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Outline

Introduction: BSM searches with atomic, molecular and optical
(AMO) physics: advantages and challenges

General introduction: Why now is a good time to search for
BSM physics with atoms and molecules? Main “tools”.

Main classes of AMO BSM searches.
Example 1: Electric-dipole moments (dedicated experiments)

Example 2: Search for the violation of Lorentz invariance (not
all are dedicated experiments)

Example 3: Proton radius puzzle — a few sigma discrepancy
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Need to build much stronger connections!

What did we learn
about BSM physics?
What to do next?

Ideas
BSM

theories

Connection of BS
to SM physics

Understanding

Resulting experimental
AMO capabilities
Hamiltonian for fl_Jture
ideas
Experimental
Signal Analysis of
] the experiment
Assessment of AMO physics in terms of
SM systematic experiments BSM physics

effects (usually need AMO

theory)



AMO searches for BSM physics: advantages

1. Experiments are (mostly) table-top. Can be build in University

labs by single/few principle investigators.
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AMO searches for BSM physics: advantages

1. Experiments are (mostly) table-top. Can be build in University
labs by single/few principle investigators.

2. In many cases, experimental set up are already designed
for other applications.

3. In some cases, experiments can be done very quickly.
4. Experimental techniques are rapidly evolving, very strongly
driven by other applications, with potential for quick significant

Improvements.

5. AMO field is growing with many new postdocs
looking for interesting new projects to do as a faculty.

Community is interested in BSM physics research and scientists
in other AMO subfields may be willing to do new experiments.



AMO and the Laws of Physics

* Precision atomic experiments (clocks, magnetometers,
interferometers, quantum information, ...):
Do laws of physics hold within the experimental
precision?

« Types of “search for new physics” experiments:

(1) Data already exist and just have
to be interpreted.
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(2) Experiments can be done with some modifications
of existing set ups.

(3) New dedicated experiments.

play.google.com



Need atomic and molecular theory
to search for new physics!

@ New ideas: what other fundamental tests can be done with
atoms and molecules?

@ Propose new experiments: select systems with the largest
enhancements of effects of interest

@ Calculate properties of systems
@ Analyze experiments to extract possible new physics

@ Propose new tools for precision measurements
New clock proposals: Th nuclear clock, highly-charged ions?



AMO searches for BSM physics: problems

1. Lack of connection to BSM theories

2. “Measuring zero” — what do we learn from negative results?

“Reducing parameter space” idea is mostly alien
to AMO experiment.

3. Division of experimental effort by the measurement signal
or by a specific interpretation. Lack of cross-interpretation
of the results from various experiments.

4. US finding dilemma — DOE does not have a “Precision Frontier
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Why now?

It is a great time to use AMO experiments
for BSM physics searches!



Advances in AMO Physics: 300K
New world of ultracold

: 1997
2 Nobel Prize
Wi Laser cooling
_ R and trapping
Steve Chu Claude . .
Cohen-Tannoudji Bill Phillips
2001
Nobel Prize
Bose-Einstein
Condensation
Eric Wolfgang 500nK
Cornell Ketterle nobel.org




Trapping neutral atoms and ions
Optical Lattices: crystals of light 2D

Trapped ion chains

http://www.uibk.ac.at/th-physik/qo/research/trappedions.html



How to “count” optical frequencies

X 51014 Hz

| Laser-based precision spectroscopy and
wohnHall  the optical frequency comb technique

nist.gov




Quantum Control: measuring and
manipulation of individual quantum systems

1!:'

2012 Nobel prize ~ .

David Wlneland
g

Picture of a string of ions
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Making quantum superposition of two ions

Serge Haroche

nobel.org



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



Optical atomic clock

atomic oscillator

electronic signal

-

electronic signal
feedback control
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interrogation laser
atomic reference

counter Y

optical comb

Measure optical frequencies to exceptional precision: 1 0'18

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



Atom Interferometers

laser beam laser beam

Voo

atom space—time
beam fluctuations

3 I
1 detector  fringe analyser

laser beam laser beam

Measure the phase difference to exceptional precision

http://images.iop.org/objects/ccr/cern/46/8/18/CCEcani1_10-06.gif



Atomic B
Magnetometers

An atomic magnetometer that can
detect magnetic fields one hundred
billion times smaller than the
Earth's!

