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Ein Weg zur experimentellen |
Priifung der Richhmgsq;;a_ntelung im Magnetfeld.

' Von|Otto Stern inFrank!urt. a. Main. ;
Mit zwei Abbildungen., — (Eingegangen am 26. August 1921.)

-

In der Quante'nt.heorﬁ des Magnetismus und dos Zeex'naneiektes
wird angenommen, daB der Vektor des I.mpulsmo.mentes eines tomsi
 nur ganz bestimmte diskrete Winkel mit der Rx.cbtung der mag:]le
' tischen Feldstirke $ bilden kann, derazrt,_ daB dx:a Konfpone;:te' o8

Impulsmomentes in Richtung von 9 ein ganzzahliges Vl.elf:;c es \;01:
 /2m ist?). Bringen wir also_ ein Gas ans Atomen, bei denen da

&=ma2§.+m ié'l““ ?ﬁ_‘b_.
0z Y3y O
Nun fiihrt das Atom eine gleichf8rmige Rotation um die Fold-
richtung, d. h. um die 2-Achse ausl), wobei m, konstant bleibt, wihrend

der Mittelwert von m, und m, iiber einen
Yollen Umlauf Null wird. Mitteln wir ‘i

also bei konstantem %S, ?@, ?'ﬁ iber - 2 .
cy’ o A

cine gegen die Umlaufdaver (die z B. 20 W

fir § = 1000 GauB 7.10~0gec ist) N[

groBe Zeit,. so wird die mittlere auf das '

“Atom wirkende Kraft:

e B
e

Fiir die auf das Atom wirkende of
Kraft ist also beim magnetischen Moment :
nur die Komponente in Richtune des Feldes selbst maBgcbend. als

Fig. 1.
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Der experimentelle Nachweis der Richtungsquantelung
im Magnetfeld.
Von Walther Gerlach in Frankfurt a.M. und Ofto Stern in Rostock.

Mit sieben Abbildungen. (Eingegangen am 1. Mirz 1922.)

Vor kurzem?) wurde in dieser Zeitschrift eine Moglichkeit an-
gegeben, die Frage der Richtungsquantelung im Magnetfeld experi-
mentell zu entscheiden. In eciner zweiten Mitteilung?) wurde gezeigt,
daB das normale Silberatom ein magnetisches Moment hat. Durch
die Fortsetzung dieser Untersuchungen, iiber die wir uns im folgenden
zu berichten erlauben, warde die Richtungsquantelung im Magnet-
feld als Tatsache erwiesen.

tum Theory —
ics

— e — —— —

Fig. 1.
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ANNALEN DER PHYSIK.

VIERTE FOLGE. BAND 74.

1. Tber die Richtungsquantelung im Magnetfeld?);
von Walther Gerlach und Otto Stern.
(Mierzn Tafel IIL)

Nr. Entfernung desunabgelenkten Mittlere Ablenkung
der Aufnahme| Strahles von der Schneide |des abgestoBenen Strables

berechnet | beobachtet

15 0,32 mm 0,10, mm 0,10, mm
14 0,21 mm 0,14, mm 0,15 mm

Die Genauigkeit der Messungen schiitzen wir auf 10 Proz.
Innerhalb dieser Fehlergrenzen zeigen also die Versuche, daB
das Silberatom im Normalzustand ein Bohrsches Magneton hat.

§ 9. Ergebnis. :
Die im vorstehenden mitgeteilten Versuche erbringen
1. den experimentellen Nachweis der Debye-Sommerfeld-
schen magnetischen Richtungsquantelung
2. die experimentelle Bestimmung des Bohrschen Magnetons.

SchlieBlich mdchten wir dem Institutsmechanikermeister
Hrn. Adolf Schmidt fiir seine unermiidliche und verstindnis-
volle Hilfe unseren aufrichtigen Dank sagen.

Frankfurt a. M. und Hamburg, 1923.




