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• Selected topics from LRP www.nupecc.org 
• CP

• EDMs: P, T (CP assuming CPT is conserved)
• n: -term, e: SM CP, SUSY, p, 

• Radioactive molecules (ISOLDE)
• Beta decay

• CPT and Lorentz invariance
• CERN-AD/ELENA
• Thorium clock (stability of fund. constants)

• Neutrinoless double ß decay
• Particle masses: He, He

θ μ

π− K−

http://www.nupecc.org
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Low energy precision experiments to study SM
• Broad variety of experiments: NuPECC Long 

Range Plan, to appear in fall 2024
• Tools (AT)

• Exotic atoms: 
• , Mu, Ps: QED and fundamental 

symmetries, gravity of antimatter
• Hadronic atoms: low-energy QCD

• Ordinary atoms H, D: 
• LIV  CPT
• Short-range forces

• Cold and ultra-cold neutrons (H. Abele ATI) 
• weak interaction, CKM, modified gravity

H

→
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Electric dipole moments
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NuPECC LRP 2024 ch. 5  
Fundamental interactions 
and symmetries 
(preliminary)
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Antihydrogen experiments motivation
• Matter-Antimatter Symmetry

• Charge conjugation-Parity-Time reversal: 
CPT

• CPTV points to BSM physics
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1s-2s 

2 photon 

λ=243 nm 
Δf/f=10-14

Ground state
hyperfine splitting
f = 1.4 GHz 
Δf/f=10-12

𝑒− 𝑒+

𝑝 𝑝̄
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AD/ELENA @ CERN
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ELENA operation started Aug. 2021
Currently being discussed: 
program after LS3

Energy range, MeV 5.3 - 0.1
Intensity of ejected beam 1.8 × 107

εx,y of extracted beam, 
π·mm·mrad, [95%], standard

4 / 4

∆p/p of extracted beam, 
[95%], standard

8·10−3
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atomic 
fountain

atomic 
beam

maser ALPHA (@B~1 T)
Nature 557, 71–75 (2018). 

ALPHA Nature 548, 66–69 (2017).

P. Crivelli et al, PRD 94, 52008 (2016).
BASE  Nature 601, 53–57 (2022).

ALPHA Nature 578, 375–380 (2020).

Comparison of CPT tests
• Mass & frequency

• Synopsis: CPT violating 
interaction appears at the 
level of Lagrangian

• Relevant scale: absolute energy

• Right edge: value
• Bar length: relative precision
• Left edge: absolute sensitivity

• Source: PDG
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EW, Phys. Part. Nuclei 53, 790–794 (2022).
 arXiv:2111.04056 [hep-ex]
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Gravity matter - antimatter (hadron)
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Anderson, E. K. et al. Observation of the effect of gravity on the motion of antimatter.  
Nature 621, 716–722 (2023).

(0.75 ± 0.13 (stat.+syst.) ± 0.16 (sim)) gg =



SMI – STEFAN MEYER INSTITUTE

E. Widmann ECR Workshop Vienna May 2024

Future program
• Laser cooling of 

• Higher precision for spectroscopy & gravity
• Gravity:  interferometry 

• New species
• : trapping, cooling, laser 

spectroscopy
• Key: formation

• Antideuteron & Antideuterium
• Low yield, not so interesting (EW)

H

20 % → < 10−6

H+
2 = ppe+

11

5th force search
in  pHe+

Featured in EXA/LEAP2024 conference  
SMI/Vienna 25-30 Aug 2024

https://indico.cern.ch/event/1335855/
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Spectroscopic signatures in SME
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: sum of all Lorentz invariance and CPT violating terms compatible 
with QFT: low-energy manifestation of unknown theory at 
Q̂w

MPl
V.A. Kostelecký and M. Mewes, PRD 88 096006 (2013)
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Spectroscopic signatures in SME

12

w=e,p,n

Sidereal variations

p: particle momentum

: sum of all Lorentz invariance and CPT violating terms compatible 
with QFT: low-energy manifestation of unknown theory at 
Q̂w

MPl
V.A. Kostelecký and M. Mewes, PRD 88 096006 (2013)

Orientation dependence 
: B field - Earth rotation axisϑ

 a, g:  CPT odd
 c, H: CPT even

Isotropic (spin-independent)

Anisotropic (spin-dependent)
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Simultaneous measurement of  and  transition in Hσ π1
• Atom optics to create same 

trajectories for HF states 
involved in  and  
transitions

• New sextuples made of 
permantent magnets

•  K,  m/s
• Cavity L = 10.5 cm 
• Line width 

•  kHz

σ π1

T ∼ 50 v ∼ 900
(λ/2)

Δν ∼ 1/tL ∼ 8

13
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Hydrogen beam @Bat 275 CERN
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First limits on this type of coefficients
Nowak, L. et al.  arXiv.2403.17763

Natural units

Δν+
π − Δν−

π = (19 ± 51) Hz
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− νσ2

νσ1
+ νσ2
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Results: data wrapped into one sidereal period

15

: data normalised to mean since  was 
Different for two  campaigns   
A0

0 = 0 Bext

Vargas, A. J. Phys. Rev. D 109, 055001 (2024).

νσ1
− νσ2

νσ1
+ νσ2

Δνstat ∼ 5 Hz



SMI – STEFAN MEYER INSTITUTE

E. Widmann ECR Workshop Vienna May 2024

Results for SME coefficients
• Results for p coefficients

• e, n: better limits exist 
from other experiments 
(except in linear boost) 

16

Preliminary: systematic error evaluation ongoing

By 4 O.M.

