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Fundamental constants (mμ , μμ , R∞) 
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Motivation: tests of the weak equivalence principle (WEP)

Foundation of GR. Many formulations 
since Galilei:  

Usually describing that he outcome of 
any local experiment conducted in 
gravitational field (local g acceleration) 
must be the same than in an 
accelerating lab, where a=g.

Various experimental 
consequences: 

Universality of free fall: 

Local Lorentz invariance 

Local position invariance:  
universality of clocks,  
lack of variation of fundamental 
constants

Needs to be tested in different experiments sensitive to one of the above!
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group, Washington, US)

Torsion pendula

η(Be,Ti) = [0.3 ± 1.8] × 10−13
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Tests on the largest and smallest scales

η(85Rb,87 Rb) = [1.6 ± 1.8(stat) ± 3.4(syst)] × 10−12  

Lunar Laser 
Ranging 

Experiment

Atom 
interferometry

Phys. Rev. Lett. 125, 191101, 2020

Needs to be tested in different experiments sensitive to one of the above!
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produce them cold.  
‘Indirect’ tests (redshift) exists 
At CERN: ALPHA-g, AEgIS, GBARAntihydrogen (H̄)

ALPHA-g is launched at CERN - 
J. Hangst talk on Friday!
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(Personal) disclaimer on “exotic gravity”

Analogy of exotic gravity 
experiments: checking for 
monsters under your kid’s bed 
(you would be the most surprised 
to find one…)

As of the possible theories, the case of antihydrogen was 
discussed in most details (arXiv:2002.09348) 
Many indirect constrains exist, especially concerning 
hadrons (kaon oscillations, gravitational redshift) 
Unclear what are the “ultimate”  tests of the weak 
equivalence principle.  (Tests that unambiguously exclude 
any new physics) 
The clock / redshift measurements may exhaust some new 
physics, but not all, hence formulation of WEP-ff or WEP-c 
(free fall / clock tests) in some literature. Short summary: A. 
Soter and A. Knecht: SciPost Phys. Proc. 5, 031 (2021)  
No constrains exist yet with muons or in general pure 
leptons in the absence of strong binding energies

Prel
imin

ary

Exciting preprint of Yevgeny V. Stadnik, assuming 
10% precision on g of M arXiv:2206.10808   
Effects of virtual ultralight scalar bosons, flavor 
dependent hierarchy 

https://arxiv.org/abs/2002.09348
https://scipost.org/SciPostPhysProc.5.031
https://arxiv.org/abs/2206.10808
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g

Method: free fall of a Mu beam

Inherent challenge: Mu lifetime of 2.2 μs  

Δx =
1
2

gt2

vt

Δx < 1 nm

→ g

How to measure gravity of muonium?
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Nr. of Mu atoms

How to measure gravity of muonium?
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ℓ0 ≈
λ
α

How to measure gravity of muonium?

High quality muonium beam is needed
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See e.g. M.K. Oberthaler et al.  Phys. Rev. A 54 (1996) 3165. 
Batelaan, H. et al. Atom interferometry, 85–120 (Elsevier, 1997) 



Anna Soter

Δg ≈
1

2πT2

d

C N0ϵη3e−(t0+T )/τ

11

A classical view on the measurement sensitivity

Vertical distance [m]
-4e-07 -3e-07 -2e-07 -1e-07 0 1e-07 2e-07 3e-07 4e-07
0

10

20

30

40

50

60

70

80

Interaction time 
with gravity:  
~7-8 μs 

Measurable acceleration with a 
phashift on a sinusoidal:

Displacement [m]
-1e-07 -7.5e-08 -5e-08 -2.5e-08 0 2.5e-08 5e-08 7.5e-08 1e-07

M
ea
su
re
d
am

p
li
tu
d
e
[a
rb
.u
.]

0

100000

200000

300000

400000

500000

dA

A0

Vertical position of trajectories 

Transmission vs 3rd grating position 

See e.g. M.K. Oberthaler et al.  Phys. Rev. A 54 (1996) 3165. 
Batelaan, H. et al. Atom interferometry, 85–120 (Elsevier, 1997) 



Anna Soter

Δg ≈
1

2πT2

d

C N0ϵη3e−(t0+T )/τ

11

A classical view on the measurement sensitivity

Vertical distance [m]
-4e-07 -3e-07 -2e-07 -1e-07 0 1e-07 2e-07 3e-07 4e-07
0

10

20

30

40

50

60

70

80

Small grating period 
(d~100 nm) to 
measure sub-nm shift

Interaction time 
with gravity:  
~7-8 μs 

Measurable acceleration with a 
phashift on a sinusoidal:

Displacement [m]
-1e-07 -7.5e-08 -5e-08 -2.5e-08 0 2.5e-08 5e-08 7.5e-08 1e-07

M
ea
su
re
d
am

p
li
tu
d
e
[a
rb
.u
.]

