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The Neutron

weight: 53 kg

proton neutron electron

Protons   : 29kg	
Neutrons: 24kg	
Electrons:  16 g



Stephan Paul | Precision experiments with cold and ultracold neutrons | Beijing 2025

„practical“ neutrons and their energy range

The Neutron and its surrounding
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for instance, local realistic7 or non- contextual hidden 
variables8, have been ruled out, and no indications have 
been found for any contradiction of QM9. A century 
after its inception, QM has found many practical appli-
cations and formed the basis for new technologies, such 
as quantum computation.

Relativity and inertia in quantum mechanics. As every 
massive object, the neutron is affected by Newton’s 
gravitational force. The resulting interaction appears 
not only in the trajectories of motion but also in the 
phase of the wavefunction, when the neutron is in a 
spatial superposition of different gravitational poten-
tials. The first experimental demonstration of the asso-
ciated gravitational phase shift was measured10 in 1975 
using a neutron interferometer. Soon afterwards, the 
Earth’s rotation affecting the orbital angular momentum 

(Sagnac effect)11, motional effects on the wavefunction 
(Fizeau effect)12 and spin–rotation coupling (Sagnac–
Mashhoon effect)13 were also demonstrated. In more 
recent experiments, Newton’s inverse square law of 
gravity was tested at micron distances on an energy 
scale of 10−14 eV searching for hypothetical fifth forces. 
Gravity resonance spectroscopy (GRS) with ultracold 
neutrons14–16 (UCNs) and neutron interferometry with 
thermal neutrons17 provide constraints on many possible 
new interactions, such as screened DE chameleon and 
symmetron fields.

Matter- wave interferometry. The superposition of de 
Broglie matter waves, commonly referred to as matter- 
wave interferometry, was first observed for electrons18 
in the mid-1950s, followed by thermal neutrons19,20 in 
the 1970s and atoms two decades later21–24. Then, even 
larger objects, such as molecules (with masses exceed-
ing 10,000 amu) were used in interference experiments25. 
Neutron interferometry19, which makes use of the Bragg 
diffraction by successive slices cut from a single (perfect) 
crystal of silicon, provides a powerful tool for matter- 
wave interference. Neutrons are particularly well suited 
for applications in matter- wave interferometry for 
several reasons. First, neutron interferometers offer a 
macroscopic beam separation of several centimetres. 
Although a macroscopic beam separation is also found 
in atom interferometry, neutron interferometry provides 
the unique possibility to manipulate the sub- beams indi-
vidually by inserting various neutron optical devices (see 
BOX 2). Furthermore, neutrons can be detected with 
an efficiency close to one, and, owing to the relatively 
large de Broglie wavelength of thermal neutrons (see 
wavelength/energy spectrum in BOX 1), neutrons can 
be manipulated coherently and efficiently over a long 

Key points

•	The neutron is an excellent probe of various interactions, because it is sensitive to all 
four fundamental forces and hypothetical beyond- standard- model interactions.

•	Matter- wave interferometry with neutrons offers several advantages, such as 
macroscopic beam separation, individual control of the sub- beams and long 
interaction and coherence times at room temperature.

•	The neutron as a single- particle quantum system is almost ideal to study fundamental 
concepts of quantum mechanics, such as entanglement, weak values or uncertainty 
relations, because it can be prepared, manipulated and detected with high efficiency 
and accuracy.

•	Tensions between observation and the standard model of Big Bang cosmology and 
the ongoing quest to understand the nature of the dark sector are a strong motivation 
to search for new physics.

•	Neutrons, with their vanishing electric charge and large mass, are ideal test particles, 
allowing for the most sensitive measurements at sub- micrometre distances for several 
hypothetical dark sector models.

Box 1 | Neutron’s properties and interaction with matter and fields

Neutrons are usually classified into regions, depending on their energy as depicted below. At all energy scales relevant for 
this Review, a neutron can be described by the non- relativistic Schrödinger equation:
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Interactions with nuclei and matter are defined by the potential V. For nuclei i located at ri, we have Vnuc(r) = 2πħ2bc/mn∑iδ(r − ri) 
depending on the coherent scattering length bc. At lower energies (cold and ultracold neutrons), the wavelength of the 
neutron exceeds the interatomic distances and only the optical (average pseudo- Fermi) potential ħ ρ= = πV V b m2 /

Nnuc F
2

c n  
is important. If magnetic fields are involved, we have, in addition, Vmag = −μ ⋅ B(r, t) = −μ σ ⋅ B(r, t), with the neutron’s magnetic 
dipole moment μ. Gravity and hypothetical potentials also have to be included.

The interaction potentials and typical numbers are tabulated below. B is the magnetic field strength, g is the gravitational 
acceleration, mn is the neutron mass and VSi denotes the optical (average pseudo- Fermi) potential of silicon.

Interaction Potential Typical numbers

Nuclear (optical) 2πħ2bcδ(r)/mn VSi ~ 50 neV

Gravitational mng ⋅ r ~100 neV per m

Magnetic −μ ⋅ B(r, t) ~60 neV per T

Range Ultracold

Velocity (m s
–1)

Energy (eV)

Wavelength (m)

10–12 10–9 10–6

10–910–6

1

10–12 10–15

10–3 103 109106

106103

1

300 neV 10 meV 10 keV 20 MeV300 meV
Cold Thermal Epithermal Fast Relativistic
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The Universe



Stephan Paul | Precision experiments with cold and ultracold neutrons | Beijing 2025

The Neutron and the History of the Universe
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The Neutron and the History of the Universe

Stringtheory:	
> 3 spatial dimensions 	
• Curled up?  Size scale ?	
• Deviations from Newtons law
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The Neutron and the History of the Universe

Baryogenesis (e.g. GUT):	
• Baryon number violation	
• CP violation	
• Thermal non-equilibrium 	
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The Neutron and the History of the Universe

Electroweak Baryogensis :	
• Baryon number violation (Sphaleron)	
• CP Violation (e.g. EDM neutron)	
• Thermal non-equilibrium	
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The Neutron and the History of the Universe

Primordial nucleosynthesis:	
How many neutrons available for 
nucleosynthesis	
• Coupling constants	
• Lifetime
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The Neutron and the History of the Universe

Production of heavy elements	
Supernova explosions and NS mergers	
Nuclear physics in neutron rich stars
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The Neutron and the History of the Universe
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10-43 Sec. past Big-Bang: How it all began

Superstrings: a ‘Weltformel’ ?

▪ Forces unified
▪ The world is 10+1-dimensional
▪ Only 4 dimensions participate in inflationary expansion
▪ All other Dimensions are curled up	

Space and Time are Foam-like 
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10-43 Sek. nach Big Bang: Neutronen testen den Raum

Is Newtons law correct ?

▪ Deviations at small distances could hint to higher 
dimensions

▪ Neutrons sensitive to distances < 50 µm
▪ Quantum states in earth gravitational field

Neutrons test law of gravitation
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Gravitation – Quantisation in Earth Gravitational field

8



Stephan Paul | Precision experiments with cold and ultracold neutrons | Beijing 2025

Gravitation – Quantisation in Earth Gravitational field

8

m⋅g⋅h
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Gravitation – Quantisation in Earth Gravitational field

8

With position sensitive	
detector

8

8

m⋅g⋅h



Stephan Paul | Precision experiments with cold and ultracold neutrons | Beijing 2025

Sensitivity:  peV
Distance scales : <10µm

Gravitation – Bound states in Earth‘s field

Nature 415 299 (2002))

9

Hartmut Abele, Universität Heidelberg
9
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Gravitation – Quantization in Earth Field II

Yukawa coupling:
• strength α
• range λ

Until now:

Atomic force microscope: 
• Newton r > 10µm
Problem: Casimir effect („falsch“-effect)

Neutrons: 
• limits for Newton: r < 10µm
• range: 1 nm < λ < 100 µm	
• strength: α ~ 108

•
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Gravitation: Q-Bounce

H. Abele et al.

Abele et al.: arXiv:1510.03078v1
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Gravitation: Q-Bounce

Height, 40 µm Time

H. Abele et al.

Abele et al.: arXiv:1510.03078v1
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Gravitation: Q-Bounce
Abele et al.: arXiv:1510.03078v1
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• Level scale
• Determine  level distance via induction of transitions

• Mechanical excitation
• Magnetic excitations(Granit)-Exp

• Energy resolution
• Rabi method

• use 2-level system with transition frequency– „ωLamor“
• Induce mechanical transitions (replace RF field)
• Phase comparison with external mechanical oscillator (kHz)

• Energy change of UCN (Granit-Exp)

• Sensitivity

Gravitation: New Generation Measurements (measure time/frequency)

H. Abele et al.
LETTERSNATURE PHYSICS

 gravitational field for which the data analysis reveals an accelera-
tion of g =  (9.866 ±  0.042) m s–2 for this experiment. The set-up 
transmits a certain fraction of neutrons in state |2〉 , which could 
potentially produce transitions |2〉  →  |k〉  (k >  3). If these transi-
tions overlap with the measured transitions in frequency-space, 
the results could be misinterpreted. Other possible systematic 
effects are negligible compared to our current precision. A full 
systematic analysis can be found in ref. 7.

The derived local acceleration is consistent with the local 
Grenoble value8 glocal =  (9.80507 ±  0.00002) m s–2, confirming the 
validity of Newton’s inverse square law at micrometre distances in 
the quantum regime to a relative precision of 4 ×  10−3. For the fit of 
g, the transition frequencies between the eigenenergies are deter-
mined to be ν13 =  (464.8 ±  1.3) Hz and ν14 =  (649.8 ±  1.8) Hz.

This allows to set experimental limits on any new physics, which 
induces shifts of the transition frequencies. The discovery  potential 

is enhanced for models, which would shift each GRS transition indi-
vidually. This is the case for symmetron dark energy, which is pre-
sented in the following.

The known accelerated expansion of the Universe leads natu-
rally to postulating the existence of light scalar fields (see ref. 9 for 
a recent review). Independently of the motivations provided by 
cosmic acceleration, if such scalars are present in nature they must 
appear in some screened form in order to prevent detection in all 
past experiments and observations.

A generic scalar field contains a kinetic term, a mass term for the 
scalar and a term describing the coupling to matter. In general, the 
coefficients of the three terms depend on the mass density of the 
environment, corresponding schematically to three possible screen-
ing mechanisms9. First, the Vainshtein mechanism, whose kinetic 
term becomes large in dense matter. This scenario cannot be probed 
in laboratory experiments. Second, the chameleon mechanism10, 
where the field becomes heavy in dense matter. This scenario has 
been addressed by several laboratory experiments including GRS3. 
Finally, the symmetron11,12, whose coupling to matter weakens in 
regions of high mass density. This scenario has been less explored, 
and is the subject of this work.

Symmetron dark energy11,12 (for earlier work see refs 13,14) is a sim-
ple field theoretic model that captures most of the features of screened 
modified gravity. The potential of the real scalar field φ, which was 
named symmetron because of its Z2 symmetry φ →  − φ, reads

φ μ φ λ φ μ
λ= − + +V ( )

2 4 40

2
2 4

4

where μ− 2  is the mass analogous to the Higgs mechanism 
and λ a dimensionless positive constant describing self-inter-
action. In vacuum, the minimum energy configuration breaks 
the Z2 symmetry and the field gets a vacuum expectation value 

φ φ μ= ± = ∕ λVEV( ) v . In the equation above, the coupling 
to matter, which must also respect the Z2 symmetry, is not yet 
included. Incorporating the symmetron–matter coupling leads to 
the effective potential in a medium with mass density ρ =  ρ/(ħ3c5), 
which is given by
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where M is an inverse coupling parameter to matter of dimension 
energy. The quantum fluctuations of the symmetron field lift the 
minimum of the potential by an amount proportional to δV ~ μ4/16π 2,  
playing the role of dark energy and leading to the cosmic accelera-
tion. However, these fluctuations neither affect the symmetron fields 
nor the experimental observables. The effective potential is plotted 
in Fig. 3. The field acquires a non-zero VEV in low-density regions, 
while the symmetry is restored in high-density regions. In the latter, 
the field effectively disappears and is consequently unobservable. In 
regions of low density, the field spontaneously breaks symmetry and 
acquires a non-vanishing VEV. In this case, it couples to matter and 
mediates a fifth force, as is the case in our experimental vacuum (see 
Supplementary Information).

The distance scale of the force in vacuum is set by ħc/μ. The mea-
sured dark energy density Λ =  2.4 meV translates into the parameter 
μ via the equation μ π Λ= 2  =  8.5 meV. The corresponding distance 
of 23 µ m coincides with the spatial extent of our gravitational quan-
tum states. Therefore, GRS is highly sensitive to probe such dark 
energy scenarios in the laboratory. In this Letter, we focus on values 
of µ about 10 meV.

Interferometry with caesium atoms constrain symmetrons 
with masses in a non-cosmological regime, where the mass of the 
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Fig. 1 | Schematic views of the experimental set-up. a, Ultracold neutrons 
(UCNs) pass the set-up from left to right. In region I, they are prepared 
in the gravitational ground state |1〉  by passing a slit between a rough 
surface on top and a perfectly polished surface on bottom. Higher states 
interact with the rough surface, and are effectively scattered off the 
system. In region II, transitions between quantum states are induced. The 
surface for that purpose oscillates with variable frequency and strength. 
This oscillating boundary condition triggers transitions to higher states, if 
the resonance condition is met, and the oscillation strength is sufficient. 
Region III is identical to region I and only transmits neutrons in the 
ground state. A highly efficient neutron detector (D) with low background 
counts the transmitted neutrons. The drawing also visualizes the neutron 
density for state |1〉  (brown) and |3〉  (violet). For detailed information, 
see Supplementary Information. b, Practical realization. The boundary 
conditions are realized by glass mirrors with rough (1) or perfectly polished 
(2) surfaces. The root-mean-squared (r.m.s.) roughness of the upper 
mirror is (0.38!± !0.17) µ m, see enlargement. The neutrons are detected 
using a neutron counter (3). All mirrors are mounted on nano-positioning 
tables (4). An optical system (parts in (5)) controls the induced mirror 
oscillations. A movable system based on capacitive sensors (6) controls 
and levels steps between the regions. The experiment is shielded by  
μ -metal against the magnetic field of the Earth. Flux-gate magnetic field 
sensors (7) log residual magnetic fields. The whole set-up is placed in 
vacuum of 10−4!mbar.
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The standard model of cosmology provides a robust descrip-
tion of the evolution of the Universe. Nevertheless, the small 
magnitude of the vacuum energy is troubling from a theoreti-
cal point of view9. An appealing resolution to this problem is 
to introduce additional scalar fields. However, these have so 
far escaped experimental detection, suggesting some kind 
of screening mechanism may be at play. Although extensive 
exclusion regions in parameter space have been established 
for one screening candidate—chameleon fields10,17—another 
natural screening mechanism based on spontaneous sym-
metry breaking has also been proposed, in the form of sym-
metrons11. Such fields would change the energy of quantum 
states of ultracold neutrons in the gravitational potential of 
the Earth. Here, we demonstrate a spectroscopic approach 
based on the Rabi resonance method that probes these quan-
tum states with a resolution of Δ E!= 2!× !10−15!eV. This allows 
us to exclude the symmetron as the origin of dark energy for a 
large volume of the three-dimensional parameter space.

Resonance spectroscopy—originally introduced by Isidor Rabi1 
as a ‘molecular beam resonance method’—has evolved into an indis-
pensable method for precision experiments with two-level-systems. 
Here, the energy difference between two quantum states translates 
via the Planck–Einstein relation E =  hν into a frequency, which can 
be measured with unprecedented accuracy. Rabi’s experiment has 
led to new insights into physics, chemistry and biology, providing 
detailed information about the structure, dynamics, reaction state 
and chemical environment of molecules.

This work, realized by the qBounce collaboration, extends the 
quantum technique of Rabi spectroscopy to the gravitational sector. 
The experiment measures transition frequencies of bound quan-
tum states of neutrons in the gravitational field of the Earth. These 
discrete quantum states occur when very slow ultracold neutrons 
(UCN) totally reflect on perfectly polished horizontal surfaces. The 
typical spatial extent of the corresponding wavefunctions is of order 
of 10 µ m. The eigenenergies are in the pico-eV range and depend 
on the local acceleration g, the neutron mass m, and the reduced 
Planck constant ħ. Furthermore, any two states can be treated as 
an effective two-level system. This offers the possibility of applying 
resonance spectroscopy techniques to test gravity at short distances.

The work realized by the qBounce collaboration and reported 
here builds on a simplified resonance spectroscopy technique we 
developed in 2011 to study gravity at short distances2. Previously, 
this technique called gravity resonance spectroscopy (GRS) 
was used to constrain dark energy and dark matter candidates3.  

The simplification of the set-up introduced an additional depen-
dence of the eigenenergies on a geometric parameter, which lim-
ited the experimental precision. In this work, we implemented a full 
Rabi-type set-up leading to a decrease of systematic uncertainties by 
orders of magnitude.

The original Rabi experiment used Zeeman states in a magnetic 
field B with magnetic moment µ and energies E =  ± μB. The experi-
mental set-up consisted of three regions. First, the system was pre-
pared in a known state by applying a magnetic field. In the second 
region, a transition was induced by applying external time-varying 
disturbances with a specific frequency and amplitude realized by 
magnetic fields. The energy difference of states p and q determines 
the resonance frequency ωpq =  2π νpq =  ωq −  ωp =  (Eq −  Ep)/ħ. If the 
frequency of the external field resonates with the Rabi frequency 
of the transition, the state occupation can reverse completely. In the 
final region, the state was projected to a known state.

In our case, two out of the infinitely many gravitationally bound 
quantum states of neutrons are considered as an effective two-level 
system. The corresponding wavefunctions 〈 z|i〉  are linear combi-
nations of well-known Airy functions, shown in Supplementary  
Fig. 1. Our set-up also consists of three regions (Fig. 1). In region 
one, we use a neutron mirror on top with a rough surface, which 
acts as a state selector preferring the ground state |1〉 . Neutrons in 
higher states are effectively scattered off the system4. In the second 
region, we apply sinusoidal mechanical oscillations with tunable 
acoustic frequency and amplitude to the neutron mirror to exam-
ine the transitions |1〉  →  |q〉 . While the original Rabi experiment 
and all subsequent resonance experiments have been using elec-
tromagnetic interactions to drive the excitations, here, mechanical 
oscillations of the neutron mirror are used5. Alternatively, magnetic 
gradient fields have been proposed6. The final region is realized by 
a second state selector followed by a neutron-counting detector.  
The Supplementary Information provides a detailed description of 
the experimental set-up.

