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Spin

1925 Goudsmit and Uhlenbeck:
Electron has spin #/2!

Pauli objects this can’t explain
atoms but Thomas points out there
IS an important relativistic correction

Quantum Mechanics:

To rotate to a new coordinate system:

\Ve’ = exp(-iHS/ h) Ve

for 6 = 2n, y.' = - y,. This leads to the Pauli
Exclusion Principle, Chemistry, and life.




Classically, the magnetic moment of a particle with orbital angular
momentum L is:
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Classically, the magnetic moment of a particle with orbital angular
momentum L is:
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Magnetic moment =g eS/2m (g == “g-factor”)
Dirac equation predicts g = 2 for a “point particle”.

Early days measurements:
Electron g = 2.00 £ 0.02 (0k)
Proton g, ~ 5; Neutron g,, ~ -4 ! What?

Proton neutron explained in the 1960s by quark models: g, / 1, =
- 3/2 ~ -1.46.

Anomalous
g-factor: a=(g-2)/2



Electron magnetic moment anomaly, a, = (g,-2)/2 :

1930s: Oppenheimer et al. tried to calculate first order correction
= infinity!

» 1947: Kusch, Foley, Rabi measured electron g = 2.002

» Schwinger et al. develop Quantum Electrodynamics (QED)
and calculate the right answer.

QED: Compton hc
wavelength: A= >
Electron zitterbewegung wavelength of a  MC
trying to observe the motion of the electron in photon that has
regions smaller than the Compton wavelength? | €nergy equal to

Then you will observe pair production. mass of particle.

Vacuum fluctuations: the
“vacuum” is rich and
active; the smaller the
region we look, the larger
the energy of the
fluctuations.



By the way...

The vacuum has associated energy and this affects the
expansion of the Universe.
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By the way...

The vacuum has associated energy and this affects the
expansion of the Universe. HOWEVER, the Standard Model
prediction is about 100 orders of magnitude off (YES!) from
the measurement.
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What is the order of magnitude of the Compton wavelength
of the electron?

A =lcm; B. =1mm;

C. =1um; D. =1nm;
E. =1pm.




What is the order of magnitude of the Compton wavelength
of the electron?

A =lcm; B. =1mm;

C. =1um; D. =1nm;
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Hans Dehmelt (from our department) got the Nobel prize for measuring a, to 9 digits!

a®® =0.0011596521884(43)
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Is there a point to measuring with such precision? YES

searching for new physics at the precision frontier by doing
precision measurements of things we can calculate well with
the Standard Model.
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Sensitivity to physics at higher energies grows as one probes
the vacuum at smaller regions of space.

hc Compton wavelength:
A= wavelength of a photon that has energy
mc® -
C equal to mass of particle.

m,~200m, =4, ~2002,

S8 Muon probes a

Conclusion: muon probes vacuum
fluctuations with 200 times the

energy of those probed by electron.

° smaller region of space.
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a, = (g - 2)/2is non-zero because of virtual loops, which can be calculated

very precisely

Known well Theoretical work ongoing

The “g-2 test”: Compare experiment to theory. Is SM complete?

NewPhysics __ 5 Expt.  ,Theory
0, =a, a,
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The New Muon g-2 Experiment at Fermilab

. Theory - Experimen

-200

-250

: Experiment ¢
_ Future
= |360 Goals

é@m Goal: 0.14 ppm

Expected
Improvement
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SUSY contribution to a,:

100 GeV\?
a,(SUSY) :130><1011( ks )
m
\ /

difficult to measure at LHC
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How can one measure g-27?

(1) Polarized muons \2
~97% polarized for forward decays

(2) Precession proportional to (g-2)

(3) P, magic momentum = 3.094 GeV/c
E field doesn’t affect muon spin when y = 29.3

(4) Parity violation in the decay gives average spin
direction
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The anomaly is obtained from three well-measured

quantities

W,
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P

3.183 345 24(37) (120 ppb)
3.183 345 39(10) (31 ppb)
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Polarized muons delivered and stored in the ring at
the magic momentum, 3.094 GeV/c
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Detectors
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An “event” is an isolated positron above a threshold.
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The Magnet
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Basic unit to measure B field is NMR probe

aluminum

o

teflon

100 mm
(b) Trolley and fixed probe
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Magnetic moment in magnetic field |§0 A
W - >
M

In a frame rotating with freq. :
M M _

a - a M A

24




Magnetic moment in magnetic field B
04
o IR >
—=yMxB M=yJ
t M Field B, rotating
_ _ with freq. o
In a frame rotating with freq. o: around B, .
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uell

Magnetic moment in magnetic fleld N

- ~ () ~
k=P | ﬂ cosd =

2
y y 3

In S” motion is precession around B, with angular velocity a = -y B,

M = (M sin &cos(at), M sin 8sin(at), M cos )
3, = (B, sin 6,0, B, cos 6)

_

Angle between M and B,

UJ1

M -
cosa =

cos(a )= cos? 6 +sin* @ cos(at)

M|

‘.

Show Mathematica animations
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Field is measured with “Trolley”

I Electronics, I :
: Computer & : Position of
e Communication . NMR Probes

« Distortion of trolley on field is very small !
 Low power consumption (on average P <1 W) !
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17 NMR probes on the trolley
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[Figure 1: The positions of the trolley probes
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Problem: temperature fluctuations result in variations at the level of 10 ppm.
About 400 fixed NMR probes around the magnet will monitor these variations.
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NMR Magnet Cg
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Field will be measured to 70 parts per billion!

Sl

We ne

ed to measure magnetic field where the muons are
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Transverse position uncertainty

* Trolley probes are tied to the rails
IDEALLY: Trolley center always on central muon orbit
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Moving the st

SCIENTIFIC
AMERICAN"

Honk If You Love Muons: 3,200 Mile
Road Trip Planned For Muon G-2
Storage Ring

If you're driving from New York to lllinois this summer and you find yourself getting really
annoyed because you're crawling behind a slow truck with an oversize load, check out that
load.
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SCIENCE VOL 340 14 JUNE 2013

,-® & Fermilab amnouen

' ¢ Circuitous. Research-
& ' ers chose a long sea-
. X and-river route for

. ' relocating a massive
. % but delicate storage
ring (below) from
Brookhaven National
0 - Lab to Fermilab.