Measure magnetic field to exceptional precision

http://physicsworld.com/cws/article/news/2013/apr/24/
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This article reviews recent developments in tests of fundamental physics using atoms
and molecules, including the subjects of parity violation, searches for permanent electric
dipole moments, tests of the C'PT theorem and Lorentz symmetry, searches for spa-
tiotemporal variation of fundamental constants, tests of quantum electrodynamics, tests
of general relativity and the equivalence principle, searches for dark matter, dark energy
and extra forces, and tests of the spin-statistics theorem. Key results are presented in
the context of potential new physics and in the broader context of similar investigations
in other fields. Ongoing and future experiments of the next decade are discussed.




Review chapters:

1.

Search for variation of fundamental constants (next week)

Atomic clocks & spectroscopy, astrophysics studies of atomic and
molecular spectra, molecular frequency measurements

Precision tests of Quantum Electrodynamics

Precision frequency measurements with electrons, lightest atoms (H,
He, etc.), muonic hydrogen, highly-charged ions, exotic atoms, others

Atomic parity violation (next week)

Beam experiments, cold trapped atoms and ions.
Need heavy atoms: Cs, Tl, Fr, Ra+, Ra,... molecules in the future

Time-reversal violation: electric dipole moments and

related phenomena

Cold molecular beams, trapped molecular ions, future: ultracold atoms,
laser-cooled (polyatomic) molecules

Tests of the CPT theorem, matter-antimatter comparisons
Not tabletop, proton/antiproton, single ion traps, (cold) antihydrogen
Searches for exotic spin-independent interactions
Future: ultracold atoms as force sensors, atom interferometry, etc.



6. Review of laboratory searches for exotic spin-dependent
interactions
Magnetometry (spin-precession), precision theory/experiment
comparisons (frequencies), networks or magnetometers and clocks,
precision isotope shift measurements
7. Searches for light dark matter (all precision tools) (next week)
«  Microwave cavity axion experiments
«  Spin-precession axion experiments
« Radio axion searches
« Atomic clocks and accelerometers, and spectroscopy
« Exotic spin-dependent forces due to axions/ALPs
« Magnetometer and clock networks for detection of transient DM signals
8. General relativity and gravitation
Atom interferometry

9. Lorentz symmetry tests

Atomic clocks, magnetometers, quantum control of trapped ions,
spectroscopy, rotating cavities

10.Search for violations of quantum statistics
Search for Pauli-forbidden atomic or molecular transitions




Example 1: EDM

The search for the electron electric-dipole
moment

Dedicated experiments

Well-motivated theoretically
High discovery potential

EDM review: arXiv:1710.02504



Permanent electric-dipole moment ( EDM )

Time-reversal invariance must be violated for an
elementary particle or atom to possess a
permanent EDM.
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Classical physics:t — -t, At 5> -At, v > -v, L=rx mv, L — -L



Matter — Antimatter asymmetry:
Need new sources of CP- (T-) violation

Additional sources of CP-
violation lead to much

o larger EDMs than SM
- T predicts.

Such EDMs should be

observable with current/
Seems to =
be abig N\P\TTER " E near future experiments.
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J. Engel et al., Progress in Particle and Nuclear Physics 71 (2013) 21



Sources of atomic and molecular EDMs

P, T — violating
Electron EDM electron-nucleon interaction

electron

~ proton

P, T — violating
hucleon- nucleon
Nucleon | interaction
EDM neutron

nucleus



Interpretation of EDM experiments ‘

Theory

P
<

Atomic

High Energy Nuclear

Experiments
Nuclear Atomic Molecular
Neutron D1azriagnetlc Parzr?agnetlc Molecules 10724 eV
n OIS OB PbO, YbF, TIF

Hg, Xe, Rn T1, Cs, Fr

A\ 4

< Atomic > < Atomic > Molecular
Theory Theory The}ory

1 eV

1 MeV

. QCD QCD

A V} A 4 ’l/, k
Quark Quark Electron 1 GeV

EDM Chromo-EDM EDM

' ' 1 TeV
<Fundamental Theory — Supersymmetry, Strings>
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Mike Romalis, 2011 JLab talk (online)



Limits on electron EDM | [ T atom
|d,| < 1.6 x 1027 ecm

Science PRL 88, 071805 (2002)

YbF molecule

Ed Hinds group, ICL
|d,| <1.05x 1027 ecm
Nature 473, 493 (2011)

0\ ROUND I5 THE ELECTRON?

