coincidences (Multiplicity)



Assays, Expected Backgrounds
• Hundreds of assayed materials and parts 
• Sub-ppt sensitivity assay techniques 
• Calculate expected rate from assay and simulations

NIM A 828 22 (2016)

  

MAJORANA Backgrounds

Abgrall N. et al. 2016 NIM A 828 22

T. Caldwell DBD 2018 – Oct 21, 2018 18

● Observed background of 11.9 +/- 2.0 c/(FWHM t y) based on the 1950-2350 keV window is 
second lowest among 0νββ experiments (GERDA has achieved 2 c/(FWHM t y))

● Initial assay measurements with early simulations predicted <2.2 c/(FWHM t y) at Qββ

● Currently reviewing available assay information and updating the assay-based model with 
as-built simulations, detector configurations, and updated physics lists
● Preliminary estimates suggest ~50% increase relative to initial estimate

● Complete background model fits under development
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Underground electroformed Cu: 
    Th < 0.1 uBq/kg 
    U < 0.1 uBq/kg 
            ~3 decays/kg/yr

Observed final configuration background: cts/(FWHM t yr)

11.9± 2.0
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All cuts, components fixed to assay estimate

Observed Backgrounds
• Initial analysis suggests source of excess is not 

nearby the detectors 
• Ratio of 208Tl 2614 keV to low-energy peaks 

suggests missing activity in far components 
• Coincidences between 583 and 2614  keV 

gammas (208Tl → 208Pb): One observed, Factor of 
5-10 more expected for source nearby detectors

  

MAJORANA Backgrounds
● Initial spectral fits suggest that the dominant source of background above assay estimates 

is not from nearby components based on the energy dependence of the peak intensities
● Example fit below, floating component groups before AvsE cut

●

● The 583 keV gamma preceding the 2615 keV transition in the 208Tl decay sequence would 
produce a much higher rate of coincidences for a nearby source than an external source:
● Observe 1 event in all background data with 583 keV deposited in 1 detector in 

coincidence with 2615 keV deposited in another
● Expect a factor of 5-10 additional coincidences from nearby components, internal to the 

detector array
●

● Currently investigating the impact of increased Th and U contamination in individual 
detector components

T. Caldwell DBD 2018 – Oct 21, 2018 20

preliminary

No AvsE cut, activities fit to background spectrum

 9

Under-predicted 
backgrounds seem 
attributable to 232Th

Sum over 
components for decay 
chain contributions 
Assume secular 
equilibrium



Updated Background Model
• MaGe/Geant Monte Carlo simulations 

• Model as-built geometry of experiment 
~4000 parts, ~70 unique designs 
~40 component groups of related parts 

• Cuts and crystals are modeled in simulations

IEEE Trans Nucl Sci 58 1212 (2011)
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2

of neutrinoless double beta decay requires neutrinos are
Majorana-type particles (where the particle and anti-
particle are identical) in contrast to the Dirac-type par-
ticles (where the particle and anti-particles are distinct)
that describe all other fermions in the Standard Model.

The requirement for Majorana-type neutrinos implic-
itly requires neutrinos are massive particles, an exper-
imentally confirmed observation inferred from measure-
ment of neutrino flavor oscillations [2]. The half-life of the
neutrinoless double beta decay process is dependent on
the masses of the three neutrinos and so a measurement
of the 0⌫2� half-life will inform the range of masses for
the neutrinos which are currently unknown but less that
0.2 eV [2]. For comparison the experimentally observed
two neutrino double beta decay of 76Ge has a half-life of
1.84 ⇥ 1021 yr [3]. The sought after neutrinoless double
beta decay process is expected to be significantly longer,
prior experiments having set lower bounds on the 76Ge
0⌫2� half-life at 2.1⇥ 1025 yr [4]. The very long half-life
of the 0⌫2� decay makes the experimental measurement
of the process daunting. In simple terms, an experiment
must screen-out all other naturally occurring background
processes to such a low level so as to be sensitive to the
ultra-rare neutrinoless double beta decay. This drives
the need for a large mass, ultra-low background experi-
ment and motivates the detailed background assessment
presented in this article.

This paper is organized as follows: A brief review of
the experimental design is provided followed by a de-
tailed description of the background processes that may
interfere with observation of the 0⌫2� signature. The
Monte Carlo model used to evaluate the impact of the
dominant background sources is presented followed by
a summary of the relevant simulation input parameters
used to generate a background rate expectation. The
method of analysis of the Monte Carlo is detailed and
discussed. Finally, a specific example of applying these
background modeling techniques is presented for a single,
p-type point contact germanium detector located at the
Kimballton Underground Research Facility (KURF).

