Initial Results and Status of the
MAJORANA DEMONSTRATOR

@ The 26th International Workshop on Weak Interactions and Neutrinos

Wengin Xu
University of South Dakota

On behalf of the MAJORANA Collaboration

R

This material is based upon work supported by: The U.S. Department of Energy, Office of Science, Office of Nuclear Physics, the Particle

UNIVERSITY OF

SOUTH DAKOTA

Astrophysics and Nuclear Physics Programs of the National Science Foundation, and the Sanford Underground Research Facility.



=\

fg Dk i

UNIVERSITY

@ e

> q
&4 | =
A Black Hills
State University
N2 BERKELEY LAB
\\//

r,«\\ UNIVERSITY OF UNI\ ERSITYof

ENNE%%EE
mmifnm SOUTH CAROLINA

AN

The MAJORANA Collaboration =

THE UNIVERSITY
of NORTH C
it CHAPEL HILI
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ ES
Nc STATE \i/ & TECHNOLOGY @ ~
uul PRIN T "‘i\,‘
1"@ UNIVERSITY ettt | UNIV§§SI%1§ ueenys .
*EX# SOUTH D AKOTA Proudly Operated by pNIvRRETY

® mm I+]N

Sanford

Underground

Research
Facility ’

OAK RIDGE

Natlonal Laboratory

/\ SOUTH DAKOTA
»L?:sAIamos M w Tennessee T|.|T|

NATIONAL LABORATORY Technische Universitat Miinchen

Black Hills State University, Spearfish, SD
Kara Keeter

Duke University, Durham, North Carolina, and TUNL
Matthew Busch

Joint Institute for Nuclear Research, Dubna, Russia
Viktor Brudanin, M. Shirchenko, Sergey Vasilyev, E. Yakushey, 1. Zhitnikov

Lawrence Berkeley National Laboratory, Berkeley, California and
the University of California - Berkeley
Nicolas Abgrall, Yuen-Dat Chan, Lukas Hehn, Jordan Myslik, Alan Poon,
Kai Vetter

Los Alamos National Laboratory, Los Alamos, New Mexico
Pinghan Chu, Steven Elliott, Ralph Massarczyk, Keith Rielage,
Larry Rodriguez, Harry Salazar, Brandon White, Brian Zhu

National Research Center ‘Kurchatov Institute’ Institute of Theoretical and
Experimental Physics, Moscow, Russia
Alexander Barabash, Sergey Konovalov, Vladimir Yumatov

North Carolina State University, and TUNL
Matthew P. Green

Oak Ridge National Laboratory
Fred Bertrand, Charlie Havener, Monty Middlebrook, David Radford,
Robert Varner, Chang-Hong Yu

Osaka University, Osaka, Japan
Hiroyasu Ejiri

Pacific Northwest National Laboratory, Richland, Washington
Isaac Arnquist, Eric Hoppe, Richard T. Kouzes

Princeton University, Princeton, New Jersey
Graham K. Giovanetti

Queen’s University, Kingston, Canada
Ryan Martin

South Dakota School of Mines and Technology, Rapid City, South Dakota
Colter Dunagan, Cabot-Ann Christofferson, Anne-Marie Suriano, Jared Thompson

Tennessee Tech University, Cookeville, Tennessee
Mary Kidd

Technische Universitdt Minchen, and Max Planck Institute, Munich, Germany
Tobias Bode, Susanne Mertens

University of North Carolina, Chapel Hill, North Carolina, and TUNL
Thomas Caldwell, Thomas Gilliss, Chris Haufe, Reyco Henning, Mark Howe,
Samuel J. Meijer, Christopher O" Shaughnessy, Gulden Othman, Jamin Rager, Anna Reine,
Benjamin Shanks, Kris Vorren, John F. Wilkerson

University of South Carolina, Columbia, South Carolina
Frank Avignone, Vince Guiseppe, David Tedeschi, Clint Wiseman

University of South Dakota, Vermillion, South Dakota
CJ Barton, Wengin Xu

University of Tennessee, Knoxville, Tennessee
Yuri Efremenko, Andrew Lopez

University of Washington, Seattle, Washington
Sebastian Alvis, Tom Burritt, Micah Buuck, Clara Cuesta, Jason Detwiler, Julieta Gruszko,
Ian Guinn, David Peterson, Walter Pettus, R. G. Hamish Robertson, Nick Rouf,
Tim Van Wechel

Initial results and status of the MAJORANA DEMONSTRATOR. Wengqin Xu WIN2017 Jun-23-2017




The MAJORANA DEMONSTRATOR

Funded by DOE Office of Nuclear Physics, NSF Particle Astrophysics, NSF Nuclear Physics
with additional contributions from international collaborators.

