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Why Atoms & Molecules? 

Long range (> 1 fm)
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Why Atoms & Molecules? 

Long range (> 1 fm)
 

e - e -

Electromagnetic nuclear 
properties <r2>,I,μ,Q,..

Atom (S1/2)

Short range (< 1 fm)

Molecule (𝚺1/2)

Electroweak nuclear 
properties (P,T - violation)

e - e -



H
mol 

= H
e
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vib
+ H

rot
+ … + H

hfs
+ H

PV
+ H

PTV

eV ~ 2 10-2 10-5

[1 eV=241.8 THz]

Why Atoms & Molecules? 

+ deEeff 
Nuclear spin = 0

<10-20

[Sandars Phys. Rev. Lett. 18, 1396 (1967)]
[Hudson et al. Nature 473 493 (2011)]

Th+

O-

Eeff~80 GV/cm
Eeff~20 GV/cm

|de| ≤ 4.1 x 10-30 e · cm
[Roussy et al. Science 381, 46 (2023)]

[ACME, Nature 562, 355 (2018)]
Probing physics @ TeV scale!

Eric Cornell’s Talk 
Tuesday at 10 am
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Molecules with 
heavy, exotic
nuclei: Ra(Z=88)

Why Atoms & Molecules? 

+ deEeff 
Nuclear spin > 0

<10-20

[Sandars Phys. Rev. Lett. 18, 1396 (1967)]
[Hudson et al. Nature 473 493 (2011)]
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Nuclear structure
Nuclear matter

Hhfs

H
mol

= H
e
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vib
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rot
+ … + H

hfs
+ H

PV
+ H

PTV

Why atoms & molecules? 

How do nuclear phenomena emerge 
from QCD?

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

Neutron star

?
Nuclei

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)
• Nature 607, 260 (2022)
• Physical Review Letters 128, 022502 (2022)

<r 2 >,I ,μ ,Q, ..

Dean Lee’s Talk 
Monday at 11:30 am
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Precision Standard Model tests 
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Why atoms & molecules? 

Antimatter

Matter

Strong CP problem
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Why atoms & molecules? 

eV ~ 2 10-2 10-5 10-8 <10-12 <10-15
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-> Direct measurements!

~ ONucl Fmol

Freq.

Experiment

Theory

Nuclear & Atomic & Molecular
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|->H
PV

H
PV

E(t)B

[Phys Rev Lett 120, 142501 (2018)]

B B EE

H
PTV

[Nature 562, 355 (2018)] [Roussy et al. Science 381, 46 (2023)]

Molecules as “quantum sensors”

• "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:

Eric Cornell’s Talk 
Tuesday at 10 am



Radioactive molecules as sensitive probes of P,T-
violating nuclear properties

Hmol = He+ Hvib+ Hrot+ … + Hhfs+ HPV+

HPTV

eV ~ 2 10-2 10-5 10-8 <10-12 <10-18

~ ONucl Fmol
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F
mol

225Ra
✓ Large Z, A

✓ Nuclear spin I >0

✓ β2 β3 > 0

●

Radioactive molecules=> Best of all worlds! 

Nuclear
~Za Abβ2β3 /(E+

N- E-
N)

Radioactive Molecules for studies of P, T violation

Atom/molecule
~Ze

 /(E+
e- E-

e)

E+
N- E-

N  ~ 10-5 eV

[Gaffney et al. Nature 497, 199 (2013)]
[Ra@ ANL: Parker et al. PRL 114, 233002 (2015)]

2

225Ra+ 
F- 

>103
>103

>106=>
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Neutralization
Cell

Detector

Mass separator 

Neutral

Gas-filled
Ion trap~2000 oC 40 keV

Recent Results (RaF)

RaF+ + Na   =>   RaF



S. Udrescu S. Wilkins

Recent Results (RaF)

H
mol e

= H + H
vib rot

+ H + … +

H
hfs

+ H + H
PV PTV

10-2 10-5 10-8eV ~ 2 <10-12 <10-15

M. Athanasakis

RaF + Na   =>   RaF-

Recent studies of 

RaF- 



Recent Results (RaF)

10-2 10-5
10-8eV ~ 2

H
mol 

= H
e
+ H

vib
+ H

rot
+ … + H

hfs
+ H

PV
+ H

PTV

<10-12 <10-18

RaX Collaboration
NEPTUNE Project



P,T-violation measurements with RaX Molecules

J. MunozS. Ebadi A. Jadbabaie M. Fulghieri F. Shungo

K. Khusainova S. Munoz

J. Doyle (Harvard), N. Hutzler (Caltech), 
R.F. Garcia Ruiz (MIT) & FRIB

RaX Collaboration



✓Beam box fabrication

✓Cryocooler testing

✓Laser Installation

✓Beamline construction Cryocooler for 

shields: PT425

Cryocooler for 

buffer-gas cell: 

