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g free= 2 (1 + C1α/π + C2(α/π)2 + C3(α/π)3 + C4(α/π)4 + C5(α/π)5 +....

1st order in α: 
Schwinger term

C1 = ½

QED contributions to the g-factor of the free electron

magnetic
field

Ref.:
J. Schwinger, Phys. Rev. 73, 416 (1948)

The theory of quantum electrodynamics is,
I would say, the jewel of physics

- our proudest possession.
R. Feynman

The theory of quantum electrodynamics is,
I would say, the jewel of physics

- our proudest possession.
R. Feynman

photon propagator

electron
propagator
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g free= 2 (1 + C1α/π + C2(α /π)2 + C3(α /π)3 + C4(α /π)4 + C5(α /π)5 +....

Free electron: QED contributions of 2nd and 3rd order

2nd order in α: 
C2 = - 0.328 478 966

7 graphs

3rd order in α: 
C3 = 1.1765
72 graphs

Ref.:
B. Lautrup et al., Phys. Rep. 3, 193 (1972)

not shown:
4th order in α:
C4 = -1.9108
891 graphs
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Free electron: QED contributions of 5th order

5th order in α:
C5 = 9.16

12672 graphs

Ref.:
Kinoshita et al., arXiv:1205.5368v1 [hep-ph] 24 May  2012

„I am digging at the roots of physics 
to see whether there is
some treasure there.“

Toichiro Kinoshita

g free= 2 (1 + C1α/π + C2(α/π)2 + C3(α/π)3 + C4(α/π)4 + C5(α/π)5 +....
Harvard g-2 measurement 2011:

g free = 2 (1.001 159 652 180 73 (28)) → determination of α



International Accelerator Facility for
Beams of Ions and Antiprotons at Darmstadt

HC2NP, Puerto de la Cruz, Spain, 30 September 2016, Wolfgang Quint

B
m

e

e

e
c =ωB

m

eg

e

e
L 2

=ω
cyclotron frequency:cyclotron frequency:

Larmor  precession
frequency:

Larmor  precession
frequency:

e
c

e
L

eg
ω
ω⋅= 2

g-Factor of the free electron

B: magnetic field in
Penning trap

e
c

e
a

eg
ω
ω⋅=− 22or ratheror rather (get 3 orders of magnitude 

in accuracy by Nature)
(get 3 orders of magnitude 

in accuracy by Nature)



International Accelerator Facility for
Beams of Ions and Antiprotons at Darmstadt

HC2NP, Puerto de la Cruz, Spain, 30 September 2016, Wolfgang Quint

Hans Dehmelt
Nobel Prize 1989 "for the development of the ion trap technique"
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*CODATA

Positron:  g = 2×1.001 159 652 187 9 (43)*

g-Factor of the electron and positron

Electron:  g = 2×1.001 159 652 188 4 (43)*
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Hadronic and weak contributions to electron g-2

light-by-light

e, µ e, µ e, µ e, µ
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SELF
ENERGY

VACUUM
POLARIZATION

gbound /gfree ≈ 1 - (Zα)2/3 + α(Zα)2/4π + ....

bound-state QEDDirac theory

Bound-electron g-factor:

Feynman graphs 1st order in α/π

Ref.:
T. Beier, Physics Reports 339, 79 (2000)
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A single highly charged ion stored in a Penning trap

potential

z

axial confinement

ion

radial confinement

ring

endcap

endcap

U0

magnetic

B0

physical electric

(MODIFIED) CYCLOTRON MOTION

w+

MAGNETRON DRIFT

w-

AXIAL MOTION

wz

B

combined ion motion



International Accelerator Facility for
Beams of Ions and Antiprotons at Darmstadt

HC2NP, Puerto de la Cruz, Spain, 30 September 2016, Wolfgang Quint

Precision trap (PT) 
� Very homogeneous magnetic field 

Analysis trap (AT)
� Magnetic bottle for spin detection

Creation trap (CT)
� In-trap ion creation of    

highly charged ions

~
1

4
 c

m
7mm

Triple Penning trap system
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Precision trap (PT) 
� Very homogeneous magnetic field 

Analysis trap (AT)
� Magnetic bottle for spin detection

Creation trap (CT)
� In-trap ion creation of    

highly-charged ions

Triple Penning trap system



International Accelerator Facility for
Beams of Ions and Antiprotons at Darmstadt

HC2NP, Puerto de la Cruz, Spain, 30 September 2016, Wolfgang Quint

Highly charged ion g-factor apparatus

SUPERCONDUCTING
SOLENOIDS

PENNING TRAP @ 4K

CRYO
ELECTRONICS

@ 4 K

SUPERCONDUCTING MAGNET
WITH ROOM TEMPERATUR BORE

CRYOSTAT

MAGNETIC BOTTLE

SINGLE ION
IN TRAP

PRECISION TRAP

TARGET

FEP

MICROWAVE INLET

MINI EBIS

`DOUBLE TRAP‘
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SUPERCONDUCTING
SOLENOIDS

PENNING TRAP @ 4K

CRYO
ELECTRONICS

@ 4 K

SUPERCONDUCTING MAGNET
WITH ROOM TEMPERATUR BORE

CRYOSTAT

MAGNETIC BOTTLE

SINGLE ION
IN TRAP

PRECISION TRAP

TARGET

FEP

MICROWAVE INLET

MINI EBIS

`DOUBLE TRAP‘

• Trap thermally connected
to liquid He at T = 4 K

• p < 10-17 mbar
• storage time > 1 year
• single-ion detection

by tuned resonance circuits
• B = 3.8 Tesla

Highly charged ion g-factor apparatus
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νz = 360 kHz

