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AMO started before  
the advent of quantum theory… 

Spectroscopy 
spectrum

The Beginning of AMO* was Spectroscopy

*AMO 
is

Atomic, Molecular and Optical Physics

Atoms



spectrum

The Beginning of AMO* was Spectroscopy



spectrum

The Beginning of AMO* was Spectroscopy

Molecules



1885

Scientists developed key ideas 
about why there 

were lines in the spectrum

Stuf



Fig. 1. Probing fundamental physics with resonance experiments.
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Spectroscopy Control 

Fig. 1. Probing fundamental physics with resonance experiments.

Quantum Control

Coherent Radiation Sources

1940s-1970s

Laser,


Microwaves, etc.



“Optical Tweezers”

B. J. Lester et al, Measurement based entanglement 
of non-interacting bosonic atoms, PRL (2018)

Neutral Atoms 
in

Control of Single Neutral Atoms 
milliKelvin temperatures 
Gotten from laser cooling 

~ 1 micron

Spectroscopy Control Coherent Radiation Sources2014



Logical Quantum Processor 

Zoned architecture with  
280 physical qubit, control over 48 
logical qubits

Spectroscopy Control Complexity

Dolev Bluvstein et al, Nature 2024, Harvard, MIT (Vuletic, Lukin, Greiner)

Fast Forward

10 Years…. To 2024



Number of  quanta in experiments
(atoms, molecules, ions, photons, electrons...) 

year

1

10

100

1000

90s ‘11

AMO History

“The Second Quantum Revolution” 
Quantum Simulation and Computation

Spectroscopy 

Controlled 
Complexity 

“Intentional Complexity”



Doyle Group Research “Strategy”

Molecular Complexity might be Harnessed to Advance Areas of
AMO

??	

Collisions	and	Chemistry	 Quantum	Simula+on/	
Informa+on	

Metrology-based  
Particle Physics



Molecular Complexity might be Harnessed to Advance Areas of
AMO

??	

Precision	Measurements	 Collisions	and	Chemistry	 Quantum	Simula+on/	
Informa+on	

Doyle Group Research “Strategy”



Photon Cycling - Laser Cooling

Small vibrational branching ratios for CaF

~3,000-7,000 Photon Cycles 
Needed for Full Laser Cooling 

Vibrational  
Branching  

Ratios

Laser Cooling to get milliKelvin CaF Molecules 



CaF in Tweezer Arrays

Rearrange

Site Resolved Addressing



CaF - Dipolar Interactions in Tweezer Arrays

Bao et al. Arxiv (2022) 

Spin Exchange Between Two Molecules
XY8 Dynamical         Decoupling

Dipolar InteractionTwo Molecules in 
Nearby Tweezers

Single Molecule Rotational
Qbit Coherence Time

Rotational 

Qubit

Bao et al. 
Arxiv (2022) 

Dipolar spin-exchange and entanglement between molecules in an optical tweezer array, Y. Bao, 
S. S. Yu, L. Anderegg, E. Chae, W. Ketterle, K.-K. Ni, J. M. Doyle. Science 382, 6657 (2023).

Bell State 
Fidelity 0.87

https://www.science.org/doi/10.1126/science.adf8999


When these platforms achieved 

single quantum state control
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Doyle Group Research “Strategy”

Molecular Complexity might be Harnessed to Advance Areas of
AMO

??	

Collisions	and	Chemistry	 Quantum	Simula+on/	
Informa+on	

Metrology-based  
Particle Physics



Dark Energy
1. Dark Matter

Two Mysteries

2. Matter-Antimatter Asymmetry



Key Unresolved
QuestionsStandard Model 

Describes 
All Lab-based  

Particle Physics 
Experiments



• Dark Matter 

• Matter-Anti Matter  

• Hierarchy Problem 

Key Unresolved
Questions

ý ý
ý
ý



New Theories Solve These Uncomfortable Problems

= X

Beyond

The


Standard

Model

(BSM)



Δω
𝚫T is ~millisecond

Detect Particle X with a Clock



Δω
Sr

Detect Particle X with a Clock

Optical
Lattice
Clock

Katori and Ye
𝚫T is can be  

10’s of seconds

Ultracold  
Atoms 

(<< 1 mK)

OPTICAL TWEEZERS (LATTICE)



Amazing Fact:
any X particles 

are right here, right now.
X particlesAlready well known…g-2



Fig. 1. Probing fundamental physics with resonance experiments.