PT310

40K shield

4K shield

Buffer-gas 

cell

Blackened beamline for 
fluorescence collection

Ti:Sa laser installed
PT310 cryocooler: 
2.2K base temp, 

1W@3K, 51W@34K

RaX Collaboration

Lab @ Harvard



→ RaOH, RaOH+ and RaOCH +

3

[Fan et al. Phys. Rev. Lett. 126, 023002 (2021)]

[Yu & Hutzler Phys. Rev. Lett. 126, 023003 (2021)]

Radioactive Molecules for Fundamental-Symmetry Tests

[Hutzler, Jayich, …]

Hutzler’s group: RaOH @ Caltech

Ω

→ Assembling molecules from cold atoms [Demille]

[New J. Phys. 23, 113039 (2021)]

• RaAg

• FrAg 

→ Centrifuge Deceleration

Xing Wu 
RaOCH3 @ FRIB/MSU

→ Molecules in Noble Gas Solids (York/Toronto/MSU)

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

[Singh, Vutha,…][Boon Ng, Cornell, Fang, Malbrunot …]
→ 227ThF+

227Th2+
F-



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



HPV ~ Zc /(E+ – E-)

| ۧ+

| ۧ−

E– - E+
|+ۧ’= |+ۧ+

+ 𝑉𝑃𝑉 −
𝐸+−𝐸−

 |-ۧ

e - e - e - e -

AnapoleC2u, C2d

V𝑒

𝐴𝑁

Molecules as sensitive probes of the nuclear EW structure
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Molecular enhancement > 1011

HPV ~ F(Zc) /(E+ – E-)

> 1011 Enhancement sensitivity to 

electroweak nuclear properties! 

Demille’s Group [Altunas et al. Phys. Rev. Lett. 120, 142501 (2018)]

| ۧ+

| ۧ−

E– - E+|+ۧ’= |+ۧ+
+ 𝑉𝑃𝑉 −

𝐸+−𝐸−
 |-ۧ

E+

B

Molecules as sensitive probes of the nuclear EW structure
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Molecular enhancement > 1011

S. MorochJ. Karthein S. Udrescu H. Kakiota

NEPTUNE – Project
Nuclear Electroweak Measurements in a Penning Trap Using Near-degenerate Energy States of Molecules

SiO+

HPV ~ F(Zc) /(E+ – E-)

|+ۧ’= |+ۧ+
+ 𝑉𝑃𝑉 −

𝐸+−𝐸−
 |-ۧ

E-

E+



Lab
@MIT

NEPTUNE – Project
Nuclear Electroweak Measurements in a Penning Trap Using Near-degenerate Energy States of Molecules



Molecules as sensitive probes of the nuclear EW structure

[Altunas et al. PRL 120, 142501 (2018)]

ZOMBIES

NIST

[Norrgard et al. Comm. Phys. 2, 77 (2019)]

Molecular fountain 

U Chicago, ANL 

e - e - e - e -

AnapoleC2u, C2d

P V ~ Z 5

[Erez et al. arXiv:2206.03699 (2022)]

[Gaul et al. Phys. Rev. Lett. 125, 123004 (2021)]

e - e -

𝜽𝒘

𝐴𝑒

𝑉𝑁

V𝑒

𝐴𝑁

Fr @ TRIUMF
[Zang et al. Phys. Rev. Lett. 115, 042501 

(2015)]
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Summary and Outlook



“Terra incognita”

“Access to new
 fundamental properties”
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Precision [eV]
…             10-6                   10-8                   10-10                 10-12             10-14            10-16          10-18
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100

102

10-8
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…
 

Proton Dripline

Neutron Dripline

Super Heavy Elements

Summary & Outlook



AMO/QIS Evolution

We are here!

H
mol 

= H
e
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+...+ H

hfs
+ H

PV
+ H

PTV

eV ~ 2 10-2      10-5        10-6      10-8 <10-12   <10-15

Summary and Outlook



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
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Isotope Shifts for Nuclear Structure and BSM Physics
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Si(Z=14)

[Koning et al. Phys. Rev. Lett. 132, 162502 (2024)]

Uncertainty ~ 1 MHz 

Isotope Shifts for Nuclear Structure and BSM Physics
Isotope shift

MHz < 10-6eV

{

Dean Lee’s Talk 
Monday at 11:30 am



Atom/molecule  
Nuclear

Isotope Shifts for Nuclear Structure and BSM Physics



New physics

Atom/molecule  
Nuclear

[Berengutet al. Phys. Rev. Lett 120, 091801 (2018)]

