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The Magnetic Moment ...of the electron

Dirac, imagining holes
and seas in 1928

IM FEBRUAR 1922 WURDE IN DIESEM GEBAUDE DES
PHYSIKALISCHEN VEREINS, FRANKFURT AM MAIN,

VON OTTO STERN UND WALTHER GERLACH DIE
FUNDAMENTALE ENTDECKUNG DER RAUMQUANTISIERUNG
DER MAGNETISCHEN MOMENTE IN ATOMEN GEMACHT.
AUF DEM STERN-GERLACH-EXPERIMENT BERUHEN WICHTIGE
PHYSIKALISCH-TECHNISCHE ENTWICKLUNGEN DES 20.JHDTS.,
WIE KERNSPINRESONANZMETHODE, ATOMUHR ODER LASER.
OTTO STERN WURDE 1943 FUR DIESE ENTDECKUNG
DER NOBELPREIS VERLIEHEN.

The Stern-Gerlach experiment:
A commemorative plaque at the Frankfurt
physics institute
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1t Combining quantum mechanics with special relativity,
and linearization of o/ot, leads Dirac to the equation

iy"d  (x.t) ~ my (xt) =0

Apart from antimatter ...

5 It also accounts in a natural way for quantized patrticle
spin, and describes elementary spin-1/2 particles

a In the classical limit, one finds the Pauli equation with
magnetic moment for elementary spin-1/2 particles:

~ e - .
M, =9, —S (with g = 2) “gyromagnetic” ratio
]

= Butg,/g, ~ 2.8 = hint that proton is not elementary

(E.g., the obviously composite He has g,/g, ~ 7400)
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The Anomalous Magnetic Moment .. .of the electron

Dirac’s gyromagnetic factor corresponds to the lowest order QED graph

However, there are corrections to it:

Schwinger 1948
(Nobel price 1965)
S Q Q
M E E
y 5 y 5 y
= + +
e e y e
(g—2), # 0 (full Standard Model) (9—2), = 0 (Dirac) coupling to virtual fields:

(9-2), = 0 (15t order QED)

Quantum fluctuations shift the gyromagnetic ratio

N 2
g =9-2_a,  _1 & . _0001161...
2 27 27 ig
1/137.036... Schwinger,

finding QED easy
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The Electron Anomalous Magnetic Moment

14

with experiment:

For the electron a,, a series of Nobel
price winning experiments, using e-/e*

capture in a Penning trap

1+ Schwinger’s (et al.) prediction
agreed (and agrees) beautifully
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Electron spin resonance
near 141 GHz versus the
frequency of an exciting
radiofrequency field.

72 76 80 84 =
v¢- 163,918,900 (Hz) Dehmelt, capturing single
positrons for months
Dyck-Schwinberg-Dehmelt
a®® =0.0011596521882(30) 'PRLS0, 26-29 (1987)
o o 2 o 3 o 4
a™ =—-0.328478444 (—j +1.181234 (—j -1 .7502(—] + 1.7x107"
2 T T T hadronic & EW effects
Kinoshita-Nio, PRD 70,
113001 (2004)

most precise determination of o to date: o' =137.03599877(40)
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(quantum Hall :
137.03600300(270))



The Muon Anomalous Magnetic Moment

1a

++ Diagrams contributing to the magnetic moment

QED

Hadronic

(UAVA

Weak

SUSY...

... Or some
unknown type of
new physics ?
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The Worldwide Quest for “New Physics”

:I"':;_

Most Iarge -scale HEP experimental facilities®*) today search for specmc signs of new
physics beyond the Standard Model. WHY 7 _ ; .

i

Dark matter ‘ AN
The gauge hierarchy Problem (Higgs sector scale ~ 1 TeV)
Baryogenesms (CKM CPV too small)

The strong CP Problem (whyis ~07)

Grand Unlflcatlon of the gauge coupllngs

Neutrino mas§es, cosmological constant ... majny more

i
L

Conflict between New Physics limits from flavor physics and EDM searches:
- “generic” NP scale much larger than 1 TeV
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Brief insertion: CP-Violating Electric Dipole Moments

1960 1970 1980 1990 2000

@

spin dlpole moment
QENE

SLAC Seminar, Dec 6, 2005

3

O

S 1020 - neutron:® - 1020
bﬁ 4 * electron:e =

c 1022 4 - 10722
€ 1024 -

— _

S 10%-

c

b} -

g 10-28 —_

o

S g

L 10-30 T | | | |

—-10-36

1038

é
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Electro-
magnetic

<4— d(muon) < 7x10-1°

<€+ (d(proton) < 6x10-23

<— d(neutron) < 6x10-26

<+— (d(electron) < 1.6x10-%/
— _/

V
present experimental limits

none of this seen so far, why ???

Standard Model



The Quest for “New Physics”

The experimental precision for a, will be much worse than for a,, so why do it ?