Some Kind of NEW Field (particle)

Clocks are Sensors of the NEW PARTICLES



In BSM theories, EDM (de) is created generically
The mass scale of BSM physics and de can be estimated via1…

1 Prog. Part. Nucl. Phys 71 21 (2013)

BSM particle e = X
(example)

~

Mass of
BSM particle

mX
 

BSM = 
Beyond

Standard
Model

Look for the ELECTRIC dipole of the electron 

Electron

EDM
Electric
Dipole

Moment



Effect∝1/M2 

_

+

g g

Standard Model Predicts 
EDMs x106  

lower than current experiment 
*not enough CP violation 

EDM searches are  
ZERO BACKGROUND  

Searches for New Physics



EDM experiment 
using cold ThO molecules

X =

X causes electric dipole

in the electron itself!

Th

O Eef ~ 1010 V/cm

Electron

Electron

Bapplied

WANT: Parity Doublet,
            e.g. Omega doublet
 We use Thorium Oxide

NEED: Large Mass Nucleus
           (For x106 enhancement 
             internal effective
             electric field)
           We use Thorium

ACME 
PIs: Doyle, DeMille and Gabrielse
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ACME II

And a 5’x10’ 
table of optics in 
another room

And compressors 
pulsed laser  
power supplies

And a  
radioactive 
“tent” in other 
building2018 Beam Experiment 

1 ms Coherence Time

CBGB Interaction
Region
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Y. Ema et al., PRL129, 231801 (2022) 

HfF+ 2023

ThO



ACME II vs LHC SUSY Search
Squark limits

eL eR
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Example of SUSY 2-loop contribution to eEDM

 [GeV]q~m
400 600 800 1000 1200 1400 1600 1800

 [G
eV

]
0 1χ∼

m
0

200

400

600

800

1000

1200

1400

0
1χ∼

 < m
q~m

)=100%0
1

χ∼ q →q~(B production, q~q~

ATLAS
-1 = 13 TeV, 36.1 fbs

0-leptons, 2-6 jets

MEff or RJR (Best Expected)
All limits at 95% CL

)c~,s~,d
~
,u~ (

R
q~+

L
q~

)SUSY
theoryσ1±Obs. limit (

)expσ1±Exp. limits (
Exp. limits MEff
Exp. limits RJR

)-10L obs. limit (13 TeV, 3.2 fb

1. 10.
0.1

1.

10.
1. 10.

0.1

1.

10.

mstop [TeV]

m
A
[ T
eV

]

arg(Atμ)=π/2, π/8,π/32, tanβ= 10

π/2π/8π/32

Δ
t
~=1000Δ

t
~=30

Δ
t
~=100

ΔA=10

LHC search in general only depends on particle mass, while
eEDM depends on CPV phase.

Qianshu Lu Interpreting the electron EDM constraint 9/11
9/ 11

LHC Limit

Qianshu 
Lu

Interpreting
the

Electron
EDM

Constraint

2018

Excluded  
Regions

Allowed 
Region

ACME II EDM Limit Two Loop
Electron EDM

Result
ACME 2



What does our limit mean for particle physics? 
J.#Feng:#“Naturalness#and#the#status#of#SUSY”,#Ann.#Rev.#Nucl.#Part.#Sci.#(2013)#

“All#of#the#constraints#shown##are#
merely#indicaIve#and##subject#to#
significant##loopholes#and#caveats”#

LH

LHLH

Squark

Order Unity SUSY Phases

ACME II 
     

ACME II 
     

ACME II result SUSY LIMITS

ACME I

ACME I

One loop

Slepton

Two loop

Stop



ACME III 
Projected

SrOH (PolyEDM) 
Projected

HfF+ 30 3

3 0.3

0.3 0.03

30 3

3 0.3

GeV

TeV

0.3 0.03

LHC
LHC

One 
Loop

Two 
Loop

Accelerator points should best be compared to two-loop EDM values 

HfF+ Jila 2023ThO ACME 2018

Review: D. DeMille, J.M. Doyle, and A.O. Sushkov

Science 357, 990 (2017)

Li
m

it

Tevatron

SppS

SppS

EDM points assume unity CP phase

LHC Maximum Mass Reach



ACME III
2023

5 ms Coherence Time

CBGBInteraction
Region

Molecular
Lens



ACME III signal compared with ACME I and II



Demonstrated 
Improvement

Signal 
Gain

τ 
Gain

EDM 
sensitivity 

Gain
Longer Precession Time1 0.3 5 2.7

Electrostatic Lens2 12 1 3.5
SiPM Detector3,4 2.7 1 1.6

Improved collection optics 1.7 1 1.3
Eliminated Timing Jitter Noise5 1 1 1.7

Load-lock target change 1.4 1 1.2
Total 23 5 39

ACME II Daily 1σ Statistical Sensitivity (e cm) ~1x10-29

ACME III Daily 1σ Sensitivity (e cm) ~3x10-31

1. D. G. Ang et al 2022 Phys. Rev. A 106, 022808 
2. X Wu et al 2020 New J. Phys. 22 023013  
3. T Masuda et al 2021 Optics Express, 29(13), 16914-16926 
4. A. Hiramoto et al 2023 Nucl. Instrum. Methods Phys. Res., Sect. A, 1045, 167513 
5. C D Panda et al 2019 J. Phys. B: At. Mol. Opt. Phys. 52 235003