By varying the oscillation frequency, two significant intensity 
dips are found at 464 Hz and 650 Hz as shown in Fig. 2a,b. They 
correspond to the transitions |1〉  →  |3〉  and |1〉  →  |4〉 , which were 
observed for the first time. The variation of the oscillation ampli-
tude on resonance results in Rabi oscillations (Fig. 2a,c). Here, 
a complete state revival of the ground state, a so-called 2π  flip, 
is observed. The measurements are compared to theory, that is, 
two Rabi resonance dips corresponding to the two transitions, 
see also ref. 7. Without any hypothetical new interactions, the 
quantum states of ultracold neutrons are attracted by the Earth’s 

Acoustic Rabi oscillations between gravitational 
quantum states and impact on symmetron  
dark energy
Gunther Cronenberg! !1, Philippe Brax2, Hanno Filter1, Peter Geltenbort3, Tobias Jenke! !3,  
Guillaume Pignol4, Mario Pitschmann! !1, Martin Thalhammer1 and Hartmut Abele! !1*

NATURE PHYSICS | VOL 14 | OCTOBER 2018 | 1022–1026 | www.nature.com/naturephysics1022

0123456789();: 

differences between the eigenstate’s energies correspond 
to acoustic frequencies. State transitions were demon-
strated using controlled mechanical oscillations of the 
lower boundary (mirror)14.

The qBOUNCE collaboration has demonstrated Rabi 
spectroscopy using purely mechanical excitations14. In 
their setup, UCNs are velocity- selected using an aperture 
system before entering a sandwich structure consisting 
of two glass mirrors separated by a precisely calibrated 
gap of ~25 μm. The upper mirror is roughened, lead-
ing to chaotic scattering of higher states. Only the 
lowest few states (see the figure in BOX 4) are allowed 
to pass. In a second ‘region’ consisting of a flat mirror, 
controlled vibrations at variable frequency are used to 
induce transitions from the initial state ∣ ⟩i  to the target 
state ∣ ⟩t . A third region similar to the first one filters 
neutrons in state ∣ ⟩t  such that the detector placed after 

this second filter only detects neutrons not excited by 
the vibration. The measured neutron transmission rate 
T(ω) as a function of the excitation frequency thus shows 
clear dips at the transition frequencies (see BOX 4). If an 
additional z- dependent potential Vhyp(z) (in Eq. (12)) 
existed, it would shift the energy of each state differently 
and, hence, also shift the transition frequencies. By not 
detecting such a shift, limits can be set on the maximum 
strength of Vhyp(z).

The GRANIT experiment190 intends to excite reso-
nant transitions magnetically between quantum states. 
Two modes of operation are foreseen. First, using a 
space- periodic and static magnetic field gradient, the 
frequency of the excitation seen by a neutron will, thus, 
vary according to its horizontal velocity. Second, using a 
homogeneous gradient oscillating in time, which should 
allow a more direct probe of the resonances191.

Box 4 | Gravity resonance spectroscopy

The quantum bouncer can be described by a one- dimensional Schrödinger 
equation in the vertical z- direction, with three different potentials:
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for a neutron of mass mn at height z above a horizontal mirror at height  
zm, under the influence of the local gravitational acceleration g. For 
Vhyp(z) = 0, these potentials permit analytical solutions for the eigenstates 
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n n  with non- equidistant energies En (see the figure). 
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 μm already indicate that ultracold neutrons 
are macroscopic objects. Since the probability distributions of states shown 
in the figure below have different vertical extensions, a hypothetical Vhyp(z) 
would shift the energy of each state ∣ ⟩n  — and, thereby, the transition 
frequencies — differently by an amount = | |Δ ⟨ ⟩E n V z n( )n hyp . Details on the 
computation of the transmission probability as a function of excitation 
frequency can be found in REFS16,195.

Panel a shows the lowest energy states and wavefunctions of an ultracold 
neutron above a horizontal mirror. Vibrations of the mirror trigger transitions 
between these states at frequencies indicated in the lower left table. 
Panels b,c illustrate the exemplary transmission spectrum measured in  
the qBOUNCE setup in Rabi configuration16. The dips in the transmission  
at 463 Hz and 647 Hz correspond to the transitions %∣ ⟩ ∣ ⟩1 3  and %∣ ⟩ ∣ ⟩1 4 , 
respectively. In the experiment, the transition frequencies are measured  
by fitting a theoretical model to the recorded spectroscopic data.
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 gravitational field for which the data analysis reveals an accelera-
tion of g =  (9.866 ±  0.042) m s–2 for this experiment. The set-up 
transmits a certain fraction of neutrons in state |2〉 , which could 
potentially produce transitions |2〉  →  |k〉  (k >  3). If these transi-
tions overlap with the measured transitions in frequency-space, 
the results could be misinterpreted. Other possible systematic 
effects are negligible compared to our current precision. A full 
systematic analysis can be found in ref. 7.

The derived local acceleration is consistent with the local 
Grenoble value8 glocal =  (9.80507 ±  0.00002) m s–2, confirming the 
validity of Newton’s inverse square law at micrometre distances in 
the quantum regime to a relative precision of 4 ×  10−3. For the fit of 
g, the transition frequencies between the eigenenergies are deter-
mined to be ν13 =  (464.8 ±  1.3) Hz and ν14 =  (649.8 ±  1.8) Hz.

This allows to set experimental limits on any new physics, which 
induces shifts of the transition frequencies. The discovery  potential 

is enhanced for models, which would shift each GRS transition indi-
vidually. This is the case for symmetron dark energy, which is pre-
sented in the following.

The known accelerated expansion of the Universe leads natu-
rally to postulating the existence of light scalar fields (see ref. 9 for 
a recent review). Independently of the motivations provided by 
cosmic acceleration, if such scalars are present in nature they must 
appear in some screened form in order to prevent detection in all 
past experiments and observations.

A generic scalar field contains a kinetic term, a mass term for the 
scalar and a term describing the coupling to matter. In general, the 
coefficients of the three terms depend on the mass density of the 
environment, corresponding schematically to three possible screen-
ing mechanisms9. First, the Vainshtein mechanism, whose kinetic 
term becomes large in dense matter. This scenario cannot be probed 
in laboratory experiments. Second, the chameleon mechanism10, 
where the field becomes heavy in dense matter. This scenario has 
been addressed by several laboratory experiments including GRS3. 
Finally, the symmetron11,12, whose coupling to matter weakens in 
regions of high mass density. This scenario has been less explored, 
and is the subject of this work.

Symmetron dark energy11,12 (for earlier work see refs 13,14) is a sim-
ple field theoretic model that captures most of the features of screened 
modified gravity. The potential of the real scalar field φ, which was 
named symmetron because of its Z2 symmetry φ →  − φ, reads

φ μ φ λ φ μ
λ= − + +V ( )

2 4 40
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4

where μ− 2  is the mass analogous to the Higgs mechanism 
and λ a dimensionless positive constant describing self-inter-
action. In vacuum, the minimum energy configuration breaks 
the Z2 symmetry and the field gets a vacuum expectation value 

φ φ μ= ± = ∕ λVEV( ) v . In the equation above, the coupling 
to matter, which must also respect the Z2 symmetry, is not yet 
included. Incorporating the symmetron–matter coupling leads to 
the effective potential in a medium with mass density ρ =  ρ/(ħ3c5), 
which is given by
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where M is an inverse coupling parameter to matter of dimension 
energy. The quantum fluctuations of the symmetron field lift the 
minimum of the potential by an amount proportional to δV ~ μ4/16π 2,  
playing the role of dark energy and leading to the cosmic accelera-
tion. However, these fluctuations neither affect the symmetron fields 
nor the experimental observables. The effective potential is plotted 
in Fig. 3. The field acquires a non-zero VEV in low-density regions, 
while the symmetry is restored in high-density regions. In the latter, 
the field effectively disappears and is consequently unobservable. In 
regions of low density, the field spontaneously breaks symmetry and 
acquires a non-vanishing VEV. In this case, it couples to matter and 
mediates a fifth force, as is the case in our experimental vacuum (see 
Supplementary Information).

The distance scale of the force in vacuum is set by ħc/μ. The mea-
sured dark energy density Λ =  2.4 meV translates into the parameter 
μ via the equation μ π Λ= 2  =  8.5 meV. The corresponding distance 
of 23 µ m coincides with the spatial extent of our gravitational quan-
tum states. Therefore, GRS is highly sensitive to probe such dark 
energy scenarios in the laboratory. In this Letter, we focus on values 
of µ about 10 meV.

