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Fundamental particles behave like a small magnet

The magnetic moment
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Every spin caring particle has a magnetic moment



What to learn from magnetic moments?

Test of fundamental Searches for physics
physical laws ¢ o beyond the

Standard Model

Determination of
fundamental constants



What to learn from magnetic moments?
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Electron and Positron g-Faktor

Precise comparison of the magnetic
moment of the electron and the positron

- First high precision experiment performed in a
Penning trap

Hans Dehmelt Contuinued by
Nobel price 1989  Gerald Gabrielse

- First high precision experiment performed with
trapped Antimatter

- Most precise test of Quantum-Electro-Dynamics

- Until recently most precise measurement of the
fine structure constant



Basic Principle for Penning traps

NNE

Monitoring magnetic field via
simultaneous measurement of the free
cyclotron frequency

Determination of Larmor frequency
in a given magnetic field
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Special Case for Electron

w; — W W -2
 Don‘t measure Larmor but so-called (w, c) —— 5

anomaly frequency: W Wc 2
n=2
E4 n=3 * Direct measurement of QED corrections
=1
n=2 -
g —2
- Wa n=0 5 = 0,00115965218113
n=0 I Ye * Gain 3 orders of precision in g for free
>
1) |T) * Measurement reduces to detection of

cyclotron quantum state



Introduce magnetic inhomogeneity, the magnetic bottle
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potential

v,~n,B,

axial frequency

Spin flip results in shift of the axial frequency
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Observation of qguantum jumps
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Figure 2.14: Axial frequency shift (with v, =~ 200 MHz) caused by quantum cyclotron

transitions of a single electron between the ground and first excited state (left) and
between the ground and first two excited states (right).

Brian Carl Odom, PhD thesis (2014)



Observation of qguantum jumps
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Measurement Sequence

1. Prepare particle in (0, 2) — state :ji 5 f TTSQ:T
2. Drive the anomaly transition v 3502 ° 4" .I=HO
3. Anomaly transition to (1, -%) — state N1 _J,T_/E 2T
4. Radiative decay to (0, -%%) = _5/2

5. Axial frequency changes n=0 E |
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B. Odom, D. Hanneke, B. D’Urso, and G. Gabrielse Phys. Rev. Lett. 97, 030801 (2006)



Lineshape
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Dominant systematic effect

Metal electrodes from a resonant microwave cavity
—resonant radiation modes

Modes can couple to the electron cyclotron motion, altering
its damping rate and shifting its frequency

o= (142
We = we | 1+
We

Tune cyclotron frequency
out of cavity modes by | . < P
changing the magnetic field electrodes
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D. Hanneke, S. Fogwell, and G. Gabrielse Phys. Rev. Lett. 100, 120801 (2008)



Developments on the way

e Resolve lowest cyclotron and spin states

e Quantum jump spectroscopy

e Cavity-controlled spontaneous emission (linewidth reduction)
e Radiation field controlled by cylindrical trap cavity

e Cooling away of blackbody photons

20 years

e Synchronized electrons probe cavity radiation modes
e Elimination of nuclear paramagnetism (silver electrodes)

e One-particle self-excited oscillator




After 25 years of development

k endi
PHYSICAL REVIEW LETTERS QS\K?I;R%IHI%US

New Measurement of the Electron Magnetic Moment and the Fine Structure Constant

PRL 100, 120801 (2008)

D. Hanneke, S. Fogwell, and G. Gabrielse™

Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
(Received 4 January 2008; published 26 March 2008)

A measurement using a one-electron quantum cyclotron gives the electron magnetic moment in Bohr
magnetons, g/2 = 1.001 159652 18073 (28) [0.28 ppt], with an uncertainty 2.7 and 15 times smaller than
for previous measurements in 2006 and 1987. The electron is used as a magnetometer to allow line shape
statistics to accumulate, and ifs spontaneous emission rate determines the correction for its interaction
with a cylindrical trap cavity. The new measurement and QED theory determine the fine structure
constant, with @' = 137.035999 084 (51) [0.37 ppb], and an uncertainty 20 times smaller than for any
independent determination of «.

