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Objective Collapse Models

Objective collapse models are possible explanations of why and how quantum measurements give definite outcomes

• Ghirardi–Rimini–Weber (GRW) model [Phys. Rev. D 34, 470, Phys. Rev. D 36, 3287]

• Continuous spontaneous localization (CSL) model [Phys. Rev. A 39, 2277]

• Diósi–Penrose (DP) model [Phys. Rev. A 40, 1165, Gen. Relativ. Gravit. 28, 581]

D-P model and the Brownian diffusion 

[Nature Physics 17, 74–78 (2021)]
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X-ray Radiation from Collapse

Objective collapse models predict stochastic energy exchange between a particle and the collapse field

Q. Fu
Phys. Rev. A 56, 1806 (1997)

Proposed using germanium-based 
neutrino experiments to detect a CSL 

signature of X-ray emission

K. Piscicchia et al.
Entropy 2017, 19(7), 319 (2017)

Analysis of IGEX[1,2] data

[1] Phys. Rev. C 1999, 59, 2108.
[2] Phys. Lett. B 2002, 532, 8–14.

S. Donadi et al.
Nature Physics 17, 74–78 (2021)

EPJ. C. 81, 773 (2021)

Coherent emission from nucleus



LLNL-PRES-841738-DRAFT

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

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

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

Included 6.7 kg of 76Ge inverted coaxial, point contact detectors in final run

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 
detectors for the LEGEND-200 experiment at LNGS

Continuing to operate at the Sanford Underground Research Facility with natural detectors for background studies and other physics
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Neutrinoless Double Beta Decay with the DEMONSTRATOR
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x 0νββ

2νββ

APS/Alan Stonebraker

(Two-neutrino) Double Beta Decay (2νββ)
• rare decay process that is possible when the single beta 

decay is energetically forbidden
• Two electrons and two anti-neutrinos are emitted

Neutrinoless Double Beta Decay (0νββ)
• ββ-decay associated with no anti-neutrinos
• Only allowed if neutrinos are Majorana particles
• As the decay energy does not escape, the detection 

signature of the 0νββ is a peak at the Q-value of the 
2νββ decay spectrum

Requirements for the 0νββ detection
• Large exposure
• High detection efficiency
• Low background
• High energy resolution
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Neutrinoless Double Beta Decay with the DEMONSTRATOR

(Credit: Matthew Kapust/SURF)

228Th Energy Calibration Spectrum and Resolution
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MAJORANA Run Configuration & Timeline

Deploy Module 2 in shield

Deploy Module 1 in shield

Cable/Connector Upgrade of Module 2

Removed 5 PPC detectors for LEGEND Testing

Installed 4 LEGEND ICPC Detectors

Mar. 2021:

Stopped enrGe Operation

Removed all enrGe for 
LEGEND-200

Continuing operation of 
Module 2 only with natural 

Ge detectorsMirion/Canberra
BEGe
natGe

Ortec ICPC
enrGe

Ortec 
PPC

enrGe

2015 2016 2017 2018 2019 2020 2021 2022

Module 1

Module 2

16.8 kg (20) enrGe

5.6 kg (9) natGe

12.9 kg (15) enrGe

8.8 kg (14) natGe
14.1 kg (13) enrGe

8.8 kg (14) natGe

6.7 kg (4) as ICPC 

14.3 kg (23) natGe
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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):

Low-mass dark matter signatures

• Pseudoscalar (axionlike) dark matter

• Vector (dark photon) dark matter

• Fermionic dark matter

• Sterile neutrino dark matter

• Primakoff solar axion

• 14.4-keV solar axion

Exotic Physics

• Quantum Wavefunction collapse

• Lightly ionizing particles

Tests of Fundamental Symmetries and Conservation Laws 

• Lepton number violation via neutrinoless double beta decay (0𝜈𝛽𝛽)

• 0𝜈𝛽𝛽 decay to excited states
• Baryon number violation
• Pauli Exclusion Principle violation

Standard Model Physics, and 
particular backgrounds

• In situ cosmogenics

• (alpha, n) reactions

• Cosmic ray muons

MAJORANA DEMONSTRATOR

Excellent energy performance,

and low backgrounds

in broad energy regions
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Rich and Broad Physics Program

https://journals.aps.org/prl/issues/129/8



LLNL-PRES-841738-DRAFT

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

Many populations of low-energy noise initially obscured spectral 

features under 100 keV.

