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The Beginning of AMO™* was Spectroscopy

AMO started betfore

the advent of quantum theory...

Spectroscopy

*AMO
IS
Atomic, Molecular and Optical Physics

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

434.1 nm
410.1 nm | 486.1 nm 656.3 nm

750 nm

Al Prism
Gas Slit
discharge
tube
containing - |
Atoms g i
A
spectrum
Visible
A (nm)
400 550 600 750 nm
750 nm
7")0 nm




E
>
£
£
>
9
-
3
€
g
2
g
=

CHATT

& 0}‘10'1 L. RPegasillt

The Beginning of AMO™* was Spectroscopy

—

‘& Lyree 1.

T —

e ST S ——

TS IALEARUR VANT( VD wngn
b Sow s s Sii s TET Ve

LA o an § v

A e L om

R B D Ty

m .



The Beginning of AMO™* was Spectroscopy

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
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IN ITS APPLICATION TO

TE RRE STRIAL SUBSTANCES

AND

k- THE PHYSICAL CONSTITUTION OF THE

HEAVENLY BODIES.

FAMILIARLY EXPLAINED BY THE LATE'

DR i SCHELLEN

DIRECTOR DER REALSCHULE I. O, COLOGNE, RITTER DES ROTHEN ADLERORDENS IV. KL.,
ASSOCIATE OF SEVERAL LEARNED SOCIETIES.
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Scientists developed key ideas
about why there
were lines In the spectrum
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Methods of probing

Magnetic field

Measurement concepts

Quantized angular
momentum

Spectroscopy

Electric field

Laser light
|

Quantized energy levels Frequency shift

Quantum Mechanics

Enérgy shift

Environment
R Changes
AR Quantum Level
LA Spacing




Spectroscopy

Coherent Radiation Sources COIltI‘O]_

Methods of probing
Magnetic field

Measurement concepts

Quantized angular
momentum

Electric field

Quantized energy levels

Laser light
|

| Quantum Control
Frequency shift

1940s-19/70s

Laser,
Microwaves, etc.




Neutral Atoms Control of Single Neutral Atoms
— milliKelvin temperatures
“Optical Tweezers” )
f Gotten from laser cooling

A. M. Kaufman et al, Two-particle quantum interference
in tunnel-coupled optical tweezers, Science (2014)
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I Particle

Trapping force

~ 1 micron mp () <

Laser

(412,00 [Todg+ 11,1) (| L) — | 1,1)) 4440, 2) [To) )

N | =

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




Spectroscopy 4=pControl 4= Complexity
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AMO History

umber of ﬂeuanta In experiments
atoms, molecules, ions, photons, electrons...)

Spectroscopy

1000 “The Second Quantum Revolution”

Quantum Simulation and Computation
100

Controlled

° Complexity

“Intentional Complexity”

90s 11 year



| Doyle Group Research “Strategy” |

Molecular Complexity might be Harnessed to Advance Areas of
AMO

~/'

Metrology-based . : Quantum Simulation/
Particle Physics Collisions and Chemistry information




Doyle Group Research “Strategy”

Molecular Complexity might be Harnessed to Advance Areas of
AMO

Quantum Simulation/
Information

Precision Measurements Collisions and Chemistry




B2y + 0, J=1/2, + Laser Cooling to get milliKelvin CaF Molecules

* Photons carry both linear and
angular momentum

* Cooling
* Quantum state prep/readout

866°0 = 00f

’b
Excited
c . ~3,000-7,000 Photon Cycles
v 52 c .
2 1GHz 83 8 Needed for Full Laser Cooling
A H1/2 i Ground
Vibrational @
Branching
Ratios /
U
e
p—t
=
=
X 2% =3+
1/2 — N= — - : | : : Internuclear separation
v=0, N=1 - Small vibrational branching ratios for CaF :

N=0
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CaF in Tweezer Arrays

DT

Dichroic

Mirror

/80 nm

Resolved Addressing

606 nm |

Microscope
Objective
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CaF - Dipolar Interactions in Tweezer Arrays

Dipolar InteractionTwo Molecules in Single Molecule Rotational
Nearby Tweezers Qbit Coherence Time Spin Exchange Between Two Molecules
XY8 Dynamical xV  Decoupling J aia A A o A Ay £
, o Hap = (5755 + 5787) = J(S755 + 5153)

2

©
N

$ R=1.5um, 7,=35(10) ms, T=35(2) ms

¢ Bare Ramsey 7 = 3.6(6) ms
4 Spin Echo 7o = 33(5) ms
$ XY8 71, =630(90) ms

—
N

100 200 300 400 500 600
Time (ms)

A R=2.0pm, ’TD=96(21) ms, T=77(2) ms

Bell State

Fraction 11 Fraction 1 Fraction 1 Fraction 1

_ 20.5 GHz 0.4 . | .
Rotational F | d e | |t O 87 é R=2.25um, 7_=159(29) ms, T=105(2) ms
Qubit - y Y. 0.2
F=1 —" me=0 |[])
F=0 = 0 50 100 150 200 250
Dipolar spin-exchange and entanglement between molecules in an optical tweezer array, Y. Bao, Time (ms) Bao et al.

