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BSM searches with atomic physics

Supersymmetry?
Additional spacetime dimensions?

Do laws of physics hold 
within the experimental    

precision? 



Advances in AMO Physics: 
New world of ultracold
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Making crystals from light: atoms in 
Optical Lattices
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Laser-based precision spectroscopy and 
the optical frequency comb technique
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Quantum Control: measuring and 
manipulation of individual quantum systems
2012 Nobel prize
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Advances in Precision Atomic physics tools 

• Atomic clocks
• Atom and Light interferometers 

Matter Waves! 
• Atomic magnetometers

• Ultracold and trapped atoms and ions
• Cold molecular beams
• Quantum information technologies

• New: Cooling of highly-charged ions
• New: UV frequency combs
• In progress: laser cooling of molecules



Search for new physics with atoms and molecules
Tests of Quantum Electrodynamics
Parity violation:  electron-quark Z0 exchange
Parity violation: probe of weak hardonic interactions
New sources of Time (T) / Charge Parity- (CP) violation: 
Search for permanent electric dipole moments
Search for CPT violation (antihydrogen)
Gravity: G measurements
Are electron and muon the same?  Proton radius puzzle
Search for variation of fundamental constants
Search of violation of local Lorentz invariance 
Search for violation of the Einstein equivalence principle
Axion and other cosmic field searches 
Cosmic domain walls ? (dark energy/dark matter)
Search for gravitational waves with atom interferometry
Search for topological defects (dark matter candidate) 
???



Submitted to Reviews of Modern Physics, 
arXiv:1710.01833 



Search for Physics 
Beyond the Standard 

Model with 
Atomic Clocks



Ingredients for an atomic clock
1. Atoms are all the same and will 

oscillate at exactly the same 
frequency (in the same 
environment): you now have a 
perfect oscillator!

2. Take a sample of atoms (or just 
one)

3. Build a device that produces 
oscillatory signal in resonance 
with atomic frequency

4. Count cycles of this signal

Ludlow et al., RMP 87, 637 (2015)valentinagurarie.wordpress.com/tag/atom/



What do we need to build a clock?

Schematic view of an optical atomic clock: the local oscillator (laser) is resonant with
the atomic transition. A correction signal is derived from atomic spectroscopy that is 
fed back to the laser. An optical frequency synthesizer (optical frequency comb) is 
used to divide the optical frequency down to countable microwave or radio frequency 
signals.

From: Poli et al. “Optical atomic clocks”, arXiv:1401.2378v2



http://www.nist.gov/pml/div689/20140122_strontium.cfm

Sr clock will lose 1 second in 15 billion years !

Nicholson et al., Nature Comm. 6, 6896 (2015)    Sr: 2×10-18



Optical vs. microwave clocks 

physics.aps.org

PTB Yb+

JILA Sr



Atomic clocks can measure and compare 
frequencies to exceptional precisions!

If fundamental constants change at present 
atomic clock may be able to detect it.

Atomic clock frequencies may depend on other
“unknown physics” effects.

Search for physics beyond the 
standard model with 

atomic clocks



Theories with varying dimensionless fundamental constants
String theories
Other theories with extra dimensions
Loop quantum gravity 
Dark energy quintessence models
…many others

Variation of fundamental constants 

Scientific American 314, 38 (2016) 

J.-P. Uzan, Living Rev. Relativity 14, 2 (2011)



From NIST Tech Beat: July 19, 2011

Fundamental constants – not predicted by SM
Need to be measured



A pragmatic approach: choose a theoretical framework so 
that the set of undetermined fixed parameters is fully known. 
Then, try to determine if these values are constant.

It only makes sense to consider the variation of 
dimensionless ratios:

Fine-structure constant
2

EM ~ 1/137.036e
c

α =


Electron or quark mass/QCD strong interaction scale ,e q

QCD

m
Λ

The electron-proton mass ratio
…

e

P

m
M

Which fundamental constants to consider?



www.economist.com

Fine-tuning problem:
Life needs very specific fundamental constants!

α =
𝑒𝑒2

ħ𝑐𝑐
~1/137

α =
𝑒𝑒2

ħ𝑐𝑐
~𝟏𝟏/𝟏𝟏𝟏𝟏𝟏𝟏

Nuclear reaction in stars are 
particularly sensitive to α.



www.economist.com

Fine-tuning problem:
Life needs very specific fundamental constants!

α =
𝑒𝑒2

ħ𝑐𝑐
~1/137If α were different by 2.5% 

α =
𝑒𝑒2

ħ𝑐𝑐
~𝟏𝟏/𝟏𝟏𝟏𝟏𝟏𝟏

If strong interactions were different 
by 0.4% or quark masses by 1-2%

No carbon produced by stars: 
No life in the Universe 

Science 289, 88 (2000); PRL 110 112502 (2013); PRD 87 085018 (2013) 



How do fundamental constants vary?

