R

» ‘

"".. » , 3 ﬁ;

A

% e e 5 N o L ) _ i s > i N - . b 4 .
: A b ol TR VA b ¥ L N LSy ) : » ‘.:. . e > ;
O R o o R EE 3 e T S s i =3 b T AT T e R

Final Results from the MAJORANA DEMONSTRATOR

Vincente Guiseppe, ORNL
on behalf of the MAJORANA Collaboration

Dec. 2, 2023
DBD23 Hawalii

&2, U.S. DEPARTMENT OF Office of

n. E N E RGY Science

Sanford

Underground
Research
Facility




Searching for Ov3 in 76Ge

Current limits on the OvB[3 half-life in 76Ge are around 1026 yrs

Experiments

History of 76Ge OVﬁﬁ LEGEND-1000 goal
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High purity germanium detectors have B o |
many advantages in this search: §

Well understood detector technology E 10% -

High detection efficiency g 10% -

Low intrinsic backgrounds ngzs i

Excellent energy resolution ':1022 i

Background rejection techniques

through pulse-shape-based event topology 105 -

Long history of Ov33 searches 970
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@ ENERGY <o MAJORANA DEMONSTRATOR

Searching for neutrinoless double-beta decay of 76Ge in HPGe detectors, probing additional physics
beyond the standard model, and informing the design of the next-generation LEGEND experiment

Source & Detector: Array of p-type, point contact detectors \V = =
30 kg of 88% enriched 76Ge crystals - 14 kg of natural Ge crystals N
Included 6.7 kg of 76Ge inverted coaxial, point contact (ICPC) detectors in final run

Excellent Energy Resolution: 2.5 keV FWHM @ 2039 keV
and Analysis Threshold: 1 keV

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

Reached an exposure of ~65 kg-yr before removal of the enriched

Muon Veto

Radon Panels _
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Continuing to operate at the Sanford Underground Research Facility with natural detectors for a 180mTa decay search
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Mar. 2021:
Stopped enrGe Operation

Removed all enrGe for
LEGEND-200

Deploy Module 1 in shield

ZAONES 2016 2017 2018 2019 2020 2021 2022 2023

12.9 kg (15) enGe 14.1 kg (13) eGe
8.8 kg (14) natGe 8 8 kg (14) natGe

Background
Studies

if

]

Module 2
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Tibepai] L e 14.3 kg (23)
natGe
Deploy Module 2 in shield 6.7 kg (4) as ICPC

Added Ta discs to
Cable/Connector Upgrade of Module 2 search for 1I80mTa
Mirion/Canberra Ortec Ortec ICPC -

Removed 5 PPC detectors for LEGEND Testing

BEGe PPC erGe Installed 4 LEGEND ICPC Detectors Operation of Module 2. with natural Ge
natGe enrGe 0 detectors.
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The MAJORANA Approach to Backgrounds

Ultra-pure Materials Custom Electronics Controlled Handling
| and Components

o, 5

§ ETGCE

In-house production of Custom front-end boards that

underground electroformed Cu use fine coaxial cable with
clean connectors

Validated cleaning procedures
N2-purged assembly and storage of parts

V.E. Guiseppe - DBD23 - 2 Dec. 2023 3



Excellent Energy Resolution

Energy estimated via optimized trapezoidal filter of ADC-nonlinearity-corrected traces with charge-trapping correction
FWHM of 2.5 keV at Qgg of 2039 keV (0.12%) is a record for Ov3[3 searches
Charge trapping correction improves FWHM at 2039 keV

from 4 keV to 2.5 keV

Calibrated on weekly 228Th calibration data

228Th |[Ine source
deployed during
calibration

IEEE Trans. Nucl. Sci. 68 359 (2021)

PRC 872 045503 (2023)

NIMA 872 16 (2017)

JINST 18 P09023 (2023)
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FWHM of combined enriched detectors in the MAJORANA

DEMONSTRATOR, measured using 228Th calibration data
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Pulse Shape Discrimination: Multisite Events

Detector waveform is examined to determine >
topology of an event l. \ B p* Point Contact (Ge)

Ovbb signal is single-site (localized to 1 mm) B n*Outer Contact (Li)

i.\ -~ /"
¢ .