By 14 O.M.

Inferior to H maser results
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Comparison of CPT tests
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E. Widmann, Phys. Part. Nucl. 53, 790 (2022)
Source: PDG & arXiv:0801.0287v17

D siderial 
Variations

H orientation 
Dependence
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NuPECC LRP 2024 ch. 5 Fundamental interactions and symmetries (preliminary)
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1st spectroscopy of radioactive molecules

19

Garcia Ruiz, R., Berger, R., Billowes, J. et al. Spectroscopy of short-lived radioactive molecules. Nature 581, 396–400 (2020). https://doi.org/10.1038/s41586-020-2299-4
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GRASIAN GRAvity, Spectroscopy and Interferometry with ultra-cold Atoms and Neutrons 

• Quest for coldest hydrogen source
• Longer interaction time → higher precision in laser or 

microwave spectroscopy
• Lowest energies: gravitational quantum states 

(analogy neutrons): v~cm/s
• Quantum reflection from van der Waals/Casimir-

Polder potential
• Highest reflectivity: superfluid He
• Bouncing H: Ramsey hyperfine spectroscopy, 1s-2s 

laser spectroscopy 
• Also possible for antihydrogen
• Other applications: short-range forces

www.oeaw.ac.at/smi 20https://grasian.eu/

Crépin, P. P. et al. EPL 119, 3301–3301 (2017).

H dissociator

coils

cavity

H cloud

sf He

Magnet ic shielding

I PT3

I PT2

I PT1

Comparat, D., Malbrunot, C., Malbrunot-Ettenauer, S.,  
Widmann, E. & Yzombard, P. 
Phil. Trans. R. Soc. A.38220230089

https://grasian.eu/
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Short-range forces

•n,H: compare GQS transition 
frequencies to theory
•5: n gravitational quantum states
•9,10,11: future n experiments

GRASIAN collaboration 21
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Experiments in dilution cryostat
• Insert cryogenic solenoid magnet
•9T, ID 150 mm, 500 mm length

• Álvarez Melcón, A., Arguedas Cuendis, S., Baier, J. et al. 
First results of the CAST-RADES haloscope search for 
axions at 34.67 μeV. J. High Energ. Phys. 2021, 75 (2021). 
https://doi.org/10.1007/JHEP10(2021)075

•Advantage: noise temperature mK 
instead of 6 K

GRASIAN collaboration 22

RADES: Álvarez Melcón, A. et al. J. High Energ. Phys. 2021, 75 (2021). 

https://doi.org/10.1007/JHEP10(2021)075
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H-beam and non-minimal SME
• π1 transition

• Better field homogeneity needed
• Inproved coils, shielding

• SME: effect only in π1 
• Non-minimal SME: direction dependent 

coefficients accessible by beam experiments
• Conditions

• Invert direction of B-field – data taken
• Rotate B-field – not yet
• Measure σ1 (no CPTV) as reference

24

B

ASACUSA 
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Spectroscopy with bouncing H ( ?)𝐇̄
•Needs big 3He/4He dilution fridge
•Trap H, evaporative cooling
• T1 superconducting trap
• T2 normal conducting: turn off fast

•Velocity ~ cm/s, 107-108 atoms
•Height 20 cm
• time per bounce O(0.1s)
•Up to 100 bounces (theory)
• Need to worry about lateral drift

•HFS: Precision may reach mHz

GRASIAN collaboration 25

Figure 4. HFS spectroscopy experiment at ultra-low energies of H(D)
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• Mathematical theorem
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CPT symmetry & cosmology
• Mathematical theorem

• not valid e.g. in string theory, quantum gravity
• Problem: antimatter absence in the universe
• Big Bang -> if CPT holds: equal amounts of matter/

antimatter
• Standard scenario for Baryogenesis (Sakharov 1967)

• Baryon-number non-conservation
• C and CP violation
• Deviation from thermal equilibrium

• Generate Baryon asymmetry during evolution
• Currently known CPV not large enough

• Other source of baryon asymmetry? 

26

𝜂 =
𝑛𝑏 − 𝑛𝑏̄

𝑛𝛾
~ 6 . 1 𝑥 10−10 WMAP

Bertolami, O., Colladay, D., Kostelecký, V. A. & Potting, R.  
CPT violation and baryogenesis. Physics Letters B 395, 178–183 (1997).
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Comparison of CPT tests particle-antiparticle: SME
• Standard Model Extension SME

• Minimal SME: only HFS

• Non-minimal SME: 1S-2S shows higher-
order CPTV

27

CPT & LORENTZ 
VIOLATION

LORENTZ 
VIOLATIOND. Colladay and V.A. Kostelecky, PRD 55, 6760 (1997)

Bluhm, R., Kostelecky, V., & Russell, N., PRL 82, 2254–2257 (1999).

Kostelecký, V. A. & Vargas, A. J. PRD 056002 (2015).

ASACUSA 
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CPT & LORENTZ 
VIOLATION

LORENTZ 
VIOLATIOND. Colladay and V.A. Kostelecky, PRD 55, 6760 (1997)

Bluhm, R., Kostelecky, V., & Russell, N., PRL 82, 2254–2257 (1999).

Source: PDG, Kostelecky & Bluhm arXiv:0801.0287
                         (updated annually)
EW, Phys. Part. Nuclei 53, 790–794 (2022).
arXiv:2111.04056 [hep-ex]

Kostelecký, V. A. & Vargas, A. J. PRD 056002 (2015).
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