Interferometry with caesium atoms constrain symmetrons 
with masses in a non-cosmological regime, where the mass of the 
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Fig. 1 | Schematic views of the experimental set-up. a, Ultracold neutrons 
(UCNs) pass the set-up from left to right. In region I, they are prepared 
in the gravitational ground state |1〉  by passing a slit between a rough 
surface on top and a perfectly polished surface on bottom. Higher states 
interact with the rough surface, and are effectively scattered off the 
system. In region II, transitions between quantum states are induced. The 
surface for that purpose oscillates with variable frequency and strength. 
This oscillating boundary condition triggers transitions to higher states, if 
the resonance condition is met, and the oscillation strength is sufficient. 
Region III is identical to region I and only transmits neutrons in the 
ground state. A highly efficient neutron detector (D) with low background 
counts the transmitted neutrons. The drawing also visualizes the neutron 
density for state |1〉  (brown) and |3〉  (violet). For detailed information, 
see Supplementary Information. b, Practical realization. The boundary 
conditions are realized by glass mirrors with rough (1) or perfectly polished 
(2) surfaces. The root-mean-squared (r.m.s.) roughness of the upper 
mirror is (0.38!± !0.17) µ m, see enlargement. The neutrons are detected 
using a neutron counter (3). All mirrors are mounted on nano-positioning 
tables (4). An optical system (parts in (5)) controls the induced mirror 
oscillations. A movable system based on capacitive sensors (6) controls 
and levels steps between the regions. The experiment is shielded by  
μ -metal against the magnetic field of the Earth. Flux-gate magnetic field 
sensors (7) log residual magnetic fields. The whole set-up is placed in 
vacuum of 10−4!mbar.
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 gravitational field for which the data analysis reveals an accelera-
tion of g =  (9.866 ±  0.042) m s–2 for this experiment. The set-up 
transmits a certain fraction of neutrons in state |2〉 , which could 
potentially produce transitions |2〉  →  |k〉  (k >  3). If these transi-
tions overlap with the measured transitions in frequency-space, 
the results could be misinterpreted. Other possible systematic 
effects are negligible compared to our current precision. A full 
systematic analysis can be found in ref. 7.

The derived local acceleration is consistent with the local 
Grenoble value8 glocal =  (9.80507 ±  0.00002) m s–2, confirming the 
validity of Newton’s inverse square law at micrometre distances in 
the quantum regime to a relative precision of 4 ×  10−3. For the fit of 
g, the transition frequencies between the eigenenergies are deter-
mined to be ν13 =  (464.8 ±  1.3) Hz and ν14 =  (649.8 ±  1.8) Hz.

This allows to set experimental limits on any new physics, which 
induces shifts of the transition frequencies. The discovery  potential 

is enhanced for models, which would shift each GRS transition indi-
vidually. This is the case for symmetron dark energy, which is pre-
sented in the following.

The known accelerated expansion of the Universe leads natu-
rally to postulating the existence of light scalar fields (see ref. 9 for 
a recent review). Independently of the motivations provided by 
cosmic acceleration, if such scalars are present in nature they must 
appear in some screened form in order to prevent detection in all 
past experiments and observations.

A generic scalar field contains a kinetic term, a mass term for the 
scalar and a term describing the coupling to matter. In general, the 
coefficients of the three terms depend on the mass density of the 
environment, corresponding schematically to three possible screen-
ing mechanisms9. First, the Vainshtein mechanism, whose kinetic 
term becomes large in dense matter. This scenario cannot be probed 
in laboratory experiments. Second, the chameleon mechanism10, 
where the field becomes heavy in dense matter. This scenario has 
been addressed by several laboratory experiments including GRS3. 
Finally, the symmetron11,12, whose coupling to matter weakens in 
regions of high mass density. This scenario has been less explored, 
and is the subject of this work.

Symmetron dark energy11,12 (for earlier work see refs 13,14) is a sim-
ple field theoretic model that captures most of the features of screened 
modified gravity. The potential of the real scalar field φ, which was 
named symmetron because of its Z2 symmetry φ →  − φ, reads
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λ= − + +V ( )
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where μ− 2  is the mass analogous to the Higgs mechanism 
and λ a dimensionless positive constant describing self-inter-
action. In vacuum, the minimum energy configuration breaks 
the Z2 symmetry and the field gets a vacuum expectation value 

φ φ μ= ± = ∕ λVEV( ) v . In the equation above, the coupling 
to matter, which must also respect the Z2 symmetry, is not yet 
included. Incorporating the symmetron–matter coupling leads to 
the effective potential in a medium with mass density ρ =  ρ/(ħ3c5), 
which is given by
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where M is an inverse coupling parameter to matter of dimension 
energy. The quantum fluctuations of the symmetron field lift the 
minimum of the potential by an amount proportional to δV ~ μ4/16π 2,  
playing the role of dark energy and leading to the cosmic accelera-
tion. However, these fluctuations neither affect the symmetron fields 
nor the experimental observables. The effective potential is plotted 
in Fig. 3. The field acquires a non-zero VEV in low-density regions, 
while the symmetry is restored in high-density regions. In the latter, 
the field effectively disappears and is consequently unobservable. In 
regions of low density, the field spontaneously breaks symmetry and 
acquires a non-vanishing VEV. In this case, it couples to matter and 
mediates a fifth force, as is the case in our experimental vacuum (see 
Supplementary Information).

The distance scale of the force in vacuum is set by ħc/μ. The mea-
sured dark energy density Λ =  2.4 meV translates into the parameter 
μ via the equation μ π Λ= 2  =  8.5 meV. The corresponding distance 
of 23 µ m coincides with the spatial extent of our gravitational quan-
tum states. Therefore, GRS is highly sensitive to probe such dark 
energy scenarios in the laboratory. In this Letter, we focus on values 
of µ about 10 meV.

Interferometry with caesium atoms constrain symmetrons 
with masses in a non-cosmological regime, where the mass of the 
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Fig. 1 | Schematic views of the experimental set-up. a, Ultracold neutrons 
(UCNs) pass the set-up from left to right. In region I, they are prepared 
in the gravitational ground state |1〉  by passing a slit between a rough 
surface on top and a perfectly polished surface on bottom. Higher states 
interact with the rough surface, and are effectively scattered off the 
system. In region II, transitions between quantum states are induced. The 
surface for that purpose oscillates with variable frequency and strength. 
This oscillating boundary condition triggers transitions to higher states, if 
the resonance condition is met, and the oscillation strength is sufficient. 
Region III is identical to region I and only transmits neutrons in the 
ground state. A highly efficient neutron detector (D) with low background 
counts the transmitted neutrons. The drawing also visualizes the neutron 
density for state |1〉  (brown) and |3〉  (violet). For detailed information, 
see Supplementary Information. b, Practical realization. The boundary 
conditions are realized by glass mirrors with rough (1) or perfectly polished 
(2) surfaces. The root-mean-squared (r.m.s.) roughness of the upper 
mirror is (0.38!± !0.17) µ m, see enlargement. The neutrons are detected 
using a neutron counter (3). All mirrors are mounted on nano-positioning 
tables (4). An optical system (parts in (5)) controls the induced mirror 
oscillations. A movable system based on capacitive sensors (6) controls 
and levels steps between the regions. The experiment is shielded by  
μ -metal against the magnetic field of the Earth. Flux-gate magnetic field 
sensors (7) log residual magnetic fields. The whole set-up is placed in 
vacuum of 10−4!mbar.
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The standard model of cosmology provides a robust descrip-
tion of the evolution of the Universe. Nevertheless, the small 
magnitude of the vacuum energy is troubling from a theoreti-
cal point of view9. An appealing resolution to this problem is 
to introduce additional scalar fields. However, these have so 
far escaped experimental detection, suggesting some kind 
of screening mechanism may be at play. Although extensive 
exclusion regions in parameter space have been established 
for one screening candidate—chameleon fields10,17—another 
natural screening mechanism based on spontaneous sym-
metry breaking has also been proposed, in the form of sym-
metrons11. Such fields would change the energy of quantum 
states of ultracold neutrons in the gravitational potential of 
the Earth. Here, we demonstrate a spectroscopic approach 
based on the Rabi resonance method that probes these quan-
tum states with a resolution of Δ E!= 2!× !10−15!eV. This allows 
us to exclude the symmetron as the origin of dark energy for a 
large volume of the three-dimensional parameter space.

Resonance spectroscopy—originally introduced by Isidor Rabi1 
as a ‘molecular beam resonance method’—has evolved into an indis-
pensable method for precision experiments with two-level-systems. 
Here, the energy difference between two quantum states translates 
via the Planck–Einstein relation E =  hν into a frequency, which can 
be measured with unprecedented accuracy. Rabi’s experiment has 
led to new insights into physics, chemistry and biology, providing 
detailed information about the structure, dynamics, reaction state 
and chemical environment of molecules.

This work, realized by the qBounce collaboration, extends the 
quantum technique of Rabi spectroscopy to the gravitational sector. 
The experiment measures transition frequencies of bound quan-
tum states of neutrons in the gravitational field of the Earth. These 
discrete quantum states occur when very slow ultracold neutrons 
(UCN) totally reflect on perfectly polished horizontal surfaces. The 
typical spatial extent of the corresponding wavefunctions is of order 
of 10 µ m. The eigenenergies are in the pico-eV range and depend 
on the local acceleration g, the neutron mass m, and the reduced 
Planck constant ħ. Furthermore, any two states can be treated as 
an effective two-level system. This offers the possibility of applying 
resonance spectroscopy techniques to test gravity at short distances.

The work realized by the qBounce collaboration and reported 
here builds on a simplified resonance spectroscopy technique we 
developed in 2011 to study gravity at short distances2. Previously, 
this technique called gravity resonance spectroscopy (GRS) 
was used to constrain dark energy and dark matter candidates3.  

The simplification of the set-up introduced an additional depen-
dence of the eigenenergies on a geometric parameter, which lim-
ited the experimental precision. In this work, we implemented a full 
Rabi-type set-up leading to a decrease of systematic uncertainties by 
orders of magnitude.

The original Rabi experiment used Zeeman states in a magnetic 
field B with magnetic moment µ and energies E =  ± μB. The experi-
mental set-up consisted of three regions. First, the system was pre-
pared in a known state by applying a magnetic field. In the second 
region, a transition was induced by applying external time-varying 
disturbances with a specific frequency and amplitude realized by 
magnetic fields. The energy difference of states p and q determines 
the resonance frequency ωpq =  2π νpq =  ωq −  ωp =  (Eq −  Ep)/ħ. If the 
frequency of the external field resonates with the Rabi frequency 
of the transition, the state occupation can reverse completely. In the 
final region, the state was projected to a known state.