0

100000

200000

300000

400000

500000

dA

A0

Vertical position of trajectories 

Transmission vs 3rd grating position 

See e.g. M.K. Oberthaler et al.  Phys. Rev. A 54 (1996) 3165. 
Batelaan, H. et al. Atom interferometry, 85–120 (Elsevier, 1997) 



Anna Soter

Δg ≈
1

2πT2

d

C N0ϵη3e−(t0+T )/τ

11

A classical view on the measurement sensitivity

Vertical distance [m]
-4e-07 -3e-07 -2e-07 -1e-07 0 1e-07 2e-07 3e-07 4e-07
0

10

20

30

40

50

60

70

80

Small grating period 
(d~100 nm) to 
measure sub-nm shift

Interaction time 
with gravity:  
~7-8 μs 

Measurable acceleration with a 
phashift on a sinusoidal:

Large contrast (C=A /A0~0.3) 

Displacement [m]
-1e-07 -7.5e-08 -5e-08 -2.5e-08 0 2.5e-08 5e-08 7.5e-08 1e-07

M
ea
su
re
d
am

p
li
tu
d
e
[a
rb
.u
.]

0

100000

200000

300000

400000

500000

dA

A0

Vertical position of trajectories 

Transmission vs 3rd grating position 

See e.g. M.K. Oberthaler et al.  Phys. Rev. A 54 (1996) 3165. 
Batelaan, H. et al. Atom interferometry, 85–120 (Elsevier, 1997) 



Anna Soter

Δg ≈
1

2πT2

d

C N0ϵη3e−(t0+T )/τ

11

A classical view on the measurement sensitivity

Vertical distance [m]
-4e-07 -3e-07 -2e-07 -1e-07 0 1e-07 2e-07 3e-07 4e-07
0

10

20

30

40

50

60

70

80

Small grating period 
(d~100 nm) to 
measure sub-nm shift

Interaction time 
with gravity:  
~7-8 μs 

Atoms from source (N0~10⁴/s)           

Measurable acceleration with a 
phashift on a sinusoidal:

Large contrast (C=A /A0~0.3) 

Displacement [m]
-1e-07 -7.5e-08 -5e-08 -2.5e-08 0 2.5e-08 5e-08 7.5e-08 1e-07

M
ea
su
re
d
am

p
li
tu
d
e
[a
rb
.u
.]

0

100000

200000

300000

400000

500000

dA

A0

Vertical position of trajectories 

Transmission vs 3rd grating position 

See e.g. M.K. Oberthaler et al.  Phys. Rev. A 54 (1996) 3165. 
Batelaan, H. et al. Atom interferometry, 85–120 (Elsevier, 1997) 



Anna Soter

Δg ≈
1

2πT2

d

C N0ϵη3e−(t0+T )/τ

11

A classical view on the measurement sensitivity

Vertical distance [m]
-4e-07 -3e-07 -2e-07 -1e-07 0 1e-07 2e-07 3e-07 4e-07
0

10

20

30

40

50

60

70

80

Small grating period 
(d~100 nm) to 
measure sub-nm shift

Interaction time 
with gravity:  
~7-8 μs 

Atoms from source (N0~10⁴/s)           

Measurable acceleration with a 
phashift on a sinusoidal:

Large contrast (C=A /A0~0.3) 

Loss factor

Loss factor:  
Intrinsic loss from M decay - a trade-off with 
measurement time.  
Other losses should be kept at minimum: large 
grating transmittance (η~0.3) and detection 
efficiency (ε=0.5), low dead time (t0<𝜏)

Displacement [m]
-1e-07 -7.5e-08 -5e-08 -2.5e-08 0 2.5e-08 5e-08 7.5e-08 1e-07

M
ea
su
re
d
am

p
li
tu
d
e
[a
rb
.u
.]