Photoelectron 
counts per 

ablation shot 
(50Hz)

~2.4×105 

~6×106 

Photoelectron 
counts 

averaged 
over 1 second

~1.2×107 

~3×108 ACME III 

ACME II 

Previously Planned Signal Gain is Achieved

x30 EDM Sensitivity 

Based on 


Current Running

Conditions in ACME III 
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5. C D Panda et al 2019 J. Phys. B: At. Mol. Opt. Phys. 52 235003

Photoelectron 
counts per 

ablation shot 
(50Hz)

~2.4×105 

~6×106 

Photoelectron 
counts 

averaged 
over 1 second

~1.2×107 

~3×108 ACME III 

ACME II 

ACME III Blind Set

x30 EDM Sensitivity 

Based on 


Current Running

Conditions in ACME III Blind was set one year ago


We are taking EDM data

First systematic checks underway 



ACME III ThO - Projected

-35 -36

Y. Ema et al., PRL129, 231801 (2022) 

HfF+ 2023

ThO



The ACME Experiment 
Using Cold ThO Molecules

X =

X causes electric dipole

in the electron itself!

Th

O Eef ~ 1010 V/cm

D. Ang 
D. DeMille* 
J.M. Doyle* 
Z. Han 
A. Hiramoto 
P. Hu 
G. Gabrielse* 
N. Hutzler 
Z. Lasner 
S. Liu 
T. Masuda* 
C. Meisenhelder 
C. Panda 
N. Sasao 
S. Uetake 
X. Wu 
K. Yoshimura*

*Senior Leaders/ PIs

Zack Lasner

Nick Hutzler

ThO - ACME

Xing 
Fan

Siyuan Liu

Xing Fan


Ayami Hiramoto

Maya Watts

Collin Driver

Peiran Hu

Zhen Han


Takahiko Masuda

ACME III 

“On The Ground” Team


~2022-2025

ACME III 

“On The Ground” Team


Now

Ayami Hiramoto

Maya Watts

Collin Driver


Peiran Hu

Zhen Han


Takahiko Masuda

PIs

DeMille, Doyle, Fan, Gabrielse

Collaborators

Hutzler, Panda, Uetake, Wu, Yoshimura



Why do an EDM experiment now? 
No sign of BSM physics anywhere but… 
•  Matter-antimatter asymmetry still unexplained 
•  Microscopic nature of Dark Matter still unknown 
•  Hierarch Problem did not go away 

How to improve? 
• Increase NUMBER OF MOLECULES  
• Increase COHERENCE TIME  
• Increase inherent SENSITIVITY to CP-v

, What is the future for EDM Searches?

Statistical Sensitivity to the eEDM

Effective 
Electric Field 

Coherence 
Time 

(Photon)
Counting Rate
 

Integration 
Time 

Shot noise limited error in measurement of the electron EDM using our method 

= (molecular flux) X (detection efficiency)

CP-v = CP violation

β

Sensitivity

To


CP-v Physics Integration time



, Increased complexity and increased COHERENCE TIME

CP-v Pathfinder - CaOH 
(EDM and Schiff Moment Pathfinder experiment) 
Doyle/Hutzler 
Harvard/Caltech 

Poly EDM -SrOH 
(Electron EDM) 
Doyle/Hutzler/Steimle/Vutha 
Harvard/Caltech/Toronto

RaX - RaOH, RaF, RaOCH3 
(Nuclear Schiff Moment) 
Doyle/Hutzler/Garcia-Ruiz 
Harvard/Caltech/MIT 

List of Optical Trapping - Tweezers  
or  

Ion Trap

5 ms          10 s
ACME III New Experiments



Ω

K

Orbital Angular Momentum Along the Internuclear Axis
Molecular Frame  

Quantum Numbers

l

Diatomic

Polyatomic

Zero 
Dipole 
Lab 
Frame

“The power of the Parity Doublet”

Can’t laser cool Ω molecules

Can 

laser 

cool 


K and l 

molecules



Laser Cooling Polyatomic Molecules
October 2016 ChemPhysChem Paper. See also Isaev and Berger 2016