Goals: — Demonstrate backgrounds low enough to justify building a tonne scale expt.
— Establish feasibility to construct & field modular arrays of Ge detectors.
— Search for additional physics beyond the standard model.

e Operating underground at 4850’ level of Sanford Underground Research Facility

e Background Goal in the Ov[33 peak region of interest (4 keV at 2039 keV) :
— 3 counts/ROI/t/y (after analysis cuts). Assay UL currently < 3.5

e 44.1 kg of Ge detectors
—29.7 kg of 88% enriched "°Ge crystals

— 14.4 kg of "™'Ge
. Radon Veto Poly
— Detectors: P-type, point-contact (PPC) Enclosure Panels i

* 2 independent cryostats e
— Ultra-clean, electroformed Cu
— 22 kg of detectors per cryostat
— Naturally scalable

e Ultra low-activity components and construction

Outer

e Compact Shield Cu

— Low-background passive Cu and Pb Shield

shield with active muon veto
N. Abgrall et al., Adv. High Ener. Phys. 2014, 365432 (2013); arXiv:1308.1633
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Background Model and Assay

Based on assays of materials; When upper limit, use upper limit value as contribution

NIMA 828 (2016) 22 [arXiv:1601.03779]

Electroformed Cu
OFHC Cu Shielding
Pb shielding

Cables / Connectors
Front Ends

Ge (U/Th)

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

External y, (a,n)

Rn, surface a

Ge, Cu, Pb (n, n'y)
Ge(n,n)

Ge(n,y)

direct u + other

v backgrounds

Background Rate (c/ROI-t-y)
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- External, Environmental
« M-induced

. heutrinos

Total: <3.5 ¢/ROI-t-y
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* MAJORANA operated multiple
baths to electroform copper in
underground labs.

 All copper was machined at the
SURF Davis campus.

* Th decay chain (ave) < o.1 uBq/kg
e U decay chain (ave) < o.1 uBq/kg

Electroforming Baths at SURF



https://arxiv.org/abs/1601.03779
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The DEMONSTRATOR Impl

&&a%aﬁa In-shield Running
Module 1: 16.9 kg (20) e"Ge gg%agmg 5015 - 10/2015
5.6 kg (9) "'Ge mmu%m%m Module Improvements
%%ﬁ%%%ﬁ 01/2016 — ongoing
[ vy Y e e
Module 2: 12.9 kg (1 5) enrGe E%%%ﬁ%g 07/2016 — ongoing
| nat Pt =pat —L b=
8.8 kg (14) Ge EGEEEEE
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MAJORANA Data Sets 3

DS-0 DS-1 DS-2 DS-3 DS-5
M1 Commissioning, M1 M1 Modules 1 and 2 Modules 1 and 2
no inner shield  innershield  multi-sampling Together in-shield Integrated DAQ
DS-0 DS-1 DS-2 DS-3 DS-4 DS-5
Module 1 Module 1 Module 1 Module 1 Module 2 Module 1 & 2
June 26 - Dec. 31,2015 - May 24 - Aug. 25 - Aug. 25 - Oct. 13,2016 -
Oct.7,2015  May 24,2016  July 14,2016 Sep.27,2016  Sep.27,2016 May.112017*
Total (days) 103.15 144.50 50.97 32.37 32.36 Q7.7
Total acquired 87.93 136.98 50.47 31.73 25.80 90.41
Physics [l & 47.70 61.34 + 20.41* 9.82 + 30.56™ 29.97 23.84 82.52
High radon 11.76 7.32 : : : :
Calibration | 15.44 7.32 0.65 1.18 1.17 1.39
Down time 15.21 7.57 0.50 0.64 6.56 7.29
Disruptive/ = 13.10 34.43+5.92* 241+ 7.03* 0.57 0.78 6.51
Commiissioning
*Blind data DS6 has started with multisampling and blindness *Values up to Jan. 19,2017
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Calibrating the DEMONSTRATOR

Using custom %28Th line sources and routine remote calibration:
e Multi-peak fitter employed, online database stores results
e Calibration paper: [arXiv:1702.02466]
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https://arxiv.org/abs/1702.02466