0

100000

200000

300000

400000

500000

dA

A0

Vertical position of trajectories 

Transmission vs 3rd grating position 

See e.g. M.K. Oberthaler et al.  Phys. Rev. A 54 (1996) 3165. 
Batelaan, H. et al. Atom interferometry, 85–120 (Elsevier, 1997) 



Anna Soter   19.10.2022 12

Present state-of-the-art vacuum M sources
M converting materials with interconnecting nanoscopic pore 
stucture (silica aerogel, mesoscopic SiO2) 
Large (thermal) energy spread  
Broad angular distribution (~cosθ) 
 μ → vacuum M conversion efficiency: ηM = 0.003 - 0.3, depends 
strongly on diffusion time (implantation depth)
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Tradeoff between beam intensity (decreases stongly with momentum) and implantation depth

Example of sub-surface muon ranges in d=8 mm silica aerogel

~23 MeV/c 
μ+

Mu
 ~12 MeV/c 
      μ+

Mu

Back implantation of 22.7 MeV/c μ Front implantation of 12.5 MeV/c μ
Low momentum: ηMu  is ~10x larger, but μ yield 10 x smaller

Antognini et al, PRL 108, 143401 (2012) 
K. S.  Khaw et al, Phys. Rev. A 94, 022716

Beer et al, PTEP 2014, 091C01 
Beare et al, PTEP 2020, 23C01 



Anna Soter   19.10.2022 13

New target concept - M from superfluid helium
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1
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≈ 4.8 × 107T7 ≈ 5/s

M. Saarela and E. Krotscheck, 
JLTP 90, 415 (1993) 

D. Taqqu, Physics Procedia 17 
(2011) 216–223  

Boost from chemical potential
M and H, D, T chemical potentials:  
E/kB~ 270 K  and  37 K, 14 K , 7 K 
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Mu from SFHe

Low thermal energy spread (+/- 100 m/s) 
Narrow angular distribution (~30 mrad)

M atoms are 
ejected from bulk 
SFHe with E = 23 
meV,  v = 6300 m/s

effective mass with VdW core repulsion for all H isotopes ~ 2.5 MHe 

This makes M a relatively small impurity: might avoid hydrodynamic losses 
(vortex creation) 
thermalization below the roton gap (v≈50 m/s)

Creation and fast diffusion in SFHe

Europhys. Lett., 58 (5), pp. 718–724 (2002)

Small density makes scattering unlikely in μs times:

nph = 2 × 1019T3cm−3 ≈ 1016/cm3

Thermal up-scattering: at 0.2 K phonon density is small:

1
τc

≈ 4.8 × 107T7 ≈ 5/s
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Small density makes scattering unlikely in μs times:

nph = 2 × 1019T3cm−3 ≈ 1016/cm3

Thermal up-scattering: at 0.2 K phonon density is small:

1
τc

≈ 4.8 × 107T7 ≈ 5/s

Collision-free diffusion 
(ballistic propagation) may 
happen with small thermalized 
impurities like antiprotonic 
helium - see A. Soter et al., 
Nature 603, 411–415 (2022)
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An (overly simplified) experimental setup for LEMING

μ⁺→ vacuum M conversion 

efficient M production 

fast diffusion to surface 

efficient vacuum emission

Background-free Atomic M 
detection 

muons separated in time: e+ tracking 
with coincident detection of atomic e– 

high overall efficiency and low 
background in cryogenic setup 

Interferometer 
nm-precise fabrication 
over few mm aperture 

alignment, calibration, 
and stabilization in cold

Horizontal M beam 
reflection of Mu beam, 

OR: vertical SFHe target
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Test setup at PSI for 
creating cold vacuum 

muonium 

μ+
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Feasibility studies 2018-2020

M production in low 
temperature SFHe

Indication of M atoms reflecting 
on SFHe films, 0.5 K

Cryogenic detector developments

Study of M scattering in He gas

SiPM-based scintillator 
detectors reliably operate 
at min. temp: T<0.2 K
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Gas control system
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the setup
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First M extraction from SFHe, 2021 - Setup
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First M extraction from SFHe, 2021 - Setup
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First detection of a cold atomic M beam from SFHe
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Conversion efficiency

Leaving of M atoms can be detected 
by looking for trajectories originating 
from the target

A lower limit on the stopped muon to 
vacuum M conversion efficiency: 19% 
Average depth of implantation: 40-50 um
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Monte Carlo simulations - thermal and directed atomic M beam
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Simulations seem to verify a directed beam 
vs. other conceivable solutions 
But: no sensitivity yet in the transverse 
direction
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The superthermal beam vs thermal sources

Superthermal beam  
2200 +/- 50 m/s

Broadening in time after muon arrival is mainly from the diffusion time in the liquid 
Location of atoms after muon arrival: compact, ~2-3 mm wide cloud

Thermal beam ~50 K Thermal beam ~ 300 K

Velocity [km/s]
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of
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at

om
s 

[a
.

u.
]

thermal Mu
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Interferometer - what kind of interferometry are we doing?

