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1. Introduction

� De�nitions:

� = g
e

2m
s; a � =

g� � 2

2
:

g = 2 from the Dirac equation.

� ge 6= 2 was �rst discoveredin atomic
experimentsand then derivedfrom QED.

F oley , Kush, Sc h winger

� What makesthe muon so heavy?

Precisionof 1961CERNexperiment: 2% ;
Precisionof 2001BNL experiment1 ppm .

� Muonsare good for the precisea �

measurementbecause:

{ pionsdecay to polarized muons;

{ electronfrom � ! e� e � � follows the
muon'sspin.
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� g� � 2 is a good observablein terms of
precision/NewPhysicsdiscoverypotential:

� aNewPh ysics
� �

� �
�

� m 2
�

� 2
NP

:

Many New Physicsmodels\p redict"

� a � � few � 10� 9 :

{ muon substructure;

{ anomalousW bosonmagneticmoment;

{ supersymmetry;

{ two Higgsdoublet models;

{ extra dimensions;

{ lepton mixing.

There is a chancethat manifestationof the
New Physicscan be seenwith E821ultimate
precisionof about (40 � 60) � 10� 11 !

� Muon's only competitor is the electron.

� aNewPh ysics
� �

� m �

m e

� 2

� aNewPh ysics
e :

� a � � 100 � 10 � 11 ; � ae � 1 � 10 � 11 :
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� Summary of the results:

The new result for a � (E821, 2002) :

aexp
� = 116 592 040(80) � 10� 11 :

The year 2001result for a � :

aexp
� = 116 592 020(150) � 10� 11 :

The updated SM prediction:

a th
� = 116 591 672(113) � 10� 11 ;

�
aexp

� � a th
�

�
� 1011 = 368 � 80j exp � 113 j th ;

� The g� � 2 theory will be reviewed.

Diversephysics:

{ precisionQED and electroweakphysics;

{ �ne detailsof QCD at low energies;

{ � physics.

Focuson the hadroniclight-by-light
scattering.
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2. SM prediction for a�

a th
� = aQED

� + aw eak
� + ahadr

� :

� QED:

aQED
� = 116 584 721(3) � 10� 11 :

Major changesunlikely.

� The weakcorrections:

aw eak
� � 150 � 10� 11 :

Small contribution; changesunlikely.

� The hadroniccontribution:

ahadr
� =

n 7032(100)

6774(100)
� 10� 11 :

Large contribution, extraordinary precision.

Haschangedby (200 +120
� 185 ) � 10� 11 recently.
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� Details of the QED contribution
Kinoshita, Nizic, Ok amoto

O (� 4 ) computed(singlecalculation);

O ( � 5 ) estimated(not yet relevant).

aQED
� = 116 584 721(3) � 10� 11 ;

O ( � 4 ) � 360 � 10� 11 , 469 diagrams.

The largest contribution comesfrom:

�

e

e

= 337 � 10� 11

Kinoshita
Chloub er, Sam uel

The remainder
uctuates (numerics):
Kinoshita

70(17) � 10 � 11 ! 31(1) � 10 � 11 ! 46 � 10 � 11

It is a challengefor QED theorists to verify
this result by an independentcalculation.

� No sensitivity to last digits in � QED .
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� Electroweakcontribution:

aEW
� =

5

24

G � m 2
�p

2� 2

�
1 +

1

5

�
1 � 4 sin 2 � W

�
�

The two-loop calculationyields:

aEW
� � 1011 = (195 � 43(4)) = 152(4) :

Czarnec ki, Krause, Marciano
Kuh to, Kuraev, Silagadze, Sc hiller

The secondorder correction is large since

L f = ln
M z

m f
� 7 � 1 .

� aEW
�

aEW
�

=
�
�

"

�
43
3

L � +
36
5

X

f

N f Q 2
f Tf L f

#

;

The L f -enhancedterms can be computed
usingRG techniques(similar to b ! s
 ):

Degrassi, Giudice

L e� =
X

C f ( � )O f ( � ) ;

O 1 � ��� �� �F ��

O i � ��
 � ( 
 5 ) � �f 
 � ( 
 5 ) f :
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Hadroniccontributions:

ahad
� =

n 7032(100)

6774(100)
� 10� 11 :

Firmly establishingahad
� with the 1% precisionis

the key to the successfulg� � 2 physicsprogram.