DOI: 10.1103/PhysRevLett.100.120801 PACS numbers: 06.20.Jr, 12.20.Fv, 13.40.Em, 14.60.Cd

g/2 = 1.001 159 652 180 73 (28) [0.28 ppt]




Nuclear Paramagnetism

e Build new trap out of silver

magnetic field shift (ppb)

Magnetism of copper at lowest temperatures « New vacuum enclosure out of titanium
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Electron and Positron

VOLUME 59, NUMBER 1 PHYSICAL REVIEW LETTERS 6 JuLy 1987
STORAGE TRAP EXPERIMENT TRAP
New High-Precision Comparison of Electron and Positron g Factors
SOURCE RING RING
Robert S. Van Dyck, Jr., Paul B. Schwinberg, and Hans G. Dehmelt v ' l }_LQA_D_EIL\IE _
Department of Physics, University of Washington, Seattle, Washington 98195 s DRIVE
(Received 23 March 1987) SOURCE EN DCAP
ENDCAP -— FEP
Single electrons and positrons have been alternately isolated in the same compensated Penning trap in SIGNAL SIGNAL
order to form the geonium pseudoatom under nearly identical conditions. For each, the g-factor anoma- FE ENDCAP
ly is obtained by measurement of both the spin-cyclotron difference frequency and the cyclotron fre-
quency. A search for systematic effects uncovered a small (but common) residual shift due to the cyclo- /]-\
tron excitation ficld. Extrapolation to zero power yields e ¥ and e ~ g factors with a smaller statistical SBE
error and a new particle-antiparticle comparison: ge ~)/g(e ¥)=1+(0.5%£2.1)x1071% PROBE V,

PACS numbers: 14.60.Cd, 06.30.Lz, 12.20.Fv, 32.30.Bv
P. B. Schwinberg, R. S. Van Dyck, Jr., and H. G. Dehmelt

_ Phys. Rev. Lett. 47, 1679 (1981)
 Same method used for positron — currently known to 2 ppt

* Best CPT test for leptons  |Ey _; — Ef|/moc® = |Aalhw./2mq 12 x 10722

* Redo measurement with positron in improved setup — cavity shift

 Within error bounds no diurnal variations observed



Electron g-Faktor and QED

-Dirac equation gives g =2 without construction G 05
-Background field fluctuates due to minimum energy of ca _0.328478965579
harmonic oscillator vacuum states. '
C6 1,181241456587
m & cs 1,9144(35)
Self Energy 1t order Vacuum polarization a,t 2,720919(3) 1012
-12
- Effects described by Swinger series Fhadronic Pty B0
Ayeak 0,0297(5) 1012

2 3 4
S+ CZ(E) + C4(3) + Cﬁ(g) + Cg(g) T
2 T T T T

+ Ayt T Apadronic T Aweak:

5t order 12 672 diagrams

-2
ae(theo) = gT = 0,00115965218113 (84) calculated




Most precise test of QED
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G. Gabrielse, D. Hanneke, T. Kinoshita, M. Nio, and B. Odom Phys. Rev. Lett. 97, 030802 (2006)



Determination of finestructure constant

* Take measurement and compare to theory to extract finestructure constant

a2 a\3
ol oo
v o

. i a, (UW) 1987
h/m(Cs) 2002 ¢ ©
° 1 h/m({Rb) 2006
e a,(Harvard, 2006)
W a, (Harvard, 2008)
h/m(Rb) 2008 .
e+ h/m(Rb) 2010

599.80 599.85

599.90 599.95

600.00 600,05 600,10

(o' = 137.03) x 10

3

w

4
)+...

137.035999710(90) (33) [0.66 ppb][0.24 ppb],

137.035999 710 (96) [0.70 ppb].



Determination of finestructure constant

* Take measurement and compare to theory to extract finestructure constant

81+ Cz(ﬁ) n C4(af)2 + Cﬁ(aff + CS(Q’)‘* L a”'=137.035999710(90) (33) [0.66 ppb][0.24 ppb].
2 T T T T
F ayr + hadronic + Aweake = 137.035999710(96) [0.70 ppb].
. i a, (UW) 1987
h/m(Cs) 2002 ¢ + hfmﬁb, LKB-11 }
. . h/m(Rb) 2006
o4 a, (Harvard, 2006) g-2, HarvU-08 | ey Gmmmm=m  Electron g-2
m  a, (Harvard, 2008) il lociti fRb
h/m(Rb) 2008 . This Work | ' pie — Recoil velocities of R
o4 h/m(Rb)2010 ' ' ' ' after absorbing photon
419 14 09 -04 01 06
599.80 599.85 599.90 599.95 600.00 600,05 600,10 (” -1 ‘;‘1 3?035999139 _ 1) . 109

(o' = 137.03) x 10

Parkeret al.,Science 360, 191-195 (2018)



Electron precisely measured — Why measure the
Muon/Antimuon?

* Perturbative contributions to magnetic moment scale with mass

m 2
g=21+a,) a,(QED) o (m—“j a.(QED)

e

a.(had) = 1,682(20) 10 a,(had) = 709.6 (7.) 1010
a.(weak) = 0,0297(5) 10712 a,(weak) = 15.4 (0.3) 10-10

All effects, also beyond SM, are enhanced by a factor of 2007



However....

electron lifetime: .....

muon lifetime: 2.20*10° s

tauon lifetime; 2.96*1013 s




How to measure muon g?

e Same principle as for electron

eB Momentum
» W, — , a)a ( g-2 vector
geB 2 —  Spin vector

W =

2m




However

* Magentic field of storage ring stores only in horizontal plane

* Need vertical focussing to store beam - electrostatic quadrupole fields

* For a relativistic particle this modifies the frequencies

_ _ B
&, =—|aB- 1 \5xE &, = —
mc| © Loyl mc| y y—l

|ll

Operate at specific energy ,,magic gamma*“ Measure with , external” B-field sensor



Measurement of Cyclotron Frequency

* Measure magnetic field using array of water NMR probes inside ring

teflon adaptor rex tul
\ \
\ \
\
5
%E#. =l ——
/ 1L —
T I
/ / / /
bl /
/ / spherical sample holder

tuning capacitors copper pure water
(a) Absolute calibration probe (b)  Spherical Pyrex
container

Muon (g-2) Technical Design Report, arXiv:1501.06858

(1 —d;)w,, where
o(H20O,T) + 0y + 0, + 0.

s :diamegnetic shielding
« &,.: bulk suscebility (T-dependent)
« §,.: paramagnetic inpurities in water
« &,.: para- and diamagnetism of probe

s=



Measurement of Anomalie Frequency

t

N(t) = Ne " [L+ Acos(am,t + ¢)]
Momentum
vector

—  Spin vector

Million events per 149.2 ns

10 BE- 4 L W "-.U;' U a._.-r_,ﬁ =._. ‘"‘ f‘ f\ AN A

— ] Vv
In parity violating muon decay the high Ve . .T H YAYAVAY WPy :
energy positron is preferentially emitted O ] n- 107 TYVVVVYYANAAAAA
against the muon spin direction Vv

W LA e ‘.;1:_ 'q"' ¥
YV OV N YAV A A f |
e ] : -3 ’ " E'r Hf vy \‘{ "‘rﬁ ﬂ".!"

10
El R R (Y TN TN NN N TN SR TR (N SRS S SN N T S
0

_ 20 40 60 80 100
G. W. Bennett et al. (Muon g-2 Collaboration) Phys. Rev. D 73, 072003 (2006) Time modulo 100us




Result

* 3, measured with precision of 0.5 ppb Ideas for interpretation SUSY

 Muon/antimuon are found to agree within ppb

e Superymmetry — every SM particle

* But 3.6 Sigma discrepancy observed to theory has partner with same QM numbers

HIINT (06) — exept spin that differs by 1/2
JN {09) —.— )
paver et 1, = (10 Uy neutralino
Davier etal, e'e” (10) |—-—|
JS (1) —.— ' '
i * 5% force mediated by new massive
HLMINT (1) St I gauge boson (yukawa interaction)
B = (0 1= 1= B —
BN N
BNL {new from shift in &} '—i—'
Discrepancy not significant
HHX10 — 11659000

G. Venanzoni / Nuclear and Particle Physics Proceedings 273-275 (2016) 584-588



Improved measurement palnned at Fermilab

and J-PARC

Theory - Experiment
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- Experiment ¢ .
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3 (0.14 ppm)

- Future

- |360 Goals

F m Expected

- Theory * Improvement

Higher statistics- precision in anomaly frequency — higher
intensity muon beam

More and improved magnetic field sensors

Improved accuracy for magnetic field measurement — idea

to use 3He as additional probe



Magnetometry

NMR probes are the standard for absolute B-field measurements

* Relates magnetic field via fundamental constant to frequency

for — 1 — 5 W where « s :diamegnetic shielding
Wpu:-l:ie ( t)wp' ) ] ) «  &,_: bulk suscebility (T-dependent)
tfl,_t = J(Hgo, T) —+ rjb -+ rjp —+ {)5_ + §,: paramagnetic inpurities in water

Challenging systematic effects:

« &._: para- and diamagnetism of probe

Diamagnetic shielding

Shape factor (bulk diamagnetism) — spherical probe
Susceptibility of probe material

Paramagnetic impurities in probe sample

Magnetic materials of probe structure

Gas in probe samples
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Magnetometry

* Hyper-polarized 3He NMR probes with very different and in cases smaller systematic effects

Water NMR 3He
Dependence on temperature 1 > 1/100
Dependence on probe shape 1 > negligible
Susceptibility 1 1/1000

(low pressure)

1 1/10

Diamagnetic shielding T S e

« AB/B=1012in seconds using hyperpolarized 3He in a 1.5T B-field

(13.6mrad after 6.6s @ 48.6MHz)
Nikiel A., et al. Eur. Phys. J. D 68 330 (2014)




Nuclear magnetic moment of 3He

However: p,,. only determined indirectly, comparison of NMR probes in same magnetic field