Isotope Shifts for Nuclear Structure and BSM Physics



Atom/molecule  
Nuclear + G 𝛿⟨𝑟4ۧA,A’

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)]
[Door et al. arXiv:2403.07792 (2024)]

Isotope Shifts for Nuclear Structure and BSM Physics

[Berengutet al. Phys. Rev. Lett 120, 091801 (2018)]

𝛿⟨𝑟4ۧA,A’ Related to the surface thickness of 
the nuclear density

[Reinhard et atl . Phys. Rev. C 101, 021301(R) (2020)]



Isotope Shifts for Nuclear Structure and BSM Physics

[T. Manovitz et al., PRL 123, 203001 (2019)]

Sr+: Uncertainty ~ 10 mHz (stable)

| ۧ𝜓 =
1

2
ۧ𝑔𝐴 ۧ𝑔𝐴′ + 𝑒−2𝜋𝜈𝐴𝐴′𝑡| ۧ𝑒𝐴 | ۧ𝑒𝐴′

Entanglement

Atom/molecule  
Nuclear + G 𝛿⟨𝑟4ۧA,A’



P-violation

Antimatter

Matter

Major Open Questions in Physics and Cosmology

Why is there more matter?

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

Strong CP problem
Are there 

new particles?

Fundamental Symmetries

Parity (P): r → -r

Time (T): t → -t

Charge (C): 𝑐 → ҧ𝑐



P-violation

Antimatter

Matter

Major Open Questions in Physics and Cosmology

Why is there more matter?

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

Time-reversal violation Electric Dipole Moment (EDM)

EDM=0EDM > 0

Strong CP problem
Are there 

new particles?

+

-

Fundamental Symmetries

Parity (P): r → -r

Time (T): t → -t

Charge (C): 𝑐 → ҧ𝑐

𝝁

𝒅

𝝁 𝒅

𝝁

𝒅

P

T

+

-

-

+

+

-



• "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:

ۧ|𝝍 0 ۧ|𝝍 = 𝑼(∆E, t) ۧ|𝝍  0

|⟨↑ ۧ|𝝍 |𝟐

|⟨↓ ۧ|𝝍 |𝟐

⟨↑|

⟨↓|

∆E

Initialize Evolve project

~ O
Nucl

F
mol

Molecules as “quantum sensors”
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Nuclear

Isotope Shifts for Nuclear Structure and BSM Physics



New physics

Atom/molecule  
Nuclear

[Berengutet al. Phys. Rev. Lett 120, 091801 (2018)]



Atom/molecule  
Nuclear

[Berengutet al. Phys. Rev. Lett 120, 091801 (2018)]

+ G 𝛿⟨𝑟4ۧA,A’

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)]

Isotope Shifts for Nuclear Structure and BSM Physics



Isotope Shifts for Nuclear Structure and BSM Physics

[T. Manovitz et al., PRL 123, 203001 (2019)]

Sr+: Uncertainty ~ 10 mHz (stable)
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Entanglement

Atom/molecule  
Nuclear + G 𝛿⟨𝑟4ۧA,A’



Buckup Slides



Exotic  
cocktail

Figure modified from https://sphereofinfluence360.com/

225Ra+

(T1/2 ~ 15 d)

F-

Ag-

F-

227Th+2

(T1/2 ~ 19 d)

(T1/2 ~ 22 
min)

223Fr+

Probing Symmetry-Violating Nuclear 
Properties with Molecules
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Radioactive molecule production

T>1000 K

RaF+
Gas filled ion 

Cooler and buncher

T~300 K
RaF+

T > 1000 K T~300 K

(Charge exchange)

RaF+ + Na   =>   RaF

RaF

T > 300 K

RaF + Na   =>   RaF-

RaF- + 𝛾 =>  RaF + e



57

RaF- Experiment @ CRIS-CERN



RaF- Experiment @ CRIS-CERN

58

RaF-

RaF

Gaul, Garcia Ruiz, Berger. arXiv:2403.09320 (2024)

PRELIMINARY



i. Accelerator

ii. Charge 

exchange cell

RaF+

RaF

Symmetry-violating measurements with RaF

RaF

RaF+

(Charge exchange)

RaF+ + Na   =>   RaF C
o

u
n

ts
 (

R
aF

+ )

Freq.
RaF

9



RaF- + g =>  RaF + e

i. Accelerator

ii. Charge 

exchange cell
iii. Gas-filled 

 conical guide

iv. Cryogenic 

Ion trap

RF + 

lasers

RaF+ T> 600 oK

∆E > 3 eV

RaF

RaF-

T> 300 oK

∆E >1 eV

(photo detachment)

T< 10 oK

∆E<0.1 eV

E B

Symmetry-violating measurements with RaF

(Charge exchange)

RaF+ + 2(Na)   =>   RaF- + 2(Na+)

9



What are the fundamental particles and forces of nature?
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-> Direct measurements!