2 From chiral symmetry expect the New Physics (NP)
effects to scale ~ m?(e/u):

2 NP
4

NP . A m,
a;" (Aye) = O -5 » <O —7 |~42,000

NP a m

e e

s Expect to loose about a factor of 200 in experimental precision

=) a, should be roughly 200 times more sensitive to NP than a, !
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=
72—1]ﬁx

The E dependence is eliminated at "magic y": y=29.3 > p, = 3.09 GeV/c
The experiment measures (g—2) directly, and not g !




Exploit Muon Properties in Experiment

— — spin orientation
“+ Parity violation polarizes muons in pion decay VIS T e
pions from proton-nucleon collision (AGS)
U
1t Spin precession frequency proportional to a,,
% Th : . e =
e magic y w,=——abB-|a,-
mc

Again parity violation in muon decay

counts

¢ >€ +v, +v, fastelectron emitted in
direction opposite to muon spin

/upolarize

Time

This transparency has been copied from D. Hertzog, UIUC
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The BNL (g —2), Measurement
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4_" Observed positron rate in
successive 100us periods

These quantities are measured
independently and blind

- doubly blind analysis

Difference:bé.tweeri“"s.pin preces-
sion and gyclotron freguency:

(2@
mﬂc

obtained from fit to:
N(t) = Nye "' [1+ Asin(w,t + ¢)]

plot taken from:
E821 (g —2), hep-ex/0202024

SLAC Seminar, Dec 6, 2005

A. Hocker — The Muon g—2 Challenge

13




Experimental Progress from CERN to BNL

10

10

Contribution to a,

10

T T ] T T I T I
errors
/ } Experimental average (2004) S
;/ QED contribution S
F , — Experimental progress
> | Hadronic contribution on precision of (g—2)
y7i
> > Weak contribution
. 4o Outperforms theory
"""""" -2+ New physics precision on hadronic
CERN (1965) contribution
BNL RN (1972)
(2004) ( CERN (1979)
L | d | Pl | I | l
-1 5 7

J. Bailey et al.,

discovery of magic 7 || \rs1501 (1979)

SLAC Seminar, Dec 6, 2005

A. Hocker — The Muon g—2 Challenge

14




L
Ty

.l

- 2

"u. .:"'III 5 q y
?"“ Nes et

1 _f‘

o F T

L= ".1I .._.. .
i e ry I:-ll'. }g'ﬁl‘l ! E.
Lof - LR _ Wi
a1 L' 1, '-:._. i
:rl : - [ 1. 5. A :

i
f
t

4

S
1y hl ;‘i Rt :

The Standard Model prediction of a, s decomposed in its main contributions:

—2
M — (g _ gQED | ghad | weak
7 2 7 7 7
7,

of which the hadronic contribution has the largest uncertainty




The Muon Magnetic Anomaly in the Standard Model

QED contribution 11,614,098.1+41321.8
Computed up to 4" order g™ ~ | 3,014.2+38.1+ 0.6 x107"% =11,658,472.1(0.1)x107"°

(5" order estimated)
estimated

Kinoshita-Nio, PRD 70, 113001 (2005)

. . 2
Electroweak contribution Vveak

Computed up to 2™ order

1070

2 Czarnecki et al.,
a, " = o, [5 1(1 4sin® g )+O[ j [ B_HQ 5x107"% | PRD 52,2619 (1995);
- 8\/_72- PRL 76, 3267 (1996)
1-loop

2nd order contribution surprisingly large:  a!'** =—4.1(0.2)x107"

(due to large logs: In[m,/m ] ) 2-100p

Note that between a , and a,, the same sensitivity factor as for “new physics” applies here
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2002: Second Round of BNL Results on (g—2),

The new analysis, first presented at ICHEP’02, achieves 2 times better
precision (using 4x more statistics) than the 2001 result:

a,(exp) = 11 659 203(7)(5) x 10-1°

E821 (g -2)

PRL 92, 161802 (2004)

main systematics:

5 B

3.6 x 1019 from precession frequency

2.8 x 10-'° from magnetic field

a_x 10" - 11659000
'

p
§ N
(=]
||!||||1-
o

BNL compares WA with SM prediction: _ } _______________________________________

aﬂ(exp) - ay(SM) = 25(10) x 1010 170}

Experimental and theoretical
uncertainties now of similar order !

% More work and, in particular, better data needed to achieve a more
precise prediction of the hadronic contribution

SLAC Seminar, Dec 6, 2005 A. Hocker — The Muon g—2 Challenge
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The Hadronic Contribution to (9—2),

SM _ LQED had weak
a 7 I a p +a p +a p
§ Source o(a ﬂ) Reference
3 QED ~ 0.1 x 10-1° [Schwinger '48 & others] Dominant uncertainty from
"3 lowest order hadronic piece.
g Hadrons ~ (15 ® 4) x 10-1°  [Eidelman-Jegerlehner 95 & others] Cannot be calculated from
© QCD (“first principles”) — but:
=34 W exchange ~ 0.2 x 10-10 [Czarnecki et al. ‘95 & others] we can use experiment (!)
a’ %
had,LO
a =7 J ds R(s) 0.03 |- —— ~K(s)fs for (g-2), i
37 4m? - ISR S ~ 1/(s(s-M?)) for oo, (M?) |
E\\ --------------- ~1/8* i
Dispersion relation, uses unitarity (optical 5 0.021" N
theorem) and analyticity %
< 001 |
. (see digression) i
O |
0
s (GeVY)

