[1l. Introduction to QED

Anomalous magnetic moment _
Standard Model script, p. 47;

Nachtmann, p. 97f.

1. Magnetic moment of the electron:

1 L
Classical magnetic moment: H=5 /da?”[?” x 3 ()]

Operator of the magnetic moment:  [(t) = %Id3x [)? X T(i,t)]
with the electron current operator  J“(X) = —e:1 @ (X) y“w(X):

Calculate the expectation value of the operator in case of an one-electron
system (at t=0, p(t=0)=p): ‘e(k s)> =a/(k)|0)

<e(|2',r)‘ﬂ‘e(lz,s)> = —%J.d3x X ><<e(|2’,r)‘: Vi :‘e(lz,s)>

= —%jd3x KX 75T (K) 7 ug (K)
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To interpret the result consider a wave packet, i.e. a normalized one-electron state:

f) = j(z )JT PRAGENGY

s=11/2

3

(F|f[f) = j(‘;:; o ZT (K", (k)<e(k r)‘u‘e(k s)>

e L e " o
=5 (flL+ o |f)=—o(f[L+2S |f)

(20
1]
N
Qi

e — —
——m<f||_+gs |f)

<ﬁe>=—%g@ g=2

For details see Nachtmann, p. 99f.
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[1l. Introduction to QED

2. “Heuristic” motivation . ,
Standard Model script, p. 46;

Lagrangian for QED L=w(iy“D, —m)y
Covariant derivative D,=0,-ieA,
i 0
Hamiltonian density H=yiyy —y(iy"D, -m)y
=y (<iy°%'D; + y°’m)y y'Dy=7D
NI
H

Evaluate non-relativistic limit of H = {/H?2
k
- ) o 0
H2:—D2—Ie%[}/i.71]F”+m2 [7'-7’]=_25ijk2k X =(O- J

=-D?+eSB+m?
43

= A\2
H'*- H2:m+w+
2m

£
Zm\

non-relativistic Schroedinger equation: S

. d p-eA? [e = =
i—yp=|—2 { = 2S.Bkm
dty/ ( 2m 2m vV

e .
Spin coupling: 2—98 -B=u-B
m

a4
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3. Effect of higher order corrections

Magnetic moment

1st order:

45

Higher order corrections to g-2 m

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

Feynman Graphs “
O(w) 1
O(0?) 7
O(a®) analytically 72| H
O(a4) numerically 891 =
til O(a?) 971 G\

Most precise QED prediction.

T. Kinoshita et al. AN
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(04
Kinoshita 2006 & = Py 0-328..{

2 3 / 4
a a a a )
Kinoshita 2007 % = 5=~ 0.328...(;j ¥ 1.182....(—) ~1.9144.. £|

o
T

2 3 ¢ 4
j +1.182....(“j —1.505,.,.(”‘}

T

z \Z

a7

4. Electron g-2

Experimental method:

Storage of single electrons in a Penning trap

(electrical quadrupole + axial B field)

= complicated electron movement (cyclotron

and magnetron precessions).

Idea:  bound electron (geonium),

transitions between excited states

Using a, = most precise value of o

a"l(ae) =137.035999 OBfA (51
For comparison o from Quadten Hall

a"'(gH) =137.036 003 00 (270)

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

a_ =0.001159 652188 4/(43)
a_. =0.001159 652187 9(43)

H. Dehmelt et al. 1987

a, = 0.001159 652 180 85 (76)
G. Gabrielse et al. 2006

Theory Kinoshita 2008

a, =0.001159 65218279 (771)

a, = 0.001159 652 180 85 (76)
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5. Experimental determination of muon g-2

spin <E 1___-‘
. . - AEE
PrInCIQ|e' momentum /
. . . I Storage \
« store polarized muons in a storage ring; eB [/ Ring \
revolution with cyclotron frequency o, o =2 >me | | . |
. . A s g4, LB ‘W /
* measure spin precession around the eB \ o ©a® " mg]| /
magnetic dipole field relative to the o =9— \\E /
direction of cyclotron motion 2mc -

(exaggerated ~20x)

Precession:

e = L =z =
w,=——|aB-(a, - ),BxE}
|:# 14 }/2_1 )

m cC First measurements:
\
Y Y CERN 70s
Difference between Lamor Effect of electrical focussing
and cyclotron frequency fields (relativistic effect). a. = 0.001165937(12)
=0 fory=29.3

a. =0.001165911(11)