= 6924(62) � 10� 11

Da vier, Ho ck er(1998)

= � 100(6) � 10� 11

Krause

= 85(30) � 10� 11

Knec h t, Nyffeler
Kinoshita, Ha y ak aw a

Bijnens,Prades,P allan te
Blokland, Czarnec ki, K.M.
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LO hadronic vacuum polarization

)

e�

e+
X h

avp
� =

1

4� 3

1Z

4m 2
�

ds K (s) � h (s) ;

K (s) �
m 2

�

s
for s � m 2

� :

� avp
� receivesthe major contribution from the

lightest hadronicstates:

a) 72% from � + � � ;

b) 92% from
p

s < 2 GeV .
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� Recentevaluationsof avp
� :

author avp
� � 1011 year metho d

Da vier et al : 6924(62) 1998 �

Da vier et al : 7047(69) 2002 �

Jegerlehner 6974(105) 2001 e+ e�

Hagiw ara et al : 6865(60) 2002 e+ e�

Da vier et al : 6789(70) 2002 e+ e�

� Both the � and the e+ e� data-basedresults
haveshifted signi�cantly from their year 2001
values!

� Changescomefrom:

{ new e+ e� data (VEPP2-M, BEPC)

{ the re-analysisof the ALEPH data on �

� New valuesunambiguouslyestablishlarge
di�erencesbetween� ! � � � � 0 and
e+ e� ! � + � � .
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How does the � data �t in?

� The isospinsymmetry: up , down

�( � ! � � � � � 0 ) � � (e+ e� ! � + � � ) :

)

e�

e+

� +

� �

�
� �

� 0

� �

� Problem: isospinviolations:

{ m u 6= m d

{ QED corrections

� The isospinviolating e�ects in avp
� can be

1% ) � 50 � 10� 11 :

� With the current precision,suchcorrections
can not be neglected.
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� Attempts to computethe isospinbreaking
corrections(empiricalapproach, � PT).

Da vier and Ho ck er
Ec k er, Cirigliano, Neufeld

� What hasbeenconsidered:

{ The QED Wilson coe�cient for the four
quark operator Sew : � 97 � 10� 11

{ m �
� 6= m 0

� : � 75 � 10� 11

{ the � � ! mixing: 40 � 10� 11

{ � 0
� 6= � �

� : 20 � 10� 11

{ Photon bremsstrahlungin
� ! � � � � � 0+ virtual QED corrections
in � PT : ( � 10 � 16) � 10� 11

� An apparent problem:

Br exp CV C

� ! 2 � + � � 25 : 46 � 0 : 12 23 : 97 � 0 : 24 � 0 : 21

� ! 4 � + � � 4 : 54 � 0 : 13 3 : 68 � 0 : 19 � 0 : 09

Da vier, Eidelman and Ho ck er
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Progressin low-energye+ e� annihilation
experimentsmakesthe useof the � data
unnecessary (but still usefulfor cross-checksat
the few per cent level).

� BEPC data: 2 GeV �
p

s � 3 GeV .
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� Data somewhat(but not too signi�cantly)
higher than pQCD.
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� VEPP-2M data: � mesonregion.

EC.M., MeV
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avp
� j � = (3748 � 41 � 85) � 10 � 11 [old ];

avp
� j � = (3681 � 26 � 22) � 10 � 11 [new ]:

The precision0:6% is outstanding.

Systematicerror is dominatedby the
radiativecorrections.

� Important issue:how to \p rove" that this
measurementis correct?
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� To make a convincingcasefor the 1 per cent
measurementof � (e+ e� ! � + � � ) it is
important to:

{ Separate the notion of F � (s) and

 � ! � + � � .

{ Removeall the QED corrections,speci�c
to the ISR and the vacuumpolarization
from � (e+ e� ! � + � � ) .

{ Measureseparately, or includein some
approximation, the part of

 � ! � + � � 
 that is a�ected by cuts.