—e(aOi F, +0,F; )

+0'iBi)




Dirac Equation Predicts for
point-like spin 2 charged particle:
g=2, g-2=0




electric charge distribution e,—el

sponds to Anomalous Magnetic Mc
a,=(9,-2)/2=F,(0)

ponds to Anomalous Electric Dip
d,=-e,/(2m, )F5(0)

- and P symmetries




' a is not zero due tc

a) Bound state €




70T

pin S has a magnetic mome

—_ —

L, = x5 B,

;s —X s(ijgi
2m

eh

a= gs_z, U= 1+a)—

2 2m

m, =105.6583692(94) |

m_=1776.99 (29) |




The lowest order radiative correction (

= e]/lu - ag %O-,uqu a,=(g-2)8

Schwinger, 1948
(Nobel prize 1965)




The Magnetic Moment of the Electront

P. Kusca axp H. M. FoLey
Department of Physics, Columbia University, New York, New York

(Received April 19, 1948)

A comparison of the gy values of Ga in the *Py; and 2P, states, In in the *P; state, and Na in
the 25} state has been made by a measurement of the frequencies of lines in the Afs spectra in a
constant magnetic field. The ratios of the g; values depart from the values obtained on the basis
of the assumption that the electron spin gyromagnetic ratio is 2 and that the orbital electron
gyromagnetic ratio is 1. Except for small residual effects, the results can be described by the
statement that| gz=1 and gs=2(1.00119£0.00005). |The possibility that the observed effects
may be explained by perturbations is precluded by thihsonsistency of the result as obtained by
various comparisons and also on the basis of theoreti nsiderations.

ntum Field Theory — Quantum Electr



Magnetic Anomaly

... or other new
physics ?

QED Hadronic Weak
Y

/ g ;Y \
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Y
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« Electron anomaly is measured extremely accurately.
QED test.

 ltis the best for determining o




ctron AM

vel a_ arises entirely from virtual electra

a>® = 1159 652 180.73(0.28) - 10™ [0.24 pph] Harvard 2008

ae(QED)+ae(hadron)+ae(weak),

D) = 25 CZn(—j e
1

tical error is dominated by the
in the input value of the QED coupling a = e%/(4m)

a = 137.035 999 084(51) [0.37 ppb]

antastisch!
2 Jevel of the best theory




Electron anomaly is measured extremely accurately.
QED test.

It is the best for determining o
For a lepton L, Mass Scale contributes to a, as (mﬁ / AZ)
Tau anomaly is difficult to measure since its fast decay




*Tau due to its highest mass is the best for searching for
New Physics,

*But Tau is short living particle, so the precession method
IS not perspective

*The best existing limits (see S. Eidelman, M. Passera 07)

-0.052<a Ex%<0.013
are obtained at OPAL, L3 and DELPHI (LEP, CERN) from
the high energy process

ete > e‘e 1+1—,
*While the SM estimate is

aSM=1.17721(5) 103




Electron anomaly is measured extremely accurately.
QED test.

It is the best for determining o
For a lepton L, Mass Scale contributes to a, as (mﬁ / AZ)
Tau anomaly is difficult to measure since its fast decay

Muon anomaly is measured to 0.5 parts in a million
(ppm) SM test.

Thus muon AMM leads to a (m /m,)*~ 40 000
enhancement of the sensitivity to New Physics versus
the electron AMM, the muon anomaly is sensitive to
NEW physics.




5 New Prop. E989 at Fermilab
a"" =11 659 208.9(6.3)#10° (0.54 ppm) | 0.14 ppm
KEK/JParc

From Standard Model

SM
_ {AQED | JEW |, .Strong 799 2
a, ={a¥ +a;" +ay ™} +97"

The SM Value fora, frome

W Y ¥
7% ‘Nx

a" =11659180.2(4.9)¢10™"

Aa,=a’" —a," =28.7(8.0)e10 " (3.60)




aSED =11 658 471.809(0.015) 10"

aEW = 154(02) o 10_10 Czarnetski&Marciano&Vains
Y7,

>ontribution estimated as

a>""=693.0(4.9) 10" (<1% accuracy!)

M. Davier, A. Hoecker, B. Malae
F. Jegerlehner, R. Szafron 2011

juestion how to get such accuracy from theory.

0
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b
692.3+4.2)e10" a; = (10.5i 218

cuum polarization Hadronic Light-by-Light Sc
cker, Zhang) (AED, A.Radzhabov, A.Zhe
C.Fischer, T. Goecke and

Hadronic Vacuum Polarization

contributes 99% Light-by-light process
and half of error contributes 1%
Fixed by Experiment and half of error

w_ @ T4 K@)
a, " = [ ds - RV (3)| IModel Dependent
4m?



