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First particle family
Ultra cold: 1 pico eV
Precision through Quantum Interference
Basic Laws of Physics

1 pico eV
14 TeV



Determine the weak coupling constants
- gA, gV

Neutrino physics
- Neutrino induced reactions

- Neutrino detectors

Cosmology
- Big bang primordial element abundances

- Solar cycle gA

Beyond SM:
- Unitarity of CKM Matrix

- Search for Decay in Dark Matter Particles

1. Neutron Beta - Deacy







Decay rate

2 unknown parameters: 𝑉𝑉𝑢𝑢𝑢𝑢,    

20 or more observables: τ𝑛𝑛, 𝑎𝑎, 𝑏𝑏,𝐴𝐴,𝐵𝐵,𝐶𝐶,𝐷𝐷, …
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J.D. Jackson et al., PR 106, 517 (1957)
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Yellow: Observables and derived
Quantities related to New Physics





A simple gravitationally interacting
quantum system
- A neutron with mass and spin

- falling in the Earth‘s gravity potential 

- and a neutron reflector
- made out of glass

J. Bosina: qBOUNCE - FREE FALL AT SHORT DISTANCES

Reactor neutrons at ILL
- 25 meV

Ultra-cold Neutrons 
- @PF2 – ILL: T. Jenke

- v = (7±1)m/s

- UF ~ 100 neV, 1…6 peV

Nesvizhevsky et al.
Nature 415 299 (2002), Phys. Rev. D 67 102002 (2003).  

Abele, Jenke, Lemmel, Nature 2019



A simple gravitationally interacting
quantum system
- A neutron with mass and spin

- falling in the Earth‘s gravity potential 

- and a neutron reflector
- made out of glass

FREE FALL AT SHORT DISTANCES

Abele, Jenke, Lemmel, Nature 2019

Test the laws of gravity at 
small distances

Search for hypothetical 
gravity-like interactions, 
string theories etc.

High degree on Sensitivity 
regarding underlying 
theories about the 
expansion of the universe

Example Rb
Energy shift for Rb
Atom at r = 1 µm 
10-12 eV

Neutron 
Polarizability
extremely small:
10-30 eV



Quantum Gravitational States of a Neutron



10.06.2024





Motivation for high precision tests with neutrons: 
extreme sensitivity or precision

Energy ∆E = 10-21 eV
- Search for an electric dipole moment, neutron

- dn<3 × 10-26 ecm

- Ramsey‘s Spectroscopy Method of Separated
Oscillating Field by NMR

- Ramsey‘s Spectroscopy Method of Separated
Oscillating Field by GRS

All Spectroscopy methods so far use electromag
fields or a coupling to a electromag. potential

22

Review Article: 
H.A., The neutron. Its properties and basic interactions, Prog. Part. Nucl. Phys. 60 1-81 (2008)

Energy ∆E = 4 × 10-18 eV, ACME 
- Search for an electric dipole moment, 

electron (ThO), de < 9 × 10-29 ecm

Energy ∆E = 2 × 10-15 eV
- Rabi‘s Spectroscopy Method by GRS



Low energy probes of physics beyond the standard model

Vincenzo Cirigliano, Ramsey-Musolf



How far does GRS constrain Dark Energy and Dark Matter models
- Search for environment-dependent dilatons, H. Fischer et al., Physics of the Dark Universe 43, 101419 (2024)

- Gravity Resonance Spectroscopy constrains dark matter and dark energy scenarios, T. Jenke et al., Physical Review Letters 112, 151105 
(2014)

- Acoustic Rabi oscillations between gravitational quantum states and impact on symmetron dark energy, G Cronenberg, et al., Nature 
Physics 14 (10), 1022-1026 (2018)

Is gravity an entropic force (E. Verlinde)
- Decoherence-Free Entropic Gravity for Dirac Fermion, Eric J. Sung et al., Phys. Rev. D 108, 104036 (2023)

- Decoherence-free entropic gravity: Model and experimental tests, AJ Schimmoller, G McCaul, H Abele, DI Bondar, Physical Review 
Research 3, 033065 (2021)

What about gravity theories based on geometries other than those of Riemann, 
Riemann-Cartan, etc. ("beyond-Riemann gravity")

- Quantum gravitational states of ultracold neutrons as a tool for probing beyond-Riemann gravity, A. Ivanov, M. Wellenzohn, H. Abele, 
Phys. Lett. B. 822 (2021) 136640

Is Lorentz Invariance violated?
- Probing of violation of Lorentz invariance by ultracold neutrons in the Standard Model Extension, AN Ivanov, M Wellenzohn, H Abele, Phys. 