S. S. Yu, L. Anderegg, E. Chae, W. Ketterle, K.-K. Ni, J. M. Doyle. Science 382, 6657 (2023). Arxiv (2022)



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

A New Qubit Platform

An Extraordinary

Development
Two Qubit Gate Fidelities

© . .
> \ Diatomic
g W 5——a  Molecules
 — 9 | @/ \ CaF
33 DN a
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Year When these platforms achieved

1995 2000 2005 2010 2015 2020
/2
| 1 |

lons Atoms Molecules

single quantum state control

First Single Particle Control



Doyle Group Research “Strategy”

Molecular Complexity might be Harnessed to Advance Areas of
AMO

~/'

Quantum Simulation/
Information

Metrology-based
Particle Physics

Collisions and Chemistry
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YOU ARE HERE

ACCELERATING EXPANSION

A little more than 5 billion years ago,
dark energy caused the universe

to expand increasingly fast.

INFLATION

In less than 10° of a second after

the Big Bang, the universe burst open,
expanding faster than the speed of light
and flinging all the matter and energy in
the universe apart in all directions.

BIG BANG
The universe expanded violently from an
extremely hot and dense initial state some
13.7 billion years ago.

1. Dark Matter

EVERYTHING ELSE,
DARK ENERGY INCLUDING ALL STARS, DARK MATTER
PLANETS, AND US

2. Matter-Antimatter Asymmetry




S‘l’ahJam’ Model
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. .

Standard Model
Describes
All Lab-based
Particle Physics
Experiments



Standard Mode|
° ® g e

@ Dark Matter

Matter-Anti Matter

Hierarchy Problem

“
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Standard
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Spin

. Vi N Hyperfine splitting of

Symmetric \ \
Xenon 54 core @ \o® 'y the 6s electron level
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OPTICAL TWEEZERS (LATTICE)

Detect Particle X with a Clock

y
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Ultracold
Atoms

Optical (<< 1 mK)

Lattice
Clock
S— AT Is can be
Katori and Ye 10’s of seconds

1P1 Cr——
Position/A
0 0.5 1 1.5

electron - H
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, Fight now.

are right here

X

Already well known...g-2




Clocks are Sensors of the NEW PARTICLES

Methods of probing

Magnetic field Electric field Laser light
! I I

Measurement concepts

Quantized angular Quantized energy levels
momentum |

e T S

Enérgy shift




BSM =
Beyond In BSM theories, EDM (de) is created generically

Standard | The mass scale of BSM physics and de can be estimated via'...

Model -
% EDM
Electric

Electron

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

H
I, X
2 " € . '.

T d, \ 27

Mass of pibcp -

BSM particl +-
rgartlc ° / BSM patrticle € = X
X ‘ (example)
er Y CR

Look for the ELECTRIC dipole of the electron



Standard Model Predicts
EDMs x10¢
lower than current experiment
*not enough CP violation

EDM searches are
/ERO BACKGROUND
Searches for New Physics



EDM experiment
using cold ThO molecules

Bapplied 3 &

1

Pls: Doyle, DeMille and Gabrielse

o NEED: Large Mass Nucleus

Th (For x10% enhancement
internal effective
electric field)

We use Thorium

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




EDM experiment
using cold ThO molecules

Bapplied
/V + o

-

Pls: Doyle, DeMille and Gabrielse

NEED: Large Mass Nucleus
(For x10% enhancement

internal effective
electric field)
We use Thorium

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

T

O - 10
1010 V/cm
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JILA 2017
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LHC e

E?tend

Technicqglor

Compactified
M theory

High Scale
flavor Violation

Alignment

Jeesaw Neutrino Yukawa Couplings

Npprox.  Minimally
Unjversality Split SUSY

Minimal Flavor Violation
GUT Scale< >Weak Scale

10 103 103 1032 10
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Generic Models
Pre-LHC SUSY
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Standard
Model
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103 10°°
Y. Ema et al., PRL129, 231801 (2022)




