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Neutrino+Questions

We&have&learnt&a&great&deal&about&neutrinos&over&the&past&

two&decades.&But&they&continue&to&surprise&us,&and&many&

crucial&questions&remain.

• Is&lepton&number&a&conserved&quantity?

• Is&the&neutrino&its&own&antiparticle&(a&Majorana&particle)?

• Are&neutrinos&responsible&for&leptogenesis?

• What&is&the&origin&of&the&neutrino&mass?

• What&is&the&neutrino&mass&ordering&(hierarchy)?

• What&is&the&absolute&mass&scale&of&neutrinos?

• Are&there&rightHhanded&(sterile)&neutrinos?
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Double.Beta+Decay
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1. Neutrino Physics

Figure 1.10: Influence of the neu-
trino mass on the matter power
spectrum. This plot shows the mea-
surements and theoretical prediction
of the matter power spectrum. The
solid line represents a standard sce-
nario, where the neutrino mass is as-
sumed to be zero. The dashed line cor-
responds to where neutrinos contribute
with 7% to the dark matter in the uni-
verse, i.e. their mass is approximately
1 eV. The power spectrum is reduced
by a factor of 2 for large wave numbers,
i.e. small-scale structures [44]
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)& )* Figure 1.11: Mass excess E as
a function of number of protons
Z. This figure illustrates that in some
cases the single β-decay is energetically
forbidden. This is the case for 60 natu-
rally occuring isotopes. However, only
in seven cases double β-decay has been
experimentally observed.

would be no neutrino in the final state. This process is called neutrinoless double β-decay
(0νββ). In the Standard Model, which does not allow for lepton number violation, this
decay is does not occur. Observing this decay would prove the Majorana nature of the
neutrino.

The decay amplitude Γ depends on the neutrino mass. To find the exact depen-
dence, one considers the Feynman graph of 0νββ decay (see figure 1.12). The neutrino
propagator is given by

∑

i

PLUei
̸p−mi

p2 +m2
UeiPL, (1.40)

where PL = 1−γ5

2 is a projector on a left chiral component of a field, accounting for the
fact of maximal parity violation of the weak interaction and U is the PMNS matrix. As
the matrices γ5 and γµ anti-commute the ̸p-term of the propagator vanishes. The mass
parameter m2 in the denominator can be neglected compared to p2. One can then define

27

• Second&order&process

• Can&compete&only&where&single&&&&&&

βHdecay&is&energetically&forbidden
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Double.Beta+Decay

Beta&decay

Example:&&&&&&&&n& → p+ +&&eH +&&ν

TwoHneutrino&doubleHbeta&decay

Example:&&&&&&&&2n&→ 2p+ +&&2eH +&&2ν
Observed&with&halfHlives&~&1019 – 1021 years

Neutrinoless&doubleHbeta&decay

Example:&&&&&&&&2n&→ 2p+ +&&2eH

Not&yet&observed…&
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Neutrinoless+Double.Beta+Decay
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If&observed,&0νββ decay&would:&

• Demonstrate&that&lepton&number&is&not&

conserved

• Show&that&neutrinos&are&Majorana&

particles

• Provide&plausible&scenarios&for&the&origin&

of&the&baryon&asymmetry&of&the&universe&

• Offer&a&potential&mechanism&for&the&very&

light&masses&of&neutrinos&compared&to&that&

of&the&charged&fermions

• Provide&a&modelHdependent&measurement&

of&the&absolute&neutrino&mass

All&of&this&from&a&process&that&has&no&

neutrinos&in&either&the&initial&or&the&final&state!
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How+can+we+tell+0νββ+from+2νββ?
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• In&2νββ,&some&fraction&of&the&decay&energy&gets&carried&by&

the&neutrinos

• But&in&0νββ, all&the&decay&energy&must&go&to&the&electrons

• So&we&sum&the&electron&energies&and&look&for&a&narrow&

peak&at&the&QHvalue&of&the&decay

2νββ

0νββ
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0νββ+Decay+Rate+and <mββ>+
Assumes&LNV&mechanism&is&light&Majorana&

neutrino&exchange&and&SM&interactions
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MAJORANA DEMONSTRATOR 0νββ DOE ONP Comparative Review
June 25, 2013

0νββ and ν mass 

>> Nuclear Process
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Observable"(decay"rate)"depends"on"nuclear"processes"&"nature"of"
lepton"number"viola4ng"interac4ons"(η).

