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Fig.1|Quadrupole and octupole deformation across the nuclear chart.
The parameters 3, and 3; characterize deviations of a nucleus from spherical
symmetry. a, The quadrupole deformation parameter 3, corresponds to elongated

Neutron number (N)

(prolate) or flattened (oblate) shapes, respectively. b, The octupole deformation
parameter f3; describes pear-like shapes that do not exhibit reflection symmetry.
Datareplotted fromref. 142. Figure courtesy of Jose Miguel Munoz Arias.
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Table 1 Candidate octupole-deformed nuclei for nuclear Schitf moment measurement experiments, along with their atomic number, spin, parity, halt-
lite, octupole deformation parameters, and predicted values of the nuclear Schiff moment

%R Z I i Bs 1S iniel (€ Tm”) IS 12 (Be fm”)
RIEy 87 5/2- 4.801 min 0.13 11 0.20
% 87 3/2° 22.00 min 0.18 19 0.60
25Ra 88 1/2* 14.82 d 0.18 23 1.2
Ac 89 3/2° 9.9190d 0.18 22 27

2T Ac 89 3/2° 21.772 a 0.037 5.1 0.19
29Th 90 5/2% 7916 a 0.115 - 2.0
229pg 91 5/2% 1.55d 0.049 7.9 56
BTNp 93 5/2* 2.144 % 10° a 0.0054 1.1 0.0034

a) RPEFFE. B T PRIEIEANE Gk A NUBASE202080d5 & P8, 5712 )\ A8 S 40U % FHE K B v SR AL H SC#R [59.60]

K2 BABREBGMES FHB TSR FAZERERN S RBEY

Table 2  Sensitivity of some candidate radioactive molecules for detecting the nuclear Schiff moment

ST Iy F & HLT- L e [Ws| (e/47te0an”)

RaF Coor X2%i) 12 25560

RaO Coy X'z, 0 45192
RaOH* Coy X'%, 0 ~30000
RaOCH? Cs, X's, 0 56300

AcF Co X'z, 0 8400

ThF* Coon X3A | 45600

ThO Coy X'%, 0 17085
ThOH* Cooy X'z, 0 ~30000

a) 2 FELR TR I E CEk[60.65~69,71]

X, BREFE NOHIR RIZEIR, 71, 979-992 (2026).
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6.4.2. Atomic and Molecular EDMs

Experiments using methods of atomic, molecular,
and optical (AMO) physics are making a major con-
tribution to the search for BSM charge—parity sym-
metry violation. They are poised to expand both in
breadth and depth by studying nuclei in atoms and
molecules. The nuclei in suitable candidate systems
are sensitive to underlying charge—parity symmetry
violating interactions, but their Schiff moments and
magnetic quadrupole moments vary across different
nuclei and probe new charge—parity symmetry vio-
lating sources in a manner complementary to those
probed by the neutron (and proton) EDMs.

IOP Publishing Reports on Progress in Physics
Rep. Prog. Phys. 87 (2024) 084301 (53pp)

https://doi.org/10.1088/1361-6633/ad1e39

Report on Progress

Opportunities for fundamental physics
research with radioactive molecules

Gordon Arrowsmith-Kron', Michail Athanasakis-Kaklamanakis>* @, Mia Au*’

Jochen Ballof'®, Robert Berger’, Anastasia Borschevsky® (), Alexander A Breier’ (),
Fritz Buchinger'’, Dmitry Budker'"'2(, Luke Caldwell'>'#@, Christopher Charles'>'°
Nike Dattani'”'®, Ruben P de Groote'**’, David DeMille*'?>, Timo Dickel>***

Jacek Dobaczewski>>>**(, Christoph E Diilllmann®"2*?°| Ephraim Eliav>*®,

Jonathan Engel’!, Mingyu Fan*2®, Victor Flambaum®©, Kieran T Flanagan®*

Alyssa N Gaiser' ©, Ronald F Garcia Ruiz*>*, Konstamin Gaul’®, Thomas F Giesen’,
Jacinda S M Ginges™ @, Alexander Gotlberg Gerald Gwinner®’, Reinhard Heinke*®,
Steven Hoekstra®*® Jason D Holt'">* Nlcholas R Hutzler***®, Andrew Jayich®>* (@,
Jonas Karthein®®, Kyle G Leach'*'®, KlrkW Madison®?,

