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•  Questions in Fundamental Physics:

• Nature of dark matter and dark energy.
• Unification of quantum mechanics (probabilistic, discrete) and general relativity 

(deterministic, continuous).
• Neutrino mass existence: Standard Model massless, but neutrino oscillations  they have 

mass
• Matter-antimatter asymmetry: CP violation predicted is insufficient to explain the 

imbalance.

Numerous problem to be solved  New 
physics 

• Tensions:

• Muon g-2 anomaly: measured magnetic moment  disagree with 
theory -> new particles or forces?

• B meson decay anomalies: decays deviate from Standard Model 
 new particles leptoquarks?

• Proton radius puzzle: Value obtained via electron scattering or 
by muonic hydrogen differs

•  Not happy with:

• Strong CP Problem: In quantum chromodynamics no observed CP violation 
even if possible    (q < 1e-10)   Axions

• Hierarchy problem. 
• Vast difference in the strengths of the fundamental forces. 
• Higgs boson's mass contributions due to its interactions with other 

particle should increase its Higgs mass dramatically but to avoid this 
require coupling constants values tuned to an extreme precision.

Charge (C): e+  e -  
Parité   (P): r   -r
Temps  (T): t   -t



AMO Physics can play a (big) role

Gravitation and quantum mechanics

Search for exotic force (spin-gravity)

Search for violation of quantum statistics

Precision test of Quantum electrodynamics

Atomic parity violation

Time reversal violation: electric dipole moments

Test of CPT theorem: matter-antimatter comparisons

Lorentz symmetry tests

Search for (light) dark matter

Search for time variation of fundamental constants

https://www.mpg.de/
20922980/precise-testing-
of-quantum-
electrodynamics

Charge (C): e+  e -  
Parité   (P): r   -r
Temps  (T): t   -t

https://
physics.aps.org/
articles/v16/80
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P and T violation —> Good observable for new 
physics 

Conserved parity P (r  -r) 
Time reversal T (t  -t)
Charge conjugaison C (q -q)
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P and T violation: Electric Dipole Moment 
(EDM)
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EDM – worldwide https://www.psi.ch/en/nedm/edms-world-wide In 2020

https://www.psi.ch/en/nedm/edms-world-wide


Super high energy physics 
with table top experiments

 Predicted electron electric dipole moments 
(compiled by D. DeMille)

A new bound on the electron’s electric dipole moment ( JILA 
with HfF+)
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Some EDM history

Particle NT 
time  

integrated

Time  
[s]

Polariza
tion

Epsilon,

Eff. Field
Eeff (V/cm)

EDM 
e.cm

Cs 1014 0.015 0.7 5 105 1 10-26

ThO 1013 0.002 0.1 1011 10-29

HgF+ 107 3 0.8 2 1010 4 10-30
 

Atoms (Cs) 
in matrix

1016 0.01 0.1 106 6 10-27

1020 1 1 109 6 10-35

Molecule 
in matrix

1018 0.1 0.1 1010  6 10-33

1021 1 1 1011  10-37

EDM status and project (for 
electron)

Kirch, K., & Schmidt-Wellenburg, P. 
 
Search for electric dipole moments.

Ideal

N big
t long 

HgF+

Supersymmetry (SUSY), 
Multi-Higgs, 
Symmetrical Left-Right 
Leptoquarks, 
Additional dimensions, 
Technicolor  and Composite Models, 
Axion Models, 
Neutrino Mass Models,
Grand Unification Theories (GUT), 
CP-Violant QED Sector Extensions, 
Mirror Matter Models

Standard Model  electron EDM ~10-38 e.cm

Beyond Standard Models 



H=-d.Eeff             (laboratory field Elab 10kV/cm)

Cs

Schiff’s theorem

Need mixed state

Ex: Atoms 1st order (Perturbation Stark effect)

Ex: Molecule aligned on field ThO, HfF+, ..

Which atom/molecule ?