In our case, two out of the infinitely many gravitationally bound 
quantum states of neutrons are considered as an effective two-level 
system. The corresponding wavefunctions 〈 z|i〉  are linear combi-
nations of well-known Airy functions, shown in Supplementary  
Fig. 1. Our set-up also consists of three regions (Fig. 1). In region 
one, we use a neutron mirror on top with a rough surface, which 
acts as a state selector preferring the ground state |1〉 . Neutrons in 
higher states are effectively scattered off the system4. In the second 
region, we apply sinusoidal mechanical oscillations with tunable 
acoustic frequency and amplitude to the neutron mirror to exam-
ine the transitions |1〉  →  |q〉 . While the original Rabi experiment 
and all subsequent resonance experiments have been using elec-
tromagnetic interactions to drive the excitations, here, mechanical 
oscillations of the neutron mirror are used5. Alternatively, magnetic 
gradient fields have been proposed6. The final region is realized by 
a second state selector followed by a neutron-counting detector.  
The Supplementary Information provides a detailed description of 
the experimental set-up.

By varying the oscillation frequency, two significant intensity 
dips are found at 464 Hz and 650 Hz as shown in Fig. 2a,b. They 
correspond to the transitions |1〉  →  |3〉  and |1〉  →  |4〉 , which were 
observed for the first time. The variation of the oscillation ampli-
tude on resonance results in Rabi oscillations (Fig. 2a,c). Here, 
a complete state revival of the ground state, a so-called 2π  flip, 
is observed. The measurements are compared to theory, that is, 
two Rabi resonance dips corresponding to the two transitions, 
see also ref. 7. Without any hypothetical new interactions, the 
quantum states of ultracold neutrons are attracted by the Earth’s 
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differences between the eigenstate’s energies correspond 
to acoustic frequencies. State transitions were demon-
strated using controlled mechanical oscillations of the 
lower boundary (mirror)14.

The qBOUNCE collaboration has demonstrated Rabi 
spectroscopy using purely mechanical excitations14. In 
their setup, UCNs are velocity- selected using an aperture 
system before entering a sandwich structure consisting 
of two glass mirrors separated by a precisely calibrated 
gap of ~25 μm. The upper mirror is roughened, lead-
ing to chaotic scattering of higher states. Only the 
lowest few states (see the figure in BOX 4) are allowed 
to pass. In a second ‘region’ consisting of a flat mirror, 
controlled vibrations at variable frequency are used to 
induce transitions from the initial state ∣ ⟩i  to the target 
state ∣ ⟩t . A third region similar to the first one filters 
neutrons in state ∣ ⟩t  such that the detector placed after 

this second filter only detects neutrons not excited by 
the vibration. The measured neutron transmission rate 
T(ω) as a function of the excitation frequency thus shows 
clear dips at the transition frequencies (see BOX 4). If an 
additional z- dependent potential Vhyp(z) (in Eq. (12)) 
existed, it would shift the energy of each state differently 
and, hence, also shift the transition frequencies. By not 
detecting such a shift, limits can be set on the maximum 
strength of Vhyp(z).

The GRANIT experiment190 intends to excite reso-
nant transitions magnetically between quantum states. 
Two modes of operation are foreseen. First, using a 
space- periodic and static magnetic field gradient, the 
frequency of the excitation seen by a neutron will, thus, 
vary according to its horizontal velocity. Second, using a 
homogeneous gradient oscillating in time, which should 
allow a more direct probe of the resonances191.

Box 4 | Gravity resonance spectroscopy

The quantum bouncer can be described by a one- dimensional Schrödinger 
equation in the vertical z- direction, with three different potentials:
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for a neutron of mass mn at height z above a horizontal mirror at height  
zm, under the influence of the local gravitational acceleration g. For 
Vhyp(z) = 0, these potentials permit analytical solutions for the eigenstates 
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n n  with non- equidistant energies En (see the figure). 
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 μm already indicate that ultracold neutrons 
are macroscopic objects. Since the probability distributions of states shown 
in the figure below have different vertical extensions, a hypothetical Vhyp(z) 
would shift the energy of each state ∣ ⟩n  — and, thereby, the transition 
frequencies — differently by an amount = | |Δ ⟨ ⟩E n V z n( )n hyp . Details on the 
computation of the transmission probability as a function of excitation 
frequency can be found in REFS16,195.

Panel a shows the lowest energy states and wavefunctions of an ultracold 
neutron above a horizontal mirror. Vibrations of the mirror trigger transitions 
between these states at frequencies indicated in the lower left table. 
Panels b,c illustrate the exemplary transmission spectrum measured in  
the qBOUNCE setup in Rabi configuration16. The dips in the transmission  
at 463 Hz and 647 Hz correspond to the transitions %∣ ⟩ ∣ ⟩1 3  and %∣ ⟩ ∣ ⟩1 4 , 
respectively. In the experiment, the transition frequencies are measured  
by fitting a theoretical model to the recorded spectroscopic data.

a  Probability distribution b  Measured transmission
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- Yukawa type force

- Extra dimensions:

- Symmetrons   dark energy with new scalar field 
……
Which distance scale ?

dark matter density:                              corresponds to a distance scale 

Experiment Sensitivity
• Limits for Newtons law: about 1µm
• Sensitivity for Yukawa contribution: 

• Strength α ~ 108

• Range λ ~ 20µm

λd ≈ 4 ℏc/ρd ≈ 85 μm

Models, Sensitivity and distance scales

V(r) ∝
1

r1+n
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 symmetron is below the dark energy scale15,16. Recently, bounds 
have been put on symmetrons17 (shown in blue in Fig. 4c). On the 
other hand, symmetrons with masses of order of the dark energy 
scale are within reach of the Eötwash experiments18,19 derived from 

torsion pendula and are shown in green in Fig. 4c,d. Another bound 
can be extracted from the 1s–2s energy difference in the hydrogen 
atom18, which is shown in black.

In our set-up, the existence of symmetrons would lead to an 
additional potential to gravity seen by the neutrons with mass m at 
distance z above the mirror:

φ= +V z mgz mc
M

z( )
2

( )
2

2
2

This would lead to individual shifts of the eigenenergies of the 
gravitational quantum states, resulting in changes of the transition 
frequencies. As we do not see these shifts within our experimental 
uncertainty, we exclude parts of the parameter space for the exis-
tence of symmetron fields. To do so, we use the predicted shifts of 
the resonance frequencies for the transitions |1〉  →  |3〉  and |1〉  →  |4〉 ,  
add the symmetron model parameters μ, λ and M as fit parameters, 
fix the Earth’s acceleration # to the local value, and perform a full χ2 
analysis. We do not find a positive effect. The results, exclusion plots 
with 95% confidence, are presented in Fig. 4. We probe the previ-
ously inaccessible region of low μ by lowering the limit by one order 
of magnitude to µ >  3 ×  10−3 meV. Theoretically, the search for symm-
etrons in this region of low µ is equally well motivated, which makes 
the lowering of this experimental bound relevant in the search for 
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Fig. 2 | Observed transition rates for the local gravitational acceleration measurement. a, The contour plot shows the transmission rate as a function of 
the oscillation frequency ν and the oscillation strength a. The contour surface shows the theory curve for transitions |1〉 !→ !|3〉  and |1〉 !→ !|4〉  using the best-
fit parameters, normalized to the transmission without any applied oscillation. Each dot represents a measurement. The symbol shape corresponds to the 
statistical significance σstat, while the colour code represents the normalized residual σres. As an example, green rectangles correspond to measurements 
with a statistical uncertainty between 10 and 20%, and an agreement within 1σ to the fitted curve. b, The plot presents a horizontal cut in a. The black 
curve represents the best-fit result of the transmission with respect to the oscillation frequency, shown for an oscillation strength a!= !2.05!mm!s–1. The data 
points represent all measurements indicated in the black dashed rectangle in a. To represent both measurements and theory in one figure, we multiply 
the transmission rate by the quotient of the best-fit value for the average oscillation strength 2.05!mm!s–1 and its actual measured value. Additionally, an 
equidistant frequency binning of 15!Hz is used. c, Rabi oscillations. The figure shows the projections from the contour plot in a along the acoustic transition 
frequencies |1〉 !→ !|3〉  (462.6!Hz) and |1〉 !→ !|4〉  (647!Hz), indicated by the dashed blue and red lines. For the |1〉 !→ !|3〉  transition, a complete state reversal 
into the ground state was observed for a!~!4!mm!s–1. The back line and the grey area in b indicate the transmission with its uncertainty when no oscillation is 
applied. All shown error bars indicate the statistical 1σ standard deviations.
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Precision Energy Measurements – Ramsey method

4.

3.

2.

1.

free	
precession	
for a time T

1st π/2 spin	
flip pulse...

“Spin up” 
neutron...

2ndπ/2 spin	
flip pulse.