Stephan Malbrunot-Ettenauer'>“**, Takayuki Miyagi'®, lain D Moore* (%, Scott Moroch®,
Petr Navratil'> >, Witold Nazarewicz*>*(, Gerda Neyens’®, Eric B Norrgard*°,

Nicholas Nusgart' @, Lukas F Pasteka®*’ ©, Alexander N Petrov***,

Wolfgang R PlaB>»**@, Roy A Ready’?, Moritz Pascal Reiter’’ (), Mikael Reponen*,
Sebastian Rothe* (), Marianna S Safronova’'>(, Christoph Scheldenert_:jer23 24,53
Andrea Shindler*, Jaideep T Singh™*©®, Leonid V Skripnikov***®, Anatoly V Titov's: ¥,
Silviu-Marian Udrescu®, Shane G Wilkins® and Xiaofei Yang™

DOE, LRP (2023)

A NEW ERA OF DISCOVERY THE 2023 LONG RANGE PLAN FOR NUCLEAR SCIENCE

several orders of magnitude in the near future.

Heavy nuclei with mass numbers larger than about
220 can be nonspherical, and, in certain cases, a
reflection-asymmetric, permanent octupole defor-
mation can exist—and those radioactive isotopes
can have greatly enhanced nuclear moments. In
particular, the Schiff moment in systems such as
radium-225 or protactinium-229 provides a striking
enhancement of time-reversal symmetry violating ef-
fects by a factor of 100-1,000 (radium-225) or more
(protactinium-229) over mercury-199.

NuPECC, LRP (2024)

Radioactive molecules

Runge P‘dn

The! NuPECC i

Furdarena synevks
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nature reviews phyS|CS https://doi.org/10.1038/s42254-026-00950-9

Perspective M Check for updates

Radioactive moleculesaslaboratories
of fundamental physics

A.Jadbabaie'’, S. Ebadi'?, R.F. Garcia Ruiz®'" 7, N. R. Hutzler’, A. M. Jayich® & J. T. Singh®

Abstract Sections

Radioactive molecules provide a new platformin the search for Introduction
new physics, at energy scales complementary to those probed by
high-energy particle colliders. By combining enhancements from
nuclear properties with the sensitivity and control offered by molecular | Effective field theories
structure, experiments with radioactive molecules offer great reachin | "4 enereyreach

the search for physics beyond the standard model. Progressin this field | Experimental techniques

is being driven by advances in the production and control of radioactive and challenges
molecules, alongside the development of new experimental tools

and theoretical techniques. In this Perspective, we discuss the current
status and future prospects of this rapidly developing, interdisciplinary
field at the intersection of nuclear physics, atomic and molecular
physics and particle physics.

Symmetry-violating
nuclear properties

Outlook

LESSIIS 1 UIE GWUIIL SYSICIS. U1 CAGHIPE, UUE W UIE PIESEILE Ut
stronger certain

pared to their constituent atomic systems, the extraction of electric
‘quadrupole or magnetic octupole moments of isotopes not accessible.
via atomic spectroscopy o oher methods could become possible, or
the precision of existing data could be significantly improved.

To explore the limits of the Standard Model and ifs extension theories,
precision searches for the CP-violating electric ipole moment of the
electron (€EDM) and nuclear Schiff moments are a promising ap-
proach, because the magnitude of the moments scales with the level
of T breaking in the fundamental forces. Heavy polar molecules are
a highly sensitive laboratory for these searches, thanks (o the strong
electric field (in the order of GV em™) that is formed along thelr in-
temuclear axis and the high polarisabilty of linear molecules which
enables aligning the molecular field along the laboratory aes.

The most stringent upper bounds 1o the éEDM, down to the 10
& cm level, have been set from the spectroscopy of ThO and HIF*,
nuclear Schiff an

y
of these searches scales with the strength of the intemal eleciric field
and thus with the atomic number of the heavy nucieus. Radioactive
molecules, such as FrAg, RaF, or the polyatomic RaOCH, have thus
been highiighted by theory for their expected sensitiviy. In nuciear
Schiff moment searches, the octupole Geformation of heavy nuclei
leads to an additional enhancement in sensitiviy.

