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V. Elektroschwache Prazisionsmessungen

Michael Kobel
SoSe 2011
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V.7.3. Anomales magnetisches Moment (g-2),

» Das gyromagnetische Verhaltnis g

verknipft Spin und magnetisches Moment [lg = g(ﬁ)§

» Dirac Theorie fur punktformige Spin-1/2 Teilchen: g = 2
aber ...

Proton )
g>>
Hyperonen coupling to virtual fields

Elektron €
Myon g almost equal to 2 Y

» Das anomale magnetische Moment des Myons ist

d =(g_2)uz & zi
H 2 2n 800




Coupling to X goes as m 2/my?

Muon anomalous magnetic moment factor of 40,000 compared to e

a,(SM) = a (QED) + a,(weak) + a,(had)

x 10-10
a,(QED) = 11658471.935 |(.143)

1 k a)
lak fiald salf anargy diagrams

Igm by-light

: i i 0.00116584 0.00116586 0.00116588 0.0011659 0.00116592

e, 483 Feyn man diagrams hasa..,

ICHEP Aug 16-22, 2004 Priscilla Cushman
Beijjing, China University of Minnesota



Coupling to X goes as m 2/my?

Muon anomalous magnetic moment factor of 40,000 compared to e

a,(SM) = a (QED) + a,(weak) + a,(had)

x 10-10
a,(QED) = 11658471.935 |(.143)

+ a,(weak) = 154 (.2)

0.00116584 0.00116586 0.00116588 0.0011659 0.00116592

field
-1.94

(Higgs < 0.01)

ICHEP Aug 16-22, 2004 Priscilla Cushman
Beijjing, China University of Minnesota



Coupling to X goes as m 2/my?

Muon anomalous magnetic moment factor of 40,000 compared to e

a,(SM) = a (QED) + a,(weak) + a,(had)

x 10-10
a,(QED) = 11658471.935 |(.143)

+ a (weak) = 154__| (.2)

+a,(hadlsto) = 696.3__|(7.2) [

+ayhadho)=  -10.0__ | (.6) ]
3

0.00116584 0.00116586 0.00116588 0.0011659 0.00116592

- Requires Data

/e~ hadrons

ICHEP Aug 16-22, 2004 Priscilla Cushman
Beijjing, China University of Minnesota



Coupling to X goes as m 2/my?

Muon anomalous magnetic moment factor of 40,000 compared to e

a,(SM) = a (QED) + a,(weak) + a,(had)

x 10-10

a,(QED) = 11658471.935 ((.143)

+ a (weak) = 154__| (.2)
+a,(hadlsto) = 696.3__|(7.2) [
+ayhadho)=  -10.0__ | (.6) ]
+a,(hadl-by- = +13.6__ |(2.5) I
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Coupling to X goes as m 2/my?

Muon anomalous magnetic moment factor of 40,000 compared to e

a,(SM) = a (QED) + a,(weak) + a,(had)

x 10-10
a,(QED) = 11658471.935 |(.143)

A @, = any new physics

+ a,(weak) = 154__ | (.2)
+ a,(had1sto) = 696.3_@ (7.2) /i) [
+a,(had h.o.) = -10.0__ | (.6)

L N}
i

+a,(hadl-by-) = +13.6_+|(2.5)

_—
*

[
y

BNL E821 data []

>
’.ll

|
-------

0.00116584 0.00116586 0.00116588 0.0011659 0.00116592

ICHEP Aug 16-22, 2004 Priscilla Cushman
Beijjing, China University of Minnesota



How to Measure a Magnetic Moment

= “Muon g-2: Review of Theory and Experiment” (2007)

Brookhaven provides the pions
from protons on nickel tgt

V - line FEB transport
T 24 GeV Protons

3 .
& ﬂj‘d{ 6x 10" protons / spill V - target station

%1 bearn line
Y

Twﬁ—..— Sl
N _
3 GeV 1 Decay Channel

Ay
o

14 meter diameter superferric muon storage rir

5X 1044 stored

J. Miller, E. Rafael, B. Roberts, arXiv:hep-ph/0703049v2

= “Essentials of the Muon g-2" (2007)

F. Jegerlehner, arXiv:hep-ph/0703125v3

= “Final Report of the Muon E821 Anomalous Magnetic

Moment Measurement at BNL” (2006)
G.W. Bennett et al., arXiv:hep-ex/0602035v1

m, | sdlection slits

Forward-going daughter
muons are polarized

ICHEP Aug 16-22, 2004
Beijjing, China

Priscilla Cushman
University of Minnesota



How to Measure a Magnetic Moment

®, (T, =149 ns) ®, = ®,- ®. (precesses ~12° per cycle) |

Storage
Ring

2 m
&?‘iu
—_—
mornentuin
ield qi iti in o. € @.-1 )BxE
Quadrupole E field gives additional term in o, : + =% =
v--1
Which vanishes at the “magic momentum” of 3.094 GeV/c
ICHEP Aug 16-22, 2004 Priscilla Cushman

