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quick study

The standard model’s

greatest triumph

Gerald Gabrielse

Lo B L B e [ oy i g B e B L

The spin frequency is propc?r?iéi{ia’l'i:b’B’, which must then
be measured to extract p. Fortunately, the cyclotron fre-
quency, @, = eB/m for an electron with charge —e and mass m,
is also proportional to B, so it can be used as an internal mag-
netometer. The electron is kept cold — with a temperature less
than 0.1 degree above absolute zero—to keep the cyclotron
motion in its quantum ground state. As with spin flips, a
measurable one-quantum excitation of the cyclotron motion,
which increases the energy by hw,, requires an appropriate
driving force. Excitations take place more frequently as the
drive frequency approaches w..

Eliminating B from hw,=-2uB and . =eB/m gives the
magnetic moment as a ratio of the two measurable fre-
quencies, p/uy,=-w /w. The Bohr magneton ug=-eh/(2m)
is the magnetic moment for circular electron motion with
angular momentum h. The magnetic moment i is negative —

64 December 2013 Physics Today

b
4 Ppredicted: /u, =-1.001 159 652 181 78 (77)
Measured: 1/, =-1.001 159 652 180 73 (28)
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Unprecedented confrontation of theory and
experiment. (a) Our Penning trap shown here
suspended a single electron for the months it
took to measure its magnetic moment p—the

most precisely measured property of an elementary particle. (b) The magnetic moment is also the
quantity most precisely predicted by the standard model of particle physics. The prediction requires
the calculation of nearly 14 000 integrals. These Feynman diagrams represent three of those,

(c) Fluorescing rubidium atoms are used to measure the fine-structure constant &, which gives the
strength of the electromagnetic interaction. The measured & and the standard-model calculation are
the essential inputs for the precise prediction. (d) The predicted and measured values of u agree to an
astounding part per trillion. Both values shown here are divided by the Bohr magneton U, defined in

© the text. Parentheses denote uncertainties in the rightmost two digits.

(Hadrons are héavy parficies wnose mternal $tructurg wouia
need to be known here if the correction weren't so small.) The
standard-model weak-interaction contribution to the electron
moment, 4, is smaller than the measurement precision.

Quantum electrodynamics gives aqp, as a power series
in the fine-structure constant, a = e%/(4r¢,hic) = 1/137, which is
a measure of the strength of the electromagnetic interaction
in the low-energy limit. Specifically,

e ) <o
+Cs (%)4+ Cio (%)5+ i

Each of the five displayed terms is much smaller than the pre-
vious one, but all are needed to achieve the measurement
precision of the magnetic moment.

www.physicstoday.org
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Table 2.2. Fundamental interactions (Mc* = 1 GeV)

Gravitational  Electromagnetic Weak Strong
field boson graviton photon W=, Z gluon
spin-parity 2t |- B & 1~
mass, GeV @5 (0 % .
range, m 00 00 10718 < 1071
source mass electric ‘weak ‘colour
charge charge’ charge’
csibiin GyM? e? G(Mc?)? o
o = o
e dmhe drhe (he)? &
P =510 = b = 1.17 x 10~
typical cross- 10~33 10-% 1030
section, m?
typical 10~20 10-10 10~

lifetime, s






