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Precision tests of fundamental
Interactions and their symmetries with
cooled and stored exotic ions

Precision atomic/nuclear masses

The (anti)proton charge-to-mass ratio
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g-factors of bound electrons and m,
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Masses determine the atomic and nuclear binding energies
reflecting all forces in the atom/nucleus.

2”7 N

— binding energy

Matom = I\|°mneutron T Z'rnproton T Z°melectron

_ 2
(Batom + Bnucleus)/C
dm/m < 10-10 dm/m = 106 - 108
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The free cyclotron frequency is inverse
proportional to the mass of the ion!

Invariance theorem: (DCZ = Q)+2+Q)_2+Q)Zz W =

L.S. Brown, G. Gabrielse, Rev. Mod. Phys. 58, 233 (1986).




Detection techniques
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Destructive
time-of-Flight
detection
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Non-destructive

induced image ( Q )

current detection

Signal amplitude

1 loninthermal equilibrium
with the tank circuit at 4K

Frequency




BASE: A Penning-trap setup at CERN

A ba

lance for protons and antiprotons. B'SE
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Test of the unitarity
of the quark-mixing matrix

ﬂVeak Interaction \ 6tronq Interaction\

= Radioactive decay = Binding between quarks
within hadrons
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A Superallowed B-decays

e Corrected value:

K
Ft=ft(1+0%)(1+dns —0c) =

2G% (1+ Al

e Corrections about 1% [Towner and Hardy, Phys. Rev. C 77, 025501 (2008)]

e Cabibbo-Kobayashi-Maskawa quark mixing

matrlx ‘/ud Vus Vub d> |d,> |
Vcd ‘/cs ‘/cb S> — |S,>
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* Quark-mass eigenstates|z} to weak eigenstates |+';
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Superallowed B-decays
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AN Test of the CKM unitarity

Check unitarity via first row elements: o _ _
Unitarity contribution:

VR 0.001%
5%

2 2 2
Vel *+ Vi V| =1 + 4

V, and V,, from particle physics data He

(K and B meson decays)

Present status:

V 4 (nuclear B-decay) = 0.97417(21)
V . (kaon-decay) = 0.2253(14)
V,, (B meson decay) = 0.0037(5)
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Vool + M| + M| =0.99978(55)

Hardy&Towner, Phys. Rev. C 91 (2015) 025501




| Masses ||

Neutrino physics applications

3H BZeﬁall\/‘—Em

3He
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m(v,) < 2 eV/c? (95% CL)




Ey=18589.8(1.2) eV - Ers

5 —3 2
E,-E, (eV)

JH— He+e +vV Q. =18589.8 (1.2) eV
Qi =18 592.01(7) eV [E. Myers, PRL (2015)]

We aim for: 3Q(3T—=>3He) = 20 meV AT < 0.02 K/d at 24°C
dm/m = 7-1012 AB/B<10ppt/h Ax<0.1pum
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First 12C#/16Q%* mass ratio measurement at Sm/m = 1.4-10-1* performed.




NEUTRONS SQUID loop

FOR SCIENCE

Q-value of EC in 193Ho frermal ink

T T T T T thermal bath

Our result

— m=0eV
——-. m=10eV
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Q-value with
0Q<leV

S. Eliseev et al.,
PRL (2015)
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Test of CPT symmetry
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Compare charge-to-mass ratios R
of p and p:

(q/m)5-/ (g/m), = 1.000 000 000 001 (69)

S. Ulmer et al., Nature 524, 196 (2015)

It Is not that easy!
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The mass of the electron —
A fundamental constant
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Measurement principle

Measurement of the free cyclotron
frequency to determine the
R magnetic field:
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Measurement of the Larmor frequency
in a well-known magnetic field:
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has to be
determined
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Elect b
Gexp = 1.995 348 9587 (S)3)(8)  improved by a factor o

Oiheo= 1.995 348 958 0 (17) >10 if repeated for 12C>*,

Most stringent test of BS-QED in strong fields.

_ . . S. Sturm et al., Phys. Rev. Lett. 107, 023002 (2011)
@ Theo ry CO”eagueS- Harman, Keltel, ZatorsKi A. Wagner et al., Phys. Rev. Lett. 110, 133003 (2013)




Electron mass from ultra-high precision
g-factor of hydrogenlike carbon:

Harman, Keitel, Zatorski
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Farnham / Van Dyck
| ]

m, = 0.000548579909067(14)(9)(2)u

A factor of 13
Improved value !

Relative mass precision

1985 1990 1995 2000 2005 2010 2015
Year of t
ear of meastremen ) S. Sturm et al., Nature 506, 467 (2014)
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m, = 1.007 276 466 583 (15)(29) u % _35.10-11

p

F. HeiRe et al., Phys. Rev. Lett. 119, 033001 (2017)




What comes next? o

m ALPHATRAP: A high-precision Penning-trap
setup at MPIK & HITRAP

Production of HC| 298pp77*381+

Quadrupole Bender 1.8

Larmor-to-cyclotron frequency ratio
measurement in a double Penning
trap yields dg/g = 1012

Experiment and theory provide stringent

test of BS-QED and FSC a
1E17
Schwinger-Limit
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ions decelerated

s from a few kV*q
1E14 ; 208p|81+ to ~20V*q
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Cryogenic
valve

1E13

1E12 Superconducting magnet

1E11 AGgreir = %1 1 —(Za)? . Trap tower .-
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28gj13+ nuclear charge Z

mean electric field <|E|> / V/cm




Exciting results in high-precision experiments with
stored and cooled exotic ions have been achieved!

Presently running experiments:
10-fold improved n mass
10-fold improved E=mc? test
1000-fold improved anti-p g-factor

Thanks a lot for the invitation
and your attention!
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