Lett. B, Physics Letters B 797, 134819 (2019)

Gravity Resonance Spectroscopy and Precision Experiments at Low Energy

Resonant Spectroscopy: Dark Energy and Dark Matter scenarios



thermal
insulation

stage 1
GAS filter

stage 2
GAS filter

inverted
pendula

access
ports

experimental
chamber

outer vacuum
chamber

with thermal
controllers

CANNEX – Casimir And Non-Newtonian force EXperiment

Recent progress:

Design for two-staged active/passive seismic isolation 
system to form 
“the most quiet space in Austria”

Updated core design for perfect thermal control with 
mK precision.
Prospective limits for chameleon, symmetron, dilaton
dark energy, scalar axions, scalar-pseudoscalar
interactions, Yukawa forces... as well as the most 
precise measurements of Casimir forces.

●Financing for construction phase
In preparation:

Worldwide only force metrology platform operating in 
the geometry of plane parallel plates.

2 m

René Sedmik: Casimir Force Measurements



Hasegawa, Sponar et al.: Interferometer

Entanglement Nature Review, in print
- Between path and spin

- And path, spin and energy

Spin Rotation Coupling



T. Denkmayr, H. Geppert, H. Lemmel, M. Waegell, J. Dressel, Y. Hasegawa, and S. Sponar, Phys. Rev. Lett., 118, 010402 (2017)

i) State Vector Reconstruction via weak values



ii) Commutator Relation - Experimental Test for Pauli Spin Observables

R. Wagner, W. Kersten, A. Danner, H. Lemmel, A. K. Pan, and S. Sponar, Phys. Rev. Research, 3, 023175 (2021) 



1

H. Lemmel, N. Geerits, A. Danner, H. F. Hofmann, and S. Sponar, Physical Review Research 4, 023075 (2022) 

iii) Path Presence: Feedback Compensation Scenario

Path presence equals the weak value of the path projector for small interaction α and is 
not a statistical average but applies to every individual neutron, “ Verification of the Estimate  “

“Compensation” restores the initial spin state (+x) for all neutrons;  analyzing the spin in x-direction, 
the variance          vanishes and this means that the average value is valid for each individual neutron



Jericha et al.: Betas & CRAB Experiment

𝛾𝛾

PERC
Magnet System
Delivery to FRM II

CRES
I. Pradler: Cyclotron Radiation 
Emission Spectroscopy

Neutrinos and Dark Matter CRC – Project 
N07

TUM & TU Wien
Review

last 2 days

CRAB: 2023, TRIGA, TU Wien



Jericha: n_TOF @ CERN: Pb Spallation Target #3

• Tests with cold nitrogen: operational – February 2021
• Installation in the target pit – March 2021
• Beamline installations – finished by end of June 2021
• 1st proton beam on target – planned 19.07.2021



Search for Dark Energy and Modified Gravity with Tabletop Experiments
Standard Model Tests on the 10-4 level

Theory Group @ ATI, M. Pitschmann C. Käding, B. Koch



Neutron Experiments at ESFRI Landmarks, Roadmap 

ILL 20/20, Institut Laue Langevin ‘’Neutron sources can have a serious 
impact on strategic areas such as particle 
physics, the fundamental quantum 
properties of the neutron, and 
cosmology” ESFRI Road Map p.164f

5/27 instruments for “Physique fondamentale”

→ High Precision Road to Particle Physics at very low energies

34

European Spallation Source ERIC „The ESS will deliver a neutron peak 
brightness of at least 30 times greater 
than the current state-of-the-art“ 

- The inclusion of Nuclear Physics 
programmes at ESS is at stake

- ANNI Proposal.



Beta Decay @ PERC or ILL
- CREScent @ PERC (Cyclotron Radiation Electron Spectroscopy)

- Heavy Neutrino Mass Search @ 10 keV

CREScent @ ESS (European Neutron Souce at Lund)
- Application for Fundamental Physics Beamline

- Factor 30 Increase compared to ILL

qBOUNCE@ILL Bottle experiment -> 50 - 100 gain in sensitivity
CANNEX@ATI
NUCLEUS as a long term project

Longer Perspectives (2025+)



Neutronen- und 
Quantenphysik@ATI

H. Abele, J. Bosina, Y. Hasegawa, E. Jericha, C. Käding, 
B. Koch,M. Pitschmann, I. Pradler, R. Sedmik, 

S. Sponar, M. Suda, M. Zawisky
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