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[ Why Atoms & Molecules?

Eric Cornell’s Talk
Tuesday at 10 am

[Sandars Phys. Rev. Lett. 18, 1396 (19
[Hudson et al. Nature 473 493 (2011)]
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Why Atoms & Molecules?

Molecules with
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Why atoms & molecules? ]

HmoI = He+ Hvib+ Hrot+ et ths+ HPV+ H Dean Lee’s Talk

PTV

/ Monday at 11:30 am
ths

P, T-even

« Nuclear matter

K<r2>1|1,u)Q1--

« Nuclear structure

\ How do nuclear phenomena emerge
from QCD?

What are the properties of nuclear
matter (e.g. neutron stars)?

~

Recent highlights:
Nature Physics 20,1719 (2024)
Phys. Rev. Lett. 133, 033003 (2024)
Nature Physics 20, 202 (2024)
Physical Review Letters 132, 162502 (2024)
Rep. Prog. Phys. 87 084301 (2024)
Physical Review Letters 131, 222502 (2023)

Nuclei

J

Neutron star Physical Review Letters 128, 022502 (2022

Nature 607, 260 (2022)
)/




[ Why atoms & molecules?
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Why atoms & molecules?

p x \ NONucl Fmol
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Hmol = H’moi ~ O, F,. -> Direct measurements!
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[ Why atoms & molecules?

p x \ ~ONucl Fmol
HmoI = He+ Hvib+ Hrot+ e T ths+ HPV+ HPTV
evV. -2 102 105 10¢ <1012 <1075
Hmol = H’moi ~ O, F,. -> Direct measurements!
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{ Molecules as “quantum sensors” ]

\ ﬁ\lature 562, 355 (2018)] [Roussy et al. Science 381, 46 (2023)] \
H PTV *

He, |-> + °
BYE(t)é\ > /kB 56 B| [E Q /

Eric Cornell’s Talk
Tuesday at 10 am

/ [Phys Rev Lett 120, 142501 (2018)]

\_

"Searches for new sources of CP violation using molecules as quantum sensors”.

Hutzler et al. arXiv:2010.08709 (2020)
“Opportunities for fundamental physics research with radioactive molecules”.

Arrowsmith-Kron et al. Rep. Prog. Phys. 87 084301 (2024)

Recent reviews: o




Radioactive molecules as sensitive probes of P,T-
violating nuclear properties
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[ Radioactive Molecules for studies of P, T violation ]

225Ra
v Large Z, A \ >]I_03 / >103
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- ~ / E,N-EN~105eV
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. "M [Ra@ ANL: Parker et al. PRL 114, 233002 (2015)]
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[ Radioactive molecules=> Best of all worlds! ] => >10°
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Activated Uranium
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| Recent Results (RaF) |
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[ P,T-violation measurements with RaX Molecules ]

RaX Collaboration
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RaX Collaboration

v'Beam box fabrication
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[ Radioactive Molecules for Fundamental-Symmetry Tests ]

— RaOH, RaOH+*and RaOCH + — Assembling molecules from cold atoms [Demille]
3 -

[Hutzler, Jayich, ...] * RaAg P A
 FrAg a '

=)

[Fan et al. Phys. Rev. Lett. 126, 023002 (2021)] New J. Phvs. 23. 113039 (2021 :
[Yu & Hutzler Phys. Rev. Lett. 126, 023003 (2021)] [New J. Phys. 23, (2021)]

— Centrifuge Deceleration

Xing Wu
RaOCH; @ FRIB/MSU

5 22TThE+ — Molecules in Noble Gas Solids (York/Toronto/MSU)
[Singh, Vutha,...]

[Vutha et al. PRA 98:032513 (2018)]




Molecules as sensitive probes of the nuclear
electroweak (EW) structure



[ Molecules as sensitive probes of the nuclear EW structure ]
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[ Molecules as sensitive probes of the nuclear EW structure ]

Hpv ~ F(Zc) /(E+_ E-)

|—)

, (+|Vpy|—)
=== 1) E_-E,
|+)

E Molecular enhancement > 101

> 10 Enhancement sensitivity to
electroweak nuclear properties!

Demille’s Group [Altunas et al. Phys. Rev. Lett. 120, 142501 (2018)]
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Nuclear Electroweak Measurements in a Penning Trap Using Near-degenerate Energy States of Molecules
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[ Molecules as sensitive probes of the nuclear EW structure ]
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[ Summary and Outlook
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“Terra incognita” [

Summary & Outlook ]
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[ Summary and Outlook

AMO/QIS Evolution ; E l

We are here!

100 MHz 100 Hz

H =H+H +H +H +.+H_+H_+H
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[ Summary and Outlook ]

New opportunities!