C s Two Loop
ACME Il EDM Limit LHC Limit Electron EDM

arg(A;n)=n/2, n/8,m/32, tan3 = 10

N o qq production, B(q — g 5{?)=1 00% Resu It
— . | | | | r | | | s 10. ;‘ 1 400 B | | | | | | | | | | | | | | | | | | | | | | | | | i
i o _ ATLAS === Obs. limit (=1 oy 1 ACME 2
Ae100 O, Jopp . 5 = 13 Tev, 36.1 1" — == Exp. limits (1 o,y) 7
' chx'_ ~ O-leptons, 2-6jets T Exp. limits MEff ~
_ MEff or RJR (Best Expected) 7~ Exp. limits RUR _ 1
....................................................... 1000 — Al limits at 95% CL ——— 0L obs. limit (13 TeV, 3.2 fb™) — Interpretlng
Aj=10 T e / ~ the
3001 q+q, (u,d,s,c) % -
% - Pre 1 Electron
) /2 f - 1. — oS —
: - 00— S 1 EDM
E Al ‘OWGd E R —— E Constraint
Region - 400 N
- 200 N — 2018
A~=1000 0 _
| | | | | | | | | | | | | | | | | | | I':: | |' | | :. | | | |
S P £BOO 600 800 1000 1200 1400 1600 1800
Qianshu

Lu
LHC search in general only depends on particle mass, while

eEDM depends on CPV phase.




Superpartner Mass (TeV)

30

—
-

Qo

ACME Il result SUSY LIMITS

Higg g:.lnos / Gdug:,mos

NAT

2nd Gulerdtlon :

i lst Gene1

“All of the constraints shown are
' merely indicative and subject to

: significant loopholes and caveats”
' Order Unity SUSY Phases
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1 U"a

® ThO ACME 2018

B HfF+ Jila 2023

LHC Maximum Mass Raach
T
fevatonill | =
P =
Spps . /.// ///////
LS AA
. A
SppS T ,’
- x! I el WTIF
Y%' //,. A
/ B -l
; Accelerator points should best be compardd to two-loop|EDM values
\4 | | |
EDM points assume unity CP phase
Review: D. DeMille, JIM. Doyle, and AlO. Sushkov
Rlz Science|357, 990 (2017)
1960 1970 1980 1990 2000 2010 2020
year
1U™=<° 11U« 1U™=° 1U~” 10U~ 10U~ 11U~ 11U~ 1U™™ 1U "~

d.(ecm

TeV

0.3

0.3 0.03
GeV

30 3
3 0.3
0.3 0.03
One Two
Loop Loop




ACME I
2023

Y, AN

{
!

=
£
=
:

SN 3
' ).
» -,",. v} ' |
P r '. ’ ¥ :

,o
-



ACME Il signal compared with ACME | and |l

ACME Il

ACME I

AR 5 R B \J LJ
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Previously Planned Signal Gain is Achieved

Demonstrated T
Improvement M
Longer Precession Time! 0.3 5
Electrostatic Lens? 12 1
SiPM Detector34 2.7 1
Improved collection optics 1.7 1
Eliminated Timing Jitter Noise5 1 1
Load-lock target change 1.4 1
Total 23 S

ACME Il Daily 1o Statistical Sensitivity (e cm)
ACME Il Daily 1o Sensitivity (e cm)

EDM

sensitivity
Gain

Based on

. Current Running
1.6 Conditions in ACME I
1.3
1.7
19 Photoelectron |Photoelectron
' counts per counts
39 ablation shot averaged
~1x10-3 (50Hz) over 1 second
~3x10-31
ACME " ~2_4X1O5 ~1 .2)(107
ACME i ~6x106 ~3%108



Blind was set one year ago

We are taking EDM data
First systematic checks underway

M blind generation

Are you sure you want io generate the EOM bDiind frem Phees
L] 413 60 574




experimentally excluded | HfF+ 2023

| Standard Model
JILA 2017
ACME A METhO Generic Models
014 2018 Pre-LHC SUSY

LHC era SUSY

| exenddd ACME Il ThO - Projected
Symmetric Technicdlor :

Lepton Flavor Compgactified Standard
—hanging M theory Model

High Scale
fFlavor Vio[ation

| SO@0)GUT \lignment E

Split SUSY

Seesaw Neytrino Yukawa Couplings

|

t@‘n" Approx. pprox. hinimally
Cancellation CP  Unjversality Split SUSY

b -

" Heavy Minifnal Flavor Violation
‘ sFermions GUT Scale<------ >Weak Scale

1 B
1025 1026 102 1028 102 103 103t 1032 10-33' 103 10736

d (ecm Y. Ema et al., PRL129, 231801 (2022)
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What is the future for EDM Searches!?