•Phase"space,"G0ν"is"calculable.
•Nuclear"matrix"elements"(NME)"via"theory.
•Effec4ve"neutrino"mass,"<mββ>,"depends"directly"on"the"assumed"
form"of"lepton"number"viola4ng"(LNV)"interac4ons.
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0νββ+Decay+Rate+and <mββ>+
Assumes&LNV&mechanism&is&light&Majorana&

neutrino&exchange&and&SM&interactions
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June 25, 2013
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0νββ+Decay+Rate+and <mββ>+
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• Covering&the&inverted&hierarchy&region&(<mββ>&~&15&meV)&requires&

sensitivity&to&halfHlives&of&~&1028 years.

• Corresponds&to&≤&one&decay&per&year&for&a&tonne&of&material

Next&Generation&sensitivity&should&&cover&

the inverted region
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Sensitivity+for+Inverted+Hierarchy
To&probe&entire&region&of&inverted&mass&hierarchy&requires

• About&10&tonneHyears&of&exposure&

• Background&rates&of& ~&0.1&c/t/y

3&Aug&2017 D.C.&Radford

Jason Detwiler
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Sensitivity+Requirements

• Ten&tonneHyears&of&exposure&

– Source&as&detector

– Isotopic&enrichment

• Background&rates&of& ~&0.1&c/t/y&in&the&0νββ&peak&region&(!)

– Best&possible&energy&resolution

– Only&ultraHclean&materials

– Active&shielding

3&Aug&2017 D.C.&Radford

One&way&to&think&of&this:

• Build&seven&GammaSpheres out&of&enriched&76Ge

• Use&only&ultraHclean&materials&for&cryostats,&readout,&cables,&…

• Bury&in&a&shield&2&km&underground

• Run&for&10&years

• Look&for&a&peak&with&<10&counts&at&2039&keV
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Sensitivity+for+Inverted+Hierarchy

An&illustration&of&how&hard&this&really&is…
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Measured&backgrounds&in&typical&

1&kg&surfaceHbased&Ge detector&

shielded&by&12� of&clean&Pb

2νββ

0νββ&&(x10)

A.&Schubert
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It’s+all+about+the+Backgrounds
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Natural+radioactivity

Cosmogentic activation
• High&energy&neutrons&and&

muons&break&up&copper,&lead,&

etc.&and&make&radioactive&

isotopes&(e.g.&GeH68,&CoH60)

• They&decay&and&produce&

betas&and&gammas&in&the&ROI

208Tl →
>2.0 MeV #

214Bi →
>2.0 MeV #

µ

n

Muon induced
• Muon creates&high&and&low&energy&

neutrons&in&the&rock&

• Neutron&excites&lead,&copper

• Neutron&is&thermalized&and&captured

Alphas
• From&radon&daughters&

(>5&MeV)

• Lose&energy&in&

detector&surface



How+to+Reduce+the+Backgrounds
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Natural+radioactivity
• High&radiopurity

• Cleanliness

• Shielding

Cosmogentic activation
• Minimize&aboveHground&time

• Copper&electroHforming&

underground

• Analysis&cuts

µ

n

Muon induced
• Underground&lab

• Muon&veto

• Neutron&shield

Alphas
• Work&in&glovebox

• Cleanliness



Candidate+Isotopes+for+0νββ Searches

• Eleven&candidate&isotopes:

48Ca,&76Ge,&82Se,&96Zr,&100Mo,&110Pd,&116Cd,&124Sn,&130Te,&

136Xe,&and&150Nd

• 2νββ decay&halfHlives&(~&1019 – 1021 years)&have&been&

measured&for&all&but&110Pd&and&124Sn

• Current&best&limits&on&0νββ decay&halfHlives&come&from&three&

isotopes:&76Ge,&130Te,&136Xe

• All&require&enrichment&except&possibly&130Te&&(34%)

3&Aug&2017 D.C.&Radford 16



Detection+Techniques
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Ionization
HPGe Crystals:

GERDA
MAJORANA

Tracking & Cal:
SuperNEMO

Scintillation
Liquid Scintillators:
KamLAND ZEN

SNO+

Scin. Bolometers
CUPID (LUCIFER

LUMINEU, …)

TPCs: 
EXO
NEXT

Phonons
Bolometers:

CUORE

17



Scintillation

• KamLANDHZen&(136Xe)s&&SNO+&&(130Te)

• Doped&liquid&scintillators&(~&3%)

• Scalable

• Take&advantage&of&existing&detectors

• Fiducial&cuts&to&reduce&backgrounds

• Poorest&resolution&&

(~&400&keV&FWHM)

