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Electroweak Structure of Nuclei

4

• All interactions of the Standard 
Model contribute to nuclear 
properties

• Weak interaction is the only one 
proven to violate parity and charge-
parity (/time) reversal symmetry

• Nuclear electroweak properties are 
not well tested

෠𝑃



27 July 2026 Nuclear Structure — ckonig@mit.edu

Electroweak Structure of Nuclei

5

New Physics Searches

Electroweak forces are critical 

for understanding BSM 
processes

Nuclear Physics Fundamental Symmetries

𝑯𝑾 = 𝑯𝑷𝑽 + 𝑯𝑪𝑷𝑽+?

𝑒−

𝑒−

P-odd forces

0𝜈𝛽𝛽-decay 

WIMP Detection

𝜐

The only single atomic, 

electroweak measurement 
(Cesium) in tension with 
accelerator experiments

CP violation is a critical 

ingredient to understand the 
observed matter – antimatter 
asymmetry 

Important for nuclear physics and beyond!

Haxton & Wieman Ann.
Rev.Nucl.Part.Sci. 51 (2001)

P-odd forces CP-odd forces

https://doi.org/10.1146/annurev.nucl.51.101701.132458
https://doi.org/10.1146/annurev.nucl.51.101701.132458
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Nuclear Anapole Moment

e

Nuclear Electroweak Interaction  

6

➢ Need to probe into nucleus to get access
➢ Either high-energy to get access or probe in atomic system with 

large overlap of the electron wavefunction with the nucleus

M. S. Safronova, et. al. Rev. Mod. Phys., 90:025008, Jun 2018.

𝒁𝟎-exchange   

Short range!

(<1 fm)

e

Contained 

within 
nucleus!

Nucleon-nucleon, weak interactions within the nucleus give 
rise to a toroidal magnetic field

W, Z
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Nuclear Electroweak Interaction  
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𝒁𝟎-exchange   Nuclear Anapole Moment

Nuclear Spin-Dependent Term

𝐻~𝜅𝑍 𝜶 ∙ റ𝑰 𝜹𝟑( Ԧ𝑟) 𝐻~𝜅𝑁𝐴𝑀 𝜶 ∙ റ𝑰 𝜹𝟑( Ԧ𝑟)

~𝐴2/3

e e

Data from:
Flambaum & Khriplovich PLA 110, 121 (1985)
Karthein et al. PRL 133, 033003 (2024)

Figure from: M. S. Safronova, et. al. Rev. Mod. Phys., 90:025008, Jun 2018.

A2/3

Atomic

W, Z

https://doi.org/10.1016/0375-9601(85)90756-X
https://doi.org/10.1016/0375-9601(85)90756-X
https://doi.org/10.1016/0375-9601(85)90756-X
https://doi.org/10.1103/PhysRevLett.133.033003
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ൿ෠𝑃 ȁ− = − ۧȁ−

෠𝑃 ۧȁ+ = ۧȁ+

Weak-Induced State Mixing

9

2-level system in the absence of the Weak force - parity symmetry

ۧȁ−

ۧȁ+

𝐸−

𝐸+
∆ 𝐻 =

𝐸− 0
0 𝐸+

෠𝑃
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Weak-Induced State Mixing
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2-level system in the presence of the Weak nuclear force - violates symmetry

ۧȁ−

ۧȁ+

𝐸−

𝐸+
𝑊

ۧȁ+′ = ۧȁ+ +
+ 𝐻𝑃𝑉 −
𝐸+−𝐸−

ۧȁ−
Perturbation theory 

Mixing: 
1

∆

We want a system with a small ∆!

