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The MaJorRANA DEMONSTRATOR

Operating underground at the 4850’ Sanford Underground Research FaC|I|ty e

- Demonstrating backgrounds low enough to justify building a tonne scale experiment.
Goals: - Establishing feasibility to construct & field modular arrays of Ge detectors.
- Searching for additional physics beyond the standard model.

Energy resolution of 2.5 keV FWHM @ 2039 keV is the best of any B-decay
experiment

Background Goal in the OvpB[ peak after analysis cuts with the achieved resolution:
2.5 counts/(FWHM t yr)

- Projected backgrounds based on assay results < 2.2 counts/(FWHM t yr)
44 .1-kg of Ge detectors

Muon Veto )
Poly Shield [0
- 29.7 kg of 88% enriched "6Ge crystals Radon [ - =

-14 4 kg of natGe Enclre R e
- Detector Technology: P-type, point-contact. ||
2 independent cryostats !

- Ultra-clean, electroformed Cu
- 22 kg of detectors per cryostat
- Naturally scalable

Compact Shield

- Low-background passive Cu and Pb

shield with active muon veto _
Funded by DOE Office of Nuclear Physics, NSF Particle

Astrophysics, NSF Nuclear Physics with additional .
cor?tri{wtions from internatio)rl\al collaborators. [N. Abgrall et al. Adv. High Energy Phys 2014, 365432 (2014)]
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DeEmonsTRATOR Implementation

In shield Operation

ML, ML,
Module 1: 512.?(;?9()23(;:6'9 %g& {aga May — Oct. 2015,
: Emg g%gg Final Installation,
Dec. 2015 — ongoing
WL, WL, %1 e} |
: ] enr ‘:ﬁﬁﬁ '
odule 2 3.6 kg (14) "G EEEEEEE i
_ gEasaas July 2016 — ongoing
R ipae) Ry Rip wif e
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The DemonsTrATOR Detectors & Strings

Electroformed s —~~ PFA +fine Cu
Copper /SN  coaxial cable —

 Front-End Elec.

o sy o TN

. AMTEK (ORTEC) fabricated enriched
detectors

« 35 enriched point contact detectors
(29.7 kg), 88% "6Ge

« 33 Canberra modified natural BEGe
detectors (20 kg)

. Tracked and minimized surface exposure
of enriched material to determine
cosmogenic activation
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The DEmONSTRATOR Strings &

P =

| Transporting a
closed

| module from
the glove box
into shield

Closed
‘I\/Iogule 1
in shield




Electroformed Cu &

. Electroformed underground
. Average Th decay chain < 0.1 uBg/kg, Average U decay chain < 0.1 uBqg/kg
« ~1.1 tons used in the DEMONSTRATOR

. String components

. Cryostats/thermosyphon

. Inner layers of shielding
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DEMONSTRATOR Backgrounds

Based on assays of materials; When upper limit, use upper limit value as contribution
(NIMA 828 (2016) 22)
Background Rate (c/ROI-t-y)
0 0.2 0.4 0.6 0.8 1

Electroformed Cu
OFHC Cu Shielding

Pb shielding 0.63
Cables / Connectors
Front Ends 0.60
Ge (U/Th)

Plastics + other
Ge-68, Co-60 (enrGe)

Co-60 (Cu)
Externaly, (a,n) | 0.10 u Natural Radioactivity
Rn, surfacea | o005 u Cosmogenic Activation
Ge, Cuy, Pb (n, n'y) 0.21 External, Environmental
Ge(n,n) 0.17 u p-induced
Ge(ny) . heutrinos

direct i + other
Total: <3.5 ¢/ROI-t-y

v backgrounds
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Data Sets and Duty Cycles
M1 Commissio\;\liJ?]ge (2l\l70_lgr;?.r73:hzigl1d§ 556 -:-

. . - Physics--Open
M1 (With Inner Shield) .
Dec. 31,2015 - May 24,2015 °" [N : S

M1 (DAQ Multisampling) [l caiibrations
May 24 — July 14,2016 ©°s2 [l | ] oowntime

Module 1 (M1 & M2 in-shield)
Aug. 25 — Sept. 27,2016  Dss [

Module 2 (M1 & M2 in-shield)
Aug. 25 — Sept. 27, 2016 s+ [ [

M1 & M2 (Integrate DAQ; high noise)

Oct. 13, 2016 — Jan. 27, 2017 Pssa . |

M1 & M2 (Optimized Grounding)
Jan. 27 — Mar. 17, 2017 ©sse S | 10 kg-yr Analysis Cutoff

M1 & M2 (Blindness Implemented) [ "= "= === = '==*==:= ==

Mar. 17 — May 11,2017 Dssc i |
_ _ — As of Apr. 18
M1 & M2 (DAQ Multisampling) : :
May 11, 2017 - Present DS6 F | Data tal|<|ng of DSTG contlnl|1es | . =
I I I I I I I I | I I | I I I I
0) 50 100 150 200 250 300

Runtime (days)
New results based on all data up to Apr 15t 2018 under preparation and to be released soon.
Total blind + open physics data ~ 26 kg-yr
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Energy Calibration

DRIVE ROLLER

GATE VALVE
ANGLE PLATE

VALVE STATUS CONTROL
(behind the valve)

HALL PROBE TUBES

MIRROR TRACK

Calibration System Paper NIMA, 16-22. 872. 2017. ~3 keV FWHM at 2614 keV, approaching 0.1%
- = 2.5 keV FWHM at Q-value
- — Data S 30000
104 - — Simulation é) B —— All Calibration Data
- 2 25000
— - < -
% 10 | § 20000
s [ @) -
*UE) 102 ;— 15000
S = B
(@] — B
© - 10000}
10E] -
- 5000
1§_ R TR WA S S — 0: - el TN TR BT RTEE BN SR R R
0 1000 2000 3000 4000 2604 2606 2608 2610 2612 2614 2616 2618 2620 2622 2624
Energy (keV) Energy(keV)
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Multiple Site Event Rejection

. OvBp decays occur at a single site in the
Ge crystal

. Point-contact detectors have sufficient
differences in drift times throughout the
bulk to identify multiple site interactions

. Tune max current amplitude-to-energy

ratio (AvsE) to 2°8TI calibrations to accept

90% of single site double escape events
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Alpha Backgrounds

. Energy degraded alpha background observed
. Charge from these events drifts along the surface rather than through the bulk
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Alpha Backgrounds

Energy degraded alpha background observed
Charge from these events drifts along the surface rather than through the bulk
. Results in a distinctive delayed charge recovery (DCR) signal which is used to

efficiently cut alpha events based on the slope past the rising edge

Example pole-zero

corrected waveforms

Normalized charge

/

Normalized charge

- Normal events
- Alpha events

0 500
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Slow drift of charges along
passivated surface results in

very slow signal component
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Alpha Backgrounds

Energy degraded alpha background observed

Charge from these events drifts along the surface rather than through the bulk
Results in a distinctive delayed charge recovery (DCR) signal which is used to

efficiently cut alpha events based on the slope past the rising edge.
DCR cut tuned to keep 99% of the photons in calibration

Surface alpha response has been characterized using a MaJjorana detector in the TUBE

alpha scanner at Technical University of Munich

5/29/18

Counts (arb)

i E Calibration events, 1-2.6 MeV z
0.1/~ | :
B ' Background events, 950-1950 keV 2
0.08— Background events, E > 1950 keV
- | mmmmemmme DCR cut
0.06—
0.04—
002
L .,14} a .||J)|uu']|u,uu_|wl_u|nl.l [ R I R
005 0

9

IO.OOS 0.01 0.015 IO.O2
DCR (ADC/ns)
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Background Index Calculation

» Simulated background PDFs, relative scaling based on assay results

* Flat between 1950 keV and 2350 keV

* Remove 15 keV around Qg and 3 prominent y lines

* The remaining 360 keV window is used for background index calculation

& 100 S
< - — All Backgrounds S
- Removed Removed —— BB-decay <
- around Qgg around y's — Thorium chain T
80— —__ Uranium chain <
B —— Cobalt-60
60—1950 keV |« " 2350 keV
i 360 keV window for BKG index calculation
40—
WL:‘!I‘“%TAfFQ:—LAIJ SRR A

0800 1900 2000 2100 2200 2300 - 2200 2500 2600
Hit Energy [keV]
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Background Spectrum

 Active exposure: 5.24 kg-y (*""Ge) w/. configurations allowing lowest background

e Background after cuts: 3 counts in 360 keV window

. Background rate: 4.015: c/FWHM/tly; 1.6112 x 1073 c/keV/kgly

5/29/18

Phys. Rev. Lett.120.132502 (2018)
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Data Cleaning and Muon Veto
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Background Spectrum

Phys. Rev. Lett.120.132502 (2018)
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* not lowest background configurations due to incomplete shield and high noise during

shield construction.

