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Weak force Strong Force Electromagnetic Force

Picture citation: en.wikipedia.org; nuclear-power.net; emedicalprep.com;  istockphoto.com.

Lorentz symmetry violation
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Weak force Strong Force Electromagnetic Force

Lorentz symmetry violation
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Local Position
Invariance

Einstein’s
Equivalence Principle

Universality of
Free Fall

Local Lorentz
Invariance

UFF LPI LLI

• A single quantum consistent theory of all four (known) fundamental
forces: violation of Lorentz Symmetry

• Lorentz symmetry: The laws of physics are invariant under a Lorentz
transformation (Rotation, Boost)

• Search for Lorentz violation with accurate low-energy measurements
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Michelson-Morley experiment

A. A. Michelson and E.W. Morley, Philos. Mag. S.5, 24(151), 449-463 (1887)
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Analog of the Michelson-Morley experiment
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A. A. Michelson and E.W. Morley, Philos. Mag. S.5, 24(151), 449-463 (1887)



Standard Model extension

• Lorentz violation (LV): quantified by adding a symmetry-breaking !"# tensor to the kinetic term of
the SM Lagrangian

M. A. Hohensee et al., Phys. Rev. Lett., 111: 050401 (2013)

• The LV in the bound electronic states leads to a small shift of energy level according to:
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$% = −()* +)(*)
6/

()(*) contains components of !"#
+)(*) = 0* − 323* depents on the electronic momentum distribution

4,/ +)* 4,/ = −4 4 + 1 + 3/*

24 + 3 4 + 1 24 + 1 4(24 − 1)
× 4 +)(*) 4

• For a state 4, / :
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A. A. Michelson and E.W. Morley, Philos. Mag. S.5, 24(151), 449-463 (1887)

!"#$ ∝ &,( )*+ &,( ×(+

Elements of the -./ tensor

)*+ = 1+ − 345+

!6#$ =
−7*+ )*(+)

6(

LV energy shift

|&, (<⟩ |&, (+⟩
!"#$

• Large effect of Lorentz violation (LV) in states with large electron-momentum

• Measure the energy shift between Zeeman substates, while the Earth rotates

Challenge: mitigate influence from the 1st-order Zeeman shift due to magnetic field noise

V. A. Dzuba et al., Nature Phys. 12, 465-468 (2016)
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Michelson-Morley type experiment with atomic orbitals
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T. Pruttivarasin et al. Nature 517, 592-595 (2015)

Constrains on components of !"# at the level of 10&'( − 10&'*

Testing LLI using a decoherence free sub-state
A: engineer +,-- = 0 states → entangled state

Disadvantages: technically challenging and limited by decoherence (natural lifetime = 1.1 s)



Sanner et al., Nature 567, 204-208 (2019)

Best test of LLI in the electron-photon sector
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World record: constraint of one component of !"# at the level of 8.1×10)*+

B: use , = 0 states in uneven isotope → 2 experiments/clocks with different quantization axis

Disadvantages: Requires two state-of-the-art optical clocks at the level of 10-18



Rephasing with spin-echo

R. Shaniv et al., Phys. Rev. Lett. 120, 103202 (2018)
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C: use an elaborate spin-echo rf sequence to achieve rephasing

! = #$%&

172Yb+

Advantages
• A single experimental system
• Long coherence time in the rf regimeàlong Ramsey dark time '
• Scalable to multiple ions (



Enhanced sensitivity of Yb+

!" ∝ $,& '() $,& = −$ $ + 1 + 3&)

2$ + 3 $ + 1 2$ + 1 $(2$ − 1)
×⟨$| ' |$⟩

R. Shaniv et al., Phys. Rev. Lett. 120, 103202 (2018)
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14.5 times higher 
sensitivity then Ca+

V. A. Dzuba et al., Nature Phys. 12, 465-468 (2016)

F-state lifetime 
1.6 years!

Projected LV sensitivity  Δ7(()) =
8.:×:(;<=

>?@

R. Lange et al., Phy. Rev. Lett. 127, 213001 (2021)



Experimental requirements

Long-term stable :
I. excite and de-excite on the highly forbidden E3 transition
II. composite rf pulse sequence in the F state with a dark time of ~1s

R. Shaniv et al., Phys. Rev. Lett. 120, 103202 (2018)
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Excitation laser for the electric octupole (E3) transition

Collaboration
PTB/4.4 & PTB/QUEST
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Magnetic field stabilization

a) Feedback stabilization: noise at up to 10Hz b) Feedforward stabilization: main power line 50Hz & harmonics

B. Merkel et al., Rev. Sci. Inst. 90, 044702 (2019)

• Feedback stabilization: reduced incoherent noise to below 5nT

• Feedforward stabilization: reduced coherent noise from 70nT to about 7nT
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Coherent excitation of the E3 transition

Coherent atomic state manipulation in 1st-order Zeeman sensitive state
Up to 90 % excitation probability!
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Stable excitation over long timescales
Implemented a 4-point ‘clock’ servo on two Zeeman transitions

Interrogation points

+1/2 +1/2 -1/2 -1/2

Extracted magnetic field Extracted center frequency Excitation probability

Long term: 85% excitation 
probability!
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Experimental requirements

Long-term stable :
I. excite and de-excite on the highly forbidden E3 transition
II. composite rf pulse sequence ibn the F state with a dark time of ~1s
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8-level system

!"#$ = &'(')' proportional to *
!+,-. = /)'0 proportional to *0

1 = ('23

!4566 = !"#$ + !+,-.

Contains the quadrupole shift 
and a potential LLI violation

R. Shaniv et al., Phys. Rev. Lett. 120, 103202 (2018)
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8-level system

!"#$ = &'(')' proportional to *
!+,-. = /)'

0 proportional to *0

1 = ('23

!4566 = !"#$ + !+,-.

Coupling: !89,: = Ω < cos @54 < + A )B with @5C ≈ @56E =
FGHG
ℏ
+ J(<)

Drifts in the ambient magnetic field

Contains the quadrupole shift 
and a potential LLI violation

Multi-level Rabi frequency

Interaction picture + RWA: ! = J < )' + /)'
0 + Ω < [)Bcos A − )Osin(A)]

Assumption: Ω < ≫ /̇, J̇(<)

Goal: measure /, while mitigating the influence from J(<)

R. Shaniv et al., Phys. Rev. Lett. 120, 103202 (2018)
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Composite rf sequence on the Bloch sphere

12345678Goal: measure !, while mitigating the influence from " #

Proposed pulse scheme by Shaniv et al.: 

1
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|0⟩ = | ⟩(,* = ±1/2
|1⟩ = | ⟩(,* = ∓1/2

R. Shaniv et al., Phys. Rev. Lett. 120, 103202 (2018)



12345678

Composite rf sequence on the Bloch sphere
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Goal: measure !, while mitigating the influence from " #

Proposed pulse scheme by Shaniv et al.: 

1

Problem: pulse errors accumulate when using many pulses (~10.000)

|0⟩ = | ⟩(,* = ±1/2
|1⟩ = | ⟩(,* = ∓1/2

R. Shaniv et al., Phys. Rev. Lett. 120, 103202 (2018)



Simulated stability diagram simple rf sequence
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Scanning:
• Pulse time ±0.1×&'(
• Detuning ±0.1×Ω*+,(

Not robust enough against errors!

Simple spin-echo scheme



Robust dynamical decoupling sequences
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G. T. Genov et al., Phys. Rev. Lett. 118, 133202 (2017)



Simulated stability diagrams
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G. T. Genov et al., Phys. Rev. Lett. 118, 133202 (2017)

Scanning:
• Pulse time ±0.1×&'(
• Detuning ±0.1×Ω*+,(

UR 6 as given by G.T. Genov et al.:
0,2,0,0,2,0 //3



Simulated stability diagrams
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G. T. Genov et al., Phys. Rev. Lett. 118, 133202 (2017)

Scanning:

• Pulse time ±0.1×&'(
• Detuning ±0.1×Ω*+,(

UR 8 as given by G.T. Genov et al.:

0,1,3,2,2,3,1,0 0/2



Simulated stability diagrams
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G. T. Genov et al., Phys. Rev. Lett. 118, 133202 (2017)

Scanning:
• Pulse time ±0.1×&'(
• Detuning ±0.1×Ω*+,(

UR 10 as given by G.T. Genov et al.:
0,4,2,4,0,0,4,2,4,0 40/5



Simulated stability diagram UR10
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G. T. Genov et al., Phys. Rev. Lett. 118, 133202 (2017)

UR 10 as given by G.T. Genov et al.:
0,4,2,4,0,0,4,2,4,0 4%/5Simple spin-echo scheme



The full experimental sequence

P=85%

16-8-2022 30

-1/2
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The full experimental sequence
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The full experimental sequence

16-8-2022 MITP workshop on «Searches for Dark Matter with Quantum Networks» 32



The full experimental sequence
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P=85%

A Ramsey dark-time scan of the rf pulse sequence

Contrast of 75%
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!"
!# maximized

$%&'( = *+,- proportional to .-

Contains the quadrupole shift 
and a potential LLI violation

*/01! = 0.13 rad/s

Retrieved population as a function 
of the acquired phase 6 = *78

• LV: modulation of the phase 6 = *78
• Sensitivity !"!# = −4.4(4) at 78 = 1.15 s 