Careful cuts based on waveform fitting, wavelet de-noising, 

and other parameters were trained on 228Th calibration data.

Data taking milestones:

June 2015: commissioning dataset taken

Nov 2019: End of the “Low-E” data set (6C)

2021: enrGe detectors removed, natGe detectors running

After 4 years of operation, our analysis achieves a 

5 order of magnitude noise reduction in the low E spectrum!

unstable baseline HF chirps slow pulses
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The Low-E spectrum

After spectrum is cleaned:

37.5 kg-y enrGe, 15.1 kg-y natGe

210Pb line at 46 keV @ same rate in both sets

Minimal cosmogenic activation in enrGe

enrGe rising shape likely from Rn progeny

Reduced cosmogenics in two natGe detectors
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Search for wave function collapse  PRL 129 080401 (2022)

MAJORANA Low energy spectrum Detection Efficiency

MAJORANA Low-E search for the collapse signature

Exposure: 37.5 kg-y (2015.12.31 – 2019.11.27)
Region of Interest: 19—100 keV (to avoid the 3H continuum)
Background level: 0.01 counts/(keV kg d) at 20 keV
Detection efficiency: (92.4±1.5)% at 20 keV. 
Known background PDFs: Compton, 210Pb, mass-210 continuum

For the CSL model,

For the DP model,

Total PDF:

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.080401
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Search for wave function collapse  PRL 129 080401 (2022)

Rate of the 1/E signature: 0.0368±0.0011/(kg-d) (95% CL)

Fit at 95% upper limit

Systematics Value

Energy determination 0.3%

Efficiency 3.1%

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.080401
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Search for wave function collapse  PRL 129 080401 (2022)

Model Parameter 95%CL limit

CSL (n-m-p) λ/rC
2 < (5.15±0.16)×10−6  s−1 m−2

CSL (m-p, e) λ/rC
2 < (17.4±0.5)  s−1 m−2

CSL (m-p, eN) λ/rC
2 < (4.94±0.15)×10-1  s−1 m−2

DP RDP
> (4.5±0.1)×10−10 m

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.080401
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Search for solar axions (a-γ coupling)

Solar Axion Production Detection Mechanism Time-dependent Signature

PhysRevD.99.035037 (2019)

𝛾 + 𝛾virtual → 𝑎
Primakoff effect: production of axions

𝑎 + 𝛾virtual → 𝛾
Inverse Primakoff effect: detection of axions

Enhanced by coherent Bragg diffraction

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!
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Search for fermionic dark matter

Fermionic dark matter interacts with a nucleus through a bosonic 

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 

𝐸𝑅 ≃ 𝑚𝜒
2/2𝑀, where M is the target atom mass

Outgoing neutrino

Absorption of 
fermionic dark 
matter 

Adapted from APS / Carin Cain

𝜒 𝜈

𝜒 + 𝑇 → 𝜈 + 𝑇

Dror, arXiv:1905.12635

QF from CoGeNT:
𝑄 = 0.2(𝐸nr/keVnr)

1.12

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

N. Hurtado et al Phys. Rev. D 102, 015006

𝜒 𝜈

𝑇𝑇

𝜙 bosonic mediator

neutrinofermionic DM

nucleus

http://www.carincain.com/
https://arxiv.org/abs/1905.12635
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Search for fermionic dark matter, II

We set new limits on the DM-nucleon scattering cross section 𝜎𝑁𝐶 using our rare event 

search method:

1 keVee energy threshold

4.5 keVnr nuclear recoil threshold

25.5 MeV minimum dark matter mass 

𝑁𝑈
𝑀𝑇

=
𝜌𝜒

𝑚𝜒
𝜎NC∑

𝑗
𝑁𝑇𝑗𝐴𝑗

2𝐹𝑗(𝑚𝜒)
2Θ(𝐸𝑅,𝑗 − 𝐸th)

absorption rate

neutral-current
cross-section

different Ge 
isotopes

interaction with
nucleus, involving
Helm form factor F
and mass number A

recoil
energy

threshold

Peaks due to cosmogenic lines and Helm form factor

Our result improves on Z0 monojet results from the LHC by ~4 

orders of magnitude!