– Background&issues

– 2νββ

– Unconvincing&for&discovery&

3&Aug&2017 D.C.&Radford 18



Time+Projection+Chambers

• Scintillation&plus&ionization

• EXO,&nEXO,&NEXT&(136Xe)

• MultiHsite&event&rejection

• Fiducial&cuts

• Poor&resolution&&(~&90&keV&FWHM)

3&Aug&2017 D.C.&Radford 19



25&February&2015 CUORE&CD*4&Review&&&&&Yu.G.&Kolomensky

CUORE&Science

6Karsten Heeger, Yale University WINP, February 5, 2015 

CUORE

2

Cryogenic Underground Observatory for Rare Events
• 988 TeO2 crystals run as a bolometer array

– 5x5x5 cm3 crystal, 750 g each
– 19 Towers; 13 floors; 4 modules per floor
– 741 kg total; 206 kg 130Te
– 1027 130Te nuclei

• Excellent energy resolution of bolometers
• New pulse tube dilution refrigerator and cryostat 
• Radio-pure material and clean assembly to 

achieve low background at region of interest (ROI) 

2!"" 

0!"" 

25&February&2015 CUORE&CD*4&Review&&&&&Yu.G.&Kolomensky

CUORE&Science

6Karsten Heeger, Yale University WINP, February 5, 2015 
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Cryogenic Underground Observatory for Rare Events
• 988 TeO2 crystals run as a bolometer array

– 5x5x5 cm3 crystal, 750 g each
– 19 Towers; 13 floors; 4 modules per floor
– 741 kg total; 206 kg 130Te
– 1027 130Te nuclei

• Excellent energy resolution of bolometers
• New pulse tube dilution refrigerator and cryostat 
• Radio-pure material and clean assembly to 

achieve low background at region of interest (ROI) 
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Bolometers

3&Aug&2017 D.C.&Radford

• R&D&to&develop&scintillating&bolometers&

for&alpha&rejection&&(CUPID,&LUCIFER&etc.)

• CUORE&(130Te)

– Single&crystals&of&&natTeO
2

– Operated&at&~&10&mK

– NTD&thermistor&readout

– World’s&largest&dilution&fridge

• Very&good&resolution&

(~&5&keV&FWHM)

• No&rejection&of&surfaceHα backgrounds

• Cryogenic&operation
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Ionization

• GERDA&and&Majorana&(76Ge)

• PHtype&Point&Contact&HPGe&detectors

• 87%&enriched&76Ge

• Operated&at&~&80K

• Best&energy&resolution&(<&3&keV&FWHM)

• MultiHsite&background&rejection

3&Aug&2017 D.C.&Radford

Module 1 Status (2)
• April 2015 - Cool down early and in glove box 

commissioning 
- 22 of 29 detectors operational 

• May 2015 - Warm, attempt fixes for problem 
detectors. 28 of 29 detectors show good 
baselines. Efforts to seal with parylene gaskets 
fail, switch to Kalrez® o-rings.  Transport from 
glove box to shield.  Pumping as of May 21.  
Aim to stat cooling May 26.

1527 May 2015 Wilkerson, MJD Annual Review

Module)1)A)7)strings)of)enrGe)mounted)on)cold)plate

• GERDA&(Germany/Italy)&operates&

detectors&in&LAr as&an&active&shield

• MAJORANA (US) uses&vacuum&

cryostats&made&from&ultraHpure&Cu,&

electroformed&underground

Symposium on Application of Germanium Detectors in Fundamental Research B. Majorovits

2014-05-12, Tsinghua University, Beijing, China 25

Lessons from GERDA for the future

Where/how to build?

Some questions to be answered:

Can be operated in LAr, but not easy.... Maybe not the first choice

21



Advantages+of+76Ge
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76Ge&offers&a&number&of&important&advantages&over&other&

candidate&isotopes

• Intrinsic&highHpurity&Ge&diodes

• Excellent&energy&resolutions&0.14%&at&2.039&MeV

• Powerful&background&rejection

- Pulse&shape&discrimination
• WellHunderstood&technologies

- Commercial&Ge&diodes
- Large&Ge&arrays&(GRETINA,&Gammasphere)
- Point&contact&detectors

• Ge&as&both&source&and&detector

• Demonstrated&ability&to&enrich&from&natural&7.8%&to&87%
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The+MAJORANA DEMONSTRATOR (MJD)

• Primary&goal&is&to&show&that&we&can&reach&the&ultraHlow&

backgrounds&required&to&justify&a&tonneHscale&76Ge&experiment

• Project&construction&completed&and&all&KPPs&met&in&Sept&2016

• Search&for&lowHenergy&dark&matter&(light&WIMPs,&axions,&...)