SLAC Seminar, Dec 6, 2005
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digression: Vacuum polarization ... and the running of o.ogp,

Define: phot . — _ = =
p(?leltrr]iiafio(rjm ?unn\éfilglrjlli‘rlny(q% ljd4x = <O‘TJ:m(X)(Jem(O))T ‘O> - _(gﬂ 9°-q"q )Hy(qz)

Ward identities: only vacuum (0)
polarization modifies electron  a(S)=—-"—"— with:  Aa(s)=—4ra Re[Hy(S) = Hy(O)]
charge 1=Aafs)

Leptonic Ag,(s) calculable in QED. However, quark loops are modified by long-distance hadronic
physics, cannot (yet) be calculated within QCD (!)

Born: o%(s)= a(S)(Ot/Oé(S))2

Way out: Optical Theorem

(unitarity) ... 127ImT] () = o%[e’e” — hadrons] _

R(s
ce'e” - u'u] (s)

... and the subtracted

dispersion relation of IT (g2) Im ,\,@N o hadrons |2
(analyticity) s [ : ] | NVV( |

2 Aahad(s)z—a—SRejds’ T

SLAC Seminar, Dec 6, 2005 A. Hocker — The Muon g—2 Challenge and equivalently for a [had]
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Contributions to the Dispersion Integrals
- BERERYY | canekK) [ 1B 87| 3.7-5(+y, ) - 12- [

< 1.8 GeV

had,LO
aﬂ

........
......

v\

3%—/C

2%

- = w =
_________
-------

2[4 had,LO
olaredte]

80%
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Improved Determination of the Hadr. Contrib. to (g—-2) ,

Eidelman-Jegerlehner, Z.Phys. C67, 585 (1995)

Energy [GeV] Input 1995 Input after 1998
Since 1995, improved determination 2m,-1.8 Data Data (e*e” & 1) (+ QCD)
of the dispersion integral: 1.8 — y(3770) Data QCD
Jhy-Y Data Data (+ QCD
better data i ( )
Y -40 Data QCD
extended use of QCD 40 - o Qcp Qcp
B Inclusion of precise rdata using SU(2) (CVC)
2 Alemany-Davier-H."97, Narison’01, Trocoéniz-Yndurain'01, + later works (')
&
) B Extended use of (dominantly) perturbative QCD
z Martin-Zeppenfeld’95, Davier-H.’97, Kiihn-Steinhauser'98, Erler'98, + others
o B Theoretical constraints from QCD sum rules
&
o Groote-Korner-Schilcher-Nasrallah’98, Davier-H.’98, Martin-Outhwaite-Ryskin’00,
8 Cveti¢-Lee-Schmidt'01, Jegerlehner et al’00, Dorokhov'04 + others
S
£ B Better data for the e*e~ — #* 7~ cross section
CMD-202, KLOE'04, SND’05 (I)

SLAC Seminar, Dec 6, 2005 A. Hocker — The Muon g-2 Challenge
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Using also Tau Data through CVC — SU(2)

W:1=1& V,A

CVC:/I=1&V 7. 1=0,1 &V

Vz' e+\
) “""7’/""‘( hadrons

hadrons e—/

Hadronic physics factorizes in Spectral Functions :

T

fundamental

Isospin symmetry connects / =1 e*e~ cross section to vectorz spectral functions: ingredient relating

long distance
2
U= [ At A — 4o - _ 0 (resongnces) to
o ee —->nrw |= VIT > TT TV, short distance
S description (QCD)
) e BR[T_ —)7[‘7201/1} 1 dN_, m?
U[Z‘ /4 VT] oC

BR[z- >evy,| N, ds (1_S,m3)2(1+s,m3)

branching fractions mass spectrum kinematic factor (PS)
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digression: Tau Spectral Functions and QCD

(1) Optical theorem v(s) o« ImII(s)

2) Apply Cauchy’s theorem for “save” (i.e., sufficiently large) s:

R(s,) = [ ds f(s) ImTI(s) < 1 P ds f(s)I1(s)

0 kinematic factor ! Isl=so

spectral

function
Im(S)

\

dTll(s)

(3) Use the Adler function to remove unphysical subtractions: D(s)=s

(4) Use global quark-hadron duality in the framework of the Operator Product
Expansion (OPE) to predict: D(s) ~ D,c«(S) + Dy mass(S) + Dnonper(S)

(5) Use analytical moments f.(s) = f(s)-poly,(s) to fix non-perturbative parameters of the
OPE ... and then fit a,(m,)

SLAC Seminar, Dec 6, 2005 A. Hocker — The Muon g—2 Challenge
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digression. QCD Results from Hadronic Tau Decays

Evolution of a(m_), measured
using r decays, to M, using
RGE (4-loop QCD g-function & 3-loop quark

flavor matching) shows the excellent
compatibility of z result with EW fit !

