8.5.3 Higher order corrections: Anomalous magnetic moment

1. Magnetic moment of the electron

a) Dirac equation with electron coupling to electro-magnetic field:
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Non-relativistic limit: E

~ M,

eA? << 2m

For this limit it makes sense to separate
Interaction via charge and magnetic moment
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Lower spinor component in non-relativistic limit small.
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b) Gordon decomposition for electron current:
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2. Effect of higher order corrections
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Higher order corrections to g-2

Radiative corrections g-2 are
calculated to the 4-loop level.

Feynman Graphs
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O(a®)  analytically 72
O(OL4) numerically 891

til O(a?) 971

Most precise QED prediction.

T. Kinoshita et al.
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Fig. 8.2 The Feynman graphs which have to be evaluated in computing the «* corrections
the lepton magnetic moments (after Lautrup et a/. 1872).
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3. Electron g-2 measurement H. Dehmelt et al., 1987

Experimental method: . _
Storage of single electrons in a Penning trap CHE <=

(electrical quadrupole + axial B field) = S
= complicated electron movement (cyclotron

and magnetron precessions).

cyclotron motion

eB magnetron motlgn <
Cyclotron frequency O =2—— v ~ 134 kHz ve 149 GHz
2mc
Spin precession frequency o, =g eB Energy levels single electron:
2mc (b) — n=1
— 2 -_
= - f=V-35/2
F: -38/2 l n=0
Idea: bound electron: n=1 —f— V=gv./i2-T
V,-8/2
E(n, m) =S hwm, + (n+ Vv, — ~h(n +=+m,) J
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\ ' mg=-1/2 mg=1/2

Y
Leading relativistic correction



Excitement of axial oscillation:

Cyclotron levels (n)
— & Spin orientation

v, Axial oscillation
(E-field)

=T "™ Magnetron levels
(from E-field)

http://www.nobelprize.org/nobel_prizes/physics/laureates/1989/dehmelt-lecture.pdf



Trigger RF induced transitions (o,) between
different n states or spin flips.

(change in cyclotron or spin state revealed
by axial oscillation -> feedback driven osc.)

W, =0 — a0, =(9 —2)1B
_g_z_a)s_a)c
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— most precise value of a.

o a,) = 137.035999710(96)

For comparison o from Quanften Hall
a(qH) =137.036 00300 (270)

Phys. Rev. Lett. 97, 030801 (2006)
Phys. Rev. Lett. 97, 030802 (2006)

SEO = single electron oscillation

a_=0.001159652188 4 (43)

e

a =0.001159 6521879 (43)

H. Dehmelt et al. §1987

a, =0.001159 65218085 (76)
G. Gabrielse et al. 2006
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a, =0.001159 652133 (290)

a, =0.00115965218085 (76)




4. Experimental determination of

muon g-2

spin

- - _»
Principle: momentum
_ _ _ Storage
* store polarized muons in a storage ring; . eB
revolution with cyclotron frequency o, C omc
* measure spin precession around the B ©a=
magnetic dipole field relative to the Wy =0 ——
direction of cyclotron motion 2mc
A, =Wz — W
a S c (exaggerated ~20x)
Precession:.
_ e |5 1 5 =
&, =-——aB-(a,-—5—)BxE _ _
m,cC 4 -1 First measurements:
\ \ )

\ v 7 < Y 4
Effect of electrical focussing
fields (relativistic effect).

=0 fory =29.3

< p,=3.094GeV/c

Difference between Lamor
and cyclotron frequency

CERN 70s

a =0.001165937(12)

u

a . =0.001165911(11)

Y7,
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(9-2),, Experiment at BNL

Protons
from AGS

—| |
E=24GeV Tarzt
1 u/ 10° protons on target

Pions + +
p=31Gevie T 1Y, Inflector

Injection Orbit

Ideal Orbat
6x10'3 protons / 2.5 sec

e

Kicker
MModulas

e

In Pion Eest Frame

—_— -—— pin
R — momentum
"r"u_

ot

Storage
Fing

'Forward" Decay Muoons are
highly polarized

Use high-energy e* from muon
decay to measure the muon
polarization

- 4m
“V-A” structure of weak decay: Ve <-mm)—

Weak charged current couples to LH
fermions (RH anti-fermions) 12
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—= muon
—= eglectron