3&Aug&2017 D.C.&Radford

• Funded&by&U.S.&DOE&Office&of&Nuclear&Physics&and&

National&Science&Foundation

• 30&kg&enrGe +&10&kg&natGe detectors,&in&two&cryostats

• 76Ge&enriched&from&7.8%&to&87%

• Ultrapure&materialss&copper&that&has&been&

electroformed&and&machined&underground

• Passive&and&active&shields

• At&the&4850Hfoot&level&of&SURF,&Lead,&SD

23



Point+Contact+76Ge+Detectors
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H drift&paths

H Isochrones

(Δt&=&100&ns)

Hole&v
drift

(mm/ns)



Detector+Strings
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Detector strings 

LN dewar 

Ballast tank 

Pressure monitor & relief 

Vacuum 
system 

Vacuum vessel 

Condenser 

Cold plate Thermosyphon 

FIG. 6: The Majorana Demonstrator Module. Detector Strings are housed within ultra-low background cryostats, each of
which are supplied with their own vacuum and cryogenic systems. See text for details of vacuum and cryogenic system function.

that the received detectors meet some minimum qualifi-
cations. The basic tests performed are: energy scale and
resolution, relative efficiency, leakage current or capaci-
tance at depletion, initial estimate of the dead layer, and
detector mass and dimensions.

Characterization measurements are conducted to fully
determine the operating behavior of a detector. This
includes: energy scale, resolution, capacitance measure-
ments, single site and multiple site event separation
performance, dead-layer measurements, and crystal-axis
measurements. Characterization measurements are done
with detectors in the final string configuration both
within a test cryostat and within the Demonstrator

cryostat prior to operation, i.e. prior to commissioning.
The calibration measurements are designed to moni-

tor the stability of the system during run-time operation.
Initially, hour-long calibrations with a 228Th source will
be conducted on a weekly basis. These runs will measure
the stability of the energy scale and resolution, efficiency,
and pulse-shape analysis (PSA) efficiency. Once the sta-
bility of the detectors has been established, the time pe-
riod between the source calibration can be extended to
bi-monthly or even monthly.

In the detector and string characterization stage, mea-
surements are being performed with button sources
(133Ba, 60Co, 241Am) in a clean room environment. Once
the detector strings are loaded into the cryostat, ac-
cess will be limited. Each monolith will have a low-
background source pathway of PTFE tubing that spi-

rals around the outside of the cryostat. A line source
of 228Th will be remotely fed into the pathway, enabling
the calibration of the entire cryostat with a single source
either during final testing or after the monolith is placed
in the shield. Simulations have shown that in an hour-
long run we can accumulate the necessary statistics to
monitor the efficiency, PSA performance, energy scale,
and resolution, while simultaneously keeping the count-
rate below the signal pile-up threshold of ⇠100 Hz. The
source will be parked in an external garage separated
from the shield-penetrating section of the pathway by
an automated valve system. During calibration runs the
valve will be open, and the entire pathway will be purged
with liquid nitrogen boil-off. During production runs, the
shield-penetrating section of the pathway will be sealed
off from the garage. The source itself will be encased in
two plastic tubes to prevent leaving residual radioactivity
within the pathway.

E. Electronics and Data Acquisition

1. The Detector Readout Electronics

Each of the two cryostat modules in the Demonstra-

tor contains seven strings, with string each holding up
to five detectors. Figure 7 illustrates the basic design of
the low-noise, low-radioactivity signal-readout electron-
ics. It consists of the LMFE [60], a circuit containing the

Modules

Two&cryostats

– Each&with&seven&strings&of&detectors

– Inside&a&layered&shield

– Under&4850&feet&of&rock
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Shield
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FIG. 9: The shield system in cross section, shown with both
cryostats installed.

at SURF. This room will house the Demonstrator and
has dimensions of 32’⇥40’. Next to the Detector Room
is the Machine Shop. Here, all the copper and NXT-85
parts for the Demonstrator are fabricated, thus fur-
ther reducing the UGEFCu’s surface exposure to cosmic
rays. The Machine Shop is approximately 1000 ft2 and
includes: two lathes, two mills, an oven, a wire electric
discharge machine, a press, a drill press and a laser en-
graver. The final room is a general purpose lab and is
used for testing the detectors prior to their installation
into the Demonstrator. The room is approximately
550 ft2 and was originally designed for electroforming
activities; hence its formal name is the Electroforming
Room.