Davier-Hoécker-Zhang
hep-ph/0507078

0.45 | T T T ‘ T ]
- g Davier, Hocker, Zhang (2005) -
i @© compilation Bethke (2004) |
0.4 |- 3 ) e N°LO
. L f_—% o NLO -
035 [ - - ki 8
N eb) % <
-0 2 & i
0.3 [ - c o% qCJ
3 - & @ ko ~ 5
o e — ~ B o3
B 025 m 'o B =
-0
0.2 | =
9@
3 9p)
0.15 - —
2
F®
0.1 n (]
L L L L L L L L ‘ L ‘
| T T T T T T T T ‘ T ‘
0.13 [ ¢ ]
;N E K/“’_" o]
‘g” 0.12 —4% / . : S
- l L
= ® / )
0.11 | DIS (e/lf; F,)
- [1.9-15.2]
- L L L L L L1 ‘ | ‘
1 10 10
pscale (GeV)

SLAC Seminar, Dec 6, 2005

a(My) =0.1215 £ 0.0012
(DHZ'05, theory dominated)

I — ay(My) =0.1186 + 0.0027

(LEP’00, exp. dominated)

LEP EW WG,
LEPEWWG 2002-01
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SU(2) Breaking

Multiplicative SU(2) corrections applied to 7= — z=z°%v_ spectral function:

B Radiative corrections: 1.05 Fr——— ———————
Sew ~ 2% (short distance), ioal
Gey(S) (long distance) L
1.03
B Charged/neutral mass splitting: é 102 [
O e : 3
. iXi o ol : :
m,_# M., p-omixing, m/I',_# ml L e W e
O B : :
E Electromagnetic decays: A e
T - : :
,0—) Ty, ,0—) Ty, ,0—) nyuy ,0—) I+I_ % 0.99 ? """"""""" """"""""""""""""""""""""
S 098 ? G
. 35 098 -2 ammme 3 Y P S (Vg0 g
B Quark mass difference: = 0 W b
% I A S FSR(e'e »n'n) /
m,, # m negligible 0.97 5 ~(m_m) """"""""" T %
0.96 g ,,,,,,,,,,,,,,,,,, - gi. d”f?i ,,,,,,,,,, not shown: short -
TR : CO;m ine distance correction -
Marciano-Sirlin’ 88 s A P T S B B i
0.95
S 0 1 1.5 2 2.5 3 3.5
2
Cirigliano-Ecker-Neufeld’ 02 s (GeV)
Alemany-Davier-H. 97, Czyz-Kuhn’ 01
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ete- Radiative Corrections

Multiple radiative corrections are applied on measured e*e~ cross sections

B Vacuum polarization (VP) in
the photon propagator

E |nitial state radiation (ISR)

B Final state radiation (FSR)
[we need ete~— hadrons (y) in
dispersion integral]

Multiplicative correction

1.15 T T T ‘ T T T I T T T ! T T T ! T T T

1.1

1.05

~
=
=

0.95

09 [

0.85 T ‘ I L | L ! ‘ ! L

SLAC Seminar, Dec 6, 2005

A. Hocker — The Muon g—2 Challenge

26




Comparing e*e-— z*z-and 7— 7= 7%,

T T T T T T T
A 1 Average e TOF
0% L = CMD-2 (02)
o g o CMD
= - p ¢ OLYA (low)
S . % gﬁ&! o OLYA (high)
5 10
3 %4 .. * DM1
» / { % DM2
3 i
O 10 % ﬁf‘ﬁﬁﬁﬂ E
- g
/i « 4mZ threshold % %“i i
1 //\\\\\\\\*h%
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
s (GeV?)
5007” ] 1500.T
400 {j %
5 15 | I
£ 1 £ l
s | [ +
[} [0
. 19 i
é 4m21hresh ?} g | g i‘g
© 100 | 1 9 s00f E?ii 5 §
? ~ f g % ,
/4'<— o-[Low‘sexpanswn] ] “ﬁ”“” L ,\HH\H?‘Q
0.1 0.2 0.3 0.4 0.3 0.4 0.5 0.6 0.7 0.8
s (GeV?) s (GeV?)

Correct rdata for
missing p-w mixing
(taken from BW fit) and
all other SU(2)-breaking
sources

Remarkable agreement

But: not good enough...
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The Problem

Relative difference between r and e*te—data:

[
7 Average
preliminary ©
O
|

CMD-2
CMD
OLYA
DM1

}

0.3 J‘\\\l T T T T T 1 17T \\\E‘\\\\\\\\\L\\\ T T 1 171 \l\\l\ T T 1 ‘ T 171 \7 0'3 T T T
‘'zoom : -
Coor A e CMD-2 i
L T Average i L
02 L _ ) prelir'rzainagry o CMD — 0.2 -
i - : o OLYA ‘
_ . 01

il ' F

T

(IF [°Tee] — IF [x]) / IF JP[7]
(IF [°Tee] — IF f[x]) / IF P[]