How to measure —> Ramsey spectroscopy
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year sample eEDM limit in e·cm method

1961 KCr- & NH4-(SO4)2 12H2O de < 10-13 EPR spectroscopy D Energy = -d.Eeff

1963 Al2O3:Cr & MgO:Cr de = (1 ± 4.6)x10-16 EPR spectroscopy

1979 Nickel-Zink-Ferrite de = (8.1 ± 11.6)x10-23 Magnetometry

2004 GdIG de = (2 ± 3)x10-24 Voltage measurement B field, align spin  dipole
  Create +/- charges

2011 GGG de = (-5.57 ± 7.98stat ± 0.12syst)x10-25 Magnetometry E field, align dipole  Spin
  Create B field

2012 Eu0.5Ba0.5TiO3 de = (-1.07 ± 3.06stat ± 1.74syst)x10-25 Magnetometry

History of eEDM in solid state systems

Broken symmetry 
-> 
magnetoelectric

de // µ 

de aligned 
along S



Using cryogenic matrix: 
An old idea

BaF
…

1987



EDM in Matrix

• atoms (Rb, Cs, Tm, Yb, ...) 
• molecules (BaF, RaF, ..) 
• in rare-gas (Ne,Ar mainly) or 

parahydrogen
• Lambo R, Xu CY, Pratt S, Xu H, Zappala J, Bailey K, Lu ZT, Mueller P, O’Connor T, Kamorzin B et al.. 2021 High-

resolution spectroscopy of neutral Yb atoms in a solid Ne matrix. Physical Review A 104, 062809.
• Braggio C, Calabrese R, Carugno G, Fiscelli G, Guarise M, Khanbekyan A, Noto A, Passante R, Rizzuto L, Ruoso G et 

al.. 2022 Spectroscopy of Alkali Atoms in Solid Matrices of Rare Gases: Experimental Results and Theoretical Analysis. 
Applied Sciences 12, 6492.

• Gaire V, Parker C, Raman C, Li J, Pei Y. 2022 Excitation of magnetic dipole transition of Thulium atoms trapped in rare 
gas crystals. In APS Division of Atomic, Molecular and Optical Physics Meeting Abstracts vol. 2022 pp. H04–009.

• Li S, Ramachandran H, Anderson R, Vutha A. 2023 Optical control of BaF molecules trapped in neon ice. New Journal of 
Physics.

• Lambo R, Koyanagi G, Horbatsch M, Fournier R, Hessels E. 2023 Calculation of the local environment of a barium 
monofluoride molecule in a neon matrix. arXiv preprint arXiv:2305.10667.

• Ballof J, Nusgart N, Lalain P, Au M, Heinke R, Leimbach D, Stegemann S, Schutt M, Rothe S, Singh JT. 2023 Progress 
towards the FRIB-EDM3-Frontend: A tool to provide radioactive molecules from isotope harvesting for fundamental 
symmetry studies. Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with Materials and 
Atoms 541, 224–227.

• Azevedo LO, Costa RJ, Wolff W, Oliveira AN, Sacramento RL, Silveira DM, Cesar CL. 2023 A platform for trapped 
cryogenic electrons, anions and cations for fundamental physics and chemical studies. arXiv preprint arXiv:2301.13248.

• Lambo RL, Koyanagi GK, Ragyanszki A, Horbatsch M, Fournier R, Hessels EA. 2023 Calculation of the local 
environment of a barium monofluoride molecule in an argon matrix: a step towards using matrix-isolated BaF for 
determining the electron electric dipole moment. Molecular Physics 121, e2198044.



Spin precession
 align by optical pumping + coherence

T1 (population) ~1 s     

 T2 (coherence, phase) ~0.1 s (for Cs)

Phys. Rev. A 100, 063419 (2019)

1) Optical pumping (alignement)

2) Precession

3) Readout
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Ar inlet Experimental setup



Ar tube Cs tube 

Cs or Rb dispenser

Sapphire windows



Cs

light source

spectrometer

Cs flux measurement

laser

laser

Ar

Cs doped
Ar crystal

camera

→ NCs ≈  1018

Fizeau interferometer
Matrix growth
l/2 every fringes

Oscilloscope
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Crystal thickness and quality

d

saphire window
Ar crystal

c)

Growth rate ≈ 1μm/min

Ar

Cs

camera 2

laser

L2



Cs absorption

laser

Ar

Cs

time

vo
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Cs vapour cell

Cs beam

Cs flux measurement

 In Ar crystal ~1018 per cm3

Cs in Ar at Similar distance (10nm) than dislocations!