CP-v = CP violation

No sign of BSM physics anywhere but...
e Matter-antimatter asymmetry still unexplained
e Microscopic nature of Dark Matter still unknown
e Hierarch Problem did not go away

1 n
How to improve? 0y = W N e
® |nCcrease / TVINT
* |[ncrease - Cohmncc/ (Phoén)
e |[ncrease inherent to CP-v SGH%MW Time — Counting|Rate

CP-v Physics Integration time



Increased complexity and increased

Optical Trapping - Tweezers
or
lon Trap
ACME lII New Experiments

CP-v Pathfinder - CaOH Poly EDM -SrOH RaX - RaOH, RaF, RaOCHs
(EDM and Schiff Moment Pathfinder experiment) (Electron EDM) (Nuclear Schiff Moment)
Doyle/Hutzler Doyle/Hutzler/Steimle/Vutha Doyle/Hutzler/Garcia-Ruiz
Harvard/Caltech Harvard/Caltech/Toronto Harvard/Caltech/MIT




Orbital Angular Momentum Along the Internuclear Axis

Molecular Frame “The power of the Parity Doublet”
Quantum Numbers 1.0 é
Polyatomic
Can 0.5 Diatomic '
laser I= i j
2 — .
COO O 0 < ipole
- . Lab
é K and | <_C_;) | \' Frame
molecules 7

-0.5

J. f i
-1.0 Ol
z 10°4 0.001 0.010 0.100 1 10 100
Y

Lab E-field (kV/cm)

=

Can’t laser cool (Q molecules




Valence Electron

Laser Cooling Polyatomic Molecules | Wavefunction

October 2016 ChemPhysChem Paper. See also Isaev and Berger 2016

Proposal for Laser Cooling of Complex Polyatomic
—/ Molecules

lvan Kozyryev,**® Louis Baum,”® Kyle Matsuda,™ " and John M. Doyle" "

H \O

An experimentally feasible strategy for direct laser cooling of = monoalkoxide free radicals taking advantage of the phase
polyatomic molecules with six or more atoms is presented. space compression of a cryogenic buffer-gas beam. Possible
Our approach relies on the attachment of a metal atom to  applications are presented including laser cooling of chiral
a complex molecule, where it acts as an active photon cycling  molecules and slowing of molecular beams using coherent
site. We describe a laser cooling scheme for alkaline earth  photon processes.

Metal-Oxide-Radical
IIMOR”

Molecule Motif

a.k.a Alkaline Earth Atom
Pseudofluoride Molecules




EDM Search Strategy - Laser Cooled Polyatomic Molecules

1.
: QS‘TE'D (O st Yb, Ba, Ra...

05 Laser-Coolable
_ Diatomic \ 5
: "y .
€ 0.0 7\ Y
S .o
< —

Polyatomic Molecule %
-1.0 Elab
104 0.001 0.010 0.100 1 10 100

Lab E-field (kV/cm) Eeff
Precision Measurement of Time-Reversal Symmetry Violation with Laser-Cooled Polyatomic Molecules Kozyryev and Hutzler, PRL, 119 (2017)

Complexity [reduced molecular symmetry] —

Eliminate
spherical symmetry
[1 moment of inertia]

~

0.1-~1.0s
Vibrational Lifetime

>10 s
Rotational Lifetimes




Our Laser Cooling Path to Ultracold Molecules

Typical values for
atoms 1012 108 106

Molecule Number

106 1.3x10° 2x104
Cryogenic Buffer Laser Red-detuned Sub-Doppler  Conveyor  opT Optical
gas Cooling Slowing RF MOT Cooling MOT Tweezers

Temperature

Phase Space Density
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B22+ i Ca-O Stretch

Bend
Ca-O Stretch

- Bend
—

W >

- Y Y

= 5 W\

" € @ o

- C

= LD

= LD

" L0

X2yt v o o @ cic
Stretch Bend  Hybrid

Scatter ~15000 photons by repumping Magneto-Optical Trap of

'CaOH|

CaOH in Optical Dipole Trap

T ~
9

~250 molecules

626 nm

200

Number of trapped molecules
o
o

vibrational decay pathways 20,000 CaOH Molecules 100
@ 60 ,K
50 |
O 1 1 1 | | | 1
0 50 100 150 200 250 300
b ODT loading duration (ms)

Fa "u "1 "

Each dot is a CaOH molecule 5 um 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 I-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).