ThO molecule
|d,| <8.7x102% ecm

The ACME Collaboration
Harvard/Yale
Science 343, 269 (2014)




Fundamental idea of electron EDM measurements

Measure this

Th

An electric dipole moment results in an energy shift in the presence of an
electric field, such as the large E-fields present near heavy atomic nuclei.

Apply electric field, reverse, measure the energy splitting between electrons
oppositely oriented relative to the effective molecular field in ThO (84 GV/cm):

.

AEEDM/Q = ’(/ 5 ’

http://www.electronedm.org/
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Slide from: Brendon Oleary



Blow up the electron to the size of the Solar System

—

.

B \Uranus

e ,J’li 7up+ter

/
e . \ L‘
Astermd Belt .

B0 RO 50 TIiEELECTRON?

Satur

fff/f Neptune
. e
’ff{f' Pluto
/ (dwarf planet)
e

then it is spherical to within the width of a human hair.

Ed Hinds, http://www.scientificamerican.co



1302.6587

Implications for BSM physics

IV

“Naturalness and the status of SUSY”, arX

[

J. Feng, UC Irvine
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Electron EDM limits

YbFThO

ACME GEN II

“.Ensmwty

[
-----.‘..-------
L .
. ¥ -

. Projected
' Statistical

: i ACME E
rUltimate
| Statistical
| sensitivity
EDM experiments with
laser-cooled polya

DY -c
molecules may -_

allow to access
PeV-scale BSM physics.
| | | |

M

Slide from: Dave DeMille



Example 2:
Search for Lorentz invariance violation

A framework developed for the analysis of
completely different experiments:
Standard Model Extension

Both dedicated and “already have the set up”
experiments.

Quantum-information techniques



Lorentz transformations:
Rotations and Boosts i

Three basic types of rotation, /““; E
one about each of the three \
Ve

spatial directions. K

Three types of boosts A

(changes of velocity), one

along each of the three —
0 s ) |

spatial directions. / > :

Lorentz invariance: the laws of physics that govern

a physical system are unchanged for different
system orientations or velocities.

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




Alan Kosteleck _
. R .y = Standard Model Extension

: f"*“"‘r &ﬁwp:::l * I'.

S, o Spin Y2 Dirac fermion y with mass m

puc' ;m-"" 2 £

d L
."",f_f',,ﬁa-u f-ﬂm-f.h‘r N

gl Rr” 7 Q= ile)
-§!! u-bwt’.l’n' i by - (o
: e w

| _
ngzma W—WYmy standard

Model
1. _ =, _ Standard
L=—iyl 0" w—WMy  Model
2 Extension

7o' y=@o y-ydy

Leptons

Y, are Dirac matrices  Kostelecky & Lane, Phys. Rev. D 60, 116010 (1999)



Standard Model Extension
Spin 2 Dirac fermion y with mass m

1. _ . = _
L=—iy Fva" w—WwMy  Standard Model Extension
2

Fw=@* Cur¥" T dpys Y

Y
CPT-violating

)

|
M::@Jr\a#y“—l— b/ﬂ’S yH+ > HWO"“V
Y
CPT-violating

Testing Lorentz violation: experiments set limits on the coefficients

aﬂ,bﬂ,H

v Cﬂv ’ duv for all particles




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
or moves

Bluhm, Kostelecky, Lane, Russell PRL 2002

Animation is from Alan Kostelecky web site:
http://www.physics.indiana.edu/~kostelec/mov.html



Violation of Lorentz Symmetry with bound electrons

The ¢,, tensor modifies the kinetic term
in the electronic QED Lagrangian

Atomic energy levels shift!