Hadronic light-by-light contribution to muon g — 2
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© a =(105+2.6)107"




) exchange LbL contribution —

00 fo%e) 1§
203 1
akbL,PS = —%/dq?/dqé/dt 1—t2q—2x
0 0 -1 .
" Z |:2Fa"7"7' (q%:,q?,q%) Faeyey (q%;qg,O) I
P g3 + M3 - Phenomenologitc
Constraints &
Fa"y"y‘ (qg;fﬁa Q%) Fa"y“y (q%;qg,O)
I M I Depe
5 Y 2|, odel Dep



AT, (k,k") k® > o y,, where AT (k,k")

(k'=k+q): q,I',=S"(k")-S"(k)

The vertex F is equivalent
of the light-cone pion WF

| Quark Mass the model




£ = 3(2)(id — mo)a(a) + G 1IE(x)8() + Tp(a)Tp (@)

— T J8(@) T3 ()5 (2) - 3J3(2) T (@) 5 @), (1)

1




ov, EPJC (2(

Model ¥ n n T +n+1n

VMD [6] 5.7 1.3 1.19 8.27(0.64)

ENJL [11] 5.6 8.5(1.3)

LMD+V, VMD [7] | 5.8(1.0) 1.3(0.1) 1.2(0.1) 8.3(1.2)

NJL [12] 8.18(1.65) | 0.56(0.13) | 0.80(0.17) | 9.55(1.66)

(LMD+V)" . VMD[8] | 7.97 1.8 1.8 11.6(1.0)

NxQM [13] 6.5(0.2)

HM [16] 6.9 2.7 1.1 10.7

DIP, VMD [10] 6.54(0.25)

DSE [15] 5.75(0.69) | 1.36(0.30) [ 0.96(0.21) | 8.07(1.20)
his work (NxQM) | 5.01(0.37) | 0.54 0.30 5.85

5.4
53| §
52t Py
50 f

Sl gk aadaeed r ('ﬂ'0 — 'y‘y) =823 eV
48 1 — i (‘n'o — 'y'y) =T7.74 eV
47 | e T (a® = 47) = 7.31 eV

46
200

ematically lower!
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HMNT (086)

JN (09)

Davier et al, T (10)
Davier et al, e*e”™ (10)
JS (11)

HLMNT (10)

HLMNT (11)

--- experiment

BNL

BNL (new from shift in &)
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LIFE OF A MUON:

THE g-2 EXPERIMENT Muons are fed
Muons are into a uniform,
tiny magnets doughnut-shaped
spinning on magnetic field

axis like tops. and travel in acircle.  After leach_cnrclg,
/ muon's spin axis

changes by 12°,
yet it keeps on traveling

Protons Pions, weighing Pions decay
from AGS. 116 proton, to muons.

are created.

One of 24 detectors

see an electron, giving After circling the ring

the muon spin direction; many times, muons

g-2 is this angle, divided spontaneously decay to

by the magnetic field the electron, (plus neutrinos,)

muon is traveling through in the direction of the muon spin.
in the ring.



ment is based on the fact that fo

es faster than the momentum vector
sversely to a magnetic field.

rence of the spin frequency (Larmor and Thomas) wg an
entum precession (cyclotron) frequency w. is given by

~g-—-2¢B
2 mc

W,

quency w,, Is the frequency with which the spin p
1ientum, and is proportional to the anomaly, re
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Precise measurment of muon g-2/EDM at JPARC

3 GeV proton beam
(333 uA)

Graphite target
(20 mm)

2 Surface muon beam
(28 MeV/e, 4x10%/s)

Muonium Production
(300 K~ 25 meV=>2.3 keV/c)

Overview of New Muon g-2/EDM Experiment
J-PARC with Ultra-Cold Muon Beam

Laser

122nm, 355nm Laser
Proton beam 1oy s

(3 GeV, IMW, 25 Hz) ¥ ~
o - TN Ultra-cold
. Surface muons
- 2.3 keV/c
Graphite (28 MeV/c) Mu production ( / )
target
target (20 mm) rge

Re-accelerate

by LINAC |

e, Muon beam

" (300 MeV/c

Muon beam
injection and
storage

Positron
detection

1™ beam J

(Deflect beam direction)