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

e e om e (Pathfinder Experiment to EDM

search using trapped CaOH Zero g-factor EDM states
- el T T T ——————
- 0.2f .
. Application of a lab E_, results in S
states with “zero” electron g- r 0.0
factor = _0.qf v
- Still sensitive to EDM <
interaction! -0.2
» Useful for rejecting systematic -03¢ N
errors from stray B, fields o3
02} ]
0.1} :
2 ~
________________________________________________________ s>Q 00 :
_ O » 0.1} M=+ :
Opposite U5 | 5
: N . i
EDM Shift - ‘0-2\1
-0.3 ' ' ;
40 50 60 70 80

Engineering Field-Insensitive Molecular Clock Transitions for
Symmetry Violation Searches
&%, PURPOSE-LED

Yuiki Takahashi, Chi Zhang, Arian Jadbabaie, and Nicholas R. Hutzler \3) PUBLISHING™
Phys. Rev. Lett. 131, 183003 — Published 31 October 2023




Triatomic Vibrational Quantum Numbers

X22H(200) XZZ5(010) X 2Z(+)(0310\
/ \ Angular Momentum

of Vibration

Sr-O stretch mode  O- H stretch mode Quantum Number

Quantum number  Quantum number  Sr-O-H bending mode (£ =1 in here)
Quantum number

(v=1 on left, v=3 on right)
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Precession
Bending Mode: EDM States Time
v =1 - 7
N=2{ 3/2 E ;I
X2EH010)  »
EDM S O
Sensitive B ——P eEDM State
State N=1_< 3/2 f:
| 172 (1)
eEDM Sensitive Spin Precession
205V 20mG
3 Q & 205V 20mG
> 0.55 F Decay: 2.2 ms Period 590 s |-
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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).

0.1F

Electron Spin Precession in the CaOH EDM State

Increased
Coherence Near
Zero g-factor

[760.06 MHZ/G

| @ 1.0 MHzZ/G ,

5 10 50 100 500
BZOHG)


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

eEDMs = CaOH is too light for eEDM sensitivity...
But SrOH pretty good....
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d. (ecm Y. Ema et al., PRL129, 231801 (2022)




./‘\ ’ Parity Precession in the CaOH Qubit State

Bending Mode: Qubit States Qubit 2 Qubit 1 Coherence Times
1 ubit
|+) = _(|£) + | — £)) 512 - Qubit 1 - Single Spin-echo
S
i =
o Q 1iz=1
O
f mO 40 GHz Qubit1  ©
- —
S
bendln_g mode lifetime in 3y — = Qubit 1 - Bare Coherence
our experiment is ~350 ms N=1 I yd T*
J p
0 200 400 600
Time (ms)
Bare coherence T =0.8(2) s
1064 nm optical dipole trap (ODT) Spin-echo coherence T2 > 2.9 s

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).
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Nuclear CP-violation Enhancement

Molecules with Octupole Deformed Nuclei

——1,000 —

Octupole
Deformation “CP-violation Amplifier”




Increased SENSITIVITY to new CP-v Physics
=In absence of symmetry violation, ' i ‘ N ’
nucleus should be in superposition

-> octupole shape averages away -« ’ (14 €>¢ ‘

_ ocz r; ——r<
x| _arge charge, mass mismatch from
asymmetric shape <w01§5m><wvmm>
- S -2 — =
»Deformed nuclel often have low- AE
lying .= 100 O T
keV =T

K=1/2*
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)



i RaF at MIT

IP =40,000 cm -
()
\ RaF++++++ E RaF
'1;_., :: s, #" ‘.;.'I- C
' e % o
o . 5
LN

Ronald
il Garcia Ruiz
MIT

A Ti:Sa laser

/  Dye laser
| /
\ \
C d
A Nd:YAG 1.0 -
Av
This work |
_ \ \ 150 MHZ | |
S [ AURIAR | |
G A
G.) R
w 0.5 - Ref. 17 4
(a'es
> T T I
. e -0 30 E(keV) 132835 132840 13,2845

Wavenumber (cm )

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).



