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Thehadroniccontribution to thevacuumpolarizationin thenonperturbative regimeof QCD
is acrucialissuefor theinterpretationof therecentmeasurementsof theanomalousmagnetic
momentof positive andnegative muonsin Brookhaven to allow for a precisiontestof the
standardmodel. Thepresentstatusof thehadroniccontribution is reviewed with particular
emphasison recentresultswith thegeneralpurposedetectorKLOE at theelectronpositron
colliderDA� NE in Frascati.

PACS: 13.66.Bc,13.66.Jn,14.60.Ef

1 Intr oduction

In recentyearstheMuon (g-2) Collaborationat BrookhavenNationalLaboratoryhasmeasured
theanomalousmagneticmomenta� of positiveandnegativemuonswith anunprecedentedpre-
cision of 0.7 ppm [1, 2]. The measurementof a� hasa long andextremelysuccessfulhistory
startingwith experimentsat CERNin thesixties,continuingat CERNin theseventiesandcul-
minatingin theBrookhavenexperimentE821[3] (Table1). Major �ndings have beenprecision
testsof QED to higherandhigherorders,theevidencefor thecontribution of hadronicvacuum
polarization(Fig. 1) and�nally for the weakcontribution (Fig. 2, left). Recentlyalsoa sign
error in thecalculationof light-by-light scattering(Fig. 2, right) hasbeenrevealedtriggeredby
theBrookhavenexperiment[4].

Theresultof January2004representingalsothepresentworld averageis

a� =
1
2

(g� � 2) = (11 659208� 6) � 10� 10: (1)

The Standardmodelpredicts(in units of 10� 10) (usingeithere+ e� dataor � decaydata
accordingto � � ! W � � � ! q1 �q2� � ! � + � o� � ) (Fig. 3):

aSM
� = aQE D

� + ahad
� + aLB L

� + aweak
�
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Tab. 1. History of g-2measurementsof themuon.

Experiment yearref. valuea� (error) ppm theory
Diracparticle� � 0.000000 Dirac

CERNcyclotron� + 1961[12] 0.001145(22) QED test
CERNcyclotron� + 1962[13] 0.001165(5) 4300 heavy electron

1st CERN� � 1966[14] 0.001165(3) point like
storagering particle

1st CERN� � 1968[15,16] 0.00116616 (31) 270 ( �
� )3,

storagering lept. LBL
2nd CERN� � 1977[17] 0.001166923(8) 7.0 hadr. vac.pol.,

storagering QED test
BNL E821� + 2000[18] 0.0011669191 (59) 5.0
BNL E821� + 2001[19] 0.0011659202 (15) 1.3
BNL E821� + 2002[1] 0.0011659204 (9) 0.7 weakinteract.
BNL E821� � 2004[2] 0.0011659214 (9) 0.7

combinedweighted 2004 0.0011659208 (6) 0.5 standardmodel
average� �

ae+ e�

� = 11659180:9 � 7:2had � 3:5LB L � 0:4ew [5,6]

ae+ e�

� = 11659179:4 � 8:6had � 3:5LB L � 0:4ew [7]

ae+ e�

� = 11659176:3 � 7:4had � 3:5LB L � 0:4ew [8]
a�

� = 11659195:6 � 5:8had � 3:5LB L � 0:4ew [5,9].

Theerrorsaccountfor thehadroniccontribution to lowestandhigherorders(had),hadronic
light by light scattering(LBL) andelectroweak(ew) contributions.

Thehadroniccontribution to thevacuumpolarizationin thenonperturbativeregimeof QCD
is thecrucialnumberfor theinterpretationof therecentBrookhavenmeasurementsto allow for a
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Fig. 1. Hadronicvacuumpolarizationdueto q�q pairs.
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Fig. 2. Exampