Precision tests of the Standard Model
at low energies using stored
exotic ions in Penning traps

N/

** Basics of Penning-trap spectroscopy

*» Atomic and nuclear mass measurements

N/

** Precision g-factor measurements
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Atomic/nuclear spectroscopy ...

... probes fundamental physics!
How heavy are the building blocks of matter?
What is the mass of a neutrino?
Why is there more matter than anti-matter?

Does QED fail in the strong field regime?

Wi D @
» radionuclides » antimatter » highly charged ions
e.g. TRIGA-TRAP e.g. BASE @ AD e.g. Traps @ MPIK



The mass of an atom

=N-Q +z2-Q +z- 0

— binding energy

®) Einstein E = mc?

mAtom = N.mneutron T Z.mproton T Z.m

B (Batom B Bnuc:leus)/c2

electron

&ém/m < 10-10 ém/m = 10° - 103

electronic structure nuclear structure
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Storage of ions in a Penning trap

10" T
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Noise dip
due to ion

Thermal noise
of tank circuit

Johnson thermal noise density (nVA/Hz)
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Frequency offset from resonance at 650 kHz (Hz)

The free cyclotron frequency is inverse
proportional to the mass of the ion!

» Non-destructive FT-ICR detection technique
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L.S. Brown, G. Gabrielse, Rev. Mod. Phys. 58 (1986) 233
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PENTATRAP - A Penning-trap setup at MPIK

A balance for highly charged ions. — Pl Sergey Eliseev

V. b el

Laser lon Source EBIT Transfer Beamline Electronics

A T1j2 > days Superconducting Magnet
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ve. — 16680583.42 Hz in mHz

Measurement principle at PENTATRAP

Mass Ratio determination — Polynomial Method

q . — G
w, =—"*B Magnetic field not known! L f
m =
3 .
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0
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Measurement time in min A. Rischka et al., Phys. Rev. Lett. 124 (2020) 113001
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Results |

The masses of the building bocks of matter

Electron

Sven Sturm

LIONTRAP: MPIK, Uni Mainz, GSI
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The building blocks of matter

The atomic mass of the proton and electron

Electron
Hydrogen
Electron: previous best value Proton: previous best value
improved by a factor of 13 improved by a factor of 3

m,=0.000548579909067(17) u  m,=1.007 276 466 583 (33) u

Nature 506 (2014) 467 Phys. Rev. Lett. 119 (2017) 033001
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The atomic mass of the deuteron and HD*

Electron Deuterium
d 12cﬁ+

Neutron

(Ho)

Proton

476 v.(d)

A factor of ~3 improved value and 5 sigma deviation!

my= 2.013553212535(11)Stat(lﬁ’))sys(17)tot AMU

m( 12C6+)

)
9Md _ g 5x10~12
mq
- Provides access to the mass of the neutron

S. Rau et al., Nature 585 (2020) 43

=
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The building blocks of matter

The atomic mass of the proton and electron and neutron ©

Electron Electron

Deuterium

Hydrogen
Neutron
Proton
Electron: previous best value Proton: previous best value deuteron: previous best value
improved by a factor of 13 improved by a factor of 3 improved by a factor of ~3

m, = 0.000548579909067(17) u m,=1.007276 466 583 (33) u my=2.013553212535 (17)u

Nature 506 (2014) 467 Phys. Rev. Lett. 119 (2017) 033001 Nature 585 (2020) 43

m(3He): O. Bezrodnova et al., PRA 111 (2025) 040801 m (*He): S. Sasidharan et al., PRL 131 (2023) 093201



An easy image of our precision regime
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Mg = 7300 T = 7.300.000.000.000 mg = 7.3-10'2 mg

BUT: Precision
achieved on the
atomic scale!

recently achieved
2-1012
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Results Il

Nuclear masses for neutrino physics

\ &eu\{‘“o
Q-values: /
3T > 3He ‘-——»
3H B-Zerfall\ Elektron

&

163Ho > 163Dy
187Re > 187(Qg

Sergey Eliseev

3He

)
_ vc(1870529+

S -decay of 1¥7Re R = ("R

Q = M(187Re)-M (1870s) = M (187Re2" )-M(1870s2° )+AB = M(1870s2°*) - [R — 1] +AB
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Q-value of '8/Re-18/Qs for neutrino physics

pos 1

Re Os Re
O o O
¢ Change position every 30 min
1 2 3 4 5

% Measurementof v,, v,, v.
| +*** Phase detection method
pos 2 % Storage time of days

Re Os Re
@) o O
P. Filianin et al., Phys. Rev. Lett. 127 (2021) 072502
1 2 3 4 5

relative nuclear mass precision achieved: 6:10-12

BUT

For Re?®* (Z =75) vs. Os?°* (Z = 76) we measure two ratios with a 50/50 probability:

R, = 1.000000013886(15)
R, = 1.000000015024(12)

July 2214, 2025 EMMI Physics Days, Darmstadt, Blaum 12 ‘-\\g\—



Weighing of different electron config.