Many backgrounds are multi-site B Active (Intrinsic) Volume

\\

. Transition Region (~1 mm)

Y
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i 130§
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Pulse Shape Discrimination: Surface Events-

Detector waveform is examined to determine [ I

topology of an event » I o Point Contact (Ge)
Ovbb signal is single-site (localized to 1 mm) e | ' I n*Outer Contact (Li)
Many backgrounds are located near detector eﬁ Bl Active (Intrinsic) Volume
surfaces. . Transition Region (~1 mm)

B,y

. Passivated Surface (~1 um)

) 2000 —
a :
< .

Fast drift time: high AvsE cut Slow charge collection (~10 ps):

. C < : ..
for particle incident on surface 200 = Delayed Charge Recovery (DCR) discriminator
near point contact < wp for particle incident on passivated surface:
1000 |- > ook
I o3 EPJC 82 (2022) 226
- Bulk g '~ Slow charge collection (~1 ps):
500 — event b || Late Charge (LQ) discriminator
- Surface o0 ™% Jfor partial charge deposition in transition dead layer
_ event
OE I I I I I
0 5000 10000 15000 20000 25000
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Final Neutrinoless Double-Beta Decay Result

= P N
s, 107 E Data Cleaning, Muon, & Multiplicity Cuts ¢ T —— = |PRL 130 062501 (2023)
_@ — + Surface Event Cuts 26 — 90% C.L. Limit §
O - a roun

L0 B + Multi-Site Event Cuts (All Cuts) < | Background | 12
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5 y ‘ Energy [keV] Final enriched detector
= \ mw”w' active exposure:
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e
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Dominated by surface 208T| (232Th)-like after cuts Energy [keV]
events before cuts
Frequentist Limit: Background Index: (6.23 + 0.55) x 10-3 cts/(keV kg yr)
65 kg-yr Exposure Limit: T12 > 8.3 x 1025 yr (90% C.1.) in lowest background configuration
Median T1/2 Sensitivity: 8.1 x 102> yr (90% C.1.) Module 1: (7.38 £ 0.71) x 10-3 cts/(keV kg yr)

mgg < 113 - 269 meV | Using My, =2.66 - 6.34 Module 2: 3.33" > x 103 cts/(keV kg yr)
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MAJORANA DEMONSTRATOR Background

Background at Ov33 Q value is flat and featureless ) Assay vs. Background Modeling Dataset
- 102 -
Background model not needed for OvBf limit L s o S RN — v
Measured Ov[33 background higher than expected — U —— 212Pb assay
<1.16 x 10-3 cts/(keV kg yr): radioassay 1014 7 40K 68Ge [ 1 data
prediction — 60Co
(6.23 £ 0.55) x 10-3 cts/(keV kg yr): in lowest I ougp 2615 keV (Th)
background configuration Qy | Dackaround !

region I

Background Modeling Dataset
Comparison of Grouped Detectors
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MAJORANA DEMONSTRATOR Background Excess

Characteristics of background excess:
Dominated by 232Th decay chain — excess apparent at 208T], especially 238 keV and 2615 keV

Strong evidence excess Is located Systematic fitting campaign localized the major
near Module 1 feedthrough interface source of the excess to a component above the array
Does not indicate a source within the

Ge detector array
(front end electronics, detector holders, etc.)

Not from a uniform bulk activity in any "
component groups, but from a localized region

2615 keV rate in Background Modeling Dataset

10” Inactive Module 1

Detector

Events / keV / kg / day

= . ‘ a
= g - : )
‘ h ' = % .__ ——— ’ i —._;- I
I _‘ =
T - ‘!] : Il [ “"
!i! ' - | Lz 1'— | ——— -
~‘ i B = L‘ “ Z 8 | ;

& il i o

Recent assay of the component is not Cosistent with
presence of excess now — Likely not present in the bulk
Excess could have been present earlier during operation

V.E. Guiseppe - DBD23 - 2 Dec. 2023 11



Major Background Sources 3

Bl Data
Enriched Detectors —— Summed fitted spectrum -
Background Modeling Cuts Detectors
- Crossarm And Above Coldplate