« New Facilities (FRIB, TRIUMF, ISOLDE, FAIR,.... )

* New Era of Precision (Atomic, Molecular, Nuclear) Physics







Isotope Shifts for Nuclear Structure and BSM Physics



[Isotope Shifts for Nuclear Structure and BSM Physics]
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[Isotope Shifts for Nuclear Structure and BSM Physics]

Isotope shift
MHz < 10 5@V J’ [Koning et al. Phys. Rev. Lett. 132, 162502 (2024)]
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[Isotope Shifts for Nuclear Structure and BSM Physics]
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[Isotope Shifts for Nuclear Structure and BSM Physics]
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[Isotope Shifts for Nuclear Structure and BSM Physics]
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[Isotope Shifts for Nuclear Structure and BSM Physics]
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{ Major Open Questions in Physics and Cosmology ]

Are there
Why is there more matter? Strong CP problem new particles?
1 a puva

Antimatter ‘C — 9 9 FF“-’F X

Matter

= !

\ New sources of Time-reversal (CP) violation /
in nuclei can provide answers to these problems

Electric Dipole Moment (EDM) ' Time-reversal violation

®® i

EDM > 0 EDM=0
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{ Molecules as “quantum sensors” ]
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"Searches for new sources of CP violation using molecules as quantum sensors”.

Hutzler et al. arXiv:2010.08709 (2020)
“Opportunities for fundamental physics research with radioactive molecules”.

Arrowsmith-Kron et al. Rep. Prog. Phys. 87 084301 (2024)

Recent reviews: o
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[Isotope Shifts for Nuclear Structure and BSM Physics]

Isotope shift
MHz < 10 5@V J’ [Koning et al. Phys. Rev. Lett. 132, 162502 (2024)]
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[Isotope Shifts for Nuclear Structure and BSM Physics]
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[Isotope Shifts for Nuclear Structure and BSM Physics]

Atom/molecule
Nuclear

Yb* - Vuletic’s group at MIT
Uncrertainty ~ 10 Hz (stable)

[Counts et al. Phys. Rev. Lett. 125, 123002 (2020)]
[J. Hur et al. Phys. Rev. Lett. 128, 163201 (2022)]
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[Berengutet al. Phys. Rev. Lett 120, 091801 (2018)]



[Isotope Shifts for Nuclear Structure and BSM Physics]

Atom/molecule , Ma — M ,
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[T. Manovitz et al., PRL 123, 203001 (2019)]
Sr*: Uncertainty ~ 10 mHz (stable)
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Probing Symmetry-Violating Nuclear
Properties with Molecules

Y .
L N
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F-
Exotic . b 223Fr+
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modified from https://sphereofinflue (T2~ 154d)




{ Radioactive molecule production ]

O Hppyy X ——
PTV O VN T
Gas filled ion
RaF* Cooler and buncher RaF*

T>1000 K T~300 K

RaF*+ Na => RaF
(Charge exchange) RaF+ Na => RaF-

1 ‘ RaF +y=> RaF +e
T> 1000 K T~300 K

10



| RaF Experiment @ CRIS-CERN .. |

Mass separator

~ 1416.4 nm (7060 (640) cm'1]

RaF
+ F_
Electrostatic RaF - .
deflectors Neutralization cell RaF RaF
RaF
RaF*
Electrostatic
deflectors

Photo

detachment
laser

Fig 2. Schematic for anion production and colinear photodetachment measurements.
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0.14 1

0.12

Normalized Counts

0.04 -

0.02 -

| RaF Experiment @ CRIS-CERN |

Normalized Counts vs Wavenumber

0.10 +

0.08 -

0.06 1

PRELIMINARY l

RaF

ARiTE

RaF- +

;

++ 94

J000 8000 39000
Wavenumber OPO [cm-1]

5000 6000

10000 11000

Table I. Dissociation wavenumbers ﬁt, adiabatic photo-
electron detachment wavenumbers (ADW), equlibrium bond
length r. and harmonmic vibrational wavenumber &, of MF~

computed at the level of RECP-CCSD(T)

Molecule D,fem™ ADW/em™! r./A &./cm™!
BeF~ 28700 8500 1.42 1060
MgF~ 21600 10800 1.82 577
CaF~ 26200 8300 2.01 516
StF~ 25000 7950 2.15 434
BaF~ 26800 6770 2.27 439
RaF~ 23600 7210 2.36 401

Gaul, Garcia Ruiz, Berger. arXiv:2403.09320 (2024)
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Symmetry-violating measurements with RaF

[i. Accelerator ]
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RaF*+ Na => RaF S e Qup %
a a = a O | oooooooooe P Qo
(Charge exchange)




Symmetry-violating measurements with RaF

T>300°K

AE >1 eV N N
T> 600 °K
AE >3 eV E|IB
\ J
[i. Accelerator ] T<10°K
AE<0.1 eV

‘ RaF

exchange cell iii. Gas-filled

[conical guide]

RF +

[ Iv. Cryogenic]
lasers

lon trap

RaF+g=> RaF + e
(photo detachment)

RaF*+ 2(Na) => RaF + 2(Na")
(Charge exchange)



What are the fundamental particles and forces of nature? ]

three generations of matter

interactions / force carriers
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Why radioactive molecules?