Ground-state configuration of Re?** and 0s3%*: [,.Kr] 4d%°

mm) Metastable state [;.Kr] 4d° 4f* with E_,. = 200 eV in Re?**
L Similar state in Os3°* expected!

+ metastable electronic state + metastable electronic state
B pentarrap = 202.2(17) eV B oentatrap = 207(3) eV
BHarman = 202'2(5) eV BHaverkort = 209(2) eV
Blndelicato =202.1 (27) eV Blndelicato = 207(3) eV
BHaverkort = 2028(4) eV

ground state ground state

R. Schussler et al., Nature 581 (2020) 42

Possible application: search for suitable clock transitions

=2
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Search for low-lying isomeric states

(a) (b) +21186774Hz Trap 2
| | 208 py41+ 208 a1+
2l ES i 00
-360° $
o gt
& -T20°

= =
o ©
— =
Pt [
i

Am = 31-2(8) eV/C2 K. Kromer et al., PRL 131 (2023) 223002
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The ECHo ('®3Ho) project

163 163

n " Metallic Magnetic Calorimetry
s HO+e — Dy +v, Mtz_

= Gy & 453 ) prove
[/ | ss DY — 6 DY T g :

NEUTRONS — SQUID loop
FOR SCIENCE 3
*~ 163 thermal link
Q-Value Of EC In Ho ECHo-Collaboration:
Loredana Gastaldo
3.0 [ - I T y thermal bath Christian Enss
Our result | 5Q=0.6 eV
F T T T T
-8l + *’ B Ch. Schweiger et al., Nature Phys. 20, 921 (2024) m‘.={} 'E!"'ul'r
l -==. M=10eV
e T i i
- s
326:——*+———+ —————————————— i b Q | th
OUJ e — — c -value Witn|
3 _ 0Q<3 eV
)
24 | . .=
_‘___-—"'-'-‘-FJ-
- S. Eliseev et al., PRL 115 (2015) 062501 5
P. Ranitzsch et al., PRL 119 (2017) 122501 10 a2 55 2 5|55 o 5':51:] ) ﬁlﬁﬁ 2 570 5765
2 | L 1 1 L . ; r - Ly 4
1980 1990 2000 2010 2020 Energy [keV]
year
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Results I

Tests of fundamental interactions
and their symmetries

EMMI Physics Days, Darmstadt, Blaum



Comparison of the proton and antiproton

E%FL Baryon-Antibaryon Symmetry Experiment Vet

Compare charge-to-mass ratios R
of p and p:

(q/m)/ (g/m), = -1.000 000 000 003 (16)

M.J. Borchert et al., Nature 601 (2022) 53

It is not that easy!

2
m 04 I,H_'B Eb E
my- =m, | 14+2— + -
m m m m
P P By

Most stringent test of CPT symmetry in the baryon sector!

M.Bohman et al., Nature 596 (2021) 514
Ch. Will et al., PRL 133 (2024) 023002

Next step: sympathetic laser cooling

@ July 2214, 2025 EMMI Physics Days, Darmstadt, Blaum



Probe for new force carriers

Isotope shift spectroscopy: 5t force?

/ A—AT
. 5V{4'A = F;6(r* Yaar + ki AA?

* use 2 transitions i, j
> eliminate §(r* )4 4,

* new force mediated through scalar
field with boson mass my — X;

* coupling to neutrons: y,
* coupling to electrons: y,
=>» nonlinearity in King’s plot:

!

SV = Fi8(r?) g a + ki —
+C¥NpXi(A —_ A’)

+

J. Berengut et al., PRL 120 (2018) 091801

N
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High-precision atomic and nuclear
spectroscopy measurements at 1012 needed!
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Results from the Yb isotopic chain

—> a 2006 (!!!) non-linearity observed - an additional nuclear structure
King plot term prop. to d<r*> is considered

o

— Inset is zoomed 5 2) 9\ 9 (4) 4
N 028 in by 1.25 x 10° Vo =F0(r*) + Kow + G/ 8(r*) + G 6(r™)
21 NP
= NP R
: —-0.30 OEM
<
< -0.32 =
S — nuclear structure theory needed
S
"‘13-“-* Expt. relative to 5(r*)176:174 = 7 fm*
-0.36 15 -
I I 1 I I E 8 i e—— 0 R -‘-‘-‘.‘
C nll >~ N hhhhhh *
N 3 T <
T 0.2 3 P e . -+
~ 3 = —A- 1.8/2.0 (EM), VS1 Ab initio
3 0.0 4 - 1.8/2.0 (EM), VS2  —4— Expt. (aprs)
b ¢ —&- AN2LOgo, VS1
0 —~0.2 - For visualization error bars x 200 2 . ] ] ]
m .
3 T T T T T 170 172 174 176
§®) 0.14 a 3.15 AOA]’-G 102.17 0.18 AVb
0 Varre [ W7 [107 Hz]
o y M. Door et al., PRL, 134 (2025) 063002

New bounds on a fifth force in the keV/c? to MeV/c? range coupling to electrons and neutrons.