B
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electrode

ring electrode

end cap

end cap

compensation
electrode

dEp/dt = Pcool = -I2R

               resistive cooling

LRC
U = I R

Resistive cooling of trapped ions

νc
2  =  ν-

2 +  νz
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High-resolution cyclotron frequency measurement
of a single highly charged silicon ion

28Si13+
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Continuous Stern-Gerlach effect:
Determination of spin direction
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Quantum jump spectroscopy:
Spin-flip transitions in the analysis trap
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Bound electron magnetic moment measurement
on hydrogen-like silicon 28Si13+
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gJ(12C5+) = 2.001 041 590 18 (3)  theoretical value
gJ(12C5+) = 2.001 041 596 4 (10)(44)  our measurement 
gJ(12C5+) = 2.001 041 590 18 (3)  theoretical value
gJ(12C5+) = 2.001 041 596 4 (10)(44)  our measurement 

Comparison of theory and experiment:
g-Factor of the bound electron in

H-like carbon 12C5+, oxygen 16O7+ and silicon 28Si13+

Lit.:
T. Beier et al., PRL 88, 011603 (2002)

V. Shabaev et al., PRL 88, 091801 (2002)
V. Yerokhin et al., PRL 89, 143001 (2002)

K. Pachucki, V. Yerokhin et al., PRA 72, 022108 (2005)
S. Sturm et al., PRL 107, 023002 (2011)

gJ(16O7+) = 2.000 047 020 32 (11)  theoretical value
gJ(16O7+) = 2.000 047 025 4 (15)(44)  our measurement
gJ(16O7+) = 2.000 047 020 32 (11)  theoretical value
gJ(16O7+) = 2.000 047 025 4 (15)(44)  our measurement

gJ(28Si13+) = 1.995 348 958 0 (17)  theoretical value
gJ(28Si13+) = 1.995 348 958 7 (5)(3)(8) our measurement
gJ(28Si13+) = 1.995 348 958 0 (17)  theoretical value
gJ(28Si13+) = 1.995 348 958 7 (5)(3)(8) our measurement
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me=0,000 548 579 909 067 (14)(9)(2) u
(stat)(syst)(theo)

δme/me= 3·10-11

[S. Sturm et al., Nature 506, 467-470 (2014)]
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Who has forgotten the walnut?Who has forgotten the walnut?

500000 tons 500000.000015 tons

Relative Precision: 3·10-11
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The g-factor of the proton

A. Mooseret al., Nature 509, 596 (2014).
P. F. Winkler et al., Phys. Rev. A 5, 83 (1972).

25 ppb

• First direct high-precision measurement of the proton magnetic moment

• Accuracy of 3.3 ppb

• Improves 42 year old Maser measurement by factor of 2.5 (D. Kleppner, MIT)

• Value in agreement with accepted CODATA value

g/2 = 2.792 847 350 (7) (6)
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26 GeV/c 
protons

CERN’s Antiproton Decelerator (AD)
near Geneva, Switzerland
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CERN
AD
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ALICE

Nature Physics
(10.1038/nphys3432)

Planned by others
ASACUSA / ALPHA / 

ATRAP

Red: Recent tests
Purple: Past tests
Green: Planned

S. Ulmer et al., Nature 524196 (2015)

Overview: CPT-Tests
BASE: Baryon Antibaryon Symmetry Experiment

Spokesperson: Stefan Ulmer
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• 4 months measurement time for antiproton g-factor

• Data collection time independent of accelerator run-times.

Long storage of an antiproton cloud from Nov. 2015
Non-destructive extraction from the reservoir

The four Penning-trap system
of BASE / CERN, Geneva, Switzerland
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BASE Collaboration

Stefan Ulmer (Spokesperson), Kurt Franke (PhD), Takashi Higuchi (Master), Andreas 
Mooser (PD), Hiroki Nagahama (PhD), Georg Schneider (PhD), Simon Van Gorp (PD), 

Matthias Borchert (Bachelor), Andrej Gheorghe (Summer Student)
Senior Members: 

Klaus Blaum, Yasuyuki Matsuda, Wolfgang Quint, Yasunori Yamazaki, Jochen Walz
CERN/AD Staff: Lajos Botjar, Francois Butin, …
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Our first single antiproton 

• antiproton cooled to T = 4 K
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Two trapped antiprotons today,
30 September 2016, at noon time
- loaded on 12 November 2015

courtesy of:
Stefan Ulmer
Christian Smorra
Stefan Sellner
at CERN
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6521 frequency ratios

• In agreement with CPT conservation
• Exceeds the energy resolution of 

previous result by a factor of 4.

Final result
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Proton/antiproton gravitational redshifts

R. J. Hughes, &  M. H. Holzscheiter, Phys. Rev. Lett. 66, 854-857 (1991).
R. J. Hughes, Contemporary Physics, 34:4, 177-191 (1993).

Assuming CPT Invariance, we can compare the proton/antiproton gravitational redshift.

• Constraint of the gravitational 
anomaly for antiprotons:

Our 69 ppt result sets 
a new upper limit of

Gravitational potential
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Isolating a single highly charged ion
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Concept of CPT violation

CPT violating termSystem based on SM

• Absolute energy resolution (normalized to m-scale) might be a more 
appropriate measure to characterize the sensitivity of an experiment with 

respect to CPT violation.
• Single particle measurements in Penning traps give high energy resolution. 

Kostelecky et al.

different C’s

Relative precision Energy resolution SME Figure of merit

~ 10-18

~ 10-26

~ 10-21
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spin has magnetic
moment µ

magnetic bottle:
B(z) = B0 + B2z2

magnetic energy:
Emagn(z) =    µB0 µB2z2

axial frequency =
f (spin direction)

±±

Continuous Stern-Gerlach effect

attractive or
repulsive force

Fmagn(z) = ± 2µB2z