� =
h

mv
=

hc

pc
=

1239.84 [nm · eV]
P [eV/c]

d ~ spacing of slits 
L ~ length of the apparatus 
λ ~ de Broglie wavelength 

w0 ~ beam width  
ℓ0  ~ transverse coherence length

Mu from SF: λ ~ 1.6 nm (v=2200 m/s) 
d ~ 100 nm, LT ~ 6.2 μm 
few 7-8 us interaction ~ 10 mm between gratings 
=> we are in the ‘quantum regime,’ and in the 
‘aperture near field’, but several hundreds Talbot-
length away

λw0
ℓ0

LT =
d2

�
d

Classical  
regime

Near field

Far field

Talbot length
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Is this atomic beam amenable to interferometry?

C ~ 1
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Z distance [mm]
5 10 15 20 25 30 35 40 45 50

0

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

-0.02

X 
di

st
an

ce
 [m

m
]

0

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

-0.02

X 
di

st
an

ce
 [m

m
]

120

120.2

120.4

119.8

119.6

44.95 45 45.05 45.1

44.95 45 45.05 45.1

0

0.2

0.4

-0.2

-0.4

Z distance [mm]
5 10 15 20 25 30 35 40 45 50

120.0

120.2

120.4

119.8

119.6

0.0

0.2

0.4

-0.2

-0.4

44.95 45 45.05 45.1

44.95 45 45.05 45.1
Z [mm] Z  [mm]

X [um] X [um]
Zoom-in Zoom-inModel: using mutual intensity functions 

from statistical optics 
Calculations assume a Gaussian Schell-
model beam

ℓ0  relates to the angular spread (𝜶) of the atoms 
(via the Cittert-Zernike theorem) as:  

w0 ~ beam width (aperture) 
ℓ0  ~ transverse coherence length

ℓ0 ≈
λ
α

≈
1.6 nm

50/2200
= 70 nm

𝜶 ∼ 22 mrad, and ℓ0  ∼ 70 nm - close to the 
grating pitch size

model based on: McMorran et al., PRA 78 (2008) 
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Contrast ~ 0.3
Given there is enough high quality M atoms, 
might be feasible!
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Sensitivity with high intensity muon beams
Sensitivity over time with different sources 

(C=0.3, d=100 nm), using the optimized length
Optimizing the length of the interferometer 

With λMu = 1.6 nm (SFHe beam)  L0=3 mm, L=15 mm, d=100 nm, C=0.3 
(LT = d²/λ = 6 μm), η=0.3, ε=0.5

Mu

ℓ0

d
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SFHe source expected to give N0 ~ 105/s -106/s  M atoms 
depending on different muon beam schenarios
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Broader impact of a cold atomic beam

We are producing about the same amount of cold M than the best room temperature sources, in a small, 
directed beam  

Small spotsize would offer high ionization efficiencies, as a viable way to produce low energy muons, 
especially for pulsed sources 

The large yield of slow atoms mean that 1s-2s spectroscopy can benefit a lot - small spotsize, slow atoms

nph = 2 × 1019T3cm−3 ≈ 1016/cm3

1
τc

≈ 4.8 × 107T7 ≈ 5/s

Transit-time broadening w is the waist size  

Factor of 2-3 reduction due to reduced velocity, same factor 
increase of excitation efficiency.

Second order Doppler shift

At least 100-fold improvement in intensity compared to 
present MuMass M beam, > 1 OM improvement

Statistical uncertainty

A well known velocity distribution can allow for correction with 
appropriate lineshape modelling, uncertainty driven by the uncertainty in 
velocity:

Converter

μ⁺

Start counter 
(trigger MCP)

Mirror

Mu

365 nm 244 nm, 600 mW

E field

1S-2S2S-20P

μ⁺

e⁻

Detectors

MuMass scheme,  
P. Crivelli’s talk on Monday

Spectroscopy
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Ongoing developments
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(a) Method A (b) Method B

Mu 

Laminar 4He cascade or free fountain

ѥ+ 

SFHe mirrors

Mu 

ѥ+ 

(1) (2)

Mu 

Odered nanostructures

(c) Method C

J. Phys. Chem. A, 115, pp. 7077-7088 (2011) 

Vertical targets

Interferometer

Free-standing Si3N4 gratings with d=100 nm pitch, 100-200 nm 
thickness, 1x1cm2 aperture 
Integration with monolithic Si base, sub-nm  
Visible light and X-ray prototypes

Cryogenic detectors

From G. 
V. Resta

Low threshold crystal 
detectors (Perovskites, CeBr)

Fast transition edge type 
detectors (superconducting 
nanotubes)

Posters at PSI’22: R. Waddy and J. Zhang
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Thank you! 

The expected experimental outcome 
when LEptons in Muonium INteracting 
with Gravity:

Approved in 2022 January

+ others 
above! :)