=N £
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The g-factor of the bound electron

Study one electron bound
to the nucleus, e.g. 1?C>*
(highly charged ions)

g-factor: measure for the magnetic strength of the bound electron

B A
?% Electron acts like a spinning top in the 4, _& °p
,? magnetic field with frequency o, 2 m,
spin-up spin-down
Electron can be in spin-up B A CBA
or spin-down state with I 7
transition frequency ® e =
q y @O 21 ’I



Continuous Stern-Gerlach effect

A
® Larmor frequency cannot be detected directly o ‘ up
5
® Microwaves probe spin transition = R i,
o @ Qdown
How to detect a successful spinflip ? X

Magnetic field B

2e,U
o, = €0 2o
md
0.6 : : :

0.54
0.4 -

0,31
0.2 4

240 mHz "

»

...... without Spin
— Spinup
~— Spindown

0.1
0.0-

potential

-0.14

.|.1.|‘.1.|.|.|,| BT ——
. 0 50 100 150 200 250

Z-axis ,
# Measurement (20s)

Axial frequency -411 kHz (Hz)

Ferromagnetic ring Spin dependent Tiny axial frequency difference

- magnetic bottle trapping potential between spin up and down.
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g-factor measurement process

Analysis trap Precision trap Microwave

(NTTTWRERERETTie
TR T

- 0.5
0.5 - [
1 — 0.4
4] : Measurement cycle time
03 ] -03
0.2 4 - 0.2

Detection of spin-state 2-3min

01 ’I‘ L 0.1

0.0 - — 0.0
-0.1 _- —-0.1
_0.2_- —-0.2
-0.3 - —-0.3

0 o

L 05

Transport 20s

v. measurement and
microwave irradiation 10min

Transport 20s

Fractional axial frequency difference (Hz)

0.4

Fractional axial frequency difference (Hz)

Detection of spin-state

-0.6 +—r———1——1—T—1——1—"—————————1
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Measurement number Measurement number
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Extreme conditions in highly charged ions

> QED is the best tested quantum field theory
(see g-2 of the electron; Dehmelt, Gabrielse)

> we would like to test QED in ultra strong fields

12C5+ 285i13+

Highly
charged ions

HITRAP@GSI

1185n49+ 208Pb81+

SBe3+ ZONe9+ 40Ca19+

i ]
10" I ,
I I
10" I I
| | .
o g : Penning trap
3 | ofa® I ! -
& 10" | | | I \\ '
< I ] | ‘ \ ¢
A 11 1 | - |
12 \ 1
=0 I | ! | ‘g
11 I I \‘
10" 1 I I \‘
| | Intenselasers |
10" L1 ] | “
I 1 I 1
109 | | ! | ! i 4 |
6 14 20 40 60 80
Nuclear charge Z
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Test of QED in strong fields

[ 1
40F
118G 49+ o
< 30 =
B 4 B B A B = 5
T d7 HAF A7 i 2
€ e e e g ;
o o
, | » | , | » | 10 ?
> 0 _
: . . . T W 0
varying drive frequency with time 1 5 ; =
proportional to spin-flip drive frequency (10)
20Ne?+ 118G 149+

Joxo = 1.998 767 276 93 (16) g, = 1.910 562 058 (1)
Oiroo= 1.998 767 277 11 (12)  gyoo= 1.910 561 821 (299)

Most stringent test of bound-state QED in strong fields!

, Theory colleagues: J. Morgner et al., Nature 622, 53 (2023)  H-like
;' ﬁz'l'g; ‘;tté;’l Ef]ysre;e"f’l_“eﬁ’ 2232222)5300 ' 2023) Harman, Keitel, J. Morgner et al.. Science 388, 945 (2025) Li-Like
: o : : : g Oreshkina, Yerokhin J. Morgner et al., PRL 134, 123201 (2025) B-like

=N £
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Bound g-factor difference in coupled ions

Delta-g measurement in 2%22Ne>*: how to get v,

Probability of common spin behavior modulated by beat frequency!

Phase determination ATET Tove After second /2 pulse

|
| /2 pulse

-~
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850 ' 851

recessn
Tevol ( HIS) P

Relative precision of 5-10-13 achieved, most stringent BS-QED test! Natire 606 (2022) 479
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Summary

Precision Penning-trap spectroscopy has
reached an amazing precision even on exotic
systems and has opened up many new
fields of research!
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Thanks ...

you for the inVitation and your attenion!‘

@@j@ July 224, 2025 EMMI Physics Days, Darmstadt, Blaum 27 -\\\\>>\-