{ Measureforward-backward asymmetryin
� + � � 
 to test the point-like pion
approximation (Novosibirsk,1991;
DAPHNE).
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To reiterate:

� the 1% uncertainty on avp
� is crucial for the

requiredprecisionon g� � 2;

� The useof the � decay data can bring in
uncontrollablee�ects due to the isospin
violation;

� the e+ e� data hasbecomea viable
alternativebecauseof Novosibirskand
Beijing results.

� avp
� from � decays and avp

� from e+ e�

are not consistent(3� or 4%).

� Compared to the year 2000 values,

{ the � result hasshifted up, by
1:98� (re-analysis);

{ the e+ e� result hasshifted down, by
1:8� (new data).

� The 4% di�erence due to an unaccounted
isospinis hard to believein { very likely
either the e+ e� or the � data is wrong.
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Hadronic ligh t-b y-ligh t

hadrons

The current world averageestimate:

a lbl
� = 85(30) � 10� 11 :

Knec h t, Nyffeler
Kinoshita, Ha y ak aw a

Bijnens,Prades,P allan te
Blokland, Czarnec ki, K.M.

� pQCD is not applicable;

� No information on 
 � 
 � ! 
 
 � ;

� No simpledispersionrepresentationfor

 � 
 � ! 
 
 � ;

� Modelsare used;the precisionis uncertain.

Interestinghistory; recentchangeof the sign:

The signerror was of arithmetic origin.

The sign issueis not to be confusedwith the
questionif the physicsbeyond that resultsis
sound!
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� What are the degreesof freedomto be used
in the calculation?

{ Quark and gluons: this doesnot quite
work sincem � � � QCD .

{ Hadrons: this is hopeless,if no small
parametercan be found.

� Sincem � � m � , can it play a role of a
small parameter?

� If momentumscalesare small,we expect
that:

{ heavyhadronsare not important;

{ the interactionsbetweenpionsare small.

� This makesthe problemmanageable.

L e� = jD � � j2 � m 2
� � 2 + O

�
m �

4� f �

�

D � = @� + ieA �
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� Neglectingthe power-suppressedterms,
perform the three loop calculationin scalar
QED:

� � plus 7 other diagrams

� For m � = m � , we obtain

� a � � b ox
� =

� �
�

� 3 h
�

11
72

�
16
3

a4 �
� 3

6

+
11� 2

36
� 3 �

5� 5

4
+

31� 4

540
+

2� 2

9
ln 2 2

�
1925 � 2

216
+ 12� 2 ln 2 �

2
9

ln 4 2

�
:

� For m � 6= m � , we derive:

� a � � b ox
� = � 0:035

� �
�

� 3

� � 43:5 � 10 � 11 :

� How natural is this value?
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� What is \natural"? The intermediatestate of
the massM shouldcontribute:

� a � �
m 2

�

M 2

� �
�

� 3

For M � 2m � � 2m � , oneexpects:

� a � � 0:25
� �

�

� 3

� The muon contribution con�rms that this is
a reasonableestimate:

� �

a � � b ox
� = 0:37

� �
�

� 3

� The � -box contribution is one tenth of its
\natural" value. This makesthe subleading
terms important.
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� Can the subleadingcontribution be
computed?

� Consideroneof the O (m � =m � ) suppressed
terms in the Lagrangian:

L WZW =
�N c

12� f �
F �� ~F �� � 0

� The correspondingcontribution is:

� 0

�
� 3m 2

(4 � f � )2

�Z

m �

dk

k
ln

�

k
:

� The in�nit y is removedby addingthe
counter-termto the e�ective Lagrangian:

� L = C � � ��  F �� :

� But, this operator is the anomalousmagnetic
moment itself!
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� Sincethe counter-termin EFT is the
anomalousmagneticmoment itself, the
predictivepower of the model-independent
approachis very limited.

� The other possibility is to resort to a model.

� The model:

{ Scalar QED with power-suppressed
correctionsthrough the pion form-factor;

{ Large N c approximation to reducethe
number of power-suppressedoperators {
only WZW term remains;

{ Quark model to estimatethe
counter-term.