Beijjing, China University of Minnesota



WEAK-FOCUSSING MUON STORAGE RING

B=145T P,=3.094GeV/c Ryy=7.112m Ry =4.5cm

Calorimeters select high energy e’s

e s S U >t These e’s are preferentially emitted
/ ’ T W in the direction of the u spin
ICHEP Aug 16-22, .1
Beijjing, China university or Minnesota
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signal (mV)
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Wave Form
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Fig. 4. Decay of ru+ and detection of the emitted e™ (PMT=Photomultiplier)



Laboratory observable

Electron number oscillation with time in the lab frame

Ny(t,E) = Ny(E)e "77[1 + Ay(E) cos(w,t + ¢4(E))]

=
o
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L
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Million Events per 149.2ns
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Measuring the Magnetic Field

17 calibrated NMR probes inside the
trolley measure the field every cm

0.5 ppm contours are 750 nT
over an average field of 1.45 Tesla.

muon sees the field averaged over azimuth

vertical distance (cm)
4-3-2-1012 3 4

4-3-2-1012 3 4
horizontal distance (cm)

ICHEP Aug 16-22, 2004
Beijjing, China

Priscilla Cushman
University of Minnesota



Blind Analysis

Decay positrons

©,=3,¢ B
m

1

where R =,/ o,

and

Offline Team (5 analyses)

A=y

W,

r

NMR
w,* B=ho,

IS measured by E821

from muonium hyperfine structure

Magnet Team (2 analyses)

Wy

» Both ®’s and all analyses have computer-generated secret offsets.

« Study stability of R under all conditions

« Finish all studies and assign all uncertainties BEFORE revealing offset.

ICHEP Aug 16-22, 2004
Beijjing, China

Priscilla Cushman
University of Minnesota
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)CKINger: ,,Das Standardmodell der |

Finally, remove offsets to double-blind analysis

Wp \
Secret Offsets

Secret Offsets E /
Data
Production /m/
BU

a, =116 592 08(6) x 1019 (0.5 ppm)

Final average PHYSICAL REVIEW D 73, 072003 (2006)

Magnetic
Field




@ gg‘gﬁ'ﬁ%‘ﬁ Institut fiir Kern- und Teilchenphysik

Theory prediction: needs precise value of o,
[ The §lec‘rron 9-2...

(e) (m, ,Lm ) ::,\ 4164 (:
pe— <6> (m/mu, m Lnxt) 1909 45 '62‘ X 1013

\ / [ 2 PN
“n\ D ""‘ WesoWHawd

u)za’g, (35) (a/a)* New revised value: -19144(35)
KInOWqUIWIHOW OﬁWﬁﬁd‘ Ha_ak“cWa_K‘?\osﬁiﬁ_&*NTTJ u_"‘fﬁ;‘_

)P Jmonogmssﬂ%l&dmgmms&

“Mohr & T aylon '05; Aoyama HayakaWa“Kinoshﬁa & Nro m pr-oggeSS'\

|t L6TLO9 X 1% Hadrorie
UEY! 0297—@ , omrank ~

/<= Mohr &/quler’ '05; Czarnecki, Krause, Marciano ‘96—
(1 &\ ‘1 ‘.v ) {'—fi‘ A/{ %S ) P 1"' ’/JF‘;.\\\' "‘, J"' ~ [\ r'/. P A‘\ (7N LA

\ X 7Ty \
(AW FanNY ELTs Y =)

.'1_2
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DEHMELT 1958: Ag/g = 3 x 107°
DEHMELT, V. DYCK, SCHWINBERG 1987: Ag/g = 4 x 10712

NESUNG Mo Z R
( -— 2 ) ? cyclotron drive — /
g e / -‘F (v~ KM0GHz) /
% 0) | ?
g U R

% 0 )(:. (hyperbolic) ? T

Elektronen - / . “— — ial dri / B)
:)(l)il:nsanons- B o / (standard cotis | “"?*'r b /
l B Austrittszylinder ? "l‘ : T ?
/ ? superconducting lolenuid-_/
Detiktor L Penning Trap

— statische elekrische (10 V) und
magnetische (5 T) Felder

— halte einzelnes Elektron
uber mehrere Monate fest

Injektionszylinder B Analysier-Streufolie

e Messe das Verhaltnis von
— Spin Prazession: hw, = gupB
— Zyklotron Umlauf: hw. = 2upB

Ws—Wwe __ g—2

We 2
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result

» (g-2). experiment:
The new measurement of the electron g-2 is:
a, 2P = 1159652180.85 (76) x 10-12  Odom et al, PRLS7 (2006) 030801

vs. old (factor of 6 improvement, 1.7c difference):
a, 2P = 1159652188.3 (4.2) x 1012  Van Dyck et al, PRL5S (1987) 26