B
clock comparison: 

external oscillator
neutron

Clock adjustment

Clock comparison



Stephan Paul | Precision experiments with cold and ultracold neutrons | Beijing 2025

Precision Energy Measurements – Ramsey method
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Precision Energy Measurements – Ramsey method
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prepare ground state
induce  (energy transfer)π/2 flip
  create coherent superposition of two states

free propagation
  wave functions propagate in time adjust
  to the gravity potential
  possible phase shift between states develops

induce  (energy transfer)π/2 flip
  test resulting superposition
   2 modes: 

 (remove ground state)flip + π/2
 (repopulate ground state)flip − π/2

analyse intensity of ground state

Ramsey Separated Oscillatory field method - qBounce Expt

Chapter 2

Theoretical considerations

Figure 2.1: Simplified sketch of the qBounce GRS setup. Neutrons enter from the left and exit on the
right where a proportional counter tube is used as a detector. Higher neutron density here is shown in
red. Sections I is a mirror with a scatterer on top preparing the initial state and V scatterers are placed
to scatter neutrons that extend far above the mirror. These are the excited states and are scattered from
the system. In section II the neutrons in the ground state (and a small number in the first two excited
states) remain. Sections II and IV are the interaction regions and are oscillated at a specific frequency in
order to induce a state transition. Here for the transition |1⟩ → |6⟩. Section III splits the two interaction
region completing a basic Ramsey measurement scheme. The amplitude of the oscillations in sec. II and
IV has to be tuned to produce a 50/50 superposition of the two contributing states in sec III. This is
called a π/2 excitation. If the excitation in sec. IV is in phase with sec. II the neutrons get excited to
the higher state and are scattered by the second scatterer, thus they can not reach the detector on the
right. In the bottom a schematic overview of how the state population changes over the five sections
making up the qBounce experiment is shown. The red circles in the bottom signify populated states,
the arrows transitions and the crossed circles indicate states that get scattered out of the system.

ground state 	
selector

	
to |6>
π/2 flip 	

to/from|6>
π/2 flip

ground state 	
analyser

free propagation

oscillator oscillator
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order to induce a state transition. Here for the transition |1⟩ → |6⟩. Section III splits the two interaction
region completing a basic Ramsey measurement scheme. The amplitude of the oscillations in sec. II and
IV has to be tuned to produce a 50/50 superposition of the two contributing states in sec III. This is
called a π/2 excitation. If the excitation in sec. IV is in phase with sec. II the neutrons get excited to
the higher state and are scattered by the second scatterer, thus they can not reach the detector on the
right. In the bottom a schematic overview of how the state population changes over the five sections
making up the qBounce experiment is shown. The red circles in the bottom signify populated states,
the arrows transitions and the crossed circles indicate states that get scattered out of the system.
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Ramsey Spectroscopy, qBOUNCE EXPERIMENT
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Ramsey Spectroscopy, qBOUNCE EXPERIMENT

Energy  = 4 10-17 eV
Ramsey Spectroscopy Method  of	
Separated Oscillatory Field by GRS

ΔE ⋅
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Gravitational Spectroscopy: Measure the Neutron’s Electric Charge
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 Use Ramseys method
• Sensitivity
• Superimpose an electric potential on the gravitational potential

Gravitational Spectroscopy: Measure the Neutron’s Electric Charge
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 Use Ramseys method
• Sensitivity
• Superimpose an electric potential on the gravitational potential
• Search for frequency shift : ΔE = q ⋅ E = hΔν

Gravitational Spectroscopy: Measure the Neutron’s Electric Charge
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 Use Ramseys method
• Sensitivity
• Superimpose an electric potential on the gravitational potential
• Search for frequency shift : ΔE = q ⋅ E = hΔν

• prototype measurement: qn < 10−17 ⋅ e

• future:  (best present limit)qn < 10−21 ⋅ e

Gravitational Spectroscopy: Measure the Neutron’s Electric Charge

H. Abele et al. 2023
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10-35 bis 10-32 sec. Past Big Bang

Inflation:
Within 10-32 seconds space expands by 

factor 1050

▪ Amplification of quantum fluctuations of energy 
density (3 K CMB)

▪ They are at origin of creation of galaxies (later)
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10-34 bis 10-33 Seconds after Big Bang

Small matter/antimatter surplus is 
generated

We are made form 9th digit 1,000000001
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10-34 bis 10-33 Seconds after Big Bang

Small matter/antimatter surplus is 
generated

We are made form 9th digit 1,000000001
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10-34 bis 10-33 Sekunden nach dem Big Bang

Conditions for matter/antimatter excess

Physics processes:

• CP-Violation
• n-EDM

• Baryon number violation
• Not observed till today

• Thermal non-equilibrium
• Inflation
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Symmetries
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elementary  
particle

EDM

+
-

EDM and CP-Violation

spin

T (CP new)
+
-

+
-

P
(P known)

-
+

■ P – mirror operation  (xx→ - x)	
■ C – charge conjugation (q → - q)	
■ T – time reversal (t → - t) ………………..	

CPT must be conserved!

P = +1 P = -1
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EDM is test for flavour diagonal CP 
▪ Test of vacuum structure at small distances
▪ Background free probe for ‘new physics’ ( on contrast to CKM ind.. CP)

CP violation in nucleon (neutron) needed for
▪ Baryogenesis Problem (matter vs antimatter in universe)
cosmological necessity (Sakharov criteria)	

▪ Test CP violating part in QCD (θ-term)
Magic fine tuning to zero (θ < 10-9)	

EDM is studied in
▪ Diamagnetic atoms (strong CP problem)
▪ Paramagnetic atoms, molecules, (CP inducing  electron-EDM de)
▪ Neutron (CP in quark-sector)

The role of an n-EDM
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Neutron EDM

CP-violating term

strong interaction

1fm
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Neutron EDM

electroweak interaction

CP-violating CKM

0.001fm
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Standard Model EDM

7

u,d u,d 

W 
s d 

c,t c,t 

g 

FIG. 2 Penguin diagram giving the SM-CKM �S = 1 CP-
violating e↵ective interaction. Adapted from Pospelov and
Ritz (2005).

spectively4; short-range neutron and proton EDMs (d̄sr

n

and d̄
sr

p
); isoscalar, isovector, and isotensor pion-nucleon

couplings (ḡ(i)

⇡ , i = 0, 1, 2); and a set of four-nucleon op-
erators. In the context of this hadronic-scale EFT, it is
appropriate to express the combination of contributions
to a measured atomic EDM for paramagnetic systems,
diamagnetic systems, and nucleons as

di =
X

j

↵ijCj , (9)

where i labels the system, and j labels the specific low-
energy parameter (e.g., de, CS , etc.). The ↵ij = @di/@Cj

are provided by theoretical calculations at various scales
from atomic to nuclear to short-range and are presented
in Sec. II. Note that the coe�cients ↵ij have various la-
bels in the literature for notation developed for the dif-
ferent experimental systems.

One approach to interpreting the experimental limits
assumes that the EDM in a specific system arises from
only one source – the “sole-source” approach. In the
sole-source approach, the constraint on each parameter
is derived assuming that all other contributions are neg-
ligible and so one experimental result may appear to set
limits on a large number of individual CP-violating pa-
rameters. An alternative approach – the global analy-
sis presented in Chupp and Ramsey-Musolf (2015) and
Sec. V – assumes simultaneous non-zero values of the
dominant parameters globally constrained by the exper-
imental results. In the global analysis, paramagnetic
systems are used to set limits on the electron EDM de

and the nuclear spin-independent electron-nucleus cou-
pling CS . Diamagnetic systems set limits on four domi-

nant parameters: two pion-nucleon couplings (ḡ(0)

⇡ , ḡ
(1)

⇡ ),
a specific isospin combination of nuclear spin-dependent
couplings, and the “short distance” contribution to the

4 Each interaction has an isoscalar and isovector component, which
we have suppressed here for notational simplicity.

neutron EDM, d̄
sr

n
. There is, unfortunately, significant

variation and uncertainty in the ↵ij , in particular for the
nuclear and hadronic calculations, which soften the con-
straints on the low-energy parameters.

C. Reach and complementarity

EDMs arising from BSM CP violation depend on
a combination of factors, including new CP-violating
phases, �CPV, the mass scale ⇤ associated with the new
particles, and the underlying dynamics. In general, an
elementary fermion EDM can be expressed as

d ⇡ (10�16 e cm )
⇣

v

⇤

⌘2

(sin �CPV)(yf F ) , (10)

where v = 246 GeV is the Higgs vacuum expectation
value, yf is a Yukawa coupling typically associated with
the SM fermions in the system of interest, and F accounts
for the dynamics, which may be perturbative or non-
perturbative and will di↵er depending on the system.

For an electron EDM that arises through perturbative
dynamics at the one-loop level, F ⇠ g

2
/(16⇡

2) where
g is the BSM coupling strength. The present electron
EDM upper limit of ⇡ 1 ⇥ 10�28 e cm implies that
⇤ ' 1 � 2 TeV for g of order the SM SU(2)L gauge cou-
pling strength, and sin �CPV ⇡ 1. This energy scale for ⇤,
which is comparable to the reach of the neutron and dia-
magnetic atom EDM limits, rivals the BSM physics reach
of the LHC. It is important to note that exceptions to
these näıve estimates of mass scale sensitivity can occur.
For example at the level of the underlying elementary
particle physics, an EDM may be enhanced by contribu-
tions of heavy fermion intermediate states, e.g., the top
quark, leading to the presence of a larger Yukawa cou-
pling in Eqn. (10). In paramagnetic atoms and molecules
an EDM may also be generated by a nuclear-spin inde-
pendent scalar T-odd/P-odd electron-quark interaction
at tree-level, which generally scales with the number of
nucleons. In this case, the resulting mass reach for cur-
rent experimental sensitivies is as high as ⇠ 13, 000 TeV,
as discussed in Section V. Models that generate EDMs
at two-loop or higher-loop order allow for lighter BSM
particles with CP-violating interactions.