S (c“’) 2Uc00) r_leogo
0

Uis the Newtonian potential — MG/r

CO(O) = ¢, +2c;; Scalar shift due to Lorentz violation

37
Quadrupole shift due

Co(z) = C11 + Coo — 2C33 to Lorentz violation




Ca* ion: building quantum computers

Long-lived state
/ 1.2 second lifetime

v
‘ 1> — Quantum Bit
Electric-dipole ) .
transition Pv—— > B Qubit
forbidden
L=0 ‘O> Wza‘0>+b‘1>
S1/2 —

http://www.uibk.ac.at/th-physik/qo/research/trappedions.htmi



The frequency difference (in Hz) for a pair of
Ca+ ions used is given by

(EWU=5/2 _Emle/z) :(— 1.484 x 1015 Hz) X ((5/2)2 _(1/2)2)C(()2

A

=(—8.9(2) x 10" Hz) x C}”

Measure Zeeman splitting Electron
distribution
5/2 - QG
3/2 .
P/ 1/2 N B
~1/2
—3/2
S1/2 ~5/2



A Test of Lorentz Symmetry
with electrons in Ca+ ions

e X
"'" Wwg Ca+
w t oy

=Lz |y |&> \g,g,

SUN

EARTH’SO
EARTH 4
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.

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



Strongly enhanced effects of Lorentz symmetry
violation in entangled Yb* and highly-charged ions

Possible factor of 27000 improvement in
Lorentz symmetry test comparing to Ca+*!

Sensitivity (larger matrix element) x 15 (Yb*), >50 (HCI)
Longer probe time (to 60 seconds): X 45

Year-long measurement: x 20

Pure state preparation: X 2

Yb*: V. A. Dzuba, V. V. Flambaum, M. S. Safronova, S. G. Porsev,
T. Pruttivarasin, M. A. Hohensee, H. Haffner, Nature Physics 12, 465 (2016).

Better scheme: R. Shaniv, R. Ozeri, M. S. Safronova, S. G. Porseyv, V. A.
Dzuba, V. V. Flambaum and H. Haffner, Phys. Rev. Lett. 120, 103202 (2018).



Limits to Lorentz violation

Lorentz violating effects are suppressed by some power of R

B Electroweak scale

R = ~2x107"
Plank energy scale
Present limits for electron sector Yb+ projected limit [3]
1 -8 23
—1—_ Cix < 10_13 » Cx < 10_19
2] ¢, <107° =10 ¢, <10

Yb+ experiment sensitivity will be significantly below O(1) suppression limit.

Ref. [ 1] T. Pruttivarasin, M. Ramm, S. G. Porsey, I. I. Tupitsyn, M. S. Safronova,

M. A. Hohensee & H. Haffner, Nature 517, 592-595 (2015)

Ref. [2] B. Altschul, Phys. Rev. D 82, 016002 (2010)

Ref. [3] V. A. Dzuba, V. V. Flambaum, M. S. Safronova, S. G. Porsey, T. Pruttivarasin,
M. A. Hohensee, H. Haffner, Nature Physics 12, 465 (2016).




Example 3:
Proton radius puzzle



Finite radius of the proton - H energy level shifts
Measurement of transitions - measure nuclear size

1. Measure the transition energies
> between different levels

P 73 2. Calculate all corrections to these
V- - Ur energies (need to calculated

s [/ QED really well)

3. Extract the corrections to the
energies due to a proton radius

Finite size correction: ’ ’
time spent inside the nucleus ~ (Zo) Ry= [¥(0)]

4. Extract the rms radius

5. Repeat for many transitions and
average

John Arrington, Argonne National Laboratory



Hydrogen spectroscopy (Lamb shift):
Lis(rp) = 8171.636(4) 4+ 1.5645 (r2) MHz

N
2S-8S
2S J 2P
EnS ~ R(;o | L13S
n n

1999 2 unknowns = 2 transitions

e Rydberg constant R

e Lamb shift Lig < 7,

R /
= Randolph Pohl’s talk, GHP, April 2013




Even better way to measure the proton radius

- Electron

Proton

Muonic
Hydrogen Hydrogen

Probability for a lepton to be inside the proton « to its mass cubed,
(207)3=8 869 743 enhancement for a muon !

http://www.ust.edu.tw/



Muonic hydrogen experiment

Paul Scherrer Institute (Switzerland)

Laser (with precisely known energy)