Slow drifts

Transient
variations

Topological dark matter

Oscillations

Dilaton dark matter or axion-like particles

A. Derevianko, Conf. Ser. 723 (2016) 012043



How do fundamental constants vary?
Spatial variations

Cosmological 
spatial variation:

gradient of 
cosmic φ(r) field

Cosmological 
spatial variation
Domain walls

Dependence 
on gravity

Dependence 
on matter density:
Chameleons, …

Nat. Phys. 10, 906 (2014)
Credit: Ye group and Greg Kuebler, JILACredit: Jun Ye group and Greg Kuebler, JILA



How to test if α changed with time?

Atomic transition energies depend on α2

Mg+ ion
Scientific American Time 21, 70 - 77 (2012)



Astrophysical searches for variation of 
fundamental constants

http://physicsworld.com/cws/article/news/2015/feb/24/quasar-
spectrum-shines-a-new-light-on-unchanged-fundamental-constants



Julian Berengut, UNSW, 2010 
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Laboratory frequency
Observed from quasar
absorption spectra

Astrophysical searches for variation of 
fine-structure constant α



Conflicting results

Murphy et al., 2007
Keck telescope, 143 systems, 
23 lines,  0.2<z<4.2

50.64(36) 10α α −∆ = − ×

50.06(0.06) 10α α −∆ = − ×

Srianand et al, 2004: VL 
telescope, 23 systems, 12 lines, 
Fe II, Mg I, Si II, Al II, 0.4<z<2.3

Molaro et al., 2007

Z=1.84

60.12(1.8) 10α α −∆ = − ×

65.7(2.7) 10α α −∆ = ×

Astrophysical searches for variation of 
fine-structure constant α

Julian Berengut, UNSW, 2010 

Observed from quasar
absorption spectra





Laboratory searches for variation of 
fundamental constants

1. Frequency of optical transitions
2

0

1
4

e
c

α
πε

=


Depends only on α

Sr clock: optical transition
Between different electronic 
configurations

5s5p

5s2



Laboratory searches

2. Frequency of hyperfine transitions

Depends on α, µ, g-factors

Cesium microwave 
atomic clock

9 x 109 periods
per second

p

e

m
m

µ =



2. Frequency of hyperfine transitions

g-factor 

magnetic moment of the nucleus 

Cs vs. Rb hyperfine clocks Cs hyperfine clock vs. Sr optical clock

p

e

m
m

µ =



2. Frequency of hyperfine transitions: 
How to interpret variation of gyromagnetic ratios g?

Cs

Cs

g
g

δ

From chiral perturbation theory: V.V. Flambaum, D. B. Leinweber, A.W. 
Thomas, and R. D. Young, Phys. Rev. D 69, 115006 (2004). 

average light quark mass strange quark mass

0.021

0.49 qCs

Rb QCD

mν α
ν

 
=   Λ 

+    nuclear 
physics 
calculation

T. H. Dinh, A. Dunning, V. A. Dzuba, and V.V. Flambaum,
Phys. Rev. A 79, 054102 (2009).



Laboratory searches for variation of 
fundamental constants

1. Frequency of optical transitions
2

0

1
4

e
c

α
πε

=


Depends only on α

2. Frequency of hyperfine transitions
p

e

m
m

µ =

Depends on α, µ, g-factors (quark masses to QCD scale)

2. Transitions in molecules: µ only, µ and α, or all three

1/µ µ=



Comparing different types of transitions 
probes different constants

(2) Measure the ratio R of two optical clock frequencies:
sensitive only to α-variation

2

0 2
0

1E E α
α

 
= + − 

 
q

Calculate with good precision

(1) Measure the ratio R of optical to hyperfine (Cs)  
clock frequencies: 
sensitive α, µ, g-factors (quark masses to QCD scale)



Constraints on temporal variations of α and µ from comparisons of 
atomic transition frequencies. Huntemann et al., PRL 113, 210802 (2014)

e

p

m
m

µ = SLOW 
DRIFTS



OscillationsSearching for dilaton dark matter 
with atomic clocks

A. Arvanitaki et al., PRD 91, 015015 (2015)
For masses well below 1 eV, bosonic dark matter in our 
Galaxy has densities that exceed       , where       is the de 
Broglie wavelength of the particle. Then, the scalar dark 
matter exhibits coherence and behaves like a wave. 
Its scalar coupling to the standard model will cause coherent 
oscillations of fundamental constants at a frequency set by 
the dark matter mass. 
These will lead to oscillations in the energy levels of atoms 
and clock frequencies. 