» Cf. theory mit o' =137,035 998 78(91) from Rb clock
> atheo = 1159652183.3(7.7) x 10712

» Turn it around:
» Assume validity of QED
» Determine o from (g-2). (and other)
» Result 2017 : o' = 137,035 999 08(02)
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Vergleich Experiment <-> Theorie fur (g-2),

CERN (79) b
» Jegerlehner u.a. KNO (85) Theory .
E821 (00
» ~3.0-3.4 ¢ E821 (01) u* ’
: E821 (02) ;i ==
AbWGIChUI’]g E821 (04) p- i
Average b 208.0+6.3
vom SM 8
. E96Y goal | M <10-11659000
¥ Mogl. Quellen: 100 20 200
o Zufall EJ 95 (ete) b——i| | 181.3+16. [16 0]
' (e'e) - 180.9+8.0 [2.7 7]
[ J
EXper!ment DEHZ03 (+7) = 195.6 £ 6.8 1.3 o]
e Theorie GJO3 (ete) == 1794493  [2.5 o]
e SUSY?? SNO3 (e'e- TH) == 1602+£64  [43 0]
HMNTO3 (e"e incl.) =] 183.5+6.7 [2.7 7
(eTe”) o 180.6+59 [3.2 ]
Y0y ol 1880459 (220
DEHZ06 (ete™) = 180.5+56 [3.3 o]
HMNTO6 (ete”) bt 1804+51  [3.4 o]
. . _ o _ LbLpppak kv el 1776 +64  [3.3 o
Ili‘llegt;itii.ﬁf;l;};is;c:(t)):ifﬁzcéﬁe SM: leading SUSY contributions to g — 2 in supersym- FJOG ( 1 _) LbLFJ e 1793:|:68 ['32 O’]
LbLuyy bt 182904+£6.1 (2.0 o]

Fig. 14. Comparison between theory and experiment. Results differ by different
L.O. hadronic vacuum polarizations and variants of the LbL contribution. Some
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otocKinger: ,Das Standaramoadeli der | el

E821 Experimental Results Theory + EXxp.

||||||||||||||||||||!||||!||||!||||!|‘1||!|||!|II
' ' ' ' ' DEHZ (03) (e'e) | | i +—m—i
. 11659260 | . : i i i
1= - i i i i
g 1 HMNT (03b) | e
2 11659230 |- = § L !
g GJ (04 b
g ] t 4 o P
§ 11659200 |- i . TY (05) Lo
2 i i i i P
§ 11659170 |- - --- including new ©'n” datd (CMD-2, KLCJE, SND}) -
5 ] i ] ] P
g : I
< 11659140 | . HMNT (06) i i : i
_I_ | 1 | 1 : w
1997 1998 1999 2000 2001  Average " BXPENMENt -—orereoeorormrmomr e . .
Running Year BNL : : : : : i
. ||||||||||||||||||IIiI|||illllillllillllilllilll
James P Miller, Eduardo de Rafael, B Lee Roberts 160 170 180 190 200 210
Rep.Prog.Phys. 70, 795 (2007). a,Mx 10" — 11659000

K. Hagiwara, A.D. Martin, Daisuke Nomura, T. Teubner

a,(expt.) =11659208(6)x107"(0.5 ppm)
a,(theor.) =11659178(6) x107"(0.5 ppm)
Aa, =a,(expt.)—a,(theor.) = (30+9)x10™ (3.40)
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2013: transport of ring from BNL to FNAL

...for using more intense
and more pure beam

First beam: 2017
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Update between 2007 and 2020

a,(expt) =11659208(6)x107°(0.5 ppm)
a,(theor.) =11659178(6) x107"(0.5 ppm)
Aa,=a,(expt)—a,(theor.) =(30£9) x107™° (3.40)

Progress 13 years later (2020) before new measurement

a, (expt) =11659209(6) x 109 (0.5 ppm)
a, (theo) =11659181(4) x 10-1° (0.4 ppm)

Aa, = (28  8) x 1019 (3.7 o)

7.4.2021: results from FNAL


https://news.fnal.gov/2020/06/physicists-publish-worldwide-consensus-of-muon-magnetic-moment-calculation/
https://muon-g-2.fnal.gov/key-contribution-from-brookhaven.html
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https://news.fnal.gov/2021/04/first-results-from-fermilabs-muon-g-2-
experiment-strengthen-evidence-of-new-physics/

Brookhaven _,
result 5 %
Fermilab
result ®
& t L
Standard Model Experiment
Prediction Average

175 180 185 190 195 200 205 210 215
9
a,*x 10 - 1165900

a, (expt) =11659206(4) x 10-1° (0.5 ppm)
a, (theo) =11659181(4) x 10*° (0.4 ppm)

Aa, = (25 % 6) x 1010 (4.2 o)