The final Majorana laboratory is the Temporary
Cleanroom (TCR) (not pictured in Fig. 11), which sits
on the same level as the Davis Campus and is approxi-
mately 1 km away. It consists of a cleanroom building,
shown in Fig. 12, that contains 10 electroforming baths
and a small annex for changing into cleanroom garb. The
total area of the building is 12’⇥40’ with the annex room
consuming 8’⇥12’ of that area. The TCR was required,
prior to beneficial occupancy of the Davis Campus, for
initiating the slow process of electroforming copper in
order for parts to be ready on time for assembly of the
Demonstrator.

V. THE BACKGROUND MODEL AND THE
MAJORANA DEMONSTRATOR SENSITIVITY

The projected background in the Demonstrator is
significantly improved over previous generation experi-
ments. This reduction is a result of fielding the detectors
in large arrays that share a cryostat and minimizing the
amount of interstitial material. Further background sup-
pression is achieved through the aggressive reduction of
radioactive impurities in construction materials and min-
imization of exposure to cosmic rays. Majorana will
also make use of event signatures to reject backgrounds
that do appear, including pulse-shape characteristics, de-
tector hit granularity, cosmic ray veto tags, and single-

site time correlations. In this section we describe these
aspects of the Majorana Demonstrator design and
their impact on the projected backgrounds and physics
sensitivity.

A. Pure Materials

The production process for enriched germanium detec-
tors (enrichment, zone refining, and crystal growth) ef-
ficiently removes natural radioactive impurities from the
bulk germanium. The cosmogenic activation isotopes,
60Co and 68Ge, are produced in the crystals while they
are above ground, but can be sufficiently reduced by min-
imizing the time to deployment underground and by the
use of passive shielding during transport and storage.

For the main structural material in the innermost re-
gion of the apparatus, we choose copper for its lack of
naturally occurring radioactive isotopes and its excellent
physical properties. By starting with the cleanest cop-
per stock we have identified and then electroforming it
underground to eliminate primordial radioactivity and
cosmogenically-produced 60Co, we have achieved several
orders-of-magnitude background reduction over commer-
cial alternatives. Electroformed copper will also be em-
ployed for the innermost passive, high-Z shield. Com-
mercial copper stock is clean enough for use as the next
layer of shielding. For all uses of copper, we have certified
the cleanliness of samples via assay. Modern lead is avail-
able with sufficient purity for use as the bulk shielding
material outside of the copper layers.

Several clean plastics are available for electrical
and thermal insulation. For the detector sup-
ports we use a pure Polytetrafluoroethylene (PTFE),
DuPontTM Teflon R� NXT-85. Thin layers of low-
radioactivity parylene will be used as a coating on
copper threads to prevent galling, and for the cryo-
stat seal. For the few weight-bearing plastic compo-
nents requiring higher rigidity, we have sourced pure
stocks of PEEK R� (polyether ether ketone), produced by
Victrex R�, and Vespel R�, produced by DuPontTM.

The front-end electronics are also designed to be low-
mass and ultra-low background because they must be
located in the interior of the array adjacent to the de-
tectors in order to maintain signal fidelity. The circuit
board is fabricated by sputtering thin traces of pure gold
and titanium on a silica wafer, upon which a bare FET
is mounted using silver epoxy. A ⇠G⌦-level feedback
resistance is provided by depositing intrinsically pure
amorphous Ge. Detector contact is made via an elec-
troformed copper pin with beads of low-background tin
at either end. An electroformed-copper spring provides
the contact force. Our signal and high-voltage cables are
extremely low-mass miniature coaxial cable. We have
worked with the vendor to cleanly fabricate the final
product using pure stock that we provide for the con-
ductor, insulation, and shield. Cable connectors within
the cryostat are made from electroformed copper, PTFE,
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Ultra.Pure+Copper
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• Slow&electroforming&in&~&12&large&baths&to&produce&ultraHpure&copper
• Electroforming&and&machining&both&done&underground&to&avoid&
cosmogenic&activation&(~&atoms&/&kg&/&day)

MAJORANA DEMONSTRATOR 0νββ
DOE ONP February 2013

MJD Progress in FY13

5

Friday, February 8, 13

4

FIG. 3. On the left is a view of the Majorana electroforming facility at SURF with 7 of the 10 baths visible in the photograph.
On the right is a mandrel that has been lifted out of its bath for an initial inspection of the copper growth.

a graded shield where the inner passive shield will be constructed of electroformed and commercial high-purity copper,
surrounded by high-purity lead, which itself is surrounded by an active muon veto and neutron moderator (Figure 2).