0.3 Ll | | | ) { t | . T PR | ogb— 1

lh_Lﬂ Y
e

|

H

01 02 03 04 05 06 07 08 09 1 11 1.2 048 05 052 054 056 058 0.6 0.62 0.64 0.66 0.68 0.7
s (GeV? s (GeV?
( ) zoom ( )
M
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r—— n—7°v_: Comparing ALEPH, CLEO, OPAL

(IF,°[t] — IF [t-average]) / |F [t]

-0.1 |
0.2

-0.3

0.3 g T
* = ALEPH
CLEO

1 OPAL

0.2 [ |

0.1

(IF_[°[%] - IF J[x-average]) / |F J7[t]

—
N

0.3 [

0.2

0.1

-0.1
0.2 |

03"t

\
: M ALEPH
~ CLEO
: — 1 OPAL

\JI‘\JI\‘JI\\

I
l\\\ll\\

| J | J | J | J
0.5 0.55 0.6 0.65 0.7

s (GeV?)

E CLEO better at high s

e ALEPH more precise at low s

® Good agreement observed between ALEPH and CLEO

ALEPH,
Phys. Rept. 421, 191 (2005)

CLEO,
PRD 61, 112002 (2000)

OPAL,

EPJ C35, 437 (2004)
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New e*e—— 77— Data from KLOE (“radiative return®) & SND

Relative difference between r and e*te—data:

03 : ‘ T T \Z-\-O L) r\n T T ‘ T T T : 03 : i T ‘ T T :
_ i tAverage Y KLOE i T Average v KLOE 1
e 02 a SND -1 & 02 a SND =
C\I:? B e CMD-2 ] C\E i e CMD-2 ]
= [ i o OLYA { L = I | o OLYA |
N_g 0 L l o8 TT T T T[ i C\I_R 0 ﬁh- -k 1-0 T :T IT: Iﬂ - [ T
= - . il 1% AN, : '
! i : ' S i } SR Y
§ -01 | } % . §‘ -01 1 i i
S ] 1 i i
[ B i R L i
= 02| 1E 02 } ]
-0.3 i TR TR BN T I SR | ! | -0.3 : | | | \ \ :l
0.2 0.4 0.6 0.8 1 1.2 0.5 0.55 0.6 0.65 0.7
s (GeV?) zoom s (GeV?)
SND,

hep-ex/0506076 (2005)

KLOE,
PL B606, 12 (2005)
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Another Way to Look at the Data

Computer branching fractions from e*e~data:

BRcvc (r' — 72'_7Z'OVT) =

67 | Vud |2 SEW
m?

T

fds Kin(s)-v
0

SU(2)-corrected
e'e s

(s)

\\!III

T decays

1 1

\I!Il\\\\‘\\\

\[!III

CLEO

| 1 T 1

——e——

——e—

25.42+10.12£0.42

OPAL
25.44+0.17+£0.29

ALEPH
25.47+0.10£0.09

T average
25.46+0.12

CMD-2
24.57+0.26

KLOE

—c—
| | I ‘ I I ( | ‘ I
L eee——

fAdA .32

T T 7

25'121;0_"36/‘
‘ | Ll | ‘

23.5

Davier-Hoécker-Zhang
hep-ph/0507078

24

24.5 25 25.5

B(t —» vrn_no)

26 27

(%)

26.5

Does this solve
the problem ?
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Evaluating the Dispersion Integral

6EIlll:lll:EIIII|IIII|II"|""| IJ_II'E|||||||||||.|_
use data .E ’ Eiq) e’e” — hadrons Wis  Vas) _:
o : o -
P . azad,Lo — J‘ ds ( )R(S)
) AN ] 37 L
r 3 1

N
llllIlIIIlIIIIlIIIIIIII
[ =}
1
(———

AN m”ﬁ > . Agreement between Data
1 E:l E:: H use QCD , grg m Crystal Ball _: (BES) and pQCD (W|th|n
o =1 exclusive data © M A PLUTO ] correlated systematic errors)
0 1 l I_J,J‘ -L._l I\\l——l"l‘l' 111 I L1 11 | | I I | I 111 I | I I | | I N | I 111
0.5 1 15 2 25 3 3.5 4 4.5 5
Vs (GeV)
6 [ T T T T T T T T T T T T T T T T I T T T rl T :I ::l T I T T T T T T T T T T T T i
use QCD 5 3
e Ll
~* 11020 % ]
x 3f =
2 e’e” — hadrons 4 PLUTO * MD1 E
. 1 QCD A LENA * JADE .
T m Crystal Ball o MARKJ
o : 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 :
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Vs (GeV)

SLAC Seminar, Dec 6, 2005 A. Hocker — The Muon g—2 Challenge




digression: Specific Contributions: Threshold

Use expansion for z*z~ threshold inspired by chiral perturbation theory:

2 23
V104 2 1
O, = P F[  and: F = 1+—<r2> s+c¢s°+¢c,s° +0(s*)

3s 6 z
12 | T D

Low s exp (Ols*) %

10— Fitto r data () |

I Fit to e"e” data (n)

8 [ | e L

[aV]

D

- 6 [ belown'n”
w

| threshold E
2 . TS
int, limit | fit limit
—_— 1
0 L L ‘ L L ‘ L L L ‘ L L L L | L 1 L L ‘ L L L L | L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

s (GeV?)
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digression: Specific Contributions: Narrow Light Resonances

Use direct data integration for @ (782) and ¢(1020) to account for non-resonant contributions.