Cryostat And Gaskets
Near detector
; ] - Shield, N2, and Vacuum

ithaxd -

fLI- Il 0

f bﬁfi?:%ﬁ”“””‘a
|5
A

1600 1800 2000 2200 2400 2600
Energy (keV)

The dominant backgrounds in the Demonstrator are not from a near-detector region that would pose problems for LEGEND

102 -

c/(t-y-keV)

10—1 =

J,’ Recent Progress in the MAJORANA -

| DEMONSTRATOR Background Model
ﬂ Ethan Blalock @ Hawaii2023 ‘ 

Measurement for the MAJORANA DEMONSTRATOR
h AnnalL. Reine, UNC-CH. - - 2023

- — e — = ———— sS ———
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Double Beta Decay to Excited States

An inherently multi-site signal topology:

A “source” detector will have a broad energy
spectrum from 33

The “gamma” detector will measure energy
peaked at the y energies

41.9 kg y of isotopic exposure
(20.6 kg y of which was blinded)

All Cuts

- - Sum Energy Cut
- - Coincident Energy Cut
- - Enriched Source Detector Cut

10°

Counts

511 keV

10

1

btk

510 320 530 540 550 560 570 580 590
Energy (keV)

[1] M. Agostini et al. (GERDA Collaboration), J. Phys. G 43, 044001 (2015).
[2] A. Morales, et al., Nuovo Cim. A 100, 525 (2008).

[3] B. Maier (Heidelberg Moscow Collaboration), Nucl. Phys. B — Proc. Suppl. 35, 358 (1994).
[4] A. S. Barabash, A. V. Derbin, L. A. Popeko, and V. |. Umatov, Z. Phys. A 352, 231 (1995).

PRC 103 015501 (2021) z_sal
O+
do  de
S N
22 > 1216.1 keV
b0 1122.3 keV
v N
Qpp=2039.1 keV . & &
2" Y ' 559.1 keV
559 or o g
S N
563 keV o~ | >
0 keV

T4/ new limit
(90% Cl)

T4/, sensitivity
(90% ClI)

Decay Det. efficiency | T, prev. limit
Mode (M1, M2) (90% CI)

or, P80y 24%10%  >37-10%y >7.5-10%y  >10.5-10%y
0%, 2BB 0+ 1.4%,0.6% > 1.6 1023y 1] >7.7-1023y  >10.2-10%3y
0t 2By 2.2%,08%  >23-10%y[1] >12.8-10%°y  >8.2-10%y
0% i 0F 3.0%,1.2% >13-10%2y[2] >39.9-10%%y > 39.9-10%y
0% s O_BB)2+ 1.6%,0.7% > 13-103y[3] >21.2-10%3y >21.2-10%3y

L 23%,1.0% >14-10*'y[4] >9.7-10%y > 18.6-10*y

055 ——7
Using date collected up to 2019, set the most stringent limits
to date for 33 to each excited state of 76Se due to:

Operating an array in vacuum: high detection efficiency

Exquisite energy resolution for identifying peaks

Low environmental backgrounds & analysis cuts

V.E. Guiseppe - DBD23 - 2 Dec. 2023 |3



New: Double Beta Decay to Excited States

Background after cuts with signal at 90% CL upper limit Preliminary result for 2vf3f3 of 76Ge to 01 excited state of 76Se

Counts/0.5 keV

3
E Events passing all cuts (36.6 kg-yr) .
2'5:_ \(\‘b‘* Signal (UL at 90% CL.: T1',2=1.23x1024 yr) ISOtOpIC EXpOSlJre: 366 kg_y
:Q@\\@ | Detection Efficiency: 2.7% (M1), 1.4% (M2)
J T Mmoo | Background Index (after cuts): 0.025 cts/keV-kg-y
1 5:_ Compared to previous analysis, upgrades have improved
s detection efficiency, with similar background reduction

90% Sensitivity: T12> 1.1 x 1024 yr

0.5 d

-l | | I iU O LU LUl I il | LUl I | | | LUl | L
gOO 510 520 530 540 550 560 570 580 5390 600
Energy (keV)