3-D spiral trajectory F
s e 3
o Radial ]lulll in

— 28 fringe field are
> I‘\hmm]d from snlmmd
k‘.‘;:' ! \\ul\ focus field (st nu)
Ei ——
b

Radial [H}l.\t Il‘.‘l(.i to Muon orbit plane
stop vertical motion

A /




Summary
1) Study of Electron AMM provides very precise value for the QED

coupling «

2) Study of Muon AMM is sensitive to effects of SM and NP

3) At present there is 3.40 disagreement between SM and
BNL experiment. New experiments at FNAL and JPARC are promising

4) New experiments at VEPP2000, KLOE2, BESS Ill on cross section will
further diminish the error for HVP contribution

9) The account of full kinematic dependence of meson-two-photon vertex
reduces the value for the LbL contribution and make agreement worse

6) The “cousin” processes to LbL is the rare decays of light PS mesons
to the lepton pair are helpful for LbL and also as a test of SM

At present there is 3.30 disagreement between SM and
KTeV experiment for 7°>e*e- This effect may be related to existence of
dark matter particles with low masses 10-100 MeV



(r2)"* = 0.8768 £ 0.0060 fm | CODATA 2008

ic Hydrogen (a proton orbited b
| etal (PSI)

maller Bohr radius compared to ordinary ato
causes enhancement of effects related to the
of the proton

AE = E(2Pf7?)- B(2S{73") = 206.2949+£0.0032 meV

AE = 200.9779(49) — 5.2262 (r2) +0.0347 (r2)*/?

(r2)'/* = 0.84184+ 0.00067 fm | 5 o deviation!




CODATA-06 = our value psi

L

6—e-p scattering t

H,0
calib. \

delayed / prompt events [10™]
(42

—
IIIIJ II||I|II|IIII||II||III|
HH

i NI ye i
+°H§' h {,

49.75 49.8 49.85 49.9 49.95
laser frequency [THZ]



ay 10 2> e+e
to New physics?

A. E. Dorokhov and M. A. Ivanov, Phys. Rev. D75, 114007 (2007), 0704.3498.

A. E. Dorokhov and M. A. Ivanov, JETP Lett. 87, 531 (2008), 0803.4493.

A. E. Dorokhov, E. A. Kuraev, Y. M. Bystritskiy, and M. Secansky, Eur. Phys. J. C55, 193
(2008), 0801.2028.

A. E. Dorokhov, M. A. Ivanov, and S. G. Kovalenko, Phys. Lett. B677. 145 (2009). 0903.4249.

“Cousin” process to g-2




PHYSICAL REVIEW D 75, 012004 (2007)

Measurement of the rare decay 7° — e¢te™

ubmitted on 24 Oct 2006)

KTeV Collaboration, FERMI Lab
find the lowest order rate for 7° — ete~. We found
BroRd(70 — et e™) = (7.48 + 0.29 + 0.25) X 1078, more
than 7 standard deviations higher than the unitary bound.
The result falls@etween YMD [6] and xPT predictions [8].
with a significance on the difference of 2.3 and 1.5 standard

deviations, respectively.
It means “no theory”, everybody happy




Drell (59’), Berman,
Quigg,Jackson (68’)
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R(ﬂo R e+e—) > Runitary (720 > e+e—) — 4.7510°°
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0 ! Transitio
A LbL contribu
Y Test for models

2i [d% ¢k — (gh)?
A=z *

7T (k2 1 ic) ((k—q)2+z’.€) ((k_p)g_mg_m) Fr (kﬁ,(k—q)a)

cales I
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2
e A(m?)=In? Me +7T—+3In(m j+){p( )+O(m /rzz’m )
H x

e

5 3|4 F.(tt)-1 ¢  F.(tt) || m2<<m
ZP(”):_Z_E _([dt t +jdt t e ™

— —~ . : Similar to
-ltlve Factorization Lone _ @ ]" ENO) RO (s)

I . 372'2 2 S

4m

T

The unknown Low Energy constant (LEC)
is expressed as inverse moment of

the Pion Transition FF
at spacelike momenta !!!

A. E. Dorokhov and M. A. Ivanov, Phys. Rev. D 75 (2007) 114007




F.(t,t)<F,(t,0)

F”CLEO (t, O) — 1

1+1/ 5560

CLEO
O

= (776+22 MeV)’

T L

-
-
-----

- B
- .

..........

-
-
-
-
-
-
Z

R(7° —>e'e”)2R™(7° »>e'e ) =(5.91+0.02)10°°

R(7° —>e'e )2 R™™ (7° »e'e”)=(4.75+0.02)10°°

RKTeV

—(7.48+0.38)-10°



New Lower Bound

Gomez et.al. (ChPT+exp)

Savage et.al. (ChPT+exp)

 Bergstrom (VMD)

1 eV result
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New approach immediately improves the Unitary bound for the Decay




eral arguments (res

1 3 S 5
F” t,t)= ReAtheory 2_0)=—2nl 2|2
(t.t) 1+t/s, then| (CI ) 2 \m? | a
oF, (t,0)
T 4t one has |[S; =, /2
t=0 t=0
OPE OPE
PE QCD |or: (t 0)‘ _gr2f .1 | one has Sl — SO /3
Lepage) | © ' o= Tt
8,2f2 1 F(t,0) > F(t,t) reduces to
=i (t,t)‘ = = _ Rescaling
= 3 s,=syf{112—1/3])

Re A™ (g? =0)=-21.9+0.3

theory
B ™.

=(6.2+0.1)-10°®

B™Y =(7.48+0.38)-10°°

3.30 below data!!

scale by fact
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olanations o
orrections (?)

r analysis the results from Bergstrom 83’.

ystritsky, Secansky (EJPC 08’) confirmed Numerics.

corrections: tiny, but visible for n anc

anov, S. Kovalenko (ZhETPh Lett 08’ and PLB 09)
n approach and yPT are corrected by power correction

physics
idt, Tait PRD 08’ Low mass dark matter particles
g 08’ Light CP-odd Higgs in NMSSM

ant wrong
results from




and Tait (PR

L DU fay*(gh + ysghu + dy*(g§ + ysg%)d
+ eyt (gy + 584 )el,

100
allowed U-boson mass (MeV)

11 keV y-ray signal from Galactic Center observe
|1 (2003) is naturally explained

FIG. 1. Dark matter annihilations into e* e~ pairs [12,13]. The
first diagram corresponds to the pair annihilation of spin-{- LDM
particles y (which may be self-conjugate, or not); and the second
one to the case of spin-0 particles ¢.



(3 S)—>A(1’y oy
(18)->Ady Al
—ete e
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100

), PLB, 2009)

They show the combine
constraints from Y-y
1% — e+e— and n° —yy
resolved simultaneol
a very light A%, (m g,

Also there is nc
In X*=>pu*



DarkLight experiment at JLAB (project)




Kovalenko Phys. Lett. B 6

TABLE I: Values of the branchings B (P — [T17) obtained in our approach and compared with

the available experimental results.

Ry Unitary| CLEO bound |CLEO+OPE|This| Experiment ?Zm

bound work ) (1 year)

Ry (7" — ete™) x 10°| > 4.69 | > 5.854+0.03 | 6.23+0.12 [6.26| 7.49 +0.38 [1]/ WASA@C
Ry (n — pFp~) x 10°
Ro(n—ete™)x10° | > 1.78 | > 4.33+0.02 | 4.60+0.09 |5.24| <2.7-10* [22' 0.7-10?

1V
w
w
o
IA

6.23 @» 5.1240.27 |4.64(5.8 4 0.8 [20. 2[1] 0.08

R E——

Ro (1 — ptp™) x 107(> 1.35 | < 144+ 0.01)1.364 £ 0.010| 1.30 \ 0.8
~—— —
Ro (1 — ete™) x 1019 > 0.36 [> 1.121 + 0.004|1.178 + 0.014| 1.86 \0.7- 103

| be available from WASA@COSY
corrections are visible for n(n’) decays

ear will get for n ,n’->1l the limit 0.7*1C

Very attactive muonic decay modes: less rare
and theoretically limited both from above and below



I+l- as like as muon g-2 are goc

2 physics is fixed phenomenologically. Ne\
onts of the transition form factors at low mome

d mass corrections are well under control.

ant there is 3.30 disagreement between SM and
ariment for 7° Pete

A@COSY, BESS Il are interested in new measureme

ound persists it might be evidence for the SM extens
5 (10-100 MeV) particles (Dark Matter, NSSM)