Single ion test of LLI
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Fit function: !"# = A[B cos +⊕- + / sin +⊕- + 2 cos 2+⊕- + 4 sin 2+⊕- ]



Single ion test of LLI
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Correlated LV 
parameters

Previous value [1]
Measurement time: !. #×%&' s

Our value [2]
Measurement time: (. (×%&' s

)*+, −0.5 ± 1.7 ×10+34 −5.2 ± 7.8 ×10+37

)*, −7.0 ± 8.1 ×10+37 4.4 ± 3. 9 ×10+37

)*; 0.8 ± 1.3 ×10+34 −5.0 ± 9.3 ×10+37

),; 1.0 ± 1.3 ×10+34 6.3 ± 8. 9 ×10+37

Fit function: =>? = A[B cos G⊕I +
K sin G⊕I + N cos 2G⊕I + O sin 2G⊕I ]

Components of the symmetry-breaking )QRS tensor 

[1] C. Sanner et al., Nature 567, 204-208 (2019)

[2] L. S. Dreissen et al., arXiv:2206.00570 [physics.atom-ph]



Single ion test of LLI
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Already with a single ion we demonstrate that:

• We match the previous result obtained by the best optical [1] clocks 9 times faster [2]!

• We have improved the bounds on LV by up to a factor 2.2 and set the new world record in 
the electron-photon sector!

Correlated LV 
parameters

Previous value [1]
Measurement time: !. #×%&' s

Our value [2]
Measurement time: (. (×%&' s

)*+, −0.5 ± 1.7 ×10+34 −5.2 ± 7.8 ×10+37
)*, −7.0 ± 8.1 ×10+37 4.4 ± 3. 9 ×10+37
)*; 0.8 ± 1.3 ×10+34 −5.0 ± 9.3 ×10+37
),; 1.0 ± 1.3 ×10+34 6.3 ± 8. 9 ×10+37

Components of the symmetry-breaking )=>? tensor 

[1] C. Sanner et al., Nature 567, 204-208 (2019)

[2] L. S. Dreissen et al., arXiv:2206.00570 [physics.atom-ph]



Outlook

∆"#(%) = 3.11×10-.// 123
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Towards multiple ions!



∆"# ∝ 1/ '()

39

Scaling to multiple ions for further improvement

Radial excitation with a Flat-top beam
Rf excitation field gradient

B field gradient

Field homogeneities are well below the required limit for the
highly robust UR10 sequence!
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Outlook
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Introduction
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Indirect evidence points to physics beyond the Standard Model:
• origin and composition of dark matter
• rotation curves of galaxies [1]
• gravitational lensing [2]
• etc.

!

"#
$

[1] V. C. Rubin, et al., Astrophys. J. 238, 471 (1980). [2] R. Massey, et al., Rep. Prog. Phys. 73, 086901 (2006). [3] C. Delaunay, et al., Phys. Rev. D 96, 093001 (2017). 
[4] J. C. Berengut, et al., Phys. Rev. Lett. 120, 091801 (2018).
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Introduction
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Indirect evidence points to physics beyond the Standard Model:
• origin and composition of dark matter
• rotation curves of galaxies [1]
• gravitational lensing [2]
• etc.

!

"#
$

• dark-matter boson %: couples to quarks and leptons

• virtual exchange of % between neutrons and electrons would lead to an additional Yukawa-like 
potential

→energy level shifts
→the effect would drown in the less accurate calculated atomic structures

[1] V. C. Rubin, et al., Astrophys. J. 238, 471 (1980). [2] R. Massey, et al., Rep. Prog. Phys. 73, 086901 (2006). [3] C. Delaunay, et al., Phys. Rev. D 96, 093001 (2017). 
[4] J. C. Berengut, et al., Phys. Rev. Lett. 120, 091801 (2018).
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King plot analysis

43

Transition	dependent	quantities
• / → field shift
• 1 → mass shift
• 2 3 → fourth-moment shift
• 2 4 → quadratic field shift
• 5 → the sensitivity to new boson

6⟨ ⟩9: ;;< → difference in nth nuclear charge moment

[5] I. Counts, et al., Phy. Rev. Lett. 125, 123002 (2020). [6] J. Hur, et al., Phy. Rev. Lett. 128, 163201 (2022)
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Isotope shift (IS) frequency dominated by:
• the Field shift (~4 GHz)
• The mass shift (~0.2 GHz)



King plot analysis
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Transition	dependent	quantities

• / → field shift
• 1 → mass shift
• 2 3 → fourth-moment shift
• 2 4 → quadratic field shift
• 5 → the sensitivity to new boson

6⟨ ⟩9:
;;<

→ difference in nth nuclear charge moment

Normalize to the IS of a second transitions: 
• Less sensitive to nuclear charge moment
• Common mode effects drop out

>̅ →
?

@ABCDE FGHD@IFICD I@CFCJA KGALMADBN EIKKAGADBA

[5] I. Counts, et al., Phy. Rev. Lett. 125, 123002 (2020). [6] J. Hur, et al., Phy. Rev. Lett. 128, 163201 (2022)
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Isotope shift (IS) frequency dominated by:
• the Field shift (~4 GHz)
• The mass shift (~0.2 GHz)

King plot analysis:
• Normalize to a second transition to eliminate the dominant 

terms
• Observe nonlinearities in King plot of two different transitions 

in at least 3 isotopes

Linear in O Possible nonlinear contributions



King plot analysis
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Normalize to the IS of a second transitions: 
• Less sensitive to nuclear charge moment
• Common mode effects drop out

"̅ → $
%&'()* +,-)%.+.() .%(+(/& 0,&12&)'3 *.00&,&)'&

[5] I. Counts, et al., Phy. Rev. Lett. 125, 123002 (2020). [6] J. Hur, et al., Phy. Rev. Lett. 128, 163201 (2022)
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King plot analysis:
• Normalize to a second transition to eliminate the dominant 

terms
• Observe nonlinearities in King plot of two different transitions 

in at least 3 isotopes

Linear in 4 Possible nonlinear contributions

Possible bounds on a new boson



King nonlinearity in Yb+
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435nm, 411nm 467nm, 411nm
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Our results
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• Both the 411 nm E2 transition and the 467 nm E3 transition were measured 
• We utilize the PTB infrastructure to measure with respect to the single ion  171Yb+ clock

• We reach <10 Hz accuracy on the IS measurements

Isotope 
differen

ce

411nm freq. diff. [Hz] 467nm freq. diff. [Hz]

168-170 2 179 098 868.0(1.8) −4 438 159 670.8(7.0)
170-172 2 044 851 281.0(2.0) −4 149 190 501.0(4.2)
172-174 1 583 064 149.3(2.5) −3 132 320 458.4(5.9)
174-176 1 509 053 195.8(2.3) −2 976 392 045.5(5.8)



King plot
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• We find large non-linearities 
• Large deviations with previous results [6]
• We find a similar “shape” of the residuals

[5] I. Counts, et al., Phy. Rev. Lett. 125, 123002 (2020). [6] J. Hur, et al., Phy. Rev. Lett. 128, 163201 (2022)

!± = $%&' − $%)* ± ($%), − $%)-)



Generalized King plot
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To point towards a source of the non-linearity we place our 
data in the generalized King plot of [6]

• For visibility we show our data points with enlarged 
uncertainty interval

• Brown line is a single source fit
• We find a 134.6σ for a second source 

• Strong nuclear deformation effects in Yb have been 
suggested as a possible first source [8]

• In collaboration with J. Berengut, we will put constraints 
on a new boson assuming it’s the second source

467nm

411nm

435nm

361nm

QFS

New Boson

[5] I. Counts, et al., Phy. Rev. Lett. 125, 123002 (2020). [6] J. Hur, et al., Phy. Rev. Lett. 128, 163201 (2022) 
[7] N. L. Figueroa, et al., Phy. Rev. Lett. 128, 073001 (2022) [8] O. Saleh, et al., Phy. Rev. A 103, L030801 (2021)

!± = $%&' − $%)* ± ($%), − $%)-)



Testing Lorentz invariance
• We have achieved stable long-term clock operation on the E3 transition 

• We implemented a robust composite rf sequence enables Ramsey dark time 
of >1 s

• The applied method has matched best atomic clock almost an order of 
magnitude faster

• The first test of LLI with a single ion improved on the World record by a 
factor of 2!

Conclusion
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Testing Lorentz invariance
• We have achieved stable long-term clock operation on the E3 transition 

• We implemented a robust composite rf sequence enables Ramsey dark time 
of >1 s

• The applied method has matched best atomic clock almost an order of 
magnitude faster

• The first test of LLI with a single ion improved on the World record by a 
factor of 2!

Accurate isotope shift measurements in search for a new boson
• We have use the same clock sequences for accurate IS measurements of the 

E2 and E3 transition

• We have reached <10 Hz accuracy on the isotope shifts

• We find significant non-linearities in the King plot and strong evidence for 2 
two sources

Conclusion
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8-level rf frequency scan and pulse time scan

frequency scan pulse-time scan
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rf frequency scan rf pulse time scan
mj =-1/2
mj =+1/2

mj =-1/2
mj =+1/2

8-level rf frequency scan and pulse time scan