PPC Detector PSD Performance 3

Pulse Shape Discrimination (PSD) cuts have better performance in PPC detectors
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Luke et al., IEEE trans. Nucl. Sci. 36 , 926 (1989)
Barbeau, Collar, and Tench, J. Cosm. Astro. Phys. 0709 (2007).
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Ge Detector PSD Performance 3

PSD cuts are optimized to keep 920% single-site and < 10% multi-site events
e Ov[3P is a single site event
o 208T| 2614 keV y can have pair production and with annihilation y's escaping
e Both y's escape from detectors = double escape peak (DEP), single site

* One y escapes from detectors — Single escape peak (SEP), multi-site

208T| DEP (single site

100 events) fixed to 90%
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Delayed-Charge Recovery Cut for a’s

 Alpha background with degraded energies observed in DS-0
» Charge of these events drifts along the detector surface, not bulk
* Produces a distinctive waveform allowing a high efficiency cut

Slow drift of charges along
passivated surface results in

very slow signal component

Example pole-zero
corrected waveforms
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—stimated OvpBB-decay ROl background, DS-3&4 ?n

Lowest background configuration, with both modules in shield. * Exposure: 1.39 kg vy
(Previous data presented at Neutrino 16 was from Module 1, DS-0 and DS-1)

After cuts, 1 count in
400 keV window

DS3 & DS4 (Enriched - High Gain) centered at 2039 keV
: (OvPP peak)
[ * Projected background
M1 + M2 (All cuts) rate is 5.1 89

c /(ROIl'ty)

for a 2.9 (Modulel-
DS3) & 2.6 (Module2 -
DS4) keV ROI, (68%
CL).

 Background index of
1.8 x 103 c/(keV kg y)

 Analysis cuts are still
being optimized.

[
<
|

Counts/keV/kg/day
S
1 I__I.N

107

Q value

| | | IH ! N N | * Through mid-May, have
L e Py v —

0 500 1000 1500 2000 2500 3000 10X more exposure in
Energy (keV) hand. Analysis is in
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Low-Energy Spectrum in DS-0 “

e Significant reduction of the cosmosgenics in the low-energy region in enriched detectors, due to

tight surface exposure control.

e Tritium is obvious and dominates in natural detectors below 20 keV.

DS-0 (commissioning data): Natural 4.1 kg (~195kg d) Enriched 10.06 kg (~478 kg d)

N T T ]
0% 91 J[J[ .......................... .
ot
i 00t 1} iﬁﬁHﬁ--ﬁJt.
S LE™ Natural 0.03 Hﬁi ++ T
N 0.02
j? E 0.01
é " Enriched
> T
S

—

5llll10'l115lll
Energy (keV)

20

25 30

PRL118,161801 (2017)

Low-Energy Searches for
Physics Beyond SM

e Pseudoscalar dark matter
e Vector dark matter

e 14.4-keV solar axion

e — 3Jv

e Pauli Exclusion Principle
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Low-Energy Spectrum in DS-0 "

e Significant reduction of the cosmosgenics in the low-energy region in enriched detectors, due to

tight surface exposure control.

e Tritium is obvious and dominates in natural detectors below 20 keV.

DS-0 (commissioning data): Natural 4.1 kg (~195kg d) Enriched 10.06 kg (~478 kg d)
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Low-Energy Spectrum in DS-0 "

e Significant reduction of the cosmosgenics in the low-energy region in enriched detectors, due to

tight surface exposure control.

e Tritium is obvious and dominates in natural detectors below 20 keV.

DS-0 (commissioning data): Natural 4.1 kg (~195kg d) Enriched 10.06 kg (~478 kg d)
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Sensitivity of Ov33 Decay v.s. Exposure

Ge-based experiments
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MAJORANA and GERDA —> LEGEND

Advantages of Ge

e Intrinsic high-purity Ge
detectors = source

e Excellent energy
resolution: approaching
0.1% at
2039 keV (~3 keV ROI)

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

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

MAJORANA

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

GERDA
Direct immersion
in active LAr shield

Initial results and status of the MAJORANA DEMONSTRATOR. Wengqin Xu WIN2017 Jun-23-2017 17



Large Enriched Germanium Experiment for
L EG E N D Neutrinoless 33 Decay (47 institutions, 219 scientists)

Mission: “The collaboration aims to develop a phased, Ge-76 based double-beta
decay experimental program with discovery potential at a half-life significantly longer
than 1027 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.