I T T ‘ T | T i 4500 |\ ‘ T 1 T 1 ‘ T 1 1 1 T 1 1 1 ‘ 1T 1 1 ‘ T 1T T 1 ‘ 1 T 71 ‘ 1T 1 1
1600 CMD 2 ] ]
i . - 1 | SND, PRD, 072002 (2001) * CMD-2
f ! o SND
1400 |- o CMD-2, PL B466, 385 (1999); ]
- — BW+bkg fit | PL B476, 33 (2000) — BW+bkg fit |
1200 |- . i 1
o - 1 o 3000 |- =
£ i 7 = i i
1000 —
S i ] S 2500 :
800 -
%)) I 1 D 2000 |- B
(73] B 0
3 i 1 3 i -
S 00r | G 1500 - Trapezoidal rule
i il - creates bias
400 - ’ 1000 |- -
200 |- . 500 |- 8
0 7 | 1 | ‘ 1 | ‘ | 1 ‘ | 1 | ‘ 1 | | | | | Il -| O | ‘ | ‘ | ‘ L1 ‘ 1111 L1 1 " |
0.56 0.58 0.6 062 064 066 0.68 101 102 103 1.04 1.05 1.06 1.07
s (GeVd s (GeVd
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digression: Specific Contributions: Charm Threshold

New precise BES data improve cc resonance region:

6 r \
55 e BES
s | A Pluto
* CB

N
I\\\‘II\\EI\\\‘\I\\\I\\\II\\\II\\\I\\\
—e—i
= —— .
cov b b b b b b P by by

1.5 Agreement among experiments
‘I L ‘ L L L ‘ L L | | L L L ‘ L L L | | | | ‘ L L
14 16 18 20 22 24 26
s (GeV?)
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Results: the Compilation (including KLOE, but not (yet) SND)

Contributions to a @9 [in 10-'%] from the different energy domains:

/ AN
a had.LO [in percent] Gz(aﬂhad’LO) [in percent]
H B Low's expansion [2mp — 0.5 GeV]
o, 1% .
100 5% 1% 1% g% 8% 1%. 0%  13% B p +p—(incl. KLOE) [2np—1.8 GaV]
3% 2%
5% 4% Op+p—2p0[2np—1,8 GaV]
3% 0 2p +2p—[2mp— 1.8 GeV]
5%
\ 6% & B w(782) [0.3—0.81 GaV]
2%

%_____—— Bf (1020) [1.0—-1.055 GeV]

B Gher exclusive [2np—1.8 GaV]
OJ/y,y(2S)[3.08—3.11 GeV]

B R[QCD] [1.8-3.7 GeV]

62% B R[data] [3.7 — 5.0 GaV]
0O R[QCD] [5.0 GeV—oq]




Results: the Compilation (including KLOE, but not (yet) SND)

Contributions to a @9 [in 10-'%] from the different energy domains:

Modes Energy [GeV] ete~ T

Low s expansion 2m_-0.5 98.0+1.7+1.2 56.0 £ 1.6 £ 0.3g,
[ z*7z— (DEHZ'03) ] 2m_—1.8 [450.2+4.9+1.6_,] 464.0 £ 3.0 £ 2.3,
z* 7~ (incl. KLOE) 2m_—1.8 448.3+4.1+ 1.6, —

ntn=27° 2m_—1.8 16.8+1.3+0.2, 21.4 1.3+ 0.65,
27* 271" 2m_—1.8 142+0.9+0.2_, 12.3+£1.0 £ 0.4,
o (782) 0.3-0.81 38.0+1.0+0.3, —

¢ (1020) 1.0 - 1.055 35.7+0.8+0.2 —

Other exclusive 2m_—1.8 240+1.5+0.3,, -

Jly, y(2S) 3.08 - 3.11 7.4+04+0.0,, —

R [QCD] 1.8-3.7 33.9+0.5+0.0,, —

R [data] 3.7-5.0 7.2+0.30.0,, —

R [QCD] 50—o0 9.9+0.2,,, —

Sum (incl. KLOE) 2m_— o 693.4 £+5.3 3.5, 711.0+£5.0+ 0.8, £ 2.85,,




The Full Hadronic Contribution

L
" 1
B

Hadronic leading order contribution

aZad,LO [e'e]=(693.4+£5.3£3.5_,)x1 010

Hadronic next-to-leading order contributions

Vacuum polarization (1-loop) + additional photon or VP insertion:

a computed akin to LO part via dispersion integral with modified kernel function
w gt =_-9.8(0.1)x107"°