Electromagnetic properties of a charge distribution

𝝁 𝒅

(Produced  by 
 the electrons)

Violate Parity and 

Time reversal 

Hsym=...+ c1
(I,J) μ.B + c1’(I,J) d.Eeff+  c2

(I,J) Q.∇𝐸+ c2’(I,J) Qm. ∇𝐵  +…

Atom/molecule

Nuclear

E B

Atom
B  ~ 3 Tesla
𝛻𝐸  ~ 1018 V/cm2

Transient fields in reactions:
B ~ 103 Tesla
𝛻𝐸  ~ 1021 V/cm2



= +
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Proton 
EDM 

p

p
p

p

p u d
d

u u
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+

Neutron 
EDM 

Quark 
EDM 

n pϖ + …+

Nucleon-nucleon 
interactions 

Nuclei as a Rich Source of CP Violation 

𝝁 𝒅

Nucleus

+

-
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-> Direct measurements!

~ ONucl Fmol



Hmol = He+ Hvib+ Hrot+ … + Hhfs+ HPV+ HPTV

eV ~ 2 10-2 10-5 10-8 <10-12 <10-15

~ ONucl Emol

[1 eV=241.8 THz]

Molecule

~ Z3 /(Ee
+ - Ee

-)

Heavy exotic
Nuclei Ra(Z=88)

2

Nuclear

~ Z3 A1/3β β /(EN
+-EN

-)
   2     3

Why (Radioactive) Molecules? 

●

Radioactive molecules => Best of all worlds! 

Electric field ~ 100 GV/cm

[Sandars Phys. Rev. Lett. 18, 1396 (1967)]
[ACME, Nature 562, 355 (2018)]
[Roussy et al. Science 381, 46 (2023)]



~3 mSetup @ MIT

Molecules as sensitive probes of electroweak nuclear properties

Paul trap Penning trap Ion source

[Kartehin, Udrescu, Moroch et al. Under review in Physical Review Letters 

(arXiv:2310.11192) (2023)]BB

E
-

E+

Molecular enhancement > 1012



[Source: D. DeMille. Manipulating Quantum Systems: An Assessment of Atomic,Molecular, and Optical Physics in the United States (2019)]

eEDM Limits

Probing physics @ TeV scale!





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

~d Eeff                                  

E
effTh+

O-

Molecules for studies of P, T violation

Eeff~80 GV/cm
Eeff~20 GV/cm

|de| ≤ 4.1 x 10-30 e · cm
[Roussy et al. Science 381, 46 (2023)]

E
ext

~1-10 V/cm

(< 10 𝝁Hz)

[ACME, Nature 562, 355 (2018)]
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Laser Cooling of RaX Molecules

In Collaboration with J. Doyle (Harvard) &  N. Hutzler (Caltech)
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P-violation

Antimatter

Matter

Major Open Questions in Physics and Cosmology

Why is there more matter? What is Dark Matter?
Are there 

new particles?
Strong CP problem

New sources of Time-reversal (CP) violation 
in nuclei can solve all of these problems

Time-reversal violation 
Electric Dipole Moment (EDM)
Of fundamental particles

EDM=0EDM > 0
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10-2 10-5eV ~ 2
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10-2 10-5
10-8eV ~ 2

75 GHz

110 MHz

This work

Nature 581, 396 (2020)
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Recent Results (RaF)
225RaF hyperfine spectrum

[Wilkins, Udrescu et al. arxiv:2311.04121 (2024)]13
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Engineering field-insensitive molecular clock transitions for symmetry violation searches

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



Nuclear Anapole Moment

[Desplanques, Donoghue, Holstein et a. Ann. Phys. 124, 449495 (1980)]
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[Phys Rev Lett 120, 142501 (2018)]

[ThO: Nature 562, 355 (2018)]

Can we achieve efficient cooling & trapping?

[HfF+: PRL 119, 153001 (2017)]



[Jungmann et al. Ann. Phys. 525, 550 (2013)]



DE: Energy splitting  
of opposite parity  
states

`

Experiment

`

Nuclear structure

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

Schiff 
Moments

225Ra
DE = 55 keV

Slide from L. Gaffney

[Gaffney et al. Nature 497, 199 (2013)]

P,T-odd nucleon-
nucleon  interaction

Why radioactive nuclei?
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Dobaczewski et al. Phys. Rev. Lett. 121, 232501 (2018)
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