First phase:

* up to 200 kg

- modification of
existing GERDA
infrastructure at
LNGS

‘BG goal

0.6 c/(FWMH ty)
- start by 2021

Subsequent stages
- staged 1000 kg

* timeline connected
to U.S. DOE down
select process

- BG: goal

0.1 c/(FWHM ty)

* Location: TBD

* Required depth
(Ge-77m) under
Investigation

Initial results and status of the MAJORANA DEMONSTRATOR. Wengin Xu WIN2017 Jun-23-2017 18



Summary and Outlook “»

e The 7°Ge enriched point contact detectors developed by MAJORANA

- have attained the best energy resolution (2.4 keV FWHM at 2039 keV) of any 3-decay
experiment.

- provide excellent pulse shape discrimination reduction of backgrounds.

- at low energies have sub-keV energy thresholds and excellent resolution allowing the
DEMONSTRATOR to perform sensitive tests in this region for physics beyond the standard
model (PRL 118, 161801 (2017)).

e The DEMONSTRATOR’s initial backgrounds and the GERDA Phase Il backgrounds are by over
an order of magnitude the lowest backgrounds in the region of interest (ROI) achieved to
date of all current or previous OvBp experiments.

e Combining the strengths of GERDA and the Majorana Demonstrator, the LEGEND
Collaboration is moving forward with a ton-scale 7°Ge based experiment. Based on the
successes to date, LEGEND should be able to reach the backgrounds ~0.1 ¢ /(FWHM ty )
and energy resolution necessary for discovery level sensitivities in the inverted ordering
region.

Initial results and status of the MAJORANA DEMONSTRATOR. Wengqin Xu WIN2017 Jun-23-2017 19
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Backup Slides

Initial results and status of the MAJORANA DEMONSTRATOR. Wengqin Xu WIN2017 Jun-23-2017

21



LEGEND “»
Large Enriched Germanium Experiment for Neutrinoless Decay
Working cooperatively with GERDA and other interested groups toward the

establishment of a next-generation 76Ge OvBB decay experimental

collaboration, to build an experiment to explore the inverted ordering region

of the effective mass.
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Background Spectrum in DS-3 & DS-4 a

Lowest background configuration, with both modules in shield.
(Previous data presented at Neutrino 16 was from Module 1, DS-0 and DS-1)
Enriched detectors in Modules 1 & 2 , before and after PSD cuts

3
5 = — No PSD cuts
ED _% — L o
2 - IS aSWaay — AvsE cut
> i
&) 1 0_1 | — AvsE & DCR cuts
- -
N - .
7 i Spectrum is
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) 5 ) Bzl =l by 2vBf
107 E i
> : nERR i
o3 L H b
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Energy (keV)
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Muon Flux at the 4850 and Muon Veto 3»

Muon veto system has run continuously since 2014:

* First opportu

* Flux predicte

nity for vertical p-flux measurement using completed Pb shield
d for 4850 level (Hime & Mei, PRD 2006)

O = (4.4 -

-0.1) x 1077 /s /cm?

e Our simulation (optimized for SURF):  Astroparticle Physics in press

d = (5.3 -
e Measured flu
¢ = (5.31

-0.4) x 107Y pu/s/em?  [arXiv:1602.07742]

X:
Top Muon Veto Panels

+0.17) x 1077 p/s/ecm?
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Ov[3[3: Half-Lite and Neutrino Mass A

[T?/Vz]_] = G”|Mo, [ (mgg)?

TP/VZ OvRP half-life. Best current result: > 3.0 x 102° years [5]

GO’/(Qgg, Z) phase space factor: kinematics of emission of two electrons

My, nuclear matrix elements: govern transition probabilities

Effective Majorana mass of electron neutrino
_ 2 _— L .
(mgg) = E mrUZ,| | Contributions from electron terms in mixing matrix U
k

Measurements constrain the minimum mass eigenstate

m? A Normal Hierarchy Inverted Hierarchy 4 m? 1000 ¢ — T
—:l V3 _
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Radiopure Components
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Module and Shield Details

Calibration Thermosyphon Upper Veto Poly Shield
_ System .

N Keyed Pb Stacks

Air Bearing Transport

Preamps/HV Vacuum System
Distribution

Results from the MAJORANA DEMONSTRATOR



68Ge Production in Detector P42537A

Cosmic ray exposure minimized throughout all processes
Typical sea-level equivalent exposure is about 35 d for the enriched detectors.