Cryostat 1, fabricated using ultra-clean electroformed Cu, will contain seven strings of both enriched and natural
Ge detectors and is scheduled to be commissioned in late 2013 with data collection in 2014. Cyostat 2, which will
contain all enriched detectors, is scheduled to be be completed in 2014. The full array should be in operation in 2015.

In typical materials uranium (U) and thorium (Th) decay-chain contaminants are found at levels of µg/g to ng/g,
which will produce unacceptable backgrounds in the Demonstrator. It has been shown that electroforming copper
in a carefully-controlled and clean environment allows one to produce ultra-clean copper, with U and Th below the
level of 10�12 g/g[10]. Copper has mechanical, thermal, and electrical properties that are suitable for the Demon-

strator’s cryostats, detector mounts, and inner shield. Ultra-clean electroformed copper is being produced at an
underground production facility at the Sanford Underground Research Facility (SURF) (Figure 3) and at a shallow
facility at Pacific Northwest National Laboratory. The experiment is aiming to produce copper that has about ten
times lower U and Th impurities than commercial electoformed copper, with a projected activity of 0.3 µBq/kg for
Th. The Demonstrator is currently being assembled in underground clean room laboratories at the 4850’ level
(1478 m) of the Sanford Underground Research Facility in Lead, South Dakota. This facility also includes a full
machine shop for producing copper parts in an ultra-clean underground environment.

III. GERDA PHASES I AND II

The GERDA Phase I experiment has been operating and collecting data with 15-kg of conventional P-type coaxial
HPGe detectors since November 2011. As described in a recent GERDA paper[11], these enriched detectors were
originally used in the Heidelberg-Moscow and IGEX experiments before being refurbished for GERDA. The detectors
are mounted in strings with typically three diodes each. The detector array is surrounded by 64 m3 of 99.999% liquid
argon (LAr), contained in a vacuum insulated cryostat made of stainless steel, lined on the inner side by a 3 to 6 cm
thick layer of copper. The cryostat is placed at the center of a 580 m3 tank of ultra-pure water equipped with 66
photomultiplier tubes used to veto the residual cosmic ray muons. The water also serves as a shield to moderate and
capture neutrons produced by natural radioactivity and in muon-induced hadronic showers.

For the Phase I data coaxial detectors and applying no pulse-shape analysis, GERDA reports a background index
of 20 counts keV�1 t�1 y�1 determined averaging over a 400 keV region around the expected signal (so 80 counts
ROI�1 t�1 y�1). This is a factor of 10 times better than the previous germanium experiments and thirty times better
than CUORE. When one considers the total background within the ROI, this is about 1.8 times better than EXO200.

In the summer of 2012 GERDA added an additional string consisting of five enriched point-contact broad-energy
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MJD+Status

3&Aug&2017 D.C.&Radford

• Construction&completed&last&year
• Total&of&29.5&kg&in&34&enriched&detectors

• Produced&from&42.5&kg&of&enriched&material&(87%&76Ge)

• Modules&1&and&2&both&running&inHshield

• Some&remaining&detector&issues

• 9/34&enriched&and&6/24&natural&detectors&currently&unbiased

• Mostly&due&to&signal&or&HV&connections,&or&blown&FETs

• One&due&to&high&leakage,&two&due&to&readout&noise&issues

• All&CDH4&requirements&met&as&of&Sept&31,&so&now&in&operations&
phase

• Now&in&“blind&mode”&data&acquisition

• Calibrations&for&~&1&hour&per&week,&remainder&is&background&data
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Final+Spectrum
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No&cuts

SingleHsite&cut

SingleHsite&and&

alpha&cuts



Final+Spectrum
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– Above&~300&keV&the&spectrum&is&dominated&by&

2!"".

- Exposure:&1.39&kg&y

- After&cuts,&1&count&in&a&400&keV&

window&centered&at&2039&keV&

(0νββ&peak)

- Background&rate:&&

5.1+8.9
H3.2&
c&/&(ROI&t&y)&for&a&2.8&

keV&ROI,&(68%&CL)



Low.Energy+Performance+. Cosmogenics

• Controlled&surface&exposure&of&enriched&material

• Significant&reduction&of&cosmogenics&in&the&lowHenergy&region

– Background&is&even&lower&in&DS1s&&&~&0.01&cts/(kg&keV&d)

• Tritium&dominates&in&natural&detectors&below&20&keV

3&Aug&2017 D.C.&Radford

LowHEnergy&physics:

• Pseudoscalar dark&

matter

• Vector&dark&matter&

• 14.4HkeV&solar&axion

• eH ! 3ν decay

• Pauli&Exclusion&Principle
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The+Next+Step