II. EXPERIMENTAL DESCRIPTION

A comprehensive description of the Majorana
Demonstrator is found in a prior report [1]. In that re-
port the design of the Majorana Demonstrator was
presented in Figs. 4-6 and 9 employing the solid model-
ing engineering design software visualization. In this this
article, comparable figures, Figs. 2-5, are presented em-
ploying the Monte Carlo simulation modeling software to
generate visual renderings.

For the development of the background model the prin-
ciple concern is the type, amount, and location of ma-
terials containing radioactive isotopes. The germanium
crystals are the inner most components of the detector
system. The total ⇠40 kg mass of germanium detectors
used in the Majorana Demonstrator are operated in

RadShieldRnBox 

ActiveMuonVetoOverFloorPanel 

RadShieldCuInner 

RadShieldCuOuter 

RadShieldPb 
RadShieldShadowPb 

RadShieldPoly ActiveMuonVetoSolidPanel 

RadShieldPolyOverFloorPanel 

Labeled components 
are included in the 
component groups: 
PolyRadShielding 
PlasticMuonVeto 

NitrogenGas 
RnBox 

LeadRadShielding 
OuterCopperRadShielding 
InnerCopperRadShielding 

FIG. 2. Rendering of the Geant4/MaGe simulation model.
The full shield simulation model is shown. Not shown are
the lead “shadow” shield components located just outside the
thermosyphon cross-arm penetration through the shield. In
this figure and Figs. 3-5 the names shown are the model com-
ponent names from the simulation.

CrossArmTube 

Track 

Tube 

CryostatHoop 

CryostatTopLid 

CryostatBottomLid 

CenterRail 

Bolt and Nut 
LidRail 

FIG. 3. Rendering of the Geant4/MaGe simulation model
cryostats. The cooling thermosyphon is labeled and named
“Tube” in the simulation model. The “Track” is the calibra-
tion source track tube.

arrays composed of 0.6-1 kg individual crystals. The de-
tector array will contain approximately 30 kg of enriched
germanium detectors and 10 kg of natural germanium
detectors. Individual germanium crystals are held-within
a “detector unit” made from underground electroformed
copper and clean PTFE-based plastic, NXT-85. Each de-
tector unit also hosts a single low mass front end (LMFE)
containing the first stage of the preamplifier including the
input JFET, resistive feed-back loop, and capacitively-

3

ColdPlate 

Clamp 

ColdPlateAdapter 

BottomNutTieRod 

string 

FIG. 4. Rendering of the Geant4/MaGe simulation model
array. In this figure a “string” is also identified for reference
purposes. In the simulaton model, strings are composed of
the components contained within the five detector units (See
Fig. 5).

LMFECoverPlate 

HVRing77 

CrystalMountingPlate 
CrystalInsulator 
Insulation and Wire 
HollowHexRod 
CableGuide 
ActiveCrystal 
HVNut 
HVForkNut 

FIG. 5. Rendering of the Geant4/MaGe simulation model
detector unit.

coupled test-pulse input [5].

Up to five individual detector units are connected to-
gether to form vertically-oriented “strings”. Strings are
also fabricated only from underground electroformed cop-
per and NXT-85. Several components of underground
electroformed copper in both the detector units and
strings are parylene coated to guard against galling dur-
ing assembly. The wire, cabling, and connectors used for
high-voltage and electrical read-out of the germanium de-
tectors are treated separately as a potential background
source. Up to seven detector strings are bolted to the bot-

tom of the cold plate housed with each of the two vacuum
cryostats that make-up the Majorana Demonstra-
tor experiment. Within these cryostats weight bearing
Vespel pegs are used in limited quantity.
Outside of the two vacuum cryostats, layers of passive

shielding consist of 5 cm of underground electroformed
copper shielding, 5 cm of OFHC copper shielding, and
45 cm of lead shielding. These layers are housed within
an aluminum shell that creates a radon exclusion zone
through purging of the inner volume with dry nitrogen
gas. External to the radon exclusion volume is an active
cosmic-ray muon veto system composed of scintillating
acrylic panels. The outer most assembled shield layer
is 30 cm of neutron moderating high density polyethy-
lene (HDPE). The inner portion of the HPDE layer is
borated to absorb the moderated neutrons. Finally, the
48500 level of the Sanford Research Facility provides a
4500 meter water equivalent shield against cosmic ray
products (e.g., protons, neutrons, and muons), unfortu-
nately the natural rock is a ubiquitous source of gamma-
rays resulting in the requirement for the thick lead shield
described above.
One primary aim of the present article is focused on

evaluating, component-by-component, the background
contributions from radioactivity in each of the materi-
als (and locations and amounts) used in the Majorana
Demonstrator experiment. However for completeness,
the background evaluation includes contributions esti-
mated from external radiation sources, muon-induced
backgrounds, and even neutrinos. The next section of
this article identifies and itemizes the potential sources
that may contribute to the background event rate in the
search for neutrinoless double beta decay of 76Ge.