Pb + SeiFi Calo

24 detectors

Wave Form
Digitizer

1

Ul

Measure electron rate:

1,028 milllbzxn &7 (E = 2 G, 1000 data)
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From o, to a, - How to measure the B field

<B> is determined by measuring the proton nuclear magnetic
resonance (NMR) frequency @, in the magnetic field.

@ @ @ o, | @
aﬂ — a — a__ _ a_ P (1_|_a )

i<B> € h(()p 4'uﬂ h(f)p /u //up

m,cC m,.C 2u, hg, 2u,
U Frequencies can be

measured very precisely
w, o,
aﬂ =

i, — o, o

,+/11,=3.183 345 39(10)

from hyperfine splitting in muonium
W. Liu et al., Phys. Rev. Lett. 82, 711 (1999).



NMR trolley

w, 121 =61 791 400(11) Hz (0.2ppm)

375 fixed NMR probes
around the ring

17 trolley NMR probes
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a . =11659203(8) x 107'°(0.7ppm)
a_ =11659214(8)x 107*°(0.7ppm)
a, =11659 208(6) x10™°(0.5ppm)

About 2.6 deviation:

 Often interpreted as sign of
new physics: SUSY

s B B

a x 10"° - 11659000

T

B

» But careful:

.
K :[ Avg. “Theory” has uncertainties ...
{ } ... and sometimes even bugs.
D R . Ouantum loop effects (SM or new
physics) are ~ m? and therefore
+ more important for muons than
for electrons.
__________ Experiment — Theory




5. Theoretical prediction of a,

Beside pure QED corrections there are
weak corrections (W, Z) exchange and
,hadronic corrections”

_ AQED EW
a,=a, +aﬂ

(For the electron with much lower mass
the hadronic and weak corrections are
suppressed (~m?), and can be neglected.)

— Determination of hadronic corrections
is difficult and is in addition based on
data: hot discussion amongst
theoreticians how to correctly use the
data.

Hadronic corrections

a)

d)
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Hadronic vacuum polarization:

Hadronic corrections related to virtual intermediate y
hadronic states (nm, p, ) — cannot be calculated.

LL
T h

Use the “optical theorem” to relate the loop corrections to
observable cross sections / branching ratios:
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... calculations are sometimes not easy ... T T

In 2001 Kinoshita et al. found a sign mistake in their calculation of the ‘P\E-T--
light-by-light scattering amplitude: g) 27

December 2001
KEK-TH-793
hep-ph/0112102

Comment on the sign
of the pseudoscalar pole contribution

to the muon g — 2

Masashi Hayakawa * and Toichiro Kinoshita
Abstract

We correct the error in the sign of the pseudoscalar pole contri-
bution to the muon ¢ — 2, which dominates the @(a*) hadronic
light-by-light scattering effect. The error originates from our over-
sight of a feature of the algebraic manipulation program FORM
which defines the e-tensor in such a way that it satisfies the rela-
FLOTL €4y pn e g Evppavapg P00 LH 2R — 24 irrespective of space-
time metric. To eircumvent this problem, we replaced the prod-
uct Epit piageaged Cvivavary l“ v s Tsva Tpava + .-+ in the FORM-
formatted program, and obtained a positive value for the pseu-
doscalar pole contribution, in agreement with the recent result ob-
tained by Knecht ef al
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Potential SUSY contribution to muon (g-2)

\If ~0 !!/
ﬁ ﬁ Potential SUSY contributions:
; For muon ~40000 times larger
than in case of electrons.

. ry 2
sy 100 GeV
n.i”'&"* ~ 4130 % 10711, ( ) tan/? .
”'?-S]'__TS"I’

EW SUSY

a,= aQED + aHaOI +a, +a, First sign of New Physics ??
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