∆ 𝐻 =
𝐸− − 𝐻𝑃𝑉 +

+ 𝐻𝑃𝑉 − 𝐸+
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Why Molecules?
We need: a pair of quantum states with a small ∆ compared to Wnuc ~ 1013 Hz

Nuclear

~keV-MeV

(~1017-1020 Hz)

ۧȁ+

ۧȁ−

superposition
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Why Molecules?
We need: a pair of quantum states with a small ∆ compared to Watom ~ 10 – 103 Hz

Nuclear Atomic Molecular

~eV

(~1014 Hz)

~meV

(~1011 Hz)

ۧȁ+

ۧȁ−

+ B field (~1 T)

< neV

(< 104 Hz)

Demonstrated with neutral molecular beams 

Altunas et al. Phys. Rev. Lett. 120, 142501(2018)

~1012 enhancement compared to 
atomic systems

~keV-MeV

(~1017-1020 Hz)
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Nuclear Electroweak Measurements in a Penning Trap Using Near-Degenerate 
Energy States of Molecules 

14

NEPTUNE Project

Karthein et al. PRL 133, 033003 (2024)

https://doi.org/10.1103/PhysRevLett.133.033003
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Experimental Procedure
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(i) Prepare single ion in parity 
state of interest and 
motional cooling

(ii) State-selective dissociation 
(iii) PV + Stark mixing
(iv) State-selective dissociation 

+ look for fragment ions

𝛿𝑊𝐴 ~
Δ

𝑁sin(Δ𝑡𝑥)

Karthein et al. PRL 133, 033003 (2024)

~ 10% in one week

https://doi.org/10.1103/PhysRevLett.133.033003
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Hadronic PV in a Penning Trap 

16

Zeeman Shifting Molecular States
Motional Cooling and 

Coherence Time

ۧȁ+′ = ۧȁ+ +
+ 𝐻𝑃𝑉 −

∆
ۧȁ−

low motional temperatures (≤4 K) → small B region

+

+

- -

Coherence times of ms, compared to 𝜇𝑠 in a 

neutral beam experiment + good control

+
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Which Molecule
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Radical
→ Sensitive to B field

Nuclei not too small
→ 𝐸+ − 𝐸− reasonably small

→ ~𝐴2/3 scaling

Known spectroscopy
→ Precise control and interrogation
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Which Molecule

18

Radical
→ Sensitive to B field

Nuclei not too small
→ 𝐸+ − 𝐸− reasonably small

→ ~𝐴2/3 scaling

Known spectroscopy
→ Precise control and interrogation

SiO+
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Experimental Procedure

20

Trapping Tuning Counting

W

ۧȁ+

ۧȁ− ۧȁ−

ۧȁ+

Molecular Ion Access

+
+
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Offline: Laser ablation + resonant ionization

Supersonic expansion

Ablation

Gas

Resonant 

Ionization

Access to Molecule Ions

+
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Offline: Laser ablation + resonant ionization

Resonant ionization to SiO+

(6-0, A-X)

Haruka KakiokaAccess to Molecule Ions

+
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Offline: Laser ablation + resonant ionization

✓ Resonant ionization to SiO+

Vibrational state selective?
Rotational state selective?

➢ Resonant dissociation of SiO+

State-selective dissociation scheme

Measure rotational and vibrational state of SiO+

➢ Demonstrate external ion loading
Load specific state for offline measurement
Prerequisite for online facility

Counting

ۧȁ−

Haruka KakiokaAccess to Molecule Ions

+

ۧȁ+
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Experimental Procedure

24

Trapping

Trapping Tuning Counting

W

ۧȁ+

ۧȁ− ۧȁ−

ۧȁ+

+

+

- -

𝐵

Decelerate, trap and cool the molecules

Molecular Ion Access

+
+

+
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static electric and magnetic fields

25

Penning Trap

magnetic field electric field

+ = 
cyclotron motion

𝝎𝒄 ∝
𝒒𝒊𝒐𝒏
𝒎𝒊𝒐𝒏

𝑩
axial motion

U0 U1 U2

Penning trap
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Penning Trap Design

26

TrapUltra low vibration 
cryocooler

Electronics
Thermal bus

Molecule injection

+

Superconducting 
magnet

Scott Moroch
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Penning Trap

27

Electron gun
6 mm 7-electrode trap 

Microwave Injection for driving 

rotational transitions

Optical Access

Buffer gas injection

Scott Moroch

SiO target
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Penning Trap
Detection system + ion cooling

IRU =

“R“

~ fA current

28
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Penning Trap
Detection system + ion cooling

IRU =

~ fA current

RC
L

cryogenic amplifier

29
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Penning Trap
Detection system + ion cooling

IRU =

cryogenic amplifier~ fA current

RC
L

transistor

drain

source

gate

30
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Penning Trap
Detection system + ion cooling

