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Exotic dark matter searcChes andoter ssm physics:
with the MAJORANA DEMONSTRATOR

CENPA Clint Wiseman, University of Washington b o . Sanford
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The MAJORANA DEMONSTRATOR

Sanford

Underground

Pruciio Ny . Research
“ “‘ U.S. DEPARTMENT OF Ofﬂce Of Facility
EN ERG Y | Science

Searching for neutrinoless double-beta decay of 76Ge, additional physics beyond the Standard Model, s,

and informing the design of the next-generation LEGEND experiment

Source & Detector: Array of p-type, point contact Ge detectors.
30 kg of 88% enriched 76Ge crystals, 14 kg of natural Ge crystals.

Included 6.7 kg of 76Ge inverted-coax detectors in final run
Excellent energy resolution: 2.5 keV FWHM @ 2039 keV (world-leading!)

Low Background: 2 modules within a compact graded shield and active

muon veto, using ultra-clean and radiopure materials

Low Thresholds: As low as 1 keV for significant data taking periods

Total Exposure: Reached ~65 kg-yr before removal of the 76Ge detectors for
the LEGEND-200 experiment at LNGS

C. Wiseman
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Cleaning up the Low Energy spectrum (1-100 keV)

Many populations of low-energy noise initially obscured £ 10 5125497 55,5 6A6B.6C
Q Raw Spectrum
spectral features under 100 keV. S — RawSpectnm
o« e . . — GAT Data Cleaning
Careful cuts based on waveform fitting, wavelet denoising, and 5 — Dynamic Threshold Cut
. . . 10 j — Wavelet HF Cut
228
other parameters were trained on 228Th calibration data. n | FaEvent AccepanceCu
104} — Burst Cut
. . i ' Hi-rate Cut
Data taking milestones: . — e O ¢ Spectum)

® June 2015: commissioning dataset taken

10°
e Nov 2019: End of the “Low-E” data set (6C) =
: 1L
e 2021: eGe detectors removed, "tGe detectors running .
. . . 100
= 1 | | | |
After 4 years of operation, our analysis achieves a e S L L L =
5 order of magnitude noise reduction in the low E spectrum! Energy (keV)
5 | o | 5
< | unstable baseline < 201 HF chirps < 40
e 0 g
s ™ £ 5 £ 0
. > '
) 20-
04 Data, 3.71 keV
90 Wavelet Denoised 107
. — RawWF, 111 keV xGauss fit
Denoised WF 40 — xGauss fitMu 07 — Fast, 16.0 keV
10 tOffset: 9450 | | | | | | | | — Slow, 16.0 keV
10000 12500 15000 17500 20000 22500 25000 27500 30000 2500 5000 7500 10000 12500 15000 17500 20000 0T 2500 5000 7500 10000 12300 15000 17300 20000
Time (ns) Time (ns) Time (ns)
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The Low-E spectrum 3 [«
o . -+ miGe: 15.1 kg-y
— 0 —
> 1075 —-— “"Ge: 37.5 kg-y
. Q _
After spectrum is cleaned: S
e 37.5 kg-y enrGe, 15.1 kg-y natGe E
@)
. : O 1071 i
e 210Ph [ine at 46 keV @ same rate in both sets
® Minimal cosmogenic activation in enrGe
e enrGe rising shape likely from Rn progeny o2l MW ”l M‘*W H ’ A M 1 ‘ AL
5 | ‘ ‘
® Reduced cosmogenics in two "tGe detectors
| ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ]
~—~ 2730 TTTH] TRl 1 1 JRRII 2 0 20 40 60 o 100
3 260 Ll 1| il | ] 1l E; Energy (keV)
o 254 1 | [ 1 il TN >
o%gg—l NN IIIIIIIIII i M WLl Il NN 1 9 . -
geirel il | l I 2 = T 2
— H = = 251 >
[0 513 T TR | 1 & %244j Iz
~ 174 }— | 7 | 5107 2
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I 164 L IRCTRIRTN | RIS TRl T - S ml i
= 163 [— [ 7 =
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¥ 153 — i | C 211
152 - | . il 1o
>~ 134 |— ﬁ‘ | > J|
S 133 | | S 145
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< ﬁi: T‘ 1B | 143
e I Nl s a1 . | 102
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Energy (keV) Energy (keV)
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Searches for Beyond Standard Model Physics @