Effusive beam model, broadening by Doppler effect





Interpretation of
Cs spectrum

Gas phase Cs(6s)—Cs(6pJ)
852nm 894nm

 

Probably 2 different
Trapping sites



#vacancies

VLJ between Cs and Ar

Free energy of trapping sites in fcc argon for different Lennard-Jones-potentials

Ar

Cs

Ar

Cs
Ar

Cs

6V : Oh 8V : C2v 10V : C4v

G. K. Ozerov, D. S. Bezrukov, and
A. A. Buchachenko, Phys. Rev. B 103, 184110 (2021)

Most probable trapping sites (n=6,8,10 vacancies)?
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α:

β & γ: zero
Orthogonal E-B-mixing Orthogonal E-B-mixing

Different magneto-electric couplings



Ar-Ar and Cs-Ar Pair wise potential approximation

Cs

X,Y,Z

Ar

N ~ 1000 atoms
n vacancies



Accomodation energy: system (Cs+Ar) energy – energy of the pure Ar crystal

Stability diagram

Convex stability (ex: 5+5  4 +6)    4 vacancies or 6 vacancies

4(Td)         6 (Oh)



Reasonable line positions for 4(Td) – 6 
(Oh)
Sensitive to potentials + third order 
correction

Oh(6) blue shift
            Td(4)~0 shift



Jahn-Teller Dynamical (thermal) 
effect

 Broadening and splitting
Crystal field 
1st order in excited state

Tx10

Tx10

Tx10

Semi-classical Franck-Condon approximation



Jahn-Teller Dynamical (thermal) 
effect

 Broadening and splitting
Crystal field 
1st order in excited state

Tx10

Tx10

Tx10

Semi-classical Franck-Condon approximation



But incorrect shape
(Reflexion approximation + Crystal 
Field theory)

Experiment

Theory



Next steps: Preliminary results on 
Fluorescence

Unexpected (non) relaxation p3/2  
p1/2 



Preliminary results with polarized 
light

The redest line might be 
6s—>6p1/2
excitation in a very 
symmmetric 
environnement
like Oh 6



Conclusion

• Cs in Ar seems promising for EDM measurment below 10-30 e.cm  new physics

• In solid state systems, there can be dangerous mixing terms. 
• Absorption spectra shows that multiple trapping sites are present at the same 

time. Is it Td (4 vacancies) + Oh (6 vacancies) ? What about hcp phase ?

More absorption (temperature dependence)
Fluorescence measurment
Temperature dependence
Magnetic circular dichroisme
Optical pumping
Electron Spin Resonance  Spin coherence
Magneto electric effects E/B coupling

Next steps

Electron spin resonance (ESR)
 (hyperfine + Zeeman effect)

Magnetic circular dichroism (MCD)
g_Lande, spin-orbit, lattice structure

s+ / s-

Nuclear 
coordinates

Energy

F=4
F=36s

6p

B fieldOther atoms (Li, Na, K, Rb, Cs)
Other gaz (Kr, Xe, para-H2 )



P and T violating moments of Cs in cryogenic matrices.
• https://cnrs.zoom.us/j/96208775835?pwd=GfpE5GcMiTpYfyACZKb2yB1vNXadon.1

Sébastian Lahs 

 
• Polarizabilities as probes for P, T, and PT violation : S. Lahs and D. Comparat 2024 New J. Phys. 26 125001

• Atomic Observables Induced by Cosmic Fields : S. Lahs, D. Comparat, F. Kirk, B. Roberts arXiv:2510.08007 

Nov 3rd 3pm

New observables in cristal vs gaz phase

.Bouchiat, M & Bouchiat C. 

Eur. Phy. J. D, 15.1 (2001): 5-18.

https://cnrs.zoom.us/j/96208775835?pwd=GfpE5GcMiTpYfyACZKb2yB1vNXadon.1



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	P and T violation —> Good observable for new physics
	Slide 7
	P and T violation: Electric Dipole Moment (EDM)
	EDM – worldwide
	Slide 10
	Slide 11
	H=-d.Eeff (laboratory field Elab 10kV/cm)
	How to measure —> Ramsey spectroscopy
	Slide 14
	Slide 15
	Using cryogenic matrix: An old idea
	EDM in Matrix
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Ar-Ar and Cs-Ar Pair wise potential approximation
	Slide 29
	Slide 30
	Jahn-Teller Dynamical (thermal) effect  Broadening and splitti
	Jahn-Teller Dynamical (thermal) effect  Broadening and splitti (2)
	Slide 33
	Next steps: Preliminary results on Fluorescence
	Preliminary results with polarized light
	Conclusion
	P and T violating moments of Cs in cryogenic matrices.
	Slide 38