� Hardly consistent...
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� The pion form factor is introducedthrough:


 �
=

� i

q2

M 2

M 2 � q2
; M � 770 MeV :

� The � 2A 2
� vertex is modi�ed:

p1 p2

= � ��

�
1 �

p2
1p2

2

M 4

�
:

� The calculationof the � -box contribution
involvesthree di�erent scales.Canbe done
as an expansionin
m � � m � � m � � M .

� a � � b ox
� =

m 2

M 2

�
3
2

L 2 +

�
13
4

�
2� 2

3

�
L + ::

�

whereL = ln M =m � 1:7.

� The �nal result is:

a � � b ox
� = � 0:003

�
�

�

� 3

= � 4:4 � 10� 11
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� The contribution of the WZW term is
computedby introducingthe pion transition
form factor through VMD:






�� 0 � 0

=

� 0

�
� �

�

� 3 m 2
�

( � f � ) 2

�
3

16
ln 2 M

m �

�

� The full result is then:

a � 0
� = 56 � 10� 11 :

� The large N c argumentdoesnot seemto
work well.

� Heavypseudoscalar mesons� ; � 0 are not
includedon purpose.
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� The counter-term:

� L = C � � ��  F �� :

� Usethe quark model for the estimate. The
quark massis a free parameter.

�

q = u; d; s

=
� �

�

� 3 m 2
�

M 2
Q

�
� 3 �

19
24

�

� As a \reasonableestimate" for the quark
masses,take the range

M Q = 250 � 400 MeV .

� Then:

aquark
� = (35 � 90) � 10� 11 :
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� Hadroniclight-by-light summary:

Con tribution O (1) O (m 2 =M 2 )

� � lo op � 43:4 39

� 0 0 56

coun terterm 0 35 � 90

� \Dualit y": the result is stableif M Q and
M � are increased(decreased)simultaneously.

� The �nal result is the sumof all the entries
in the table:

a lbl
� = 110(30) � 10� 11

� The uncertainty of this contribution is
entirely subjective.

� How to match the quark model for the
countertermand the hadroniccalculationsfor
the matrix elementsin a more rigorousway.
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3. Conclusions and prosp ects

� The �nal estimatefor a � :

con tr : old new change

QED 116 584 706(3) 116 584 721(3) n umerics

l : o : vp 6924(62) 6789(70) e + e �

nlo : vp � 100(6) � 100(6)

had : lbl : � 85(25) 110(30) error

EW 152(4) 152(4)

result 116 591 597(67) 116 591 672(110)

� Usingthe e+ e� data:
�
aexp

� � a th
�

�
� 1011 = 368 � 80j exp � 113 j th ;

� Few standard deviations; any de�nite
conclusionis di�cult but the situation is
uncomfortable.

� For comparison: usingthe � data:
�
aexp

� � a th
�

�
� 1011 = 110 � 80j exp � 113 j th ;
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� In the future, 80jexp ! 40jexp . Are we able
make useout of it?

� It seems,we are at the bottom line of the
possibleconfusion...

� There is a clear disagreementbetweenthe
e+ e� and the � data; it is unlikely that the
current di�erence betweenthe two will be
accommodatedby the isospinviolation
e�ects.

� To resolvethe situation, new measurements
are needed.

� Additional studiesat e+ e� machines:

a) further data analysis(VEPP2-M, BEPC);

b) Radiativereturn measurementsat existing
facilities (DAPHNE, BaBar, CESR).

� Further checkson various contributionsto
aSM

� .

� The major conceptualproblemis the
hadroniclight-by-light wherewe are bound to
rely on the theoretical models.
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An exciting year for g � 2:

� \ We are now 99 percentsurethat the
presentStandard Model calculationscannot
describe our data"(2001)

� \There are three possibilitiesfor the
interpretation of this result. Firstly, new
physicsbeyond the Standard Model...
Thirdly, althoughunlikely,... there is always
the possibility of mistakesin experimentsand
theories" (2001)

� \The observedchangein frequency�ts
supersymmetrylike a glove" (2001)

� \W e are telling them (theorists), \ Look, you
guys,get the damn number on the table"
(2002)

� \ Obviously, this is all work in progress"
(2002)
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