Metal-Oxide-Radical 
“MOR” 

Molecule Motif
a.k.a Alkaline Earth Atom 
Pseudofluoride Molecules

H O
Ca

Valence Electron 
Wavefunction



Complexity [reduced molecular symmetry]

Atoms
(N=1)

Diatomic Molecules
(N=2)

Polyatomic Molecules
(N=3,4,5…)

Harvard, Yale, Imperial, Boulder, 
Columbia, UConn, UC Riverside, …

Anderegg, Cheuk, …, Doyle Science 365 (2019)

Eliminate 
spherical symmetry

[1 moment of inertia]

Cheuk, …, Zwierlein PRL 116 (2016)
Barredo, …, Browaeys Nature 561 (2018)

List of Sr, Yb, Ba, Ra…

EDM Search Strategy - Laser Cooled Polyatomic Molecules

0.1-~1.0 s 
Vibrational Lifetime

>10 s 
Rotational Lifetimes

Precision Measurement of Time-Reversal Symmetry Violation with Laser-Cooled Polyatomic Molecules Kozyryev and Hutzler, PRL, 119 (2017)



Our Laser Cooling Path to Ultracold Molecules
Typical values for 
atoms 1012 106108



, CaOH7 mm

Scatter ~15000 photons by repumping 
vibrational decay pathways

Magneto-Optical Trap of 
20,000 CaOH Molecules ~250 molecules 

@ 60 K𝜇

Sub-Doppler Cooling and Optical 
Dipole Trap (ODT) Loading

Tweezer Array of Single CaOH Molecules
Magneto-Optical Trapping and Sub-Doppler Cooling of a Polyatomic Molecule N. B. Vilas, C. Hallas, L. Anderegg, P. Robichaud, A. Winnicki, D. 
Mitra, J.M.D. Nature 606, 70-74 (2022).
Optical Trapping of a Polyatomic Molecule in an l-Type Parity Doublet State, C. Hallas, N. B. Vilas, L. Anderegg, P. Robichaud, A. Winnicki, C. 
Zhang, L. Cheng, J.M.D, Phys. Rev. Lett. 130, 153202 (2023).
An optical tweezer array of ultracold polyatomic molecules, N. B. Vilas, P. Robichaud, C. Hallas, G. K. Li, L. Anderegg, J.M.D.  
Nature 628, 282-286 (2024).

CaOH in Optical Dipole Trap

Each dot is a CaOH molecule

https://www.nature.com/articles/s41586-022-04620-5
https://arxiv.org/abs/2208.13762
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.153202?ft=1
https://www.nature.com/articles/s41586-024-07199-1


Pathfinder Experiment to EDM CaOH• Demonstrate the principles 
of a polyatomic eEDM 
search using trapped CaOH Zero g-factor EDM states

Opposite 
EDM Shift

M=+1

M=-1

M=+1

M=-1

E
D

M
 

S
en

si
tiv

ity

𝑍̂
→
𝐸 ,

→
𝐵 , →𝜖 𝑂𝐷𝑇

→
𝑆

𝑛̂
⟨Σ⟩ =

→
𝑆 ∙ 𝑛̂ ≠ 0

⟨𝑀𝑆⟩ =
→
𝑆 ∙ 𝑍̂ = 0

Ca

• Application of a lab  results in  
states with “zero” electron g-
factor

• Still sensitive to EDM 
interaction!

• Useful for rejecting systematic 
errors from stray  fields

𝐸𝑍

𝐵𝑍



Triatomic Vibrational Quantum Numbers

𝑋2Σ(+)(200) 𝑋2Σ(+)(03 0)
1

Angular Momentum 

of Vibration


Quantum Number

(L = 1 in here)

Sr-O stretch mode

Quantum number


O- H stretch mode

Quantum number Sr-O-H bending mode


Quantum number

(v=1 on left, v=3 on right)


𝑋2Σ(+)(010)



Electron Spin Precession in the CaOH EDM State

eEDM Sensitive Spin Precession

1 +

0 -
1 -1/2

2 -
1 -3/2

0 +1/2

1 -
2 -

3/2

N=1

N=2

40
 G

H
z𝑋2Σ(+)(010)

1 +
2 +3/2

EDM 
Sensitive
State

Dark
M=-1 M=+1

Bright
M=-1 M=+1M=-1 M=+1

eEDM State

Increased 
Coherence Near 

Zero g-factor

Precession
TimeBending Mode: EDM States

Quantum Control of Trapped Polyatomic Molecules for eEDM Searches, L. Anderegg, N. B. Vilas, 
C. Hallas, P. Robichaud, A. Jadbabaie, J.M.D, N. R. Hutzler. Science 382, 665 (2023).