3&Aug&2017 D.C.&Radford

RECOMMENDATION+II+

The%excess%of%matter%over%antimatter%in%the%universe%is%one%of%the%
most%compelling%mysteries%in%all%of%science.%The%observation%of%
neutrinoless%double%beta%decay%in%nuclei%would%immediately%
demonstrate%that%neutrinos%are%their%own%antiparticles%and%would%have%
profound%implications%for%our%understanding%of%the%matter:antimatter%
mystery.%
We+recommend+the+timely+development+and+deployment+of+a+
U.S..led+ton.scale+neutrinoless+double+beta+decay+experiment.+

A%ton:scale%instrument%designed%to%search%for%this%as:yet%unseen%
nuclear%decay%will%provide%the%most%powerful%test%of%the%particle:
antiparticle%nature%of%neutrinos%ever%performed.%With%recent%
experimental%breakthroughs%pioneered%by%U.S.%physicists%and%the%
availability%of%deep%underground%laboratories,%we%are%poised%to%make%
a%major%discovery.%
This&recommendation&flows&out&of&the&targeted&investments&of&the&

third&bullet&in&Recommendation&I.&It&must&be&part&of&a&broader&program&

that&includes&U.S.&participation&in&complementary&experimental&efforts&

leveraging&international&investments&together&with&enhanced&

theoretical&efforts&to&enable&full&realization&of&this&opportunity.

 Future Physics with Ge Sino German GDT Symposium  
23 October 2015

NSAC 2015 Long Range Plan

48

RECOMMENDATION II
The excess of matter over antimatter in the universe is one of 
the most compelling mysteries in all of science. The 
observation of neutrinoless double beta decay in nuclei would 
immediately demonstrate that neutrinos are their own 
antiparticles and would have profound implications for our 
understanding of the matter-antimatter mystery.
We recommend the timely development and deployment 
of a U.S.-led ton-scale neutrinoless double beta decay 
experiment.
A ton-scale instrument designed to search for this as-yet 
unseen nuclear decay will provide the most powerful test of the 
particle-antiparticle nature of neutrinos ever performed. With 
recent experimental breakthroughs pioneered by U.S. 
physicists and the availability of deep underground 
laboratories, we are poised to make a major discovery.
This recommendation flows out of the targeted investments of 
the third bullet in Recommendation I. It must be part of a 
broader program that includes U.S. participation in 
complementary experimental efforts leveraging international 
investments together with enhanced theoretical efforts to 
enable full realization of this opportunity.
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MAJORANA and+GERDA

3&Aug&2017 D.C.&Radford

MAJORANA

“Traditional”&configuration

Vacuum&cryostats&in&a&

passive&graded&shield&

with&ultraclean&materials

GERDA

Direct&immersion&

in&active&LAr&shield
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LEGEND
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Large+Enriched+Germanium+Experiment+for+Neutrinoless+ββ Decay

Mission: “The&collaboration&aims&to&develop&a&phased,&GeH76&based&doubleHbeta&
decay&experimental&program&with&discovery&potential&at&a&halfHlife&significantly&

longer&than&10
27
years,&using&existing&resources&as&appropriate&to&expedite&physics&

results.”

• Select&best&technologies,&based&on&what&has&been&learned&from&GERDA&and&

the&MAJORANA DEMONSTRATOR, as&well&as&contributions&from&other&groups&and&

experiments.

Together,&MAJORANA and&GERDA&have&the

• Best&energy&resolution&and

• Lowest&backgrounds&of&any&0νββ experiment

We&have&joined&together&to&form&a&new&international&collaboration&to&

pursue&a&nextHgeneration&experiment.
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First+phase:+ LEGEND.200

• Up&to&200&kg&

• Modification&of&existing&

GERDA&infrastructure&at&LNGS

• Add&larger&pointHcontact&

detectors

• BG&goal:&0.6&c&/(FWMH&t&y)

• Start&by&2021

LEGEND
Large+Enriched+Germanium+Experiment+for+Neutrinoless+ββ Decay
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Subsequent+stages: LEGEND.1000

• Staged&1000&kg

• Baseline&design:

• 4&H 5&&payloads&in&LAr&cryostat&in&

separate&volumes

• Each&payload&200&H 250&kg,&~100&

detectors.