With low cosmogenic activation, excellent energy resolution, and ~1 keV thresholds,

MAJORANA is well-positioned to look for Beyond-SM physics (especially at low energy):

Tests of Fundamental Symmetries and Conservation Laws Low-mass dark matter signatures
® | epton number violation via neutrinoless double beta decay (Ovfff) e Pseudoscalar (axionlike) dark matter
e Ovff decay to excited states ® \ector (dark photon) dark matter
® Baryon number violation e Fermionic dark matter

® Pauli Exclusion Principle violation e Sterile neutrino dark matter

e Primakoff solar axion
e 14.4-keV solar axion

MAJORANA DEMONSTRATOR
Excellent energy performance,
and low backgrounds
in broad energy regions

Standard Model Physics,
and particular backgrounds

® In situ cosmogenics Exotic Physics
® (alpha, n) reactions e Quantum Wavefunction collapse

e Cosmic ray muons ® Lightly ionizing particles

C. Wiseman 5



Do wave functions collagse?

describe reality directly Epistemic
—
theories

or predict the observations

What happens when a quantum measurement is performed? and experiences of agents?

® Does the wave function collapse? Does it have observable effects?

. . . . . REALITY
® (Can collapse be explained by nonlinear terms in the Schrodinger equation?

® Continuous Spontaneous Localization (CSL) is a well-motivated model

Is the wavefunction the QUCI');II‘\IP'IF]%"IF{IES
] ] ] ] ] ] ] whole story, or are there Hidden-variable
An interesting, interdisciplinary problem we can probe with the Sthce physical uantities | theories
as well:
germanium detectors in the MAJORANA DEMONSTRATOR ...
R - o ONLY
e e S g S i WAVEFUNCTION
- PHYSICS TODAY y
» ;) Does the wavefunction
HOME BROWSEY INFO¥ RESOURCES™ JOBS | always obey the COLL APSE
theories

> Objective-collapse
Page 62, doi:10.1063/PT.3.5046 “ ﬂ Schrédinger equation, ] p
| or does it collapse?

; Addressing the quantum measurement problem

Attempts to solve the problem have led to a number of well-defined competing theories. Choosing
between them might be crucial for progress in fundamental physics.

Sean Carroll (seancarroll@gmail.com) is the Homewood Professor of Natural Philosophy " SCHRODINGER
at Johns Hopkins University in Baltimore, Maryland, and a member of the Fractal i
Faculty at the Santa Fe Institute in New Mexico. l“ )

Everett's
many-worlds

|

\
1
| | Physics Today 75, 7, 62 (2022); https://doi.org/10.1063/PT.3.5046

—— — —_— = - — - S
e — e — _ pE— — —
— = — — —= — — _ = — — — = -

! !
, > EBE e COMI\.!IENTS °O®@®9 oe Sotiad | | i {i

theories
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https://physicstoday.scitation.org/doi/10.1063/PT.3.5046

Search for wave function collapse pri 129 080401 2022

Spontaneous WF collapse models try to solve the PHYSICAL REVIEW LETTERS
measu rement prObIeT] by addi ,.]g n()nlinea" terfns Highlights = Recent  Accepted  Collections  Authors  Referees  Search Press  About  Editorial Team &
to the Schrodinger equation

Access by University of Washington Libraries Go Mobile »

Search for Spontaneous Radiation from Wave Function Collapse in
. ) . the MaJorANA DEMONSTRATOR 0
In the CSL model, particles continuously interact 2 At o (s Colborator)
. . . . . . . ys. Rev. Lett. , — Publishe ugus um
with a noise field and emit X-rays (1/E distribution)
. . 10° : X ray (n-m-p) — Theoretical
MAJORANA Improves preVIOUS - === (CSL signature X ray (m-p, e) —- THIS LETTER (n-m-p)
.. A ——  Compton X ray (m-p, eN) - THIS LETTER (m-p, ¢)
Imits by orders of — Mass-210 — Cold atoms — THIS LETTER (m-p, eN)
fnagnitude! 102 — —  Total — GW detectors O GRW
- — Cantilever ¢® Adler
~ — Dau Bulk heating ¢ Bassi
Signature of WFC: g i 1 -
— .' Pl i 1l ! II i "J'| ‘I ll B’
dF(E) 11 3 10! IR LAY L i
X —=— E
dE ré E =
O
A : collapse rate 100
r-: correlated radius
1/E : spectral shape
107 = | | | | | — 10 -
2% 10! 3x10"  4x10! 6% 10! 102 10°11 107 1077 10-5 1073 10~} 10!