https://www.science.org/doi/10.1126/science.adg8155


Electron Spin Precession in the CaOH EDM State

eEDM Sensitive Spin Precession
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EDM Sensitive 
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Dark
M=-1 M=+1

Bright
M=-1 M=+1M=-1 M=+1

eEDM State
Increased 

Coherence Near 
Zero g-factor

Precession
Time

AFOSR and NSF

CaOH is too light for eEDM sensitivity…

But SrOH pretty good….

eEDMs…

POLYEDM 
Collaboration

Nick Hutzler - Caltech Amar Vutha - Toronto Tim Steimle ASU — Caltech



ACME III 

SrOH 

Jila 2023

-35 -36
Y. Ema et al., PRL129, 231801 (2022) 

YbOH 
POLYEDM

RaOH 

ALL Experimental Results 
on this plot  
(past or projected) 
are for ELECTRON EDM 



Parity Precession in the CaOH Qubit State
Bending Mode: Qubit States

Parity-Doublet Coherence Times in Optically Trapped Polyatomic Molecules, P. Robichaud, C. Hallas, J.Tao, G. Lee, N.B. Vilas, and 
J.M.D., submitted (2025).

1064 nm optical dipole trap (ODT)

Qubit 1

Qubit 2

*** bending mode lifetime in 
our experiment is ~350 ms ***

0 200 400 600 800
Time (ms)

0

0.5

1

N
or

m
al

iz
ed
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on

tra
st

Qubit 1 - Bare Coherence  
T*2

Qubit 1 - Single Spin-echo  
T2

Bare coherence T*2  = 0.8(2) s
Spin-echo coherence T2 > 2.9 s

Qubit 1 Coherence Times



AFOSR and NSF

CaOH Current Team

Christian
Giseok

Junheng
Paige



Nuclear CP-violation Enhancement

Molecules with Octupole Deformed Nuclei 

Octupole
Deformation “CP-violation Amplifier”

1,000



, Increased SENSITIVITY to new CP-v Physics

▪In absence of symmetry violation, 
nucleus should be in superposition 
 octupole shape averages away
▪PV, TV nuclear forces can mix these 
states
▪Large charge, mass mismatch from 
asymmetric shape
▪Deformed nuclei often have low-
lying opposite parity states, ≲ 100 
keV

N. Auerbach, V. V. Flambaum, & V.  Spevak, PRL 76, 4316 (1996)
J. Dobaczewski, J. Engel, M. Kortelainen & P. Becker, PRL 121, 232501 (2018), J. Engel et al., PRC 35, 1973R (1987)

± ~

(1 − 𝜖) ±(1 + 𝜖) ~

∝ ∑
𝑖

(𝑟3
𝑖 −

5
3

𝑟𝑖⟨𝑟2
𝑐h⟩)𝑧𝑖



RaF at MIT, 

∆ν
1.0

Ra
te

 (a
.u

.)

0.5

13,283.5 13,284.0

Wavenumber (cm –1)

13,284.5E (keV)

~400 MHz 150 MHz

This work

Ref. 17

300 10 20

Dye laser
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RaF + RaF

ν = 0
ν = 1

ν = 2
ν = 3

ν = 4

X2Σ+

A2π1/2

2π1/2
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ν = 1

ν = 2
ν = 3

ν = 4

IP ≈ 40,000 cm –1 
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64
5 
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75

3 
nm

Ti:Sa laser

a

dc

(I) (II)

(III)

E

E

(IV)
~30 keV

b

532 nm

645 nm

753 nm Ion
Detector

60 GHz

Udrescu, S.M., Wilkins, S.G., Breier, A.A. et al. Precision spectroscopy and laser-cooling scheme of a radium-containing 
molecule. Nat. Phys. 20, 202–207 (2024).

Ronald

Garcia Ruiz


MIT



, RaOH at Caltech
Buffer-gas cooled 226RaOH Spectroscopy

Nick Hutzler

Caltech



, MOT of RaOH coming ?soon?

MOT 
etc.