Tracked and Minimized Cosmic-ray exposure
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DEMONSTRATOR Electroforming Cu "

Insertion of mandel into EF bath Electroforming Baths in TCR

Inspection of EF copper on mandrels

“Good” Mandrel “Poor” Mandrel with large nodule growth

Results from the MAJORANA DEMONSTRATOR



DEMONSTRATOR Cables and Connectors

Total Biased Analysis
DS3+DS4 | Det(kg) | Active (kg) | # | Det (kg) | Active (kg) | # | Det (kg) | Active (kg) | #
Total 44.1 40.3 £ 0.7 | 58 33.8 309+05 | 4 29.0 24.8+04 | 35
Enriched 29.7 2744+04 | 35 23.2 21.44+0.3 | 27 19.6 181 +03 | 23
Natural 14.4 129+0.3 | 23 10.7 954+0.2 | 17 9.4 6.7+0.2 | 12

44 of the 58 installed detectors are operating
Problems with non-operating detectors

— [ associated with the signal connectors
that are located on the cryostat cold plate

or with damaged low mass front end
boards.

- [ detectors cannot be biased either

because of problems with the HV cables,

connections, or in one instance a likely
detector problem.

Upgrade underway
- "Fuzz buttons” for signal connectors.

— HV cable study in progress

Results from the MAJORANA DEMONSTRATOR
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Ge Processing and Recovery

* Reduction & Zone refining: 98.7% vyield of > 47 Ohm-cm Ge from 42.5 kg of ®""Ge
(61.7 kg of GeO2)

« ORTEC manufactured: 30 e""'Ge detectors, 25.3 kg of mass.
— 64.4% yield of detectors, 3.22 kg of > 47 Ohm-cm Ge material not used,
* Recovered Ge: from processing det. manufacturing waste (NSF suppl. funding)
— Reprocessed 8.4-kg of “scrap”
« effluent, kurf, and 2.87 kg of metal from detector manufacturer reject.
— Recovered 5.87 kg of Ge with >47 Ohm-cm.

* The 5.87 kg was combined with 3.22 kg of Ge material to provide 9.1 kg of Ge > 47 Ohm-cm.
ORTEC manufactured 5 additional detectors with 4.4 kg mass.

Final yield of detectors: 74.5%
— unused ¢""Ge inventory: 1.49 kg (crystal) and 1.15 kg (zone refined).

Ge reduced in Chlorine gas Zone refining of Ge metal GeCls with cover liquid

| ... ":’ ,"
XVII'Int. Workshop on Neutrino Telescopes
March 15, 2017
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MJD Materials Assay

* Assay of samples from all materials used in the DEMONSTRATOR.
- Radiometric, NAA, & ICP-MS techniques.

* By necessity have developed world’s most sensitive ICP-MS based assay techniques for
U and Th in Cu (Original MJD Goal: <0.3 uBg/kg for U & Th )

- Current MDL (method detection limits) with iridium anode improvements
» U decay chain 0.1 uBq 238U/kg
» Th decay chain 0.1 uBg %3?Th/kg

- Sensitivities with ion exchange copper sample preparation (MDL study)
» U decay chain <0.13 uBg 238U/kg
» Th decay chain <0.034 uBq %3°Th/kg

Ion exchange sample prep

Evaluation of iridium electrodes following copper sample preparation

e;t.LL\-\“t

/////M 149

NIMA 775 (2015) 93-98
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Neutrino 2016

Background Spectrum (DST) ArXiv:1610.01210

Enriched detectors in Module 1 after all cuts (Exposure: 1.66 kg y)
Spectrum dominated by 2vf

%\ 0.008F
o -
- Enriched Spectrum after cuts
3‘) 0.007 J[ ﬂ J[ J[ ——
% 0.006 - J{ Simulated 2vBB (80% eff) Background rate
=< - using previously measured 23+13 _ counts /(ROl t y)
2 . half-life (Eur. Phys.J. C 75 -10
§ 0.005 ! ++ (2015) 416). (3.1 keV RO, (68% CL))
~ 0004
0.003 |- Background index
E - (7.5+4'5_3_4) X1 0-3
0.002 |~ 5
: it counts/(keV kg y).
0.001f
: + + n .
Ok e
600 800 1000 1200 1400 1600 1800 2000
Energy (keV)
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Backgrounds, Resolution, Discovery

3 Past experiments
1 O . E— E—— . Running experiments

* In construction / anticipated by MC
CANDLES

A CUORICINO

_ Heidelberg-Moscow
AD CUORE-0/CUORE

A GERDA-Phasel

MAJOR
o TCIFER/CUPID @ EX0O-200 NEMo 3

@ GERDA-Phasell

counts / (keV t yr)

