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Probing High Energy Pnysics

Supersymmetry

New P, T-violating

Physics (>TeV)
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Sources of Symmetry Violation

S
N,
N,
XS
~

eEDM

S
~
S
~,

R
R
-

10 SM-EFT
terms

2 SM-EFT terms

e
~.
~
~
~
~
~
~
~
~.
~
~
~
~
~
~
~o
~

Figure credit: N. Hutzler




Sources of Symmetry Violation
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Why Molecules?

» Hprpy MiXes opposite parity
levels split by A

= Atomic states: A~100 THz

= (p1/2|Hpry|s1/2) SUppressed

= Polarization ~0(1073) possible
» Molecular states: A < 10 GHz

= Ligand field mixes s, p, ...

" |[Ymor) = a|51/2) + Blp1/2)

= Polarization ~0(1) possible

= "“T000Xx" more sensitive

(Hpry) =0

Electric Field



Nuclear Enhancement A

» NSM enhanced ~500x in
octupole-deformed nuclei

» [r, Ra, Th, Pa (>>1000x?)

= Ongoing molecule
experiments:
= ThF* (Harvard, TRIUMF)
= FrAg (Argonne/UChicago)
» RAOH", RaOCH;5™ (UCSB)

= RaX (Harvard/MIT/Caltech,
FRIB/MSU)

* X =F,OH, OCH3, NH2..
= Complimentary

Technical Workshop:
Precision Measurements wi
Octupole-Deformed Nuclei

October 5,2024
Ory Forum, Goel QSE Building
60 Oxford St, Cambridge, MA

Registration Required:
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Why Polyatomic Molecules?

= Generically support parity doublets

and laser cooling

» Ex: bending modes in triatomics

= Molecular orientation control

Low-field polarizability
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222RaX Energy Reach

Enp < 1/\/dgpym

Subiect to caveats!
Hadronic EDM Limits
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Experimental Challenges

» Handling radioactive materials
= 25Ra (I=1/2) 14, = 15 d
= 226R3 ()=0) T, ,, =1600 y
= Radon gas (t4,, = 3.8 d)
» Gamma emission from daughters
= USNRC limits in air:

= With daughters: 30 pCi/L
= Without: 4000 pCi/L

= Need to work with small quantities!
= 10 ug to start, build up to 1 mg




Where Are We Going?
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Making Cold Molecules

» Established technigue:
Cryogenic Buffer Gas Cooling

= Broadly applicable

» Produces rotationally and
translationally cold molecules

= Vibrationally athermal l @ -1 ms later
= Can extract species into a beam

= <200 m/s velocity

= Starting point for precision
measurements, laser cooling, and

trapping

Hutzler, Lu, Doyle, Chem. Rev. 2012, 112, 9, 4803-4827 1




Example Beam Source
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RaOH at Caltech @ O

Hutzler Lab

= 10 ug Ra-226 inside a sealed buffer gas cell

Chandler Conn, Madison Howard,
Yuxi Yang, Phelan Yu

%4' High'res RaOH Spectra smoothed data
o . Binned data w/ errors
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Ultracold Molecule Formula

-~

Molecular Source
(Butter gas cooling)

\

Laser cooling
and slowing

Done fully with: CaF, CaOH, SrF, SrOH, YO, BaF

Sub-Doppler Cooling Trapping in
and Trapping optical potentials

DC/RF MOT

TmK

NSM measurement with
Partially with: YbF, YbOH, CaOCH;, AlF, MgF RaX Molecules!

L. Anderegg PhD Thesis (2019)
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Photon Cycling in Molecules
LiH

= Most molecules
cannot cycle photons 7 ||

= Need closed cycle
» Frank-Condon Factors:

FCF = |(vy|v'.)|” : A

Vibrational wavefunction
N

= “Non-diagonal’ FCFs: & x
Large probability ) 8
of decay to other s
vibrational states
Tarbutt, M. R. 2 4 6 8 10 12 14 o0 :(I:lO’ SdO 660 760 860 |9(I)01|4 101§0

Contemporary PhySiCS 59.4 (2018)- Intemnuclear separation, R (ag) Wavelength (nm) 15




Picking Laser Coolable Molecules

» [N certain molecules, the electrons are
decoupled from the bonding region

= Results in “diagonal” FCFs

» Rotational closure achieved
with parity selection
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Photons Scattered

226RaX Laser Cooling Prospects

= >10% photons for laser
cooling and trapping

» RaF: ~2-3 lasers

» RAOH: ~7 lasers

1 2 3 4 5 6 7 8 9 10
Number of Lasers

= RaF: existing spectroscopy

S.M. Uderscu, S.G. Wilkins, et al, Nature
Physics (2024)

» RaOH: spectroscopy
ongoing at Caltech

- J=05" 17



Laser Cooling Simulations

e + Blue-detuned Force Profiles
e magnetically-assisted o
| Sisyphus cooling

« Optimized capture
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Laser Cooling Schematic

Designing for up to
1mg of 2?5Ra per target
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safety challenges Dropcast Photodiode
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Experimental Progress

Cryocooler for
—>puffer-gas cell:
Cryocooler for €——— PT310

» Beam box designed and ordered

= DAQ: NI hardware, Labscript software
» Modified to be faster, modular, real-time

4K shield
= Publicly available python code: Butfer-gas
cell

https://github.com/shafinulh/blacs
» Automated ablation rastering program

» Prototyping with BaX =H S e

BaOH (bottom) AC and Ba 3P1 (top) absorption

L omm_



https://github.com/shafinulh/blacs

Prospects for +4°RaX

: y y Experiment
= 225R3 is 40,000x “hotter Derick Progress:
. Gonzalez-
» Produced as an ion beam Acevedo

(Ra* or Rak")
= [nject into cryogenic buffer gas cell

= Main outstanding challenge: Neutralization
More insights and experimentation needed!

Simulations:

10 eV
beam A Einzel
. . . ;EZI::I::'i:LZl Buffer gas Ce” Buffer gas
>90% injection L
- B 4l thermalization
efficiency |
" High injection ~1cm scale
_ efficiency
Quadrupole bender
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