Easier! Than SrOH and CaOH!!
But we need them ultra cold

To load into an optical lattice

List of 



, Laser Cooling of RaOH, theory

MOT

Easier than SrOH and CaOH it appears



, RaX Collaboration

Udarniki: 
Arian Jadbabaie 
Sepehr Ebadi 
Shafinul Haque 
Samuel Muñoz 

PIs 
Nick Hutzler 
John Doyle 
Ronald Garcia Ruiz

Plan


Laser slow -> MOT -> ODT


Nuclear Schiff Moment measurement

 ~1 s coherence time, ~1000 molecules


“RaX Collaboration”

(RaOH and/or RaF, RaOCH3)

Nick Hutzler

Caltech

Ronald Garcia Ruiz

MIT



, RaX - Experimental Setup

April 2025 October 2025



ACME III 
Projected

Jila 2023

Octupole 
Deformed 
Nuclei in 
Molecules
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SrOH 
YbOH 

POLYEDM



Udarniki: 
Arian Jadbabaie 
Sepehr Ebadi 
Shafinul Haque 
Samuel Muñoz 

PIs 
Nick Hutzler 
John Doyle 
Ronald Garcia Ruiz

Plan


Laser slow -> MOT -> ODT


Nuclear Schiff Moment measurement

 ~1 s coherence time


“RaX Collaboration”

(RaOH and/or RaF, RaOCH3)

Nick Hutzler

Caltech

Ronald Garcia Ruiz

MIT

RaX current on the ground crew

Arian Avneesh Matteo Shungo



ACME III 
Projected

Jila 2023

Octupole 
Deformed 
Nuclei in 
Molecules
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Y. Ema et al., PRL129, 231801 (2022) 

SrOH 
YbOH 

POLYEDM

On ArXiv

Last week



Use molecules that have nuclei x100-1000 more sensitive to CP-v BSM physics
Octupole Deformed Nuclei/Nuclear Schiff Moment

BUT want to keep long coherence times (~10s)!

QuEST (Wu)

Ra

REDRUM (DeMille and collaborators)

EDMcubed (Vutha and collaborators)

UCSB (Jayich w/Hutzler)

RaSH+

227ThF+  

RaX (Hutzler/Doyle/Garcia Ruiz)

, Lots of new collaborations, new experiments!

(Fan/Cornell/Ng/Malbrunot) 



ACME III 
Projected

SrOH (PolyEDM) 
Projected

HfF+ 30 3

3 0.3

0.3 0.03

30 3

3 0.3

GeV

TeV

0.3 0.03

LHC
LHC

One 
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Review: D. DeMille, J.M. Doyle, and A.O. Sushkov

Science 357, 990 (2017)
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Dark Energy
1. Dark Matter

Two Mysteries

2. Matter-Antimatter Asymmetry
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Oscillating Physical Constants due to Dark Matter
Dark Matter 

Experim
ent

Ultracold polyatomic molecules - Complexity to search for Dark Matter

Enhanced Sensitivity to Ultralight Bosonic Dark Matter in the Spectra of the Linear Radical SrOH, I. Kozyryev, Z.D. Lasner, J.M.D.PRA 103, 043313 (2021)



From Dark Matter to Oscillating Physical Constants

• Extremely diverse range of models could account for dark matter 

• Scalar DM particles  eV would be cold, have large Compton wavelengths, 
form BEC or superfluid 

• Results in an oscillating background field 
• Coupling of this field to “ordinary” matter results in oscillating physical properties/

“constants”

< 1

Ferreira (2021). doi:10.1007/s00159-021-00135-6

𝜙𝐷𝑀
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Ultralight Dark Matter

SrOH

Enhanced Sensitivity to Ultralight Bosonic Dark Matter in the Spectra of the Linear Radical SrOH, I. Kozyryev, Z.D. Lasner, J.M.D. PRA 103, 043313 (2021)



SrOH Dark Matter Discovery Space
SrOH in ODT

1 day curve is continuous 24 hours of data

1 month curves are for 
  48 hours of data per week,

  4 weeks of data taking. 

Optimal sensitivity versus mass varies 
because 

the longest period measured changes 
(here, 30 days vs. 1 day).

We currently have 1000 SrOH in ODT

One Day

One month, 2 days/week, 1000 SrOH

One month, 2 days/week, 105 SrOH 

10 dB squeezed

Enhanced Sensitivity to Ultralight Bosonic Dark Matter in the Spectra of the Linear Radical SrOH, I. Kozyryev, Z.D. Lasner, J.M.D. PRA 103, 043313 (2021)



SrOH Optical Trapping
SrOH in ODT

a) b) c)

t = 0.5 ms t = 1 ms

t = 2 ms t = 4 ms

620 μm

Optical Trapping of SrOH Molecules for Dark Matter and T-violation Searches, H. Sawaoka, A. Nasir, A. Lunstad, M. Li, J. Mango,  
Z.D. Lasner, and J.M.D., submitted, arXiv:2509.01618 (2025).