Energy [keV] re [m]
C. Wiseman 7


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.080401

Search for solar axions (a-y

Solar Axion Production

as a

S a

o
.

»
‘
L B
. a
:
‘

. a

4 + Yvirtual — ¢ w

Primakoff effect: production of axions
= e ———————————— —
*; —— Axion-Photon g4y = 107! GeV™! |
3.0 Axion-Electron g, = 10713 ] 1 |
4 ' |
\ | |
T 25 B ——
= [
| I
_l. f‘ \
| “ |
l ¢ 15 |
| ; e, I |
= T T |
El |
'\ : |
’ 0.5 1 | |
| 0 2 4 6 8 10|
| E, [keV] " |

|

Detection Mechanism

a—+ Yvirtual — ¥

Inverse Primakoff effect: detection of axions |

Enhanced by coherent Bragg diffraction

coupling)

Time-dependent Signature

— 45

40

35
30

N
 Rate (cts/kg/keV/day)

| 1

Oh 12h
N B TimeofaDay

The axion signal is enhanced when it
| aligns with the Ge crystal axes (Bragg)

Reduced sharpness if some crystal axes |
are unknown, but with enough detectors, |
still able to see time-dependence

Distinct time dependence is a key
strength for discovery!




New limits on axion—y COU“H PRL 129 081803 (2022)

We perform an energy- and time-dependent analysis, 5 minute precision over a 3 year data set.

The solar axion flux is consistent with zero within 2.20.

Our limit on the axion-photon coupling: g,, < 1.45 X 107 GeV~! (95 % CL) Surpasses previous best
lab-based limit for 21 years (DAMA, 90% CL) with a 95% CL limit, in the 1-100 eV mass range

: | ]l]l”] | ]II”I] | IIIIHI | L llll”] P Ty | L LR —
= ® Data - |
80 = Total PDF A A AR A SR A At M S Y Y Y S Y Y S S Y S S S S S A S S A A SR A
| Asicn rmmmmmm———————— T Y. : PHYSICAL
Tritum | p— — REVIEW
“ ____________ Compton —
| | X-rays . LETTERS
Hine | 10 " = ——— MAJORANA (this work) — aome 19 AUcusT 2022
o . o o~ F COSME - PRL 1 29 (2022)
< 50 =110 | 5 — e SOLAX 7
s || | - ——— CDMS §
@ " l | |||||" ~ — —
B 40 ' I\ g --------------- EDELWEISS I
= L ol ! > [ == DAMA (90% C.L.) B
c B " Md N <
= 30 \ | i1"| | |, &0 | —— KSVZE/N=0 )
- |
- | I' AN | KSVZ Di Luzio17
oF } il ||| Bl L ’ o ——casT
= SR (8 Bl "€ 38 1 : jia 10 ET. HB —
O EN J wy C I . B L1111 llll 1 1 1111 “l ' / BRI ll S EET l—l Americanpull;lisll;ds:zal Society %g%—, Volume 129, Number 8
6 8 10 12 14 16 18 20 22 10—4 10—3 10-2 10—] 1 10 102 | | o

Energy (keV)
C. Wiseman Axion mass (eV) o


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.080401
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081803

Search for rare peaks from “exotic” dark matter ﬂ

There are many DM models (alternative to WIMPs) that would create a sharp peak in Ge detectors.
Some examples: Axionlike particles, dark photons, fermionic DM, sterile neutrino conversion, etc.

A common “bump hunt” strategy: set a 90% upper limit on counts attributable to the DM peak (N)),
by scanning a small moving window 1-100 keV. If signal peak overlaps w/ bkg, all strength goes to signal.

[
-
S

90% UL, 10.8 keV
657n, 9.0 keV
%8Ga, 9.7 keV

——— 68Ge, 10.4 keV

Adapted from ESA/Hubble & NASA

- arXiv:2206.10638

* Earth-travels through the dark matter._;.ﬁ'—'--'

210pp, 10.8 keV

Counts / 0.10 keV
S
|

@)
-
T T

. halo of the Milky W.ayf“s.e?eln.g'g. a _ 4 A Poly. Bks
' i Total
of TN /\ S
20
O_
dN B R (T e TR TR ET R Eit
d_E — CDDM(m)() U(m)() ﬂ(E) P rare(E) MT Energy (keV)
n
A t t t t
DM flux  cross section efficiency rare peak exposure P(E) = noppolz T Z nPeg;+ NyPpym

C. Wiseman (Fit peaks with Gaussians, fit continuum w/ pol2) 10


https://arxiv.org/abs/2206.10638

Search for fermionic dark matter

Fermionic d
mediator, converting into standard neutrinos through a
2-2 neutral current (NC, Yukawa-like) interaction

If incoming DM is nonrelativistic, the conversion gives a peak at

Ep ~ mj/ZM, where M is the target atom mass

[keV]

E ee

Absorption of
fermionic
dark matter

Adapted from APS / Carin Cain
C. Wiseman

ark matter interacts with a nucleus through a bosonic

Dror, arXiv:1905.12635

fermionic DM neutrino

¢ bosonic mediator

nucleus

N. Hurtado et al Phys. Rev. D 102, 015006
Interaction is with the nucleus! We choose a Ge
ionization quenching factor suitable for 1—100 keV,
rather than newer results optimized for < 1 keV

I

Collar

Lindhard k=0.159
Lindhard k=0.1789
Barker-Mei

*  Trim

Lindhard k=0.1
Lindhard k=0.2

QF from CoGeNT:
0 =02(E, /keVnr)"-~
0 60 80

‘IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

O ] ] | ] ] ] |

4 100

1

E_nr [keV]


http://www.carincain.com/
https://arxiv.org/abs/1905.12635

“

Search for fermionic dark matter, Il

We set new limits on the DM-nucleon scattering cross section oy~ using our rare event search method:

e 1 keVee energy threshold N
U

e 4.5 keVnr nuclear recoil threshold — 2 , 2 o
T O'NC NT] . F](m)() @(ER, ; )
e 25.5 MeV minimum dark matter mass m
? Interaction with recoil
absorption rate nucleus, involving theneizg%d
&g PandaX-4T 2022 | Helm form factor F resho
C 107 = Masorana 2022 neutra _Cur.rent and mass number A
S LHC 2018 Cross-section
@)
10742 arXiv:2206.10638 .
— different Ge
Isotopes

Peaks due to cosmogenic lines and Helm form factor

Our result improves on Zg monojet results from the LHC
by ~4 orders of magnitude!

_50 | | | | | | | | |
0™ ot 102

my (MeV) Other recent results: PandaX-4T, EXO-200 ... much

I !
- Interest! Belyaev 2018,
. Wiseman arxiv:1807.03817
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https://arxiv.org/abs/1807.03817
https://arxiv.org/abs/2206.10638

Search for bosonic dark matter (ALP, dark y)

Bosonic dark matter can

0€

® MAJORANA released firs

® [nteraction is via the axioelectric effect E2 (E)
pe

e Non-relativistic, peak at rest mass energy i (

e Coupling of interest is axion-electron ~_
(add’l results for dark photon search in paper) | 8ue |l < (

Absorption of
bosonic dark

matter

C. Wiseman

nseudoscalar (axionlike) or vector (dark photons).

' resu

™

ts in 2017 from commissioning data

T~ 3

O-ae(E) — gc%e

NU m){ >1/2
MT (7.8 x 1017) o}, (m, )

167tam62> /
A y ¢7 a

arXiv:1707.04591

€

Entire ener f th L 10~ 10F
tire e .e gY_ orf the = 10 - — EDELWEISS 2018
DM particle is - — GERDA 2020
- — XENONIT 2020
absorbed ~ — XMASS 2018
10—11 _ = MAJORANA 2022

Adapted from APS / Carin Cain

10—12 -

arxiv:2206.10638

N
10Y

Best limit T—100 keV of all Ge experiments!