7,

Light-by-light scattering :

ol

o dispersion relation approach not possible (4-point function)
4l no first-principle calculation yet (e.g., on the lattice)

s model calculations using short dist. quark loops, =% n), ... pole insertions
and ©* loops in the large-N limit

Il aZad,LBL = +1 20(35) %1 0—10 based on:

Melnikov-Vainshtein, PRD 70, 113006 (2004)
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And the Complete Result

a*Mle*e ] =(11,659,182.8 + 6.3, o +3.5.5 *+0.3qepmmem ) ¥ 10

DEHZ (ICHEP 2004)

180.9+8.0

195.6+6.8

176.3+7.4

179.4+9.3

DEHZ 03 (e*e -based)
DEHZ 03 (t-based)
HMNT 03 (e*e -based)
J 03 (e*e -based)

TY 04 (e*e -based)

—a-

—v—

" not yet published

However, with SND’05, the Tau
might be back in the game ?!

SM (2004):
aﬂexp =(11,659,182.8 + 7.2) 10-10

BNL E821 (2004):
a ™ =(11,659,208.0 £ 5.8) 10~

Observed Difference with Experiment:

a,— 11659000 (107")

180.6+5.9 ——
. - not yet published
DEHZ 04 (e"e -based) |
182.8+7.2 —e—
pireliminary
BNL-E821 04 5
208+5.8 : -
| | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | | \ | | | ‘ | | I I ‘ L L : ‘ |

140 150 160 170 180 190 200 210

a, ™ —a,SM = (25219.2)x100

®» 2.7 "standard deviations®
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And the Complete Result

SMEF 1 _ /M4 CcEQ1QD) 0 1 22 2 129 1 —10
aMle*e ] = (11,659,182.8 + 6.3, + 3.5 5 * 0.3ge0mmea )X 10
— 11659350 T T T T T T T
S HZ (ICHEP 2004)
8 Yellow Band: World Average Experiment
-
DEHZ 03 <@+§3 5 11659300 — th@ T@H
180.9£8.0 g Black Squares: Experiment game ?1
DEHZ 03 (z-ba] = Blue Circles:  Theory
195.6+6.8 °
| F 11659250 [ T -
HMNT 03 (e*e| & 1%
176.3+7.4 s
J 03 (e'e-bas{ & 10
179.4+9.3 f 7.2) 10
TV 04 (s%e~ba| 3 11659200 |- L
180.6+5.9 S tau B KLOE
. =
DEHZ 04 (e'e ~10
182.8+7.2 : 2 mjigi LBLS &, CMD-2 5.8) 10
< 11659150 |- ee-t [narriage Divorce! T
[ -
BNL-E82104 | S ;
208+5.8 s xperiment:
11659100 ' ' : : : : ' ~10
140 150 1998 1999 2000 2001 2002 2003 2004 9.2) x10
a Publication Year it .
iatons’

Figure copied from D. Hertzog, UIUC
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What can we do with it ?

) statistical fluctuation ?

) experimental systematic ?
c) theory value incorrect ?

) new physics (NP) ?

The points (a-c) were
the subject of this talk.

(
it 2.7°c" discrepancy : < E
(

Ly
.'I '3
e

Concerning (d) :
Leading contender for NP : SUSY

Fayet 80, Grifols-Mendez 82, Ellis-Hagelin-
Nanopoulos 82, Barbieri-Maiani 82, ...

Involves (i,7°) and (7,7, ) loops
at mass scale mg gy

Moroi 96, Ibrahim-Nath 98, Kosower-
Krauss-Sakai (83), ...

H u
SUSY

2
25057 — sqn(u0) x @ [Mj tan 2
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What can we do with it ?

~ L .
(a) statistical fluctuation ? _
“ 27" discrepancy : < (b) experimental systematic ? -Lhe p%l.nts (af-cr)].werﬁ(
B . G : 1
P y (c) theory value incorrect ? the subject of this talk.
_ (d) new physics (NP) ?
% Concerning (d) : 1000 ] f
_ - a, " =(25.2+9.2)x107"°
Leading contender for NP : SUSY 800 |- . =70 GeV x @ 7 /_
Fayet 80, Grifols-Mendez 82, Ellis-Hagelin- - s
Nanopoulos 82, Barbieri-Maiani 82, ... B / N
> 600 | =
D) - |
~ ~0 ~ o~ | .
s e ) loors & | :
Susy B “Mass range in keeping with . y
Moroi 96, lbrahim-Nath 98, Kosower- 200 |- | expectation by SUSY enthusiasts™
Krauss-Sakai (83), ... < i (Davier-Marciano '04) i
G 2 O .' | | ] 1 1 | | | ‘ | | ‘ | | |
90 GeV 0 20 40 60 80 100
aSUSY ~ Sgn(,u) x aweak [— tanﬂ
H U
Msysy tan
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The New Physics Option

= More generally: a, is sensitive to a large number of Standard Model extensions:

o SUSY, Leptoquarks, radiative light fermion masses, ... aﬁp ~ sgn(...)><O(1)><(mﬂ/ANF,)2
, H_/
= for some, deviation could be too large: Wg, Z, anomalous W, ... Ay ~O(1-2 TeV)
tanf=10, sgn(u)>0
800 r r r e

& " L 1 | I !