RaOH at Caltech
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But we need them ultra cold
To load into an optical lattice

X23
(000) (v;00)  (0vi0)  (v1vi00)




RaOH

State  VBR (%) Photons .
(000) 98972 97 Laser COO|Ing of RaOH, theory
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02°0)  0.138 3704

(200) 0012 6667 Easier than SrOH and CaOH it appears
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Number of Lasers
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RaX Collaboration

Plan

(RaOH and/or RaF, RaOCHB3)
Laser slow -> MOT -> ODT

Nuclear Schiff Moment measurement
~1 s coherence time, ~1000 molecules

“RaX Collaboration”

Nick Hutzler ] Q) o f Ronald Garcia Ruiz |

Caltech MIT




EE - RaX - Experimental Setup

£

|

—
4
B

<

s

-

3
"
- .—'.,‘
L~ L
-
"w
- [
- e
-
A

1%

| § E\“
AR .. - - -.‘

Radon Monitor
AlphaGuard




+Jila 2023

. Standard Model
\CME A ME:ACME . Generic Models

014 2018 :Prolected  pro | He susy
* POLYEDM LHC era SUSY

expenmentally excludec
JILA 2017

= SrOH
| - -YbOH
-Righ Extendgc :: .
Symmetric Techniclor # -
Lepton Flavor Comfactified Standard
Changing M tHeory = Model
o -
High Scale -
SUSY . :
lavor Vio[ation =
- .
- -
m \lignment _-: o
- -
— - :
besaw Nem§1no Yuk&awa Couplings
| .. O

Cancellation CP  Urjversality Split SUSY

Heavy M|n|:=1al Flavor Violation
sﬁermuons GUT chﬂe<------>Weak Scale

Accidental Approx.  Approx. gmlmalﬁ’

et

10 102 107 10 10% 10%* 103 10% 10% 10%* 10
d. (ecm) Y. Ema et al., PRL129, 231801 (2022)



R
ES
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= I'><l\/ > hep-ph > arXiv:2509.23531

On ArXiv

High Energy Physics - Phenomenology | ast week
[Submitted on 27 Sep 2025]

Electric Dipole Moments and New Physics

Electric Dipole Moments and New Physics

Maxim Pospelov:? and Adam Ritz®
2University of Minnesota, William |. Fine Theoretical Physics Institute, School of Physics and Astronomy, Minneapolis,

MN 55455, USA
PUniversity of Victoria, Department of Physics and Astronomy, Victoria, BC V8P 5C2, Canada

t. Models that induce such interactions typically contain additional BSM particles charged under the SM groups which generically allow for
CP-violating interactions. As one prominent application, the sensitivity of current EDM observables to TeV scale new physics, even when
EDMs are generated only at the two-loop level, exerts pressure on viable models of electroweak baryogenesis, excluding a large fraction
of model-space. The predominant pre-LHC paradigm for new high-scale physics, weak-scale supersymmetry, 1s now generically pushed to
scales above 10 TeV. Current EDM sensitivity reaches these scales, and may extend as high as 100 TeV and above in cases of generic flavor
non-universality. At this moment in time, EDMs are one of the few tools available to probe such high-scale models of physics beyond the
EW scale. We also reviewed the implications of current EDM sensitivity for new physics in light dark sectors (e.g. dark photons, sterile




Lots of new collaborations, new experiments!

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)!

227ThF+(Fan/Cornell/Ng/Malbrunot)  EDMcubed (Vutha and collaborators)

UCSB (Jayich w/Hutzler) t REDRUM (DeIVTiIEEHd collaborators) RaX (Hutzler/Doyle/Garcia Ruiz)
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ACCELERATING EXPANSION

A little more than 5 billion years ago,
dark energy caused the universe

to expand increasingly fast.

INFLATION

In less than 10° of a second after

the Big Bang, the universe burst open,
expanding faster than the speed of light
and flinging all the matter and energy in
the universe apart in all directions.

BIG BANG
The universe expanded violently from an
extremely hot and dense initial state some
13.7 billion years ago.

1. Dark Matter

EVERYTHING ELSE,
DARK ENERGY INCLUDING ALL STARS, DARK MATTER
PLANETS, AND US

2. Matter-Antimatter Asymmetry




Ultracold polyatomic molecules - Complexity to search for Dark Matter

Oscillating Physical Constants due to Dark Matter

*accidental”
(0330) degeneracy

(200) ————& >— (0310)

(0220)
Level spacing will @ o T (02%) QA

change if fundamental 1100) 0110)
constants change (000)527 Sty I

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

Unknown

Ultralight Dark ¢

e Extremely diverse range of models could account for dark matter

e Scalar DM particles < 1 eV would be cold, have large Compton wavelengths,
form BEC or superfluid

e Results in an oscillating background field

e Coupling of this field to “ordinary” matter results in oscillating physical properties

{

constants”
0_33 eV keV eV j\"]pl *’7\"’[:}'_) Mass
.............. | | | >
| » . |
E Ultra-light DM “Light” DM WIMP %‘if;lp"s‘“’ Primordial BHs
Not DM QCD [imit

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

axion



Ultralight Dark Matter «C @

Ultralight Dark Matter has different effects on excited states oéo
Can take advantage of fortuitous near-degeneracies SrOH .