< p, =3.094 GeVic
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(9-2), Experiment at BNL
SR
aLlen Pions +
from AGS p=3.1GeVic T “+ M Inflector
- =
E=24GeV Tazet
9 Ijection Orbat
1 u/ 10° protons on target
Ideal Orbrt
6x1073 protons / 2.5 sec s
Kicker
Tn Pion Rest Frame Modules ===
é-® iy Storage
Vi ut Ring
"Forward" Decay Muons are
highly pelarized
u u
- . B B
o —— I —a)p
“V-A" structure of weak decay: v, ¢mmp— P> e’ o <mm— —p v,
Use high-energy e* from muon
decay to measure the muon g T A &= 7/
polarization / T \ 1 »>
Weak charged current couples to LH
fermions (RH anti-fermions) 50
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FMT

Wave Form
Digitizer

Measure electron rate:

1,026 milllen =~ (E > 2 GeV, 1999 data)
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0 20

N(t) =

¥ FETEE .
30 &0 b0 ed 70 ®0  s0 oo

—At

N, e “ [1+ Acos(a,t + (p)]

. B

= 229023.59(16)Hz

(0.7ppm)

() ?
m,C - 51

Fromo,t0a, -

How to measure the B field

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

w, w, -,/ o,

H/1,=3.183 345 39(10)

Wy _ a)a~ _ a)a~ wla)p(1+a)
—<B> e ha, U, hay, T
m,.c 2u, hg, 2u,
o, 0,
aﬂ =

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

52

J. Pawlowski / U. Uwer
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NMR trolley

375 fixed NMR probes
around the ring

@, /21 = 61 791 400(11) Hz (0.2ppm)

17 trolley NMR probes

53
B field determination
B8 [ppm] _
150 E 45
00 = E
153 E 3;
i B of
100 3%
34
E DC) E G
S Loan
o
af-
radial distance [cm]
The B field variation at the The B field averaged over
center of the storage region. azimuth.
<B>~1.45T
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[1l. Introduction to QED

a . =11659203(8) x10°(0.7ppm)
a, =11659214(8)x 107°(0.7ppm)
a, =11659 208(6) x10°(0.5ppm)

[
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a,% 10" - 11659000
T

%

[e'e]

Experiment Theoty

About 2.6c deviation:

* Often interpreted as sign of
new physics: SUSY

* But careful:
“Theory” has uncertainties ...
and sometimes bugs.

* Quantum loop effects (SM or new

physics) are ~ m2 and therefore
more important for muons than
for electrons.

55
6. Theoretical prediction of a,
Hadronic corrections
Beside pure QED corrections there are i/
weak corrections (W, Z) exchange and
,hadronic corrections” u n
_ AQED EW )
ay = a# aﬂ a .
(For the electron with much lower mass ,u/\u
the hadronic and weak corrections are / I‘g”\
suppressed (~m?), and can be neglected.) 4
S Aanananaas s R
DEHZ (¢7e"-basad) :._
. . . . 275456 ——i A
— Determination of hadronic corrections DEHZ (v-basod) %
is difficult and is in addition based on b | e a
i . o) HM-JT;C 'e"-based) L Q
data: hot discussion amongst 2 &0 — =
' J (e basad)
theoreticians how to correctly use the || e —— Q
data 1:?{:1':‘9' based) 8
ie]
-l 1 (everage) N
e — | 3
I L I | I 1, PO i oo
-0 G000 500 400 300 -RPOD 100 o 100
s 107"
a, —a 36
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Hadronic vacuum polarization:

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

H

Use the “optical theorem” to relate the loop corrections to
observable cross sections / branching ratios:

Im[ A@N 1 & | A hadrons |2

[¢]
“
1

g h
e .,é h

N2 [ ds
a, (had; 1) = (n_m'i) / (_)I\ (s) R(s)

— ) 2
lmz S

T h
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... calculations are sometimes not easy ...

In 2001 Kinoshita et al. found a sign mistake in their calculation of the
light-by-light scattering amplitude:

December 2001
KEK-TT-793
hepeph /0112102

Comment on the sign

of the pseudoscalar pole contribution

to the muon g — 2

Masashi ayakawa * and Toichiro Kinoshita |
Abstract

We correct the error in the sign of the pseadoscalar pole contri
bution to the mmon g = 2, which dominates the {a®) hadronic

fect. The error originates from onr over-
sbroic manipulation program FORM

in suele & way that it satisfies the rela-

light-by-light seattering
sight of a feature of the
whicl defines the e-ton

HON €4 pagung F¥ = 2, irrespective of space

circumwvent this problem, we replaced the prod-
£ oeein the FORM-
formatted program. and obtained a positive value for the pseu

time metric

e € Fomarss DY = Tupn Ty s
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)

\E!. ~0 !l;
ﬁﬁ Potential SUSY contributions:
%‘( For muon ~40000 times larger
than in case of electrons.

_ N2
o 100 GeV
ap ™Y ~ +130 x 1071 - ( ) tan3,
mMsyUsyY

_ .QED Had EW SUSY
a,=a; " +a, " +a, +a

” ” First sign of New Physics ??
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