ODT lifetime (1.2 s) for  
1300 Ground State Molecules



SrOH Dark Matter Science  
States Found

High-sensitivity molecular spectroscopy of SrOH using magneto-optical trapping, A. Lunstad, H. Sawaoka,  
Z.D. Lasner, A. Nasir, M. Li, J. Mango, R. Fields, and J.M.D., submitted, arXiv:2509.09786 (2025).

SrOH in ODT
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Optical Trapping of SrOH Molecules for Dark Matter and T-violation Searches, H. Sawaoka, A. Nasir,  
A. Lunstad, M. Li, J. Mango, Z.D. Lasner, and J.M.D, submitted, arXiv:2509.01618 (2025).

All these states 
now known to 1 MHz

N is

Rotational

Quantum

Number



SrOH Dark Matter Science  
States Found

High-sensitivity molecular spectroscopy of SrOH using magneto-optical trapping, A. Lunstad, H. Sawaoka,  
Z.D. Lasner, A. Nasir, M. Li, J. Mango, R. Fields, and J. M. Doyle, submitted, arXiv:2509.09786 (2025).
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A. Lunstad, M. Li, J. Mango, Z.D. Lasner, and J. M. Doyle, submitted, arXiv:2509.01618 (2025).

All these states 
now known to 1 MHz

Ray Shuqi Saif Abdullah Annika
Mingda

holding

Mr. Microwave Horn

Dark Matter and EDM with SrOH current team
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Following the pioneering lead of SrF, CaF, CaOH, CaOCH3 etc. 
we have demonstrated… 

                           … radiative force deflection and… 
                           Doppler laser cooling

Cooling and heating

1-D Laser Cooling of an ASymmetric Top Molecule 
We need to explore the molecular complexity frontier…


What happens when you excite a molecule?



Laser Cooling of a Symmetric Top - CaOCH3

Determination of CaOH and CaOCH3 vibrational branching ratios for direct laser cooling and trapping I. Kozyryev, T. C. Steimle, P. Yu, D.-T. 
Nguyen, J.M.D. New J. Phys. 21, 052002 (2019).

Direct Laser Cooling of a Symmetric Top Molecule D. Mitra, N. B. Vilas, C. Hallas, L. Anderegg, B. L. Augenbraun, L. Baum, C. Miller, S. Raval, 
and J.M.D. Science 369, 1366 (2020). arXiv:2004.02848

Two new challenges:

1. 12 vibrational modes in play
• Favorable VBRs measured1

• “Old hat” by now… just add 
vibrational repumps

2. Novel rotational structure due 
to rigid body rotation !
• Rotations about “a” principal 

axis allowed
• No help from parity!

1

1FCFs

A teeny bit more complicated….

https://iopscience.iop.org/article/10.1088/1367-2630/ab19d7/meta
https://science.sciencemag.org/content/369/6509/1366
https://arxiv.org/abs/2004.02848


Direct Laser Cooling of a Symmetric Top Molecule D. Mitra, N. B. 
Vilas, C. Hallas, L. Anderegg, B. L. Augenbraun, L. Baum, C. 
Miller, S. Raval, and J.M.D. Science 369, 1366 (2020).

1-D Laser Cooling of a Symmetric Top Molecule 

CaOCH3

https://science.sciencemag.org/content/369/6509/1366


Complexity [reduced molecular symmetry]

Atoms
(N=1)

Diatomic Molecules
(N=2)

Polyatomic Molecules
(N=3,4,5…)

Harvard, Yale, Imperial, Boulder, 
Columbia, UConn, UC Riverside, …

Anderegg, Cheuk, …, Doyle Science 365 (2019)

Eliminate 
spherical symmetry

[1 moment of inertia]

Cheuk, …, Zwierlein PRL 116 (2016)
Barredo, …, Browaeys Nature 561 (2018)

List of 
Sr, Yb, Ba, Ra…

A CP-v Search Strategy

0.1-~1.0 s 
Vibrational Lifetime

>10 s 
Rotational Lifetimes



Rotational Closure in Nonlinear Molecules

❖ Symmetry-group specific: not only nominal scheme but also allowed perturbations

Nominal laser cooling line

❖ K” = 1 state requires a 
rotational repump

❖ Ka’’= 1state does not require a 
repump 

❖ Nearby states of the same J’ are 
different symmetry; mixing forbidden

❖ Nominal scheme is not useful 
❖ Mixing with nearby J’ states is symmetry 

allowed (and strongly occurs)

Proposal for laser cooling of complex polyatomic molecules I. Kozyryev, L. Baum, K. Matsuda, and J.M.D, ChemPhysChem 17, 3641 (2016).
Molecular Asymmetry and Optical Cycling: Laser Cooling Asymmetric Top Molecules B. L. Augenbraun, J.M.D., T. Zelevinsky, I. Kozyryev, Phys. Rev. 
X 10, 031022 (2020). 

http://dx.doi.org/10.1002/cphc.201601051
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.10.031022


Vibrational Closure in Nonlinear Molecules

81

❖ Vibrational Closure: same concept as linear species

(00…0)

2E1/2

2A1

1-2 vibrational 
decays over 1%

Polyatomic Candidates for Cooling of Molecules with Lasers from Simple Theoretical Concepts, Isaev and Berger, Phys. Rev. Lett. 116 2016
Proposal for laser cooling of complex polyatomic molecules I. Kozyryev, L. Baum, K. Matsuda, and J.M.D, ChemPhysChem 17, 3641 (2016).