10

| | |
107
Energy (keV)

“
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https://arxiv.org/abs/2206.10638

Sterile neutrino transition

Radiative decay of sterile neutrinos into active neutrinos

Va

v, — U, (or inverse) can have a nonzero magnetic moment y

Current best limits are obtained from Borexino’s data on
V, = Vg, Mg <TX 1071 g

J7;
v+A > v, +AT+e”

We consider an enhancement from atomic ionization,
when the virtual photon interacts coherently with a

target atom A, approaching g* = 0 in the equivalent
photon approximation (EPA).

® The interaction cross section is enhanced by orders of
magnitude at half the sterile neutrino mass, m/2,

nlateauing in the region E = (m, £ \Z 1)/2,
oroducing a peak-like signature in HPGe detectors.

e Amplified differential cross section: do(m,, v) < K,

ar 2m,

C. Wiseman

;

2
a m;

214 |v\2

magnetic moment @

Chen 2016,
arXiv:1601.07257
Va AT
%
@ y
Vs A

v.=0.001, m;=20 keV

u=2 x do/dT (Mb/keV)
|—I
<

strong peak
IN Cross section

at half the mass m;

109 101
T (keV)
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https://arxiv.org/abs/1601.07257

Sterile neutrino transition magnetic moment @

Sterile neutrinos with keV-scale masses have been proposed as a dark matter candidate.

Initially, many thought they could explain the XENONTT excess.

XENONT1T excess has been ruled out by XENONRT, but the Majorana result is still world-leading ...
arXiv:2207.11330 1%

q
3
e Assuming local DM halo density P, = 0.4 GeV/cm3, gj» TEXONO (reactor v, — ;)
we compute the expected rate of sterile-to-active 10710 XENONLT. (solar = ¥s)

transitions:

XENONIT (solar v, — vy)

R = —
MT My

&_P){(ﬂsa)zimz
ZnA °

2m,
® This assumes the cross section is flat in the peak

region, E = m,/2 (taking the equivalent photon
approximation, EPA)

arXiv:2206.10638
10—16 | L | | L . . R
101 102 10°

ms (keV)

C. Wiseman (alternate models are still possible, for example Shoemaker 2020, arXiv:2007.05513) 15



https://arxiv.org/abs/2007.05513
https://arxiv.org/abs/2206.10638
https://arxiv.org/abs/2207.11330

Conclusions, take-aways ...

With low cosmogenic activation, excellent energy resolution, and ~1 keV thresholds,
the DEMONSTRATOR is well-positioned to look for Beyond Standard Model physics at low energy:
e Solar axion-photon coupling, wavefunction collapse (PRL 2022, 2 articles!)
e Bosonic, fermionic, and other exotic dark matter (PRL 2017, update in review)
e Lightly ionizing (fractionally-charged) particles (PRL 2018)
e 14.4 keV solar axions, electron decay (PRL 2017)

MAJORANA results can inform Low-E BSM searches in LEGEND! New background models needed.

%\ N g 10_10 C LR L ||||”l l ”l(
en Feh o —+ "Ge: 15.1 kg-y > E EEIE{;VXE;OSQ%QOB T
— N
> 10 -+ "Ge: 37.5 kg-y L — XENONIT 2020
g - — XMASS 2018
Z 10~1 s Masonana 2z 07 | —— MAJORANA (this work) —
z - T e COSME ]
= - e SOLAX
Q - 5 CDMS |/
O 10 10-12 T EDELWEISS II }
- - —— DAMA (90%C.L)
i KSVZ E/N=0
- i [ ] KSVZ Di Luzio17 '
i 1) “‘u‘n’. | | | = 107 [ e HB ]
1072 PG hh " il it ‘HL'H("- i i : -
: ! ‘ | B B 1 lllllll 1 1 lllllll 1 L 1 lllllll 1 L L LIl
i | | | | | | | | | | | | | | | | | | 1|OO . . . . . . I Il(l)l I I I I I I I I1(|)2 10—4 10_3 10_2 10_] 1 10 102
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More MAJORANA & LEGEND talks at CIPANP!