In the near term, laser spectroscopy of radicactive molecules pro-
mistry methods that have indicated their sensiivity to CP-violating
properties and to confirm their suitability for precision experiments. At
the same time, progress in the delivery of intense and pure molecu-
Iar beams with existing and novel sources is pivotal for improvement
in the achievable experimental precision. In the long term, progress
in coupling state-of-the-art precision setups to facilfies optimised for

the production of radioactive molecules should be followed by proof-
of-concept experiments with intensely produced beams. ISOLDE can
be expected o host a large number of short- and long-erm experi-
mental studies as part of its ongoing programme in molecular produc-
tion and spectroscopy. Other European faciities that utiise gas-cell
sources, such as IGISOL and next-generation installations, should be
Supported in the development of similar programmes, as the gas-cell
environment is deal for efficient molecular formation.

In parallel, advances in nuciear modelling will be crucial for interpre-
ting results from measurements performed on molecular systems
An accurate description of nuclear magnetisation will be essential
for linking the measured hyperfine structures and isotope shifts to
nuclear properties. Cross-community efforts by nuclear physicists and
quantum chemists will be key to tackiing the interdisciplinary nature
of the challenges posed in this exciting new field. Close collaboration
will also be needed to link our descriptions of fundamental interac-
tions within the nucleus to those used in the domain of high-ener-
gy particie physics. Our complementary studies of nuclear moments
in the low-energy regime could play a critical role in shaping future
descriptions of the fundamentals of nature and directly contribute to
around-breakina discoveries.
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This is RadMol

Research into radioactive molecules @ TRIUMF

New probes for new physics

Learn More

Latest PRL publication:

EXiMEs £CERN-FunSY&{EAH

Fundamental symmetries in nuclei, atoms, and molecules

20265F2H16HZE18H
CERN
Europe/Zurich X

e
i

& mia.au@cern.ch registration form
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For further information please contact mia.au@cern.ch

Welcome to the registration site for the workshop on symmetry violation in nuclei, atoms and
molecules.

Please note that registration includes the following only: access to all lectures throughout the
workshop, coffee and coffee breaks, and visits booked through registration.

EEIIRFEMITEFRRaXS{EH

lé Home Publications ¥ Research~ Popular Articles People

RaX - Radium Molecules for BSM
Physics

Oct 24, 2022

We are building a new experiment to laser cool radium-containing molecules, in
collaboration with MIT (Garcia Ruiz group), Caltech (Hutzler group), and the Facility for
Rare Isotope Beams (FRIB).

Why Radium?

Radium-containing molecules offer unparalleled opportunity to study some of the open
questions in our understanding of the universe, such as the root cause of the observed
matter/antimatter asymmetry, the long-sought search for CP violation in the strong
interaction, and the potential existence of yet-undetected particles and forces [1, 2, 3]. The
octuple deformation of radium nuclei [4] is predicted to amplify both parity (P) and time-
reversal (T) violating nuclear properties by more than three orders of magnitude compared

to stable molecules [5, 6, 7].

HES4)8MS5 K% Advanced ERCIREHActMol

Actinide molecules for exploring the frontiers of fundamental physics
(ActMol) aims to identify novel exotic molecules to enable future
experiments to search for new physics beyond the standard model.
Critical to this project and programmed is the development of a
platform to produce intense cold beams of radioactive molecules for
future search experiments.
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W.C. Mei, S. J. Chen et al., Phys. Rev. Res. (2026) (under review), arXiv.2603.15533.
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Fig. 3 |Hadronic electric dipole moment limits. Prospects for probing new
physics with radioactive molecules (pink stars), in comparison to current Large
Hadron Collider (LHC) limits (horizontal faded band) and previous hadronic
electric dipole moment measurements. Hadronic enhancement factors from
equation (2) in the Supplementary information are estimated by geometric
means of the values in ref. 48. a, One-loop and two-loop limits on the new physics
energy scale, Ayp, obtained from a single-source approximation of g, froman
isovector quark chromoelectric-EDM (CEDM) d,. See ref. 17 for more details.

LHC constraints taken from refs. 143-145. The equivalent signal from the

standard model Cabibbo-Kobayashi-Maskawa (CKM) contribution is shown
with the hatched region. b, Limits on @ from a single-source approximation
considering only CPV pion exchange g,. The best limits from **Ra, *Xe, **Hg,
17lyb, and the neutron, as well as radioactive molecule projections, are labelled
with their frequency precision, contextualizing differences in sensitivity. For @,
both the expected standard model CKM contribution®® at@ - 10 and the
quantum chromodynamics axion oscillation scale”® at 8, - 4 x 10 lie outside
the plotted range. All calculations assume 1s experimental cycle dead-time.
Compiled measurements and constraints are available atref. 146.
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