Molecular Asymmetry and Optical Cycling: Laser Cooling Asymmetric Top Molecules B. L. Augenbraun, J.M.D., T. Zelevinsky, I. Kozyryev, Phys. Rev. 
X 10, 031022 (2020). 
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https://www.codecogs.com/eqnedit.php?latex=%5Cpropto%20%5Cint%20%5Cphi_g%20%5Cphi_e%20d%5E3%20x%20=%20%5Ctextnormal%7B%60%60FCF%22%7D#0
https://www.codecogs.com/eqnedit.php?latex=%5Cpropto%20%5Cint%20%5Cphi_g%20%5Cphi_e%20d%5E3%20x%20=%20%5Ctextnormal%7B%60%60FCF%22%7D#0
https://www.codecogs.com/eqnedit.php?latex=%5Cpropto%20%5Cint%20%5Cphi_g%20%5Cphi_e%20d%5E3%20x%20=%20%5Ctextnormal%7B%60%60FCF%22%7D#0
http://dx.doi.org/10.1002/cphc.201601051
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.10.031022


Apparatus for Measuring Branching Ratios
❖ Modified cryogenic buffer gas beam 
source with in-vacuum optics and 
collection into a Czerny-Turner style 
interferometer 

❖ Different reactants for different 
molecules: methanol, ammonia, and 1,3-
propanedithiol

300K Reactant



Vibrational Branching Results SrNH2

Notes: 
❖ 8 states populated at the 

0.01% level (5 in SrOH)  
❖ More atoms ⇒ more modes  

❖ Bending mode is split – but only 
one of the two is active 

❖ Resonances in ground state 
affect strengths, but not # of 
channels 

❖ Similar complexity to SrOH: 
only 1 more repump!



Conclusions and Outlook Nonlinear Sr Molecules
For Laser Cooling

❖ Analyzed all three molecules’ 
vibrational branching to <0.1% 
-Varies from 3-15+ frequencies 
to 1D Sisyphus cool  

❖ Combination of VBRs & 
rotational closure point to SrNH2 
as the simplest of the three 

❖ Future measurements of parts 
in 105 VBRs are well motivated 
to identify any serious 
perturbations below current 
sensitivity early

❖ “Nonideal” rotational 
closure

❖ Far too many 
modes 

❖ Very poor 
rotational closure

❖ Manageable number 
of modes 

❖ Rotational closure(!)

…
Vibrational Branching


Measurements
Devise Laser 


Scheme Laser Cool
Vibrational Branching Ratios for Laser-Cooling of Nonlinear Strontium-Containing Molecules
Alexander Frenett, Zack Lasner, Lan Cheng, J.M.D. Phys. Rev. A 110, 022811 (2024)

?

https://arxiv.org/search/?searchtype=author&query=Frenett%2C+A
https://arxiv.org/search/?searchtype=author&query=Lasner%2C+Z
https://arxiv.org/search/?searchtype=author&query=Cheng%2C+L
https://arxiv.org/search/?searchtype=author&query=Doyle%2C+J+M
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Following the pioneering lead of SrF, CaF, CaOH, CaOCH3 etc. 
we have demonstrated… 

                           … radiative force deflection and… 
                           Doppler laser cooling

Cooling and heating

1-D Laser Cooling of an ASymmetric Top Molecule 

1D Laser Cooling of the Asymmetric Top Molecule CaNH2

Andrew Winnicki 

Laser Cooling of Molecules 
9:00 AM–9:12 AM, Wednesday, June 5, 2024

DAMOP

Direction of  
Molecule 

Flow

https://meetings.aps.org/Meeting/DAMOP24/Session/F08


CaNH2

Towards a MOT of an ASymmetric Top Molecules 

Direction of  
Molecule 

Flow

We are “going for it”!



CaNH2

Towards a MOT of an ASymmetric Top Molecules 



Towards a MOT of an 
ASymmetric Top Molecules 

CaNH2

Giseok Winston Jack Grace
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