* PandaX-Ill *SuperNEMO

X nEXO

| 100 counts / (t yr) I

% LEGeND

0.1 cou.nts/ (tyr) I 1 ;:ount/(t yr)I 10 co;mts/ (t yr)I
1 10 100 1000

R. Massarczyk
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Observing Axions in HPGe Detectors W

The axio-electric effect: Axion e
The axion “takes the place” of a photon and ionizes a germanium
.. . Ghe
nucleus. The released electron is given an energy (nearly) equal
to the incident axion. .
HPGe detector advantages: >
e Sub-keV energy thresholds possible Zt, & Zt &
. 2 —5Y 172
* Excellent energy resolution Cae(Ea) = gge (2.088 X 107°)Eg ope(Ey)
* Enriched detectors have reduced cosmogenic activation
Proposed research: v F
. 2 4~  Preliminary MAJORANA low-energy spectrum
* Search the low-energy region % [ Y 9y sp
. _g’ 3.5
for the peaks predicted by g F b od
Redondo. If no peaks are found, ° | Natural
25
set a competitive upper limit on .
. 2 o 68 -
the coupling term Jge Ge signature
. . 15 M, e « 565758Co signature
e Contribute to the ongoing effort =l U T gL LS 3 .
) e 1 U =y * °H continuum
to characterize the low-energy o5l | -+ Here be axions ...
region of the Ge detectors. L M g Tt L AT
0 5 10 15 20 25 Energy(keV%o
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The MAJORANA Low-Energy Program X
Low detector thresholds allow us to perform several low-energy searches:
Search: Expected Signal:
e Light (<10 GeV/c?) WIMP searches Excess < 2-2.5 keV from nuclear recoils
* Bosonic Superweak Dark Matter Anomalous peak < 100 keV
* Pauli-Exclusion Principle Violation = Ge x-ray peak at 10.6 keV
eElectron decay: e — VUl Ge x-ray peak at, 11.1 keV

e Solar Axions Excess in continuum or peaks < 15 keV

— 71 T T T T 7T T T T T
3

Total
Primakoff x 50
FF

FB + BB
Compton

m = 23 keV

Solar Axion Spectrum

“t Simulated DM Signal -
] J. Redondo, arXiv:1310.0823

counts(ard)

/ucleus
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([ J o o
Solar Axions from Nuclear Transitions W
My 5 (3d)
3 - | ] ] ] ] ' | | M2'3(3p) ‘
: Total : e
55| Primakoff x 50 :
(T.'— B FF i L3 (2Py0)—@ °
8 L FB + BB . 2@
T:a 2 Compton — b (@)
») o -
._.>\ Iid b Kol Kaz Ks
, B )
> 15K -
2 I i YV Y
8 : : K(1s)
= 1 [ _ Source  Energy (keV) Predicted Flux
- i - cts/(cm? day)
&3 | 1 Si(Kato2) 1.739 1.95 x 10°°
051 - Si(Ks1) 1.836 4.06 x 1038
i : S(Ka1,a2) 2.307 4.00 x 103®
P i S(Kps1) 2.464 2.57 x 1038
0 Ll -l L1 . Fe(Kal’ag) 6.4 4.06 x 1038

10

w [keV]
Monoenergetic transitions in the Sun: The axion can “take the place” of a photon by axio-

deexcitation and recombination, and be emitted with (nearly) the same energy
Experiments can set bounds on axion coupling terms: Jae YJavyy
Example: 2. (6.4 keV) = g2, (4.7 x 10**cm ™2 s71)

J Redondo, private communication to F.T. Avignone
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a) Table 1 | Parameters of data sets
£ FWHM Bl

Data set (kg yr) (keV) ¢ (10 counts keV ' kg ‘yrt)
Pl golden 17.9 4.3(1) 0.57(3) 1142

...... Pl silver 1.3 4.3(1) 0.57(3) 30410
Pl BEGe 2.4 2.7(2) 0.66(2) 5+3
Pl extra 1.9 4.2(2) 0.58(4) 543
Plla coaxial 5.0 4.0(2) 0.53(5) 3.541
Plla BEGe 5.8 3.02) 0.60(2) 0.7+54

List of data sets, exposures £ (for total mass), energy resolutions in FWHM, efficiencies ¢
(including enrichment, active mass, selection efficiencies and dead times) and background
indices (Bl) in the analysis window excluding Qa4+ 5keV. The numbers in parenthesis give the
uncertainty of the respective values in the least significant digit.

| , in34.4kgyr total exposure
i
1 l : T(1)72 >5.3x10% yr
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