1940

40

60

L
1960 -
1980
—a—
L 1980 - —
All 8 —— 20004
. . >_ [ ]
indirect 20004
2020 4
-
2020 5 2
-250 0 250 500

(p'“codata)/”codata in ppb

Up to now single 3He to H,0 comparison determines
Wy to 1.2*108 only
- limited by knowledge of shielded proton magnetic

moment

* 3He probes provide no absolute probe independent of proton NMR probes

Measurements of same B-field using 3He and H,O cannot be considered independent/uncorrelated



*He Magnetic Moment in Penning Trap

Determination of energy splitting Simultaneous cyclotron frequency
between spin-states measurement

4 N 3He?+ - M

Hoe @y
HHe eh — 2e
C()L — 2 h B a)c a)C — - B
mHe He

To determine g-factor of 3He - proton-helion mass ratio needed (known to 30ppt)



Challenge of Spin-State Detection

Noise on electrodes of some pV/Hz/2 drives random cyclotron quantum transitions.

Frequency

1 d E B,=0 T/m’ B,=3x10° T/m?
c
: /
0
g ~70 mHz é Elektron
> \
: g g Further reduced by
Time ?-; HCI < factor of 4 for 3He
low energy ~ ueV high energy ~ meV I 30 I
o Proton —
'<>T§ \___/
Signal Spin Flip: Noise Spin Flip:
Av, o fad B, Av, < q?An, Low energies particularly important for 3He?*

m



Challenge of Spin-State Detection

N
R R
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88 i‘w« £ A I’*J W"“* ; /;f*‘ﬂ e
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Obtain frequency jump due to spin-transition of Av,=70mHz — Av,/v, =107’



New Developments

- . ; : ———old AT Be*-cloud  Single 3He ion
= 044 —— new AT
3 02
S 02 |
O o0 1
O o2 4
@
L 044 4
L
T 061 .
c
D 081 i
= -1,04 -
o 5 6 5 D Texe = 2@ Cr == 3 Depyr == J_
Position (mm)
new AT
= . . Laser Cooling Resistive
* Larger inhomogeneity 9 "deterministic" ' " cooling [MBroton
— 100 R
= 3
e 300 T/mm?2->600 T/mm? = He
k=]
B = 904
kD2 S
Av,~ 2
mv, S 80+
. . -.q-)'
* Larger magnetic field % 70
©
* lLarger energy spacing between cyclotron quantum 2
c .
5 60
states n
.. 50 + T T T T
* Lower rate for random cyclotron quantum transitions 10° 10 107 10° 10'

Cyclotron energy E/kg (K)



Magnetic Moments in Penning Traps

Determination of energy splitting Simultaneous cyclotron frequency
between spin-states measurement
/F=O mg=0 \ +
F ! 3He & )
F=1 m=+1
1%S,/,
1=1/2
F=1 mF=0 I IJ-|<0 \ J
\le m,=-1 /
c B
W ,qi,Erp, B We =
F=Ii% (gl g] F ) ¢ mHe

B-field independent measurement of bound g,and g; factors as
well as E,



Spin-State Detection 3He*

Map readout of the nuclear spin-state onto detection of electronic spin-transition

m; m,

100} -
(% 50/ 'r__:
< T :T:
> 0 |
2 N
0 _s0} Lot
e I o

Magnetic Field (T)

Detect electron spin-transition using cont. Stern-Gerlach effect

mem) Av,~ 100Hz much easier to detect



Design of new Experiment

| Ultra-High Vaccum

 313nm fiber coupled

= Interface
e <+— Electronics *  Microwave access * 2 xablation laser free running
* Laser access
<+— Alignment * Signal Lines l

<+— Pre-Vacuum / \ \

Cryogenic

<«— yvalNging Trap Detection Systems | | P.er.mmg trap |
e Superconducting toroids * Fourindividual Penning traps
<+ Detection * Low-noise cryogenic * |Intrap production of ions

amplifiers



First Results

Dedicated Test-Penning trap to
investigate 3He source

Penning trap

high-voltage
— electrode

Field emission W. Heil — University of Mainz

point

Heating of 3He filled glas sphere using
resistor and/or laser

Utilizes strongly temperature dependent
helium permeation through glass
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Conclusion

* Magnetic Moments:
e Test of fundamental physical laws
» Searches for physics beyond the SM
e Determination of fundamental constants

* Electron/Positron:
* Deviations with respect to SM predictions — further measurements
* Most precise test of CPT invariance with leptons — in agreement

* Muon/Antimuon
* Deviations with respect to SM predictions — new experiments planned/running
* Helium-3:
e Standard for absolute magnetometry

e Test of bound-state QED in nuclear-spin dependent system
* Investigation of nuclear structure effects