B

e For X(200) & X(0310) transition in SrOH has ‘ro-o
Q, ~ 10 — 10° with w =~ 1 — 50 GHz 200) (030)
 Requires stable microwaves only (0370)
* no need for optical frequency comb —_102°0)

 Suppressed systematic errors i

* Previously laser cooled in Doyle lab 527 cm’. ' I( )
364 o

¢ ~10717/./day fractional uncertainty in 6u/u ikl

X23*(000)
- ‘«

-
J y /‘* \/

Sensitivity can be enhanced with spin squeezing in a cavity

Unknown
Ultralight Dark dpm
Matter Field T
rap

O*‘) E (bending) ﬁ
C

AE . A(m,/m.) | Probe

«— —~103

E my,/m,
O—-.“ E (stretching)

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

SrOH in ODT 102
On
3 ey 1@
10 ~ \Day
10—4_
1 day curve is continuous 24 hours of data
10—5_
1 month curves are for
48 hours of data per week, . 107 <
4 weeks of data taking. S -
Pﬁ 10—7 i
Optimal sensitivity versus mass varies 107° -
because g
the longest period measured changes 10771 [— Si-H ==« | day, 10° StOH, projected
(here, 30 days vS. 1 day) ~10 mm— 51-Cs == : | mo, 10° SrOH, projected
10 1 |== Yb-Cs 1 mo, 10° SrOH with 10dB squeezing, projected
We currently have 1000 SrOH in ODT {0-11 j — 1\4IICR|O§CIOIPIE” I ————
-21 —20 ~19 ~18
10 10 10 10

mg (GV)

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)




SPOH Opth&l TPa,pplng ODT lifetime (1.2 s) for

SrOH in ODT 1300 Ground State Molecules
Red MOT, Conveyor Belt MOT, Optical dipole trap,
104 molecules, ~1 mm ~5,000 molecules, ~¥80 um 103 molecules, ~¥50 um

o0 um

Fraction remaining

< S <
b W 3
W S W
1 I 1

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).




Precise Energies of
SrOH Dark Matter

SrOH Dark Matter Science

SrOH in ODT : :
States Found Science States Determined
Litetimes of SrOH Dark Matter @ ‘/‘\
Science States in ODT (1000 Molecules) | N=5
=z 5 200 N:4
S = ~ All these states
= & now known to 1 MHz
g %ﬂ 150 N:4 N=3
= ; 28 100 N=2
-t K= S _ B
*g g [5 N=3
[, (T | N=1
0.0 0.1 0.2 0.3 0.0 0.5 1.0 50 N Nis
Time, t (s) Time, t (s) F(gotational
| _ uantum
Optical Trapping of SrOH Molecules for Dark Matter and T-violation Searches, H. Sawaoka, A. Nasir, | N:I Number
A. Lunstad, M. Li, J. Mango, Z.D. Lasner, and J.M.D, submitted, arXiv:2509.01618 (2025). ’ X(200) N=0 X(0310)

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).




Dark Matter and EDM with SrOH current team
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We need to explore the molecular complexity frontier... £
What happens when you excite a molecule?

Q.




Laser Cooling of a Symmetric Top

B?A,

~

A’E, 12

A teeny bit more complicated.... o

Two new challenges:

1. 12 vibrational modes in play \Dui)
- Favorable FCFs measured ! b )
*  “Old hat” by now... just add K=0 XA,

vibrational repumps

B?A,
- 52 K'=0 _
2. Novel rotational structure due A“Ey i} F=1/2,%
. . . .
to rigid body rotation K ",
. L N Q _
* Rotations about “a” principal S B\ =2
axis allowed = 2\ N=1 o "
- ity! N=2-4, J"=3/2,%
No help from parity! 2, . 14 GHz| v 1, = 32,1
K= 1 00 K:= 1 J'=1/2, %

Determination of CaOH and CaOCHS3 vibrational branching ratios for direct laser cooling and trapping |. Kozyryey, 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



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

1-D Laser Cooling of a Symmetric Top Molecule

M CaOCHg3

T, =22 mK Te=~1 mK

Unperturbed Cooled

Width ~ Temperature

Cooling performance essentially identical to that
of simpler linear molecules, despite greatly

increased molecular complexity.