Other recent results: PandaX-4T, EXO-200 … much interest!

Belyaev 2018, 
arXiv:1807.03817

arXiv:2206.10638

https://arxiv.org/abs/1807.03817
https://arxiv.org/abs/2206.10638
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Sterile neutrino transition magnetic moment

We consider an enhancement from atomic ionization, 

when the virtual photon interacts coherently with a target 

atom 𝐴, approaching 𝑞2 → 0 in the equivalent photon 

approximation (EPA).  

• The interaction cross section is enhanced by orders of 

magnitude at half the sterile neutrino mass, Τ𝑚𝑠 2, 

plateauing in the region 𝐸 = (𝑚𝑠 ± |𝑘𝑠
⃗

|)/2, producing 

a peak-like signature in HPGe detectors.

• Amplified differential cross section:
𝑑𝜎(𝑚𝑠, 𝑣)

𝑑𝑇
≈ (

𝜇𝑠𝑎
2𝑚𝑒

)2
𝛼

2𝑛𝐴

𝑚𝑠
2

|𝑣|2

𝜈𝑠 + 𝐴 → 𝜈𝑎 + 𝐴+ + 𝑒−

Radiative decay of sterile neutrinos into active neutrinos 𝜈𝑠 → 𝜈𝑎
(or inverse) can have a nonzero magnetic moment 𝜇𝑠𝑎 Current 

best limits are obtained from Borexino’s data on 𝜈𝜇 → 𝜈𝑠,  𝜇𝜇𝑠 <

7 × 10−11𝜇𝐵

Chen 2016, 
arXiv:1601.07257

strong peak
in cross section

at half the mass 𝑚𝑠

https://arxiv.org/abs/1601.07257
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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 XENON1T excess.

XENON1T excess has been ruled out by XENONnT, but the Majorana result is still world-leading …

• Assuming local DM halo density 𝜌𝜒 = 0.4 GeV/cm3, we 

compute the expected rate of sterile-to-active 

transitions:

• This assumes the cross section is flat in the peak region, 

𝐸 = 𝑚𝑠/2 (taking the equivalent photon 

approximation, EPA)

𝑅 =
𝑁𝑈
𝑀𝑇

=
𝜌𝜒

𝑚𝐴
(
𝜇𝑠𝑎
2𝑚𝑒

)2
𝛼

2𝑛𝐴
𝑚𝑠
2

(alternate models are still possible, for example Shoemaker 2020, arXiv:2007.05513)

arXiv:2206.10638

arXiv:2207.11330

https://arxiv.org/abs/2007.05513
https://arxiv.org/abs/2206.10638
https://arxiv.org/abs/2207.11330
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New limits on axion-γ coupling   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 2.2𝜎. 

Our limit on the axion-photon coupling: 𝑔𝑎𝛾 < 1.45 × 10−9GeV−1(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

PRL 129 (2022)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.080401
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081803
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Search for rare peaks from “exotic” dark matter

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 (𝑁𝑈), 

by scanning a small moving window 1-100 keV.  If signal peak overlaps w/ bkg, all strength goes to signal.

(Fit peaks with Gaussians, fit continuum w/ pol2)

𝑃(𝐸𝑖) = 𝑛0𝑃pol2 + ∑
𝑛pks

𝑛𝑖𝑃𝐺,𝑖 + 𝑁𝑈𝑃DM

Adapted from ESA/Hubble & NASA

Earth travels through the dark matter halo 
of the Milky Way, seeing a flux:

Φ𝐷𝑀 =
𝜌𝐷𝑀𝑣𝜒

𝑚𝜒

𝑑𝑁

𝑑𝐸
= ΦDM(𝑚𝜒)𝜎(𝑚𝜒)𝜂(𝐸)𝑃rare(𝐸)𝑀𝑇

DM flux cross section efficiency rare peak exposure

arXiv:2206.10638

https://arxiv.org/abs/2206.10638