+ In CMSSM, a, can be combined with
b — sy, cosmological relic density Qh?,
(WMAP) and LEP Higgs searches to
constrain the chargino (y*) mass

, = 114 GeV

m, (GeV)

Excluded by
direct searches

i preferred

L3
L
*
® A}
L —
-
%

K.Olive based on Ellis, Olive, Santoso, Spanos 100 200 300 400 500 600 700 800 900 1000

plot taken from D. Hertzog at Tau04 my,» (GEV)
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The New Physics Option
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conclusions

and perspectives
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conclusions

® Phenomenal experimental progress with BNL (E821) g—2 measurement

® Theory progress much less impressive - mostly due to missing high quality data

B Strong disagreement between KLOE and SND data sets. Also disagreement with CMD-2
e Tau data all in mutual agreement; SND in fair agreement with Tau data

® Hadronic vacuum polarization stays dominant systematics for SM value of the muon g—2

e Difference between experiment and theory is within range of possible NP contributions

f “and perspectives

Future experimental input expected from:
New CMD-2 results forthcoming, especially at low and large 7% 7~ masses
BABAR ISR: ¥z~ spectral function over full mass range, multihadron channels
New BNL experiment E969™*) planned, aiming at twice better precision
Ambitious muon g—2 project at J-PARC**), aiming at (0.1 — 0.2) x 5(BNL-E821)

At long term hadronic LBL scattering contribution will limit theory precision

™) for information, see for example: http://g2pc1.bu.edu/~roberts/ (**) hitp://g2pc1.bu.edu/~roberts/g2jparc/
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appendix
ISR with BABAR
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Radiative Return Cross Section Results from BABAR

7t The Radiative Return: benefit from huge luminosities at B and ¢ Factories
to perform continuous cross section measurements

do(s,x) . B
xd(c0s0) H(s,x,0)- o,(s(1-x))
- a(2-2x+x*> X 2E,
H(S’X’H):ﬁx[ sin2d 2)’ *= Js

H is radiation function

High PEP-II luminosity at Vs = 10.58 GeV — precise measurement of the e*e~
cross section o, at low c.m. energies with BABAR

Comprehensive program at BABAR

Results for z* 7~ z°, preliminary results for 27*2z~, KK 7* 7=, 2K*2K~ from 89.3 fb"
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The e*te—— 7*7— 7% Cross Section

Cross section above ¢ resonance : DM2 missed a resonance !

oo

N
| T T T
——0—

Cross section (nb)
(@)
\
o — |
_._ B
o 0N i
% pd
> )
py

S
Jf 'ﬁ + ++++”+

AT A%ﬂg},g‘;go.»o J ‘9.....

O A, R T SR S iad das .. ............ .!ﬁ|

compatible with @ (1650) -
[m=~1.65GeV, T ~0.22 GeV]

2.5 23
M, (GeV/c")

Coverage of wide region in one experiment
Consistent with SND data E -, < 1.4 GeV
Inconsistent with DM2 results

Overall normalization error ~ 5% up to 2.5 GeV
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The ete—— 27227~ Cross Section

o
(@)

* SND
m CMD?2

® BaBar o |7 +>

o(e’e — 2n 21 (nb)
I

o(e’e — 2n 21 (nb)
3
I

[\
S
T T T

._‘_—_*_
\

++

)
+*+ +# #*

—_
I
—.—.*:;:

<‘L | 10 |
! IR Y | j
| " ! ‘ | | | ‘ 0
600 800 1000
EC.M_ (MeV)

. ooLyA
. AND

. ¢ CMD
| mCMD?2
* SND

NG o S

¥ " wM3N
& DM1
A GG2
e DM?2 ]
e BaBar |

Good agreement with direct e* e~ measurements

Most precise result above 1.4 GeV
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The etfe—— K*K—xz*7— Cross Section

} + - BaBar ISR

4l } ¢ - DM1 | Systematic error — 15% (mainly
model dependence)

o(K'Knt'n) (nb)

m Jhy | Much more precise than previous
+ + | measurement

Substantial resonance sub-
structures observed:

¢+ *#m s K*(890)Kz dominant
1 — ) | @rrr, pKK contribute strongly
C_M_ (GeV) K*,(1430)K7 seen
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Impact on (g—2)

Contributions to a "ad (x10-19)

from 2z* 27~ (Ns = 0.56 — 1.8 GeV) :
from all e*e~exp.: 14.21+0.87,,,+ 0.23,4
from all rdata : 12.35 £ 0.96,,, + 0.405y
from BABAR: 12.95 + 0.644,,+ 0.13,54
from 7zt 7= 79 (Vs =1.055-1.8 GeV):
from all e*e~exp.: 2.45+0.26,,, + 0.03 4
from BABAR: 3.31 £ 0.13¢,p £ 0.03,44

Many more modes to come; aim for systematic errors <1% (in z* ")

Several B(Jy — X) measurements better than current world average
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