Muonic hydrogen

Change laser energy

/

7% The Experiment
Muenic hydrogen is created by shooting a beam of muens into hydro-
Lha gen gas (mot shown). Around 1 percent of the resulting atoms will be in
If laser energy does not the 25 state. Next a laser beam is sent in with a very precise wavelength
exactly match energy (left). For most wavelengths, nothing happens. But if the laser wave-
s Bt length corresponds exactly to the energy difference between the 25 and
the 25 and 2P states, 2P states (below}, the atom will jump up in energy. then fall down to the
nothing will happen 15 state, releasing an x-ray photon in the process. Because the differ-
ence in energy between the 25 and 2P states depends on the Lamb
shift, researchers use this measurement to find the proton radius.
2P
:.'x.)b"-_fl! L |
aser energy equals
e / X-ray photon 25-2p E:;gr cglie
-~ Atom jumps to 2P state

amyl i
r

Scientific American 310, 32 - 39 (2014)



Proton radius puzzle

Electron-proton scatteri ng{ : -

5 i Hydrogen spectroscopy

+—i CODATA (2010)

b

} Muonic hydrogen spectroscopy

| R | - I - | a | - | 8 I - | - | s |
0.83 0.84  0.85 0.86 087 088 089 090 091 0.92
Root-mean-square proton charge radius (femtometers)

Science 339, 405 (2013)



“This could be the discovery of the century. Depending,
of course, on how far down it goes.”

http://engent.blogspot.com



The discrepancy is 4 linewidths!

H spectroscopy muonic hydrogen
; ® ,

~

o :
gl__e-p scattering \

Signal [arb. units]

=
|||||||||||||||||||||||||
——@——

AT NI
(::'”ll+|lT+

49.75 49.8 49.85 49.9 49.95
Laser frequency / THz

R. Pohl et al., Annu. Rev. Nucl. Part. Sci. 63, 175 (2013)



281/2 ) 2P|/2

281/2 ) 2P|/2

281/2 ) 2P3/2
18-28 +28- 4§,,
18-25 + 25- 4D,
185-28 +25- 4P,
1S-28 +2S- 4P, ,
18-28 +25- 65, ,
18-28 +28- 6D,
18-28 +25- 8S,,
15-28 + 25- 8D,,
1S-28 +25- 8D,
1S-28 +2§8-12D, ,
18-28 +25-12D ,
18-28 + 1§ - 3§, ,

Hydrogen Spectroscopy

@
&
O
@
1,
- H,,, = 0.8758 +-0.0077 fm
up : 0.84087 +- 0.00039 fm
| | —° | : ‘
0.8 0.85 0.9 0.95 ]

proton charge radius (fm)

R. Pohl et al., Annu. Rev. Nucl. Part. Sci. 63, 175 (2013)




New measurements of the 2S-4P transition frequency in H
Beyer et al., Science 358, 79 (2017)

Proton charge radius r, (fm)

0.82 0.83 0.84 0.85 0.86 0.87 0.88
| 1 | 1 | N | 1 | 2 | 1 ]
- >
this work 3.30 H world data
| | | |
| ¢ | | v |
CODATA 2014
o) e
w | ! . ! : ! : 1 : I 1




New measurement of the 1S - 3S transition frequency
of hydrogen: contribution to the proton charge radius

puzzle, arXiv:1801.08816 (2018)

25'2P1/2

25‘2P1/2

25-2P, ), : L.
25-4S,,

2S'4D5/2

25'4 Pl/z

25'6D5/2 I @

25-85:), : o
25'8D3/2 }

ZS'8D5/2
25'12D3/2 f @

25'12D5/2 f @

15'351/2
L

(MPQG 201

i 1S-3S (MPQG 2016)

@ 1S-3S (this work)
| H-spectroscopy 2014

up

0.80 0.82 0.84 0.86

0.88 0.90 0.92 0.94

proton charge radius [fm]



Conclusion

Atoms

Great potential for 4.6%
discovery of new physics P

Matter
24%

Dark
Energy
71.4%

NEED
Future:
BSM PHYSICS New Systems
New Experiments
I New Physics?

AMO THEORY AND EXPERIMENTS




Topical Group on Precision Measurement &
Fundamental Constants (GPMFC) annual workshop

Even years — day before DAMOP
Odd years — day before the April meeting

2015 Tests of Fundamental Symmetries
2017 Ultralight Dark Matter

2018 Precision-measurement Searches for New Physics
(May 28, DAMOP)

https:/www.aps.org/units/damop/meetings/annual/gpmfc-workshop.cfm

2019 New ldeas in Dark Matter searches (April meeting)