For the Schi↵ moment, the additional power of r
2 in

Eqn. (7) implies that for a given underlying source of
CP-violation, the contribution to a diamagnetic atomic
or molecular EDM is suppressed compared to that of the
neutron by (RN/RA)2, where RN and RA are the nuclear
and atomic radii, respectively. As a concrete illustration
the bound on ✓̄ arising from the 199Hg EDM limit is com-
parable to the bound from dn, even though the respective
EDM limits di↵er by nearly four orders of magnitude (see
Table I).

An example of unique constraints set by EDM searches
is found in the strong CP contribution to the neutron

CKM

13

n Σ�n 

π+
γ

FIG. 5 Representative chiral loop contribution to the neu-
tron EDM arising from SM CKM CP-violation. The ⌦ in-
dicates a CP-violating �S = 1 vertex such as that shown in
FIG. 2, while the • corresponds to a CP-conserving �S = 1
interaction. Adapted from Pospelov and Ritz (2005).

where ⇢A(~r) is the nuclear density and, for valence nu-
cleon a = n or p, the P-odd/T-odd coupling strength
is

⌘n = (N/A) ⌘nn + (Z/A) ⌘np,

⌘p = (N/A) ⌘pn + (Z/A) ⌘pp. (38)

In the SM the ⌘a’s are proportional to GF �̄.
For 199Hg EDM, which has an unpaired neutron, the

resulting SM estimate for the Schi↵ moment and atomic
EDM are

S(199Hg) ⇡ �1.4 ⇥ 10�8
⌘np e fm3

dA(199Hg) = 3.9 ⇥ 10�25
⌘np e cm, (39)

where we have used dA(199Hg)/S = �2.8⇥10�17cm/fm3,
which is given in Table V. Donoghue et al. (1987) cor-
rected an earlier computation of ⌘np by properly taking
into account the constraints from chiral symmetry result-
ing in |⌘np| . 10�9 and

|dA(199Hg)CKM
| . 4 ⇥ 10�34

e cm. (40)

The EDMs of unpaired nucleons also contribute to the
Schi↵ moment and atomic EDM. For 199Hg the unpaired
neutron is dominant (Dmitriev and Sen’kov, 2003), and
this contribrution can be estimated using the SM esti-
mate for dn as

dA(199Hg)CKM(n)
⇡ 4 ⇥ 10�4

dn, (41)

resulting in

|dA(199Hg)CKM(n)
| . 2.4 ⇥ 10�35 e cm. (42)

CP violation in the strong-interaction arises from the
term in the QCD Lagrangian formed by gluon field Gµ⌫

combined with its dual G̃µ⌫ = ✏µ⌫↵�G
↵�

/2:

L
✓̄

= �
↵S

16⇡2
✓̄ Tr

⇣
G

µ⌫
G̃µ⌫

⌘
, (43)

where ↵S is the strong coupling constant.5 This
will contribute to the neutron and proton EDM di-
rectly as well as induce a nuclear Schi↵ moment
through the T-odd/P-odd (isospin-zero) pion-nucleon
coupling (Crewther et al., 1979, 1980; Pospelov and Ritz,
1999; Shindler et al., 2015). For the neutron, the results
fall in the range

d
✓̄

n
⇡ �(0.9 � 1.2) ⇥ 10�16

✓̄ e cm. (44)

Recently Abramczyk et al. (2017) have observed the need
to apply a correction to lattice QCD computations of the
d

✓̄

n
.
Thus experimental constraints on EDMs in hadronic

systems can be used to set an upper bound on ✓̄. Assum-
ing this interaction is the sole source of CP-violation, and
neglecting uncertainties associated with the hadronic and
nuclear physics, limits from dn or from dA(199Hg) imply
✓̄ / 10�10. As we discuss in Sec. V, allowing for multi-
ple sources of CP violation can weaken this upper bound
considerably, but the resulting constraint is nonetheless
severe: ✓̄ / 10�6. Either way, the tiny value allowed
for a non-vanishing ✓̄ parameter gives rise to the“strong
CP problem.” This may be addressed by the axion solu-
tion, which postulates an axion field a(x) that couples to
gluons with the Lagrangian (Peccei and Quinn, 1977a,b)

La =
1

2
@

µ
a@µa � V (a) �

a(x)

fa

↵S

8⇡
G

µ⌫
G̃µ⌫ . (45)

The first term is the kinetic energy, V (a) is the axion
potential, the third term is the axion-gluon coupling, and
fa the axion decay constant, which is analogous to the
pion decay constant. The ground state is the minimum of
the axion potential, which shifts the value of ✓̄ ! ✓̄ + hai

fa

and could lead to cancellations that suppress ✓̄.
Neutrino masses established by neutrino oscillations

give rise to a 3 ⇥ 3 neutrino-mixing matrix with a single
CP-violating phase analogous to the CKM phase. If neu-
trinos are Majorana particles, two-loop contributions to
de are possible (NG and NG, 1996). However, this turns
out to make a small contribution unless the neutrino
masses are very specifically tuned (Archambault et al.,
2004)

E. Beyond-Standard-Model Physics

Observational and theoretical motivations for Beyond-
Standard-Model physics include the need to explain dark
matter, non-vanishing neutrino masses, the observed

5 Following (Grzadkowski et al., 2010), ✏0123 = 1 . This sign
convention is opposite that used by Pospelov and Ritz (2005)
and elsewhere. Consequently, L

✓̄
carries an overall �1 compared

to what frequently appears in the literature.

external EM-field
pion-nucleon picture
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Supersymmetry creates many CP violating phases

Neutron EDM 

0.2/Mnew fm	
10 TeV: 	

10-5 fm2 ⋅

quark EDM
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New Physics at the TEV scale
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+ dE
E

- dE

B

Ramsey method
e.g. double chamber System
 

How to measure an EDM ?

hω =    µB±

Δω = ω↑↑ − ω↑↓ = 4 ∙dn ∙E/ħ
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EDM-Measurement 

v
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Measure: neutron EDM – Ramsey method
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Measure: neutron EDM – Ramsey method
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α	 visibility of Ramsey pattern	
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!"#!=M



Stephan Paul | Precision experiments with cold and ultracold neutrons | Beijing 2025

Ultra cold Neutrons (UCN)

- Kinetic energy	 	  < 250 neV (< 7 m/s velocity)	
- Gravitational potential 	    100 neV/m (< 2.5m against gravity)	
- magnetic level splitting	   ~ 60 neV/T	
- Strong interaction:	    n reflect from many surfaces	
	 Fermi-potential	   < 340 neV	
 UCN storage for ~ 885 s    (β-decay time) Source @ ILL Grenoble
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Ultra cold Neutrons (UCN)

- Kinetic energy	 	  < 250 neV (< 7 m/s velocity)	
- Gravitational potential 	    100 neV/m (< 2.5m against gravity)	
- magnetic level splitting	   ~ 60 neV/T	
- Strong interaction:	    n reflect from many surfaces	
	 Fermi-potential	   < 340 neV	
 UCN storage for ~ 885 s    (β-decay time) Source @ ILL Grenoble
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Neutron(spin) precession of 30 Hz

How accurately do we have to measure ?

charge separation	

~ µm 
picture: 

www.esa.
int

neutron

picture: 
www.esa.
int

Present sensitivity: 	
	 one spin-rotation in 180 days	
	 energy resolution: EEDM = 3 ∙10-22 eV	

	 | dn | < 3∙10-26 e·cm
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Neutron(spin) precession of 30 Hz

How accurately do we have to measure ?

charge separation	

~ µm 
picture: 

www.esa.
int

neutron

charge separation	

~ µm 

neutron

picture: 
www.esa.
int

Present sensitivity: 	
	 one spin-rotation in 180 days	
	 energy resolution: EEDM = 3 ∙10-22 eV	

	 | dn | < 3∙10-26 e·cm

planned sensitivity: 	
	 one spin rotation in 50 years	
	 energy resolution: EEDM = 3 ∙10-24 eV	

	 | dn | < 3∙10-28 e·cm

moon moon
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How accurately do we have to measure ?

charge separation	

~ µm 
picture: 

www.esa.
int

neutron

charge separation	

~ µm 

neutron

picture: 
www.esa.
int

moon moon

Measurement will exclude many 	
„false“ theories and „hypotheses“	
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Neutron EDM searches and friends

Neutron EDM is purest system

Closed shell systems probe variety of 
underlying CP violating effects
Requires theory to 
• extract signal strength
• interpretation (static: electron, 

nucleon, quark, dynamic: e-N 
interaction)

Closed Shell Systems (no direct de)
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Neutron EDM searches and friends

Closed Shell Systems (no direct de)

New/planned activities

time scale: 5-15 years

aim: dn < 10−27 e ⋅ cm
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1: Nonmagnetic concrete, 2: active shielding & clean-room,	
3-4: passive shielding, 5: nEDM experiment

The Real Setup
Fierlinger et al.
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1: Nonmagnetic concrete, 2: active shielding & clean-room,	
3-4: passive shielding, 5: nEDM experiment

The Real Setup

B0 field system

non-magnetic	
storage chamber

External shield

Fierlinger et al.
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Key: avoid magnetic false effects
• „perfect“ magnetic shielding - best room worldwide (remaining field few fT)
• „Perfect“ control over non-magnetic material
• Frequent and rapid demagnetization
• Co-magnetometry (199Hg)
• nEDM < 10-28 e cm in reach
• missing : UCN !!