90% Limit; T12> 1.2 x 1024 yr

Using the full dataset of the experiment (97.4 kg-y isotopic exposure), MAJORANA will produce an improved limit

A projected half-life sensitivity of 2.2 x 1024 yr

V.E. Guiseppe - DBD23 - 2 Dec. 2023 14



Rich and Broad Phys

IcsS Programs

Tests of Fundamental Symmetries and Conservations

Lepton number violation via neutrinoless double beta decay | PRL 130 062501 (2023)

Baryon number violation
Pauli Exclusion Principle violation

Standard Model Physics A
Standard Model Physics,

Backgrounds

2V[3[3 to excited states

In situ cosmogenics
(alpha, n) reactions
180mTa decay

-

PRC 103 015501 (2021

RC 105 014617 (2022

RL 131 152501 (2023

P
PRC 105 064610 (2022
P

)
)
)
)

Low backgrounds

NS

Exotic Physics

MAJORANA DEMONSTRATOR
Excellent energy performance &

across broad energy regions

BSM Physics

5

Quantum Wavefunction collapse

PRL 129 080401 (2022)

Lightly ionization particle

PRL 120 211804 (2018)

V.E. Guiseppe - DBD23 - 2 Dec. 2023
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PRD 99 072004 (2019)

arXiv:2203.02033 (2023)
Accepted by Nature Phys

Low-mass dark matter signatures
Pseudoscalar dark matter
Vector dark matter
Fermionic dark matter
Sterile neutrino
Primakoff solar axion
14 .4-keV solar axion

PRL 118 161801 (2017)
PRL 129 081803 (2022)

arXiv:2206.10638 (2023)
Accepted by PRL
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of natural detectors

Tantalum: The Next DEMONSTRATOR Chapter

Searching for decay of 180mTa, nature’s longest lived metastable

Isotope

—9-
MAJORANA DEMONSTRATOR has been reconfigured with single module EICEVJ37 AN
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lllustration by Sandbox Studio, Chicagc with Kimberly Boustead

- 0S/7/06/22 | By ErinL Erob
Majcrana | y Erin Lorraine Broberg
Scientists are using a detector originally
Demo nStratOr designed to study neutrinos to pin down an
- elusive nuclear physics measurement.
finds
i . ’
tantalizing
new purpose

23 natGe BEGe detectors
V.E. Guiseppe - DBD23 - 2 Dec. 2023

17C .

Decay scheme of 180mTg with
possible decay channels (red) and
detection signatures (blue)

Constraints on the decay of 180mTag
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Most sensitive search for half-life measurements in isomers world-wide Constraints on the Decay of 180mmn.,

First data improved previous half-life limits by 1-2 orders of magnitude - J. Amnquist et al. (MAJORANA COLLABORATION)
Phys. Rev. Lett. 131, 152501 (2023) — Published 11 October 2023
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MAJORANA DEMONSTRATOR Summary and Outlook

Started taking data with first module in 2015 and has completed enriched Ge data-taking in 2021
Excellent energy resolution of 2.5 keV FWHM @ 2039 keV, best of all Ov33 experiments
Latest limit on OvBR of T12 > 8.3 x 1025 yr (90% C.I.) from 64.5 kg-yr exposure

Leading limits in the search for double-beta decay of /6Ge to excited states
Set a new upper limit on 2vBp of 76Ge to 07 excited state of 76Se using 36.6 kg-y of open data from the full dataset
An unblinded analysis with 97.4 kg-y of data will have a projected half-life sensitivity of 2.2 x 1024y

Working towards the publication of a background model including fits over the full exposure and evaluations of systematic
uncertainties

Including a measurement of 2vf3f3 half-life with evaluated uncertainties

Low background + energy resolution + multiple years of high-quality data allows for broad physics program, yielding
many new results

BSM physics results extracted in wide energy range with various analysis techniques

Continuing operation with natural detectors for other physics (e.g. decay of 180mTa)

V.E. Guiseppe - DBD23 - 2 Dec. 2023 18
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