3
dBλ −

dBλ

Dy: K. Van Tilburg, N. Leefer, L. Bougas, and D. Budker, Phys.
Rev. Lett. 115, 011802 (2015).
Rb/Cs: A. Hees, J. Guéna, M. Abgrall, S.Bize,and P. Wolf, 
Phys. Rev. Lett. 117, 061301 (2016) 



Dark matter clumps: point-like monopoles, one-
dimensional strings or two-dimensional sheets (domain 
walls). 

Topological dark matter may have formed when the 
early Universe cooled down after the Big Bang, similar 
to the domains formed in a ferromagnet below its Curie 
temperature.

Yang at al., Scientific Reports 5, 11469 (2015)

If they are large (size of the Earth) and 
frequent enough we can detect this with 
atomic clocks.

Transient variations



Sensitivity of optical clocks to α-variation 
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q

Enhancement factor

Need: large K for at least one for the clocks
Best case: large K2 and K1 of opposite sign for clocks 1 and 2

10010-18
Frequency ratio
accuracy

Test of α-variation

10-20

Easier to measure large effects! 



0

2qK
E

=

Enhancement factors for current clocks 

0
1

K

-3
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( ) 0.8, 2   ( 1)K Hg K Yb E+= =  

( ) ( )( )0.01,  0.06,  0.1K Al K Sr K Ca+ += = =( ) 0.3K Yb =
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( ) 2.9K Hg + = −

( )3 6K Yb E+ = −



Future improvements: 
Laboratory searches for the variation of 

fundamental constants
The limits on the variation of the fundamental constants 
from comparison of two clock frequencies are determined 
by:

(1) Uncertainties of  both clocks

(2) Sensitivity factors of each  clock to the variation of 
different constants

(3) The time interval over which the ratios are repeatedly 
measured.



Need very precise clock using 
systems with very large K

2
2

1
1

1ln ( )K
t t

Kν α
ν α

∂ ∂
=
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−

WHAT DO WE NEED TO BUILD A CLOCK? 
Narrow transition with optical (laser-accessible) 
wavelength



Th nuclear clock:
Nuclear isomer transition 
in 229 Thorium has been 
suggested as an etalon 
transition in a new type of 
optical frequency 
standard. 

Th ion nuclear clock

160(10) nm

Possible orders of magnitude enhancement to the 

variation of α and              but orders of magnitude 

uncertainty in the enhancement factors.  

q

QCD

m
Λ



Highly charged ions ???

100         200         300         400        500         600           Wavelength   nm

3s2 1S0 – 3s3p 3P0 transition in Mg-like ions 

Mg
458 nm

Al+
267 nmSi2+

190 nm

Cl6+

102 nm



J. C. Berengut et al., Phys.
Rev. Lett. 105, 120801 (2010) .
M. S. Safronova et al., Phys.
Rev. Lett. 113, 030801 (2014).

Sn
5p6s 3P0

5p2 1S0
1D2

5p2 3P0,1,2

289 nm

Sn-like Pr9+

5p4f J=3

5p2 3P0

495(13) nm

Sn –like Ba6+

163 nm

5p2 1S0

1D2
3P1,2

5p2 3P0



• Large variety of 
metastable transitions 
and level structures

• Very compact atomic 
clouds – suppression
of all systematics
due to Stark shifts

Highly Charged Ions: Advantages

• Strong suppression of blackbody radiation effect

• Estimated potential clock uncertainty of 10-19

• Large relativistic effects – enhancement of related effects
including α-variation and tests of Lorentz symmetry



M. S. Safronova et al., Phys. Rev. Lett. 113, 030801 (2014).

Ion Level Expt. Theory Diff. Diff. (%)
Nd13+ 5s 0 0 0

4f5/2 55870 55706 164 0.29%
4f7/2 60300 60134 166 0.28%
5p1/2 185028 185028 38 0.02%
5p3/2 234864 234887 -24 -0.01%

Sm15+ 4f5/2 0 0 0
4f7/2 6555 6444 111 1.69%
5s 60384 60517 -133 -0.22%

Ce9+ 5p1/2 0 0 0
5p3/2 33427 33450 -23 -0.07%
4f5/2 54947 54683 264 0.48%

Comparison of energy levels with experiment (cm-1)



Which highly-charged ions?
(1) Metastable states, (2) near optical transitions, 

(3) large sensitivity to α-variation
NEED 4f or 5f electrons

9+ to 18+ ions



Clock proposals: Which highly-charged ions?
(1) Valence 4f electrons: 4f, 4f2, 4f3

Nd13+, Sm15+, Ce9+, Pr10+, Nd11+, Sm13+, Nd12+, Sm14+, Pr9+, Nd10+

(2) Valence 5f elections: 5f, 5f2   Cf15+, Cf16+, Cf17+, Es16+,      
Es17+ 

(3) Holes in 4f shell: 4f12, 4f13        Ir16+ , Ir17+ , W ions

(4) Mid-filled 4f shell: 4f5, 4f6         Ho14+

Accurate theory predictions

(5) H-like heavy ions: Bi82+ optical hypefine structure 
transition – “better Cs clock”  



Factor of 100 enhancement for α-variation!