« still can be included in decay half limit calculation.
Total exposure is 9.95 kg-yr of enriched Ge.
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Half Life Limits

total exposure: 9.95 kg-yr unbinned, extended profile likelihood

—— 90% C.L Limit
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[ 2o probability interval

1072

2000 2100 2200 2300
Energy (keV)
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1/T9), [1/(10%yr)]
Phys. Rev. Lett.120.132502 (2018)
Also reports limits from Feldman-Cousins, CLs, | 77/, > 1.9 x 10*° yr (90% CL)
and Bayesian methods: 1.5 -1.6 x 10%yr.
Improved limits with ~26 kg-yr exposure will be
released soon.

Projected sensitivity is ~ 5 x 102° yr. T{)}’Q > 2.1 x 105 yr

Median sensitivity (90% CL)
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Discovery, Background and Exposure
"®Ge (88% enr.)
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Advantages of Ge

* Best energy resolution:
FWHM 0.12% at Q-
value 2039 keV

« Demonstrated ability to
enrich from 7.44% to
>87%

* Powerful background
rejection: multiplicity,
timing, pulse-shape
discrimination

* Intrinsic high-purity Ge
detectors = source

5/29/18

Wengqin Xu

MAJORANA DEMONSTRATOR
Compact configuration:
Vacuum cryostats in a
passive graded shield
with ultra-clean materials

GERDA
Direct immersion in
active LAr shield

Both experiments are presently
operating “background free”
and benefiting from excellent
energy resolution.

Excellent limits with modest
exposure.

Combine the best of Majorana
& GERDA!
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Large Enriched Germanium FEGE
Experiment for Neutrinoless B Decay NN

47 institutions,
237 Scientists

Iceland

Q Russia .
| International

@ Y X ' - collaboration
Q ‘ Q ! ) Kazakhstan Mondolle
@ s North fuad h @Turkey Y : 5 | : @ Y Japan
A @ : @ Korea

antic Afghanistan

Sguth
t
. ra
Ocean ] FAT gran L -
Algeria Libya Egypt Pakistan
Mexico Saudi Arabia India R e
: ’ | Thailand
Mali | Niger Sudan ¢
5 - Chad
Venezuela W | Nigeria < _ Ethiopia
Colombia | ;
g S /. Kenua

arXiv:1709.01980. Also see the next talk by Jordan Myslik on LEGEND 17:10 - 17:30
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‘, Underground
cave storage
during detector
manufacture at
> vendor

Iron shielding
during
transportation of
the enriched °Ge
from Russia

Tracked and Minimized Cosmic-ray exposure

«— Transported from Oak Ridge to SURF Limited exposure of enriched
material to cosmic rays to
~31 days of total sea-level
equivalent

u
o

At 4850 Tevel of SURF

-
o

w
o

Reduction and Zone Refinement

ﬁorage Cherokee Cavems

orage Cherokee Cavems

&

# 68Ge Atoms per kg EnrGe
ORTEC Processing

Transported from ECP to Oak

rJ
o

Production and Storage, ECP, Russia

10 1

Sophisticated parts-
tracking database
NIMA 779(2015)52—-62

]/J'/“ )
iz,
/15
toyz, /12
5913
“1/2.‘3/)3
& Lisg
2 0/14
7/18/“
2/?/16

-10
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Low-Energy Physics Searches

counts / kg / d / keV

D

Limited exposure of enriched material to cosmic rays

For the DemonsTRATOR, the enriched detector 8Ge rate is low enough that an X-ray
delayed coincidence cut is not necessary

Tritium is obvious and dominates in natural detectors below 20 keV

Hardware thresholds below 1 keV, analysis below 5 keV is ongoing

Commissioning data below. Factor of several reduction in low-energy background in

later datasets.

Updated results and new searches are coming soon.