Walter Pettus (IU), “Final Results from the Majorana Demonstrator”
3 Sep, 8 am, Palm Ballroom 1

Laxman Paudel (USD), “Pulse-Shape-Based Analysis using Machine Learning in the Majorana
Demonstrator” 30 Aug, 3:50pm, Palm Ballroom 3

Wengqin Xu (USD), “The search for OvBp and the LEGEND Experiment”
3 Sep, 3:30 pm, Camelia/Dogwood room

Clay Barton (USD), “An update on muon-induced backgrounds in LEGEND-1000"
30 Aug, 4:10 pm, Palm Ballroom 3

C. Wiseman
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https://agenda.hep.wisc.edu/event/1644/contributions/26245/
https://agenda.hep.wisc.edu/event/1644/contributions/25851/
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https://agenda.hep.wisc.edu/event/1644/contributions/26151/
https://agenda.hep.wisc.edu/event/1644/contributions/25958/
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C. Wiseman

The DM model space is huge!

Massive bosons
(Integer spin)

Ultralight
bosons

Axionsiand
ALPs

QCD
axion

Moduli and
dilatons

Higgs, H

Pseudo-scalars
(spin O, CP jodd)

Scalars
(spintO, CP even)

Hidden photon

plus Fermionic
Dark Matter and
Sterile Neutrinos

science.org/doi/10.1126/sciadv.abj3618
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Recent and upcoming papers!

Several papers utilizing the Low-Energy (1—100 keV) data set are coming off the typewriters:
Wave Function Collapse (arXiv:2202.01343) — Test of quantum measurement problem. Pub in PRL!
Solar Axion Search (arXiv:2206.05789) — Best new limit in 21 years since DAMA. Cover of PRL!

Exotic Dark Matter Search (arXiv:2206.10638) — Bosonic, fermionic, sterile neutrino. In review...

Pauli Exclusion Principle Violation & Charge Conservation — Tests of quantum mechanical principles
MAJORANA Low-E Analysis Paper — Analysis techniques, data cleaning, efficiency determination

enriched Ge Cosmogenics — Surface exposure calculation and comparison to measured rates

/Q

This is a.thousand monkeys ” Soon, they/ll have written® Let's see... It was the best of times,
working at a thousand.typewriters. the.greatest nove/ known to. man! It was thek. BLURSED, of times?!”

You stupid monkey!
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Voltage (ADC)

Surface Events in HPGe Detectors a

Energy-degraded events from near the n+ surface are a

challenging background for low-energy rare event searches

with PPC HPGe detectors (CoGeNT, CDEX, MALBEK, ...)

Charges slowly diffuse through the Ge/Li layer, and some make
it to the bulk region after a delay, producing pulses with a

measurably slower rise time

Degradation at the passivated surface is also possible. Surface

charge @ passivated surface causes non-perp field

Bulk

Surface Region Active Region
No E-Field High E-Field
Diffusion Only Fast-moving

40 A
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10 - ‘\.T‘/’
.
| W
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Measuring Slow Pulse Cut Efficiency

Efficiency is measured 2 10°F e
Slowness 2 E L — C1P6D3 (m2s238 peak)
for each detector w/ g F 95.0% value: 30.0
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enrGe and natGe Detector Cut Efficiency

Final cut efficiency is obtained from convolving our energy-

dependent slow pulse (red) and threshold (green) curves.

Efficiency

We apply an additional flat 95% efficiency from a high-

frequency noise cut.
10000 iterations

0.4 |

. . . b troid
Threshold efficiency shows most detectors active at ~2 keV. , N g
| o o | ¥ Single-detector .
o . . . . 0.2 — = mc lower
Slow pulse e IClency uncertainty Is larger In natural detectors example eff,C,enCy mean. weibull fit
due to positions in array. Final efficiency uncertainty is still 00f- uncertainty meas. f cpd 133 - peak & sideband
: 0 10 20 30 40 50
being assessed. Energy (keV)
> P e
2 1.0~ 2 1.0+ 1.0
AR S0
ET_J‘ i : -2 i
- : (H .
ney M 0.8 0.8

. [ 0.6 0.6

0.4 0.4

0.4 =5

arXiv:2206.10638

Enriched
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