IRU =

cryogenic amplifier~ fA current

RC
L

transistor

drain

source

gate

STAR Cryoelectronics SQUID manual: https://starcryo.com/

SQUID 

(superconducting 
quantum 

interference device)

31

R. M. Weisskoff; et al., J. Appl. Phys. 63, 4599–4604 (1988)

Cartoon images: 
https://www.free
pik.com/
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EMA Lab @ MIT

32

Bates

Lab

J. Hacias C. KonigA. Belley A. Jadbabaie

PI

R.F. Garcia Ruiz

Kakioka A. Hiramoto
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Karthein Lab @ Texas A&M 

Jonas

Brooke Charlotte Mason SavannahNick

P.I.

Gabe Riddhi Anna Shreya
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NEPTUNE Collaboration 
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Ronald Garcia Ruiz 
(MIT)

Silviu Udrescu (MIT)Scott Moroch (MIT)

Jonas Karthein
(Texas A&M)

David DeMille 
(UChicago)

Nick Hutzler 
(Caltech)

Jens Dilling 
(Duke/ORNL)

Klaus Blaum 
(MPIK)

Ryan Ringle 
(FRIB)

Xing Fan 
(Northwestern/Harvard)

Haruka Kakioka
(MIT)

Charlotte Konig 
(Texas A&M, MIT)

Shane Wilkins 
(MSU)

Grant Mondel 
(MIT)
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Questions?
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Electroweak 
properties of nuclei 
are poorly understood  

Molecules are very 
sensitive to parity-
violating electroweak 
effects due to 
rotational levels

We propose the use of a 
single ion in a Penning 
trap to measure these 
effects by the induced 
mixing between two 
states of opposite parity

Experimental procedure 
is applicable across the 
nuclear chart

J. Karthein et al. PRL133, 033003 (2024)
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Backup Slides

36
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New Force Searches

37

Standard Model Effects BSM

• Access to electroweak coupling parameters – few existing measurements with 
large uncertainties

• Constrain Standard Model contributions (Z-boson, Anapole moment, etc) –
experiment provides avenue for 5th-force searches 

New Physics!
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Nuclear Electroweak Interaction  

38

Figure from: M. S. Safronova, et. al. Rev. Mod. Phys., 90:025008, Jun 2018.

𝒁𝟎-exchange   

Short range!

(<1 fm)

e
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Nuclear Electroweak Interaction  

39

Figure from: M. S. Safronova, et. al. Rev. Mod. Phys., 90:025008, Jun 2018.

Nuclear Anapole Moment

e

Contained 

within 
nucleus!
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Molecule Formation + Ionization

40

External: Laser ablation + resonant ionization

➢ Ongoing: reduce background + narrow width 

of laser

➢ Ongoing upgrade: new turbo pump, new 

supersonic valve – shorter pulse times, 

skimmer – better vacuum in ionization 

chamber, electrostatic lens connection –

shaping acceleration towards detector, 

bender, laser – more frequency resolution

➢ Measurement goal: rotational state-

selective ionization and dissociation

Molecular Ion Access

+

Counting

ۧȁ+

ۧȁ−

Yan Zhou 
University of Nevada

Las Vegas
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External: Laser ablation + resonant ionization

Resonant multi-photon ionization

E

R

Access to Molecule Ions

+

SiO

SiO+

excited electronic 

state

ground electronic 

state
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Experiment Status
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Molecule AccessIonizationTrappingTuningCounting

𝑒−

𝑊
ۧȁ−

ۧȁ+ۧȁ+

ۧȁ−
+

Mirror image 

or simpler 

schematic
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Penning Trap
Detection system – resonant tank circuit

higher Q → faster cooling + stronger signal

RC
L

trap to amplifier
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Penning Trap
Detection system - Amplifiers

Amplifier boardtransistor

drain

source

gate
+     Used in other Penning traps

But:

• Molecules heavier than atoms -> 

lower motional frequencies

• These types of amplifier boards 

have increased noise in the lower 

frequency range ~ 100 kHz

➢ Alternative: SQUID based amplifiers
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Penning Trap
Detection system – SQUID (superconducting quantum interference device)

DC Squid: superconducting loop with 2 
Josephson junctions

• Highly sensitive magnetic flux sensor

• Voltage across squid depends on 
magnetic flux

➢ Direct current in resonator through input 
coil on the SQUID board

STAR Cryoelectronics SQUID manual: https://starcryo.com/
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Penning Trap
Detection system – SQUID (superconducting quantum interference device)

How to couple to resonator:

maximize signal + minimize effect on 
resonator

I. Direct coupling

INPUT INPUT

II. Secondary coupling

INPUT INPUT
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Why Molecules? – Zeeman shift Give 
oof for rot splitting and zeeman shift

47

State energies can be shifted by adding magnetic fields 

ۧ𝑁: ȁ−

ۧ𝑁 + 1: ȁ+

Δ0 ΔB

B

Δ0 >> ΔB → 0
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Penning Trap

Charged superconducting magnet
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Experimental Procedure
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Molecular Ion Access Trapping Tuning Counting

W

ۧȁ−

ۧȁ+ ۧȁ+

ۧȁ−

• In-trap source

• External table-
top source

• Accelerator 

facility →
Cyclotron

Penning trap

+
Cryogenic 

motional  cooling

• Fine-tuned B 

field
• Control of time 

sequences

• Internal state 

readout
• State selective 

dissociation

+ +
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Outlook
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Borschevsky, A. et al. PRA 86, 050501(R) (2012).

• To extract nucleon-nucleon 
electroweak interactions –
must disentangle different 
contributions

• Rely on the scaling of 
different effects and 
studying in different nuclei  

https://doi.org/10.1103/PhysRevA.86.050501
https://doi.org/10.1103/PhysRevA.86.050501
https://doi.org/10.1103/PhysRevA.86.050501
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Molecular Hamiltonian 

51

• Since the weak interactions are essentially contact interactions we rely on 
molecular states with strong overlap of the electron with the nucleus

• We consider diatomic molecules with a single valence electron in a 2Σ electronic 
state. This is the molecular equivalent of alkali atoms (in particular a Hund’s case 
b)

• We have one nucleus with non-zero spin (𝐼 =
1

2
) that couples to the electron by 

NSD-PV interaction and a second nucleus with zero spin (𝐼 = 0)

• Lowest energy levels are described by the Hamiltonian: 

𝐻 = 𝐵𝑒𝑵
2 + 𝛾𝑵 ∙ 𝑺 + 𝑏𝑰 ∙ 𝑺 + 𝑐(𝑰 ∙ 𝑛) × (𝑺 ∙ 𝑛)

• 𝐵𝑒 - rotational constant

• 𝛾 – Spin-rotation constant

• 𝑏/𝑐 – Hyperfine constants

• 𝐵𝑒 ≫ 𝛾, 𝑏, 𝑐 so N is a good quantum number and 𝐸𝑁 = 𝐵𝑒𝑁(𝑁 + 1) and 𝑃 = (−1)𝑁
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Molecular Hamiltonian 

52

• The magnetic field needed to bridge the rotational energy:

𝐸1 − 𝐸0 ≈ 2𝐵𝑒

• The magnetic field decouples 𝑆, 𝐼 and 𝑁 such that the molecular states can be 

considered in the decoupled basis:

ȁ ۧ𝜓 = ห ۧ𝑁,𝑚𝑁 ȁ ۧ𝑆,𝑚𝑠 ȁ ۧ𝐼, 𝑚𝐼

• The Zeeman effect is dominated by the coupling to the electron spin:

𝐻𝑍 ≅ −𝑔𝜇𝐵𝑆 ∙ 𝐵

• The state of opposite of interest are:

ห ൿ𝜓↑
+ = ห ۧ𝑁 = 0,𝑚𝑁 = 0 ȁ ۧ𝑆 = 1/2,𝑚𝑠 = 1/2 ȁ ۧ𝐼 = 1/2,𝑚𝐼

ȁ ۧ𝜓↓
− = ห ۧ𝑁 = 1,𝑚𝑁 ȁ ۧ𝑆 = 1/2,𝑚𝑠 = −1/2 ȁ ۧ𝐼 = 1/2,𝑚𝐼′
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