III. BACKGROUNDS CONSIDERED

Numerous sources of potential background contribu-
tors are considered to prepare a comprehensive back-
ground model for the Majorana Demonstrator neu-
trinoless double beta decay experiment. The background
model is divided into contributions from five broad cat-
egories: (1) naturally occurring radioactivity in the ex-
periment’s construction materials, (2) cosmogenic activa-
tion of those materials, (3) background sources external
to the constructed shield, (4) backgrounds induced by
muons passing through the experiment or surrounding
cavern, and (5) neutrinos. This section details and de-
fines the most important sources of background that are
simulated or estimated in this article.

A. Natural radioactivity in materials

Decays of primordial contaminants – the 238U and
232Th decay chain isotopes as well as 40K – form a ubiqui-
tous component of naturally occurring radioactivity ow-
ing to their very long half-lives. In particular, the iso-
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coupled test-pulse input [5].

Up to five individual detector units are connected to-
gether to form vertically-oriented “strings”. Strings are
also fabricated only from underground electroformed cop-
per and NXT-85. Several components of underground
electroformed copper in both the detector units and
strings are parylene coated to guard against galling dur-
ing assembly. The wire, cabling, and connectors used for
high-voltage and electrical read-out of the germanium de-
tectors are treated separately as a potential background
source. Up to seven detector strings are bolted to the bot-

tom of the cold plate housed with each of the two vacuum
cryostats that make-up the Majorana Demonstra-
tor experiment. Within these cryostats weight bearing
Vespel pegs are used in limited quantity.
Outside of the two vacuum cryostats, layers of passive

shielding consist of 5 cm of underground electroformed
copper shielding, 5 cm of OFHC copper shielding, and
45 cm of lead shielding. These layers are housed within
an aluminum shell that creates a radon exclusion zone
through purging of the inner volume with dry nitrogen
gas. External to the radon exclusion volume is an active
cosmic-ray muon veto system composed of scintillating
acrylic panels. The outer most assembled shield layer
is 30 cm of neutron moderating high density polyethy-
lene (HDPE). The inner portion of the HPDE layer is
borated to absorb the moderated neutrons. Finally, the
48500 level of the Sanford Research Facility provides a
4500 meter water equivalent shield against cosmic ray
products (e.g., protons, neutrons, and muons), unfortu-
nately the natural rock is a ubiquitous source of gamma-
rays resulting in the requirement for the thick lead shield
described above.
One primary aim of the present article is focused on

evaluating, component-by-component, the background
contributions from radioactivity in each of the materi-
als (and locations and amounts) used in the Majorana
Demonstrator experiment. However for completeness,
the background evaluation includes contributions esti-
mated from external radiation sources, muon-induced
backgrounds, and even neutrinos. The next section of
this article identifies and itemizes the potential sources
that may contribute to the background event rate in the
search for neutrinoless double beta decay of 76Ge.

III. BACKGROUNDS CONSIDERED

Numerous sources of potential background contribu-
tors are considered to prepare a comprehensive back-
ground model for the Majorana Demonstrator neu-
trinoless double beta decay experiment. The background
model is divided into contributions from five broad cat-
egories: (1) naturally occurring radioactivity in the ex-
periment’s construction materials, (2) cosmogenic activa-
tion of those materials, (3) background sources external
to the constructed shield, (4) backgrounds induced by
muons passing through the experiment or surrounding
cavern, and (5) neutrinos. This section details and de-
fines the most important sources of background that are
simulated or estimated in this article.

A. Natural radioactivity in materials

Decays of primordial contaminants – the 238U and
232Th decay chain isotopes as well as 40K – form a ubiqui-
tous component of naturally occurring radioactivity ow-
ing to their very long half-lives. In particular, the iso-
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Background Model Inference
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• Tune activities of model components to best fit the data 
• Bayesian model 

• prior information from assay campaign
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No AvsE cut, activities fit to background spectrum

Pr(M|D) =
Pr(D|M)⇥ Pr(M)

Pr(D)

MCMC procedure approximates 
marginal posteriors for components

D = Data, M = Model



LEGEND
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Next Generation 76Ge: LEGEND — Large Enriched Germanium 
Experiment for Neutrinoless ββ Decay (52 Institutions, ~250 Members)

• Updated background model will inform design 
and procedures for next-generation in 76Ge

Next Talk: Oliver Schulz 
https://indico.cern.ch/event/760557/contributions/3262504/



The MAJORANA Collaboration
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Beyond the Standard Model Searches
The low backgrounds, low threshold, high resolution spectra allows additional searches 