Low-Energy Searches for
Physics Beyond SM

UL
<

ti Hﬁjf

Pseudoscalar dark matter
Vector dark matter

14.4 keV solar axion

e — 3v

Pauli Exclusion Principle
violation

t ft Fpi{a*i.*ﬂfé iﬁ#ﬁ{.{i’c;

Natural

el=lelelolololatalol

OO OO OOO

%O 40 50 60 70 80 90 100-

"~ Enriched

Phys. Rev. Lett. 118, 161801

1 1 ] 1 1 I 1 1 1 1 I ] 1 1 1 I 1 1 1 1
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Energy (keV)

LéJH——'l—llh-—l‘r'lli

N T 11
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Low-Energy Physics Searches 9

3

Pseudoscalar ALP Coupling 9,,

-13

10

Limited exposure of enriched material to cosmic rays

For the DemoNsTRATOR, the enriched detector %8Ge rate is low enough that an X-ray
delayed coincidence cut is not necessary

Tritium is obvious and dominates in natural detectors below 20 keV

Hardware thresholds below 1 keV, analysis below 5 keV is ongoing

Commissioning data below. Factor of several reduction in low-energy background in

later datasets

Updated results and new searches are coming soon.

Low-Energy Searches for
Physics Beyond SM

. Pseudoscalar dark matter

. Vector dark matter

. 14.4 keV solar axion

« € — 3v

« Pauli Exclusion Principle
violation

Phys. Rev. Lett. 118, 161801
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Low-Energy Physics Searches

First Limit on the Direct Detection of Lightly lonizing Particles for Electric Charge as

Low as e/1000

6

PhysRevLett.120.211804 (2018)
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—ﬁ 2:_ ? . W — / -
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107445,
1 10 107 10°
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Charge fraction f

Thanks to low backgrounds and low energy thresholds

First results for a non-accelerator based experiment on the natural
flux of lightly ionizing particles with charges less then e /200
Improvement of the existing limits between e /6 and e /200.
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Summary 7,

Using "°Ge enriched PPC detectors, MaJorana have
. ultra-low activity materials and low-mass designs
. the best energy resolution (2.5 keV FWHM at 2039 keV) of any Ov3-decay
experiment
. excellent pulse shape discrimination for reduction of backgrounds.

The observed background index of the DemonsTRrATOR in the lowest background
configuration is 4.0*31, . cts/(FWHM t yr).

Established OvBpB-decay half life > 1.9 x 102° yr at 90% CL based on ~10 kg-yr of
exposure.

Unblind in Summer 2018 with a total exposure of ~26 kg-yr and a projected
sensitivity of ~ 5 x 102 yr.

Combining the strengths of GERDA and the Majorana DEmoNsTRATOR, the LEGEND
collaboration is moving forward towards a ton-scale "°Ge based experiment

Low energy thresholds, excellent energy resolution and reduced cosmology

activations in enriched detectors allowing the DemonsTRATOR to perform sensitive
tests at low-energy for rich physics beyond the standard model.
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Backup
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Module and Shield Detalils

Calibration Thermosyphon Upper Veto Poly Shield
System . |

A ' Cryostat
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N Keyed Pb Stacks

l Air Bearing Transport

= Preamps/HV Vacuum System
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MaJoraNA Electroformed Cu

9

- Majorana operated 10 baths at the Temporary Clean Room (TCR) facility at the 4850’
level and 6 baths at a shallow UG site at PNNL. All copper was machined at the Davis
campus.

The electroforming of copper for the Demonstrator successfully completed in May 2015.
2474 kg of electroformed copper on the mandrels,

2104 kg after initial machining,

1196 kg installed in the DemoNSTRATOR.

Underground machining completed April 2016.

« Th decay chain (ave) < 0.1 yBg/kg
« U decay chain (ave) < 0.1 uBag/kg
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Charge Trapping Correction ?ﬁ

A
o b Total charge collected depends on
> f rise time of current pulse
5 Pole-Zero
Corrected waveforms
. x10°
> i
=< 250 == With CT Corr.
S i
% | = Without CT Corr.
> E 200 === Fit
4 Time -
N 150
9 |
_ccu i
O 100}
Charge-Trapping -
Corrected waveforms sol
u el R R . —
2600 2605 2610 2615 2620 2625
> Energy (keV)

Time

Adjust Pole-Zero correction so that decay time of waveforms matches charge
ssiiapping time gonstant. Provides ~25% improvement in energy resolution i



Energy Nonlinearity Correction

/\/\/\/ : g
v = i -
i B —=&— Without NL corr. =
= 0.8 z

E B —&— With NL corr. %
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Use saw tooth + slow ramp input voltage to measure AV of each ADC bin.
Use this to correct ADC nonlinearity
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