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).



https://science.sciencemag.org/content/369/6509/1366
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A CP-v Search Strategy

Laser-Coolable

Diatomic \
I/

Polyatomic Molecule

0.001 0.010 0.100 1 10 100 VIS
Lab E-field (kV/cm) Eeft Nick Hutzler Ivan Kozyryev Kozyryev and Hutzler, Phys. Rev. Lett. 1199133002 (2017)

Complexity [reduced molecular symmetry]

N

Eliminate
spherical symmetry
[1 moment of inertia]

0.1-~1.0s
Vibrational Lifetime




Rotational Closure in Nonlinear Molecules
o O-

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

SrNH,
A 2B, 0 i
~ J"=3/2 -
X Al |“Y CJ—I/Z-
% K,”’= 1state does not require a ¢ Nominal scheme is not useful
» K” = 1 state requires @ repump ¢ Mixing with nearby J’ states is symmetry
rotational repump % Nearby states of the same J* are allowed (and strongly occurs)

different symmetry; mixing forbidden

Proposal for laser cooling of complex polyatomic molecules |. 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

C

“* Vibrational Closure: same concept as linear species

SI‘OCH3 SFNHZ
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Proposal for laser cooling of complex polyatomic molecules |. Kozyryev, L. Baum, K. Matsuda, and J.M.D, ChemPhysChem 17, 3641 (2016).
Polyatomic Candidates for Cooling of Molecules with Lasers from Simple Theoretical Concepts, Isaev and Berger, Phys. Rev. Lett. 116 2016

Molecular Asymmetry and Optical Cycling: Laser Cooling Asymmetric Top Molecules B. L. Augenbraun, J.M.D., T. Zelevinsky, |. Kozyryev, Phys. Rev.
X 10, 031022 (2020).
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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
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Vibrational Branchi ults SrNH>
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710 720 730 740 750 760 770 780
Energy (cm™") VBR (%) Notes:

State || Calc.| Exp. Calc. | Exp. X

0o 0 0 04.024]95.1(2) % 8 states populated at the

: . . :

61 | 260 | 252(4) || 0.351(0.35(3) , oo SvelSIn SrOH)

31 || 454 | 459(1) || 4.627 [ 3.7(2) | = oI SHOMS T OIS MOEES

62 531 | 547(2) || 0.869 [0.63(3)| *“* Bending mode is split — but only
3161 || 699 | 717(9) || 0.019 [0.04(1) one of the two is active

35 904 | 918(4) || 0.048 [0.11(1) “* Resonances in ground state

45 888 ~018 0.012 |0.02(1) affect strengths, but not # of
3162 || 965 | 1007(2) || 0.030 [0.03(1)|  channels

24 1540 - 0.014 o %* Similar complexity to SrOH:

14 3331 . 0.003 L only 1 more repump!




Conclusions and Outlook Nonlinear Sr Molecules
For Laser Cooling

“* Analyzed all three molecules’ O
vibrational branching to <0.1% ?
-Varies from 3-15+ frequencies
to 1D Sisyphus cool Q

** Combination of VBRs & | X Far too many
rotational closure point to SrNH,+  “Nonideal” rotational  <* Manageable number modes
as the simplest of the three closure of modes X Very poor

“* Rotational closure(!) rotational closure

** Future measurements of parts
in 10° VBRs are well motivated
to identify any serious
perturbations below current
sensitivity early

OOOOOOO
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Vibrational Branchmg Dewse Laser

Laser Cool
Measurements Scheme
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

|-D Laser Cooling of an ASymmetric Top Molecule

CaN Hz Following the pioneering lead of SrF, CaF, CaOH, CaOCHs etc.
we have demonstrated...

... radiative force deflection and...

Laser-induced fluorescence (LIF)

18 FDoppler laser cooling

=&
Laser = 17
A | Direction of Z
Molecule 5
Flow 'S 16
-
(©
D
M 15
DAMOP Lasers
Laser Cooling of Molecules Cooling and heating
9:00 AM-9:12 AM, Wednesday, June 5, 2024 200 100 0 100 200
Andrew Winnicki Laser detuning (MHz)

1D Laser Cooling of the Asymmetric Top Molecule CaNH:



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

Towards a MOT of an ASymmetric Top Molecules

CalNH; We are “going for it

Laser-induced fluorescence (LIF)

Laser

A| Direction of
Molecule
Flow

Molecule beam

enhancement
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Doyle up Mmbrs Photo Fall 2025
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