• Depleted&LAr&in&inner&volumes

• Timeline&connected&to&U.S.&DOE&

downHselect&process

• BG&goal:&0.1&c&/(FWHM&t&y)

• Location&TBD

• Required&depth&under&investigation

LEGEND
Large+Enriched+Germanium+Experiment+for+Neutrinoless+ββ Decay
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Discovery%probability%of%next:generation%neutrinoless%double:beta%decay%experiments

Matteo&Agostini,&Giovanni&Benato,&and&Jason&Detwiler arXiv:1705.02996v1

Discovery+Probability+
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Inverted.coaxial+PPC+detectors

3'Aug'2017 D.C.'Radford

• Same&low&capacitance,&so&very&

good&lowHE&resolution,&low&

thresholds

• Same&excellent&PSA&performance

• Being&investigated&at&ORNL&with&

LDRD&funding

• Simulations&are&very&promising

• Prototypes&on&order&from&ORTEC&

and&PHDs

• MJD&detector&design&is&limited&to&&~&1.0&kg&by&depletion&issues

• New&design:&InvertedHCoaxial&Point&Contact

• Invented&at&ORNL,&commercialized&by&Canberra&as&SAGe Well&Detector

• Potential&for&much&larger&masses,&in&excess&of&3&kg
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Larger+Mass+Design

3'Aug'2017 D.C.'Radford

• PHDs&are&now&growing&pure&crystals&with&huge&diameters

• Could&we&make&a&detector&with&4.5&kg&mass?

• Would&be&by&far&the&largest&singleHcrystal&Ge&detector&ever&made!

Calculated&fields&17&cm&diameter,&4&cm&thick

17.5&cm&crystal,&6.8&kg



Summary

• Majorana&neutrinos&would&give&us&deep&insights&into&the&New&Standard&

Model&and&the&matterHantimatter&asymmetry&of&the&universe.

• 0νββ&experiments&are&the&only&feasible&way&to&probe&this&aspect&of&the&

neutrino.&Definitive&tests&of&invertedHhierarchy&Majorana&neutrinos&are&

within&reach.

• The&ultimate&goal&of&the&MAJORANA collaboration&is&to&field&a&tonneHscale&

76Ge&0νββ decay&search.

– The&DEMONSTRATOR aims&to&show&that&we&can&reach&the&ultraHlow&

backgrounds&requireds&both&MJD&and&GERDA&results&are&very&encouraging

– MJ&and&GERDA&have&formed&LEGEND,&a&new&international&collaboration&to&

field&a&next&generation&experiment

– Aim&for&sensitivity&and&discovery&levels&at&T
1/2
~&1028 years

– Top&priority&for&new&activity&in&2015&NSAC&Long&Range&Plan

– DownHselect&expected&in&2H3&years

– Construction&of&a&firstHstage&200kg&experiment&could&begin&as&early&as&2020
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LEGEND International Workshop on 0νββ Physics

LEGEND 47&Institutions,&219&Scientists

Lund'Univ.
INFN'Milano'Bicocca

Milano'Univ.'and'Milano'INFN
Natl.'Res.'Center'Kurchatov'Inst.
Lab.'for'Exper.'Nucl.'Phy.''MEPhI

Max'Planck'Inst.,'Munich
Tech.'Univ.'Munich
Oak'Ridge'Natl.'Lab.

Padova'Univ.'and'Padova'INFN'
Czech'Tech.'Univ.'Prague

Princeton'Univ.
North'Carolina'State'Univ.

South'Dakota'School'Mines'Tech.
Univ.'Washington
Academia'Sinica
Univ.'Tuebingen

Univ.'South'Dakota
Univ.'Zurich'

Univ.'New'Mexico
L'Aquila'Univ.'and'INFN'
Gran'Sasso'Science'Inst.'
Lab.'Naz.''Gran'Sasso

Univ.'Texas
Tsinghua'Univ.

Lawrence'Berkeley'Natl.'Lab.'
Leibniz'Inst.'Crystal'

Growth
Comenius'Univ.
Lab.'Naz.''Sud

Univ.'of'North'Carolina
Sichuan'Univ.

Univ.'of'South'Carolina
Jagiellonian'Univ.'

Banaras'Hindu'Univ.'
Univ.'of'Dortmund

Tech.'Univ.'– Dresden
Joint'Inst.'Nucl.'Res.'Inst.

Nucl.'Res.'Russian'Acad.'Sci.'

Joint'Res.'Centre,'Geel
Chalmers'Univ.'Tech.'

Max'Planck'Inst.,'Heidelberg
Dokuz'Eylul'Univ.
Queens'Univ.'

Univ.'Tennessee
Argonne'Natl.'lab.
Univ.'Liverpool'

Univ.'College'London
Los'Alamos'Natl.'Lab.
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Collaboration&formed&Oct.&2016