Controlled surface exposure of enriched material to minimize cosmogenics
Permits low-energy physics 
• pseudoscalar dark matter, vector 

dark matter, 14.4-keV solar axion, 
e- → 3ν, Pauli Exclusion Principle

Phys. Rev. Lett. 118 161801 (2017)

Excellent energy resolution: 0.4 keV FWHM at 
10.4 keV 

Ongoing effort on: 
• low energy data cleaning, de-noising 
• low energy cut development & efficiencies 

The 90% UL on the pseudoscalar 
axionlike particle dark mater coupling

Low energy spectra during commissioning (blue) 
and first low-background physics running (red)

PRL 118 161801 (2017)
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Beyond the Standard Model Searches
The low backgrounds, low threshold, high resolution spectra allows additional searches 

The 90% UL for two tri-nucleon 
decay-specific modes

PRL 120 211804 (2018)

First Limit on the direct detection of Lightly 
Ionizing Particles for Electric Charge as 

Low as e/1000

The 90% UL on the Lightly Ionizing Particle 
flux with 1σ uncertainty bands

Search for Tri-Nucleon Decay: 
A test of baryon number violation

T1/2 > 4.7⇥ 1025 yr

T1/2 > 4.9⇥ 1025 yr

arXiv:1812.01090
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Cable and Connector Improvements
Operating with only 40/58 detectors due to cable/connector issues 

Testing and developing options to upgrade both signal and HV cables and connectors 
Requires new designs that are ultra-clean, low-mass, better reliability 

A string of three natural Ge detectors has been assembled and installed at UNC 
Evaluating cables and connectors in their final configuration 

Improve protection 
of cables

Custom connectors 
that incorporate a 
twist pin mechanism

Better HV crimp at the 
detector and flange
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Runtime and Exposure
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Runtime [days]
0 50 100 150 200 250 300 350 400 450

Module 1

Module 2

Module 1

Module 2

Module 1

Module 2

Physics Open
Physics Blind
Calibration
Disruptive Work
Downtime

Open data: Jun. 2015 - Mar. 2017 
9.95 kg-yr 

All blind data: Jan. 2016 - Apr. 2018 
New Open Data: Mar. 2017 - Apr. 2018 

+16.1 kg-yr

April 2018 - Present*

Jun. 2015 - Module 1: 16.9 kg (20) enrGe
  5.6 kg (9) natGe

Aug. 2016 - Module 2: 12.9 kg (15) enrGe
                 8.8 kg (14) natGe

2017 Release 2018 Release
9.95 kg-yr open data 26 kg-yr open+blind

PRL 120 132502 (2018) Neutrino 2018 
DOI:10.5281/zenodo.1286900

*As of Dec. 31, 2018
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Blindness Implementation
Data is split for statistical blindness, analysis cuts developed on open data 

Each 31 hours of open data is followed by 93 hours of completely blind data 

Unblinding in phases to perform data quality and consistency checks  
(<100 keV and multiple-detector events remain blind for other studies)

Energy [keV]
1000 2000 3000 4000 5000 6000

C
ou

nt
s/

(2
.5

 k
eV

 k
g 

yr
)

1−10

1

10

Data Cleaning, Muon, & Multiplicity Cuts
All Cuts

M
AJ

O
R

AN
A-

18
06

.0
6b

26 kg-yr

Open the background integration window 
and measure background index

Open the Qββ region to set 
the 0νββ half-life limit

Open up outside the 1950-2350 keV background integration region

 19



Cuts and Crystals Modeled in Simulations
• Energy degradation of events incident in lithiated outer layer of crystals 
• Multi-site events based on energy-dependent 𝛥t heuristic 

• Coincidences based on as-built active detector lists

1
2
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Background Modeling
• Graphical model for activities of components as seen by detectors 
• Assuming uniformly distributed backgrounds, pool individual detectors together

𝞱1

…

…

…

P(Material, Component, Detector) =  
P(Detector | Component, Material) × P(Component | Material) × P(Material)

𝞱j

𝟇1 𝟇i

d1 dk

Bulk Material Specific Activities

HW Component Activities

Observed Detector Spectra
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Challenges in Background Modeling
• Low statistics of the data (that was the goal…) 
• High dimensionality of parameter space: O(100)

D. Madigan et al “Strategies for Graphical Model 
Selection” Selecting Models from Data 89 (1994)

• One option for model selection, better than grid search through parameter space: 
Markov chain Monte Carlo Model Composition (MC3) 
1. Begin chain at some model M 
2. Define neighborhood of M, including models that differ by only one parameter 
3. Draw a random next step M’ from the neighborhood and accept with probability

min

⇢
1,

P(M 0|D)

P(M |D)

�
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