The Real Setup
Fierlinger et al.
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UCN 
+199Hg chambers

199Hg magnetometer

199Hg magnetometer

High voltage 
electrode 200 kV

online access 
channels

The new EDM apparatus PanEDM

Goal: σ(dn) < 5.10-28 ecm (3σ) with 200 days data, stat.+syst.

0.5 m
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The new EDM apparatus PanEDM

0.5 m

Experiment - Setup Magnetic shielding

Measuring cell

Neutrons

P. Fierlinger et al. TUM

B0
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External Magnetic Shielding

• The ‘best performing’ shield  
− SF 106 @ 1mHz (w/o ext. comp. coil) 

• Degaussing in 30 s 
• Technology understood and available 
• Further improvements possible  

• Measured field in outer shield: 
< 3 nT in 5 cm distance from shield walls 
< 0.5 nT in 1 m3 volume 
< 150 pT in EDM cell volume 

< 1 pT/cm gradient in  
          0.5 m diameter 

Key issue: magnetometry  
• Cs magnetometers and Hg co-magnetometer  

Outer shield

Inner shield	
B0 field coil

Outer shield

Fierlinger et al.
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Until 10-6 Seconds past Big Bang

Soup of material particles and force 
particles in steady exchange

Simultaneously – spatial expansion

Modification of coupling strength

Universe becomes ‘left handed’
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A modern Goldhaber experiment
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with HFS analysis:
 
Small decay width (BR=4·10-6 ) (83% 1s, 10% 2s)

Observe neutron decay: 
  

A Modern Goldhaber Experiment

2-body decay : properties of the H are a mirror of the νe 
properties 
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Unpolarised n decays in the magnetic field in a reactor tube
 
Selection:  F, mF   of hydrogen atom with spin filter method
Identify: Hydrogen from n-decay via
▪ Doppler shift Laser ionisation process
▪ Ar charge exchange ionisation in H-  (1S-2S state selectivity ~1:100)
▪ Magnetic spectroscopy

Rate: 0.3 H atoms/s in the 2S state

Physics:
• Relative rates F=0.1, mF =0.1 Signature of gS and gT
• Rate of F=1, mF = -1 shows (V+A)

Measurement technique
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Measurement technique
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Principle of set-up

Lamb shift	
spin-filter

Decay volume

Ioinisation

Acceleration

spectroscopy

Detection

Reactor
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• Use neutron source - FRMII (cold beam, core), ILL, CSNS
• Define decay volume
• Detect hydrogen atoms - microcalorimeter*

• Measure their energy - 326 eV with ΔE ≈ 1 eV

How to Detect 2-body Neutron Decay (nBOB)

*together with Shuo Zhang (CSNS)
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Expected precision:
• Improvement of gS (upper limit): Factor 10 in 4 δαψσ/ε (ε=εφφιιενχψ)

– Previously: |g /gsV |< 0.067*

▪ Improvement of gT (upper limit ): Factor 20 in 4 days/e 
– Previously: |g /gTA |<0.09 *

▪ Improvement of Hν : factor 100 in 60 δαψσ/ε (statistically)
– Previous realisation: 15% from µ,τ decays

Competition
▪ Neutron decay correlations
▪ Direct search of WR  at the LHC
▪ Muon and tau decays (Michel parameter) - presently best limits

At ILL: decay rates 10 times higher than in Munich

Precision and competition of BoB

*Severijns et al. 2006: global fit with/without τn new
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Structure of the Weak Interaction

– Right-handed currents (left-right symmetrical models)	
• WR , νR	
• Measure left-handedness of the ν	

– Tensor or scalar forces	
• gT , gS	
• Measure ratio of (V-A) coupling and total coupling
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Structure of the Weak Interaction

– Right-handed currents (left-right symmetrical models)	
• WR , νR	
• Measure left-handedness of the ν	
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• Use neutron decay: observe	
–   	 	 	 	 with HFS analysis	
–  Small branching ratio (BR=4∙10-6 ) (83% 1s, 10% 2s)	

– Rate: 0.3 H atoms/s in 2s state

! !" #!$ %$! !

!"#$!% &!
!" ! " ! "!" " " "# + #

! ! ! ! !
and



Stephan Paul | Precision experiments with cold and ultracold neutrons | Beijing 2025

Structure of the Weak Interaction

– Right-handed currents (left-right symmetrical models)	
• WR , νR	
• Measure left-handedness of the ν	

– Tensor or scalar forces	
• gT , gS	
• Measure ratio of (V-A) coupling and total coupling

• Use neutron decay: observe	
–   	 	 	 	 with HFS analysis	
–  Small branching ratio (BR=4∙10-6 ) (83% 1s, 10% 2s)	

– Rate: 0.3 H atoms/s in 2s state
•    Physics:	
−  Relative rates of F=0.1, mF =0.1 give signature of gS and gT	
−  Rate of F=1, mF = -1 shows (V+A)
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10-2 – 103 Seconds after Big Bang

Production of first elements:
Primordial nucleosynthesis
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Primordial Nucleosynthesis

Production of first heavy 
elements:
Primordial nucleosynthesis

First three minutes 
are over

No stable element with
A = 5

4He is final product

Relevant quantity:
neutron lifetime
and couplings

26.08.25

t < 1 s, kT > 1.3 MeV  (15 billion oC)*
            thermal equilibrium

1 s < t  < 100 s, 0.1 MeV < kT < 1.3 MeV 

neutron decay 

t > 100 s, kT < 0.1 MeV, bec. of  γ/B 

deuterium fusion 
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Primordial Nucleosynthesis
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t > 100 s, kT < 0.1 MeV (1.2 billion oC) 
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10-2 – 103 Seconds past Big Bang

Production of first elements:
Primordial nucleosynthesis
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10-2 – 103 Seconds past Big Bang

Production of first elements:
Primordial nucleosynthesis

first 3 Minutes are 
over

No stable element with 
A = 5 and A = 8

4He is final product 

relevant quantity:
neutron lifetime
and couplings
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Three parameters:
 η10 = (nB / nγ) * 1010

▪ CMB (WMAP-Satellit)
 Yp = 4 He / (p + 4 He)
▪ Low metallicity (early) stars/galaxies

 τn
▪ Experiments

 Knowledge of weak and nuclear force: 
• Helium abundance*
• Deuteron abundance(small)**
• Lithium abundance(small)**

Neutron Lifetime and Nucleosynthesis
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Lifetime - Overview

20252020

Measurements	

Plagued by 	

• systematic effects	
• personal bias	
• competition for 
smallest quoted 
uncertainties
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Measurement of n-Lifetime with PENeLOPE

55

1.1 m

1 m

0 V

-10 kV

-40 kV
Proton detector

Storage volume
700 l

Coils

Filling Slit

Magnetic trap	
with online p-detection
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Detect protons online
▪ Each measuring cycle gives expontential
▪ Post accelerate protons onto detector
Detect neutrons past storage time t
▪ Many cycles to get exponential

Assumption: 
• new intense UCN source(FRMII, TRIUMF)
• UCN (gas-) density: ρ = 103-104 cm-3

• Bmax= 2 T Bmin= 10-3 T
• Volume: 700 l
• Nstorage= 107 -108

• Real time detection of p,e

Statistical accuracy:
• Δt ~ 1s     per measuring cycle (30 min):
• Δt ~ 0.1s  in 2-4 days

Measurement of n-Lifetime with PENeLOPE

55

Magnetic trap	
with online p-detection
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Configuration of PENeLOPE 

storage volum
e

Detector

1 
c

m

Solenoid

neutrons n-detector
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Magnet/Coil Production - Setup at TRIUMF

racetrack coils     

accelerating           	
       electrode

proton detector  

extraction electrodes
neutron absorber  

storage coils        

helium cryostat

UCN entry     
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Magnet/Coil Production - Setup at TRIUMF
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Source for ultra cold Neutrons

FRM II of TUM
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Source for ultra cold Neutrons

FRM II of TUM

Experiments
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best source: SuperSun@ILL    235 UCN/cm3 with  total (new) (SFHe)
planned source: TUCAN@TRIUMF   - steady source (SFHe)
operating source: UCN@PSI   12 UCN/cm3 with  total (since 2011)
upgraded source: UCN@LANL 180 UCN/cm3 - pulsed
planned source*: UCN@FRMII  5000 UCN/cm3 -  steady state source

3.6 ⋅ 106

1.6 ⋅ 107/s
4 ⋅ 105

UCN Sources

* a similar source planned at CSNS

neutron-phonon scattering

use solid deuterium @ 5K

use superfluid He @ 0.5K
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decelerating neutrons:
 
moderation:

- water (heavy water)
- liquid deuterium

cooling - superthermal source
- solid deuterium (5K)
- superfluid helium

UCN Source: Generating Ultra Cold Neutrons
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UCN Source: Generating Ultra Cold Neutrons

strong new UCN source : 	
superthermal D2-source at FRM-II

• UCN production tested	
• components ordered	
• installation 2028

Status:

61
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• Particle physics with neutrons adresses the early Universe
• Precision experiments test model of particle physics
• Sensitivity beyond  TeV scale

• Limit for mass scales given by precision alone
• No limit by particle energies

• Interpretation of deviations not unique
• need several complementary measurements

• Precision experiments test gravitation
• Complementary to ‚classical methods‘
• No principle limit (background free measurement)

• New neutron sources (UCN-source, cold beams) erected (ILL) or in 
construction (FRMII, TRIUMF, CSNS) 

• Internationally active field of science

Summary