~ ONuc/ F mol

HmoI = He+ Hvib+ Hrot+ e ths+ HPV+ H

PTV

T 1 o

eV

f

~2 102 10° 108 <1012 <1018
Hmol - H’mol ~ O, F..,, -> Direct measurements!
Nuc|e<‘=|lr\A Atom/molecule
Nucl © mol
A N
4
=
=
S .
Experiment
3>




[ Electromagnetic properties of a charge distribution ]

(Produced by
the electrons)

Atom/molecule
Nuclear

Atom
B ~ 3 Tesla
VE ~ 108 V/cm?

E B

ud

Transient fields in reactiq
B~ 103 Tesla

VE ~1021V/cm?

Violate Parity and
Time reversal

— N

Hoym=-..% ¢t gyu.B + ¢’ 5y d.Egu+ % 5y Q.VE+ ¢? 5 Q. VB +...



Nuclei as a Rich Source of CP Violation

ud
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- N\

6&6 , gég , -

Neutron Proton Quark Nucleon-nucleon
EDM EDM EDM interactions




Why radioactive atoms & molecules?

.~ ONucl F mol

HmoI = He+ Hvib+ Hrot+ e ths+ HPV+ H

PTV

b f

eV -2 102 10 108

Hmol = H’moi ~ O, F

mol

Nuclear

~N
Nucl © mol

counts

b

< 10-12 < 10-18

-> Direct measurements!

\ Atom/molecule

Experiment



[

Why (Radioactive) Molecules? ]

Heavy exotic
Nuclei Ra(Z=88)

[1eV=241.8 THz]

10 GHz 1 GHz 100 MHz 100 Hz <1 mHz
/

ORNNSe0°
—

=H+H, +H_+ ..+H, +|—| S Ho

£ f Ff

eV -2 102 10° 108 <1012 <1015
NONuc/ Emo/

Nuclear / \Molecule

~ 73 A1/3ﬁ2 ﬁ:/(ENFEN-) ~ 73 /(Ee - Ee )

Electric field ~ 100 GV/cm

[Sandars Phys. Rev. Lett. 18, 1396 (1967)]

[ACME, Nature 562, 355 (2018)]

) ] _ |
Radioactive molecules => Best of all worlds! [Roussy et al. Science 381, 46 (2023)]




Molecules as sensitive probes of electroweak nuclear properties ]

Setup @ MIT

Penning trap lon source

Inside Penning trap

(X*

; » [Kartehin, Udrescu, Moroch et al. Under review in Physical Review Letters
B B (arXiv:2310.11192) (2023)]



eEDM Limits

Standard Model
Generic Models
Pre-LHC SUSY
LHC era SUSY
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[Source: D. DeMille. Manipulating Quantum Systems: An Assessment of Atomic,Molecular, and Optical Physics in the United States (2019)]



Limit on new particle mass (TeV)
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( Molecules for studies of P, T violation |

7/ ——

| ~d Eg

(<10 uHz)

B E

TE E. ~1-10 Vicm
eff Eeff~80 GV/Cm

[ACME, Nature 562, 355 (2018)]

|d | £4.1x10%%e - cm
[Roussy et al. Science 381, 46 (2023)]

[Baron et al. Science 343, 269 (2014)]
[Sandars Phys. Rev. Lett. 18, 1396 (1967)]



Recent Results (RaF
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[ Laser Cooling of RaX Molecules
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In Collaboration with J. Doyle (Harvard) & N. Hutzler (Caltech)



Why is there more matter?

Antimatter

-

(

Matter

Major Open Questions in Physics and Cosmology ]
Are there
What is Dark Matter? new partides? Strong CP problem
27 % \ |
68 %

- Ordinary Matter
. Dark Matter

Dark Energy

1
A a pra
i e 1672 Fu ”F

New sources of Time-reversal (CP) violation ]

-

in nuclei can solve all of these problems

—p Electric Dipole Moment (EDM)

Time-reversal violation ]
<= Of fundamental particles




[ Major Open Questions in Physics and Cosmology

[Energy frontier] TeV <101 [ Precision frontier ] |
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[ Recent Results (RaF)

J

Publish with us v

Article | Open Access | Published: 27 May 2020

Spectroscopy of short-lived radioactive molecules
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Molecular experiments hope to reveal
new physics
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—— [ Recent Results (RaF) |
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[ Recent Results (RaF) |

225RaF hyperfine spectrum
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Engineering field-insensitive molecular clock transitions for symmetry violation searches

Takahashi, Zhang, Jadbabaie, Hutzler [Phys. Rev. Lett. 131, 183003 (2023)]
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Nuclear Anapole Moment

[Desplanques, Donoghue, Holstein et a. Ann. Phys. 124, 449495 (1980)]



Can we achieve efficient cooling & trapping? ]
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mol e vib rot hfs PV PTV
*
[Phys Rev Lett 120, 142501 (2018)] ?
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Model for Particle Hadron Nuclear Atomic/ Observable
CP Violation EDM EDM EDM Molecular EDM
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[Jungmann et al. Ann. Phys. 525, 550 (2013)]



Why radioactive nuclei?

PT-odd nucleon-
nucleon interaction

Schiff
Moments S = (U[S,|¥,)

Experiment
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Dobaczewski et al. Phys. Rev. Lett. 121, 232501 (2018)
Chupp et al. Rev. Mod. Phys. 91, 015001 (2019)
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