Cf17+
Cf15+

K1=57

K2=-48

5f5/2

6p1/2

E2 clock, λ~535 nm



Search for violation of 
Lorentz invariance

Similarities with search for α-variation:

(1) Need to accurately monitor Zeeman splittings over 
time (24 h and 1 year)

(2) Similar systems have high sensitivities to 
α-variation and tests of Lorentz violation due to 
relativistic effects

Cs clock gives best current limit on the proton tensor LV 
violation: P. Wolf et al., PRL 96, 060801 (2006)



Lorentz invariance: the laws of physics that govern 
a physical system are unchanged for different 
system orientations or velocities. 

Three basic types of rotation, 
one about each of the three 
spatial directions.

Three types of boosts 
(changes of velocity), one 
along each of the three 
spatial directions.

http://www.physics.indiana.edu/~kostelec/faq.htm

Hendrik Antoon Lorentz

Lorentz transformations: 
Rotations and Boosts



Standard Model Extension

Spin ½ Dirac fermion ψ with mass m

v v vψ ψ ψ ψ ψ ψ ∂  ≡  ∂  −  ∂  


1

2
vL i mνψ ψ ψ ψγ=   ∂  −  


1

2
vL Mi νψ ψ ψ ψ=   ∂  −Γ
 Standard 

Model 
Extension

Standard 
Model

νγ are Dirac matrices



Standard Model Extension
Spin ½ Dirac fermion ψ with mass m

1

2
vL Mi νψ ψ ψ ψ=   ∂  −Γ


Standard Model Extension

CPT-violating

CPT-violating

Testing Lorentz violation: experiments set limits on the coefficients

, , , ,a b H c dµ µ µν µν µν for all particles



Violation of Lorentz Symmetry with bound electrons

Scalar shift due to Lorentz violation

Quadrupole shift due 
to Lorentz violation



The basic idea of atomic physics 
tests of Lorentz invariance:
Atomic energy levels are affected differently by Lorentz violation: 
transition frequency will change when experimental set up rotates

Animation credit: http://www.physics.indiana.edu/~kostelec/mov.html



Test of Lorentz symmetry with atomic systems
Keep measuring particular frequency sensitive to Lorentz 
violation as Earth rotates about its axis (12 or 24 hours) and 
the Sun (one year). 

Animation credit: http://www.physics.indiana.edu/~kostelec/mov.html



Scalar shift cancels out for different mJ states:

A Test of Lorentz Symmetry with electrons in Ca+

We calculate the expectation value of the
above Hamiltonian for the 3d5/2 state of Ca+

Lorentz violating energy shift depends on 
magnetic quantum number mj!



Interferometer with electrons?

Use the D5/2-manifold of 40Ca+

Zeeman 
splitting

P1/2

S1/2

D5/2

Electron 
distribution

Lorentz violating energy shift depends on 
magnetic quantum number mj

mj

Slide courtesy of Hartmut Häffner



T. Pruttivarasin, M. Ramm, S. G. Porsev, I. I. Tupitsyn, M. S. 
Safronova, M. A. Hohensee, H. Häffner, Nature 517, 592 (2015) 

As the Earth rotates, the direction of the electron motion changes 
and any violation of local Lorentz invariance will give rise to 
variations in the electron’s energy. 

A Test of Lorentz Symmetry 
with electrons in Ca+ ions

EARTH

Ca+



a.u.            302                    437                          

Enhancement 
relative to Ca+

The highly-charged ions (HCI) proposed for search for 
variation of α are also good for Lorentz violation tests! 
Clocks: A. Derevianko, V. A. Dzuba, and V. V. Flambaum,  PRL109, 180801 (2012)

33               47

In HCI Lorentz symmetry test can be done in the ground state! 



Future:
New Systems
New Experiments
New Physics?

Highly charged ions
Great potential for 
discovery of new physics 

Conclusion

NEED

BSM PHYSiCS

Variation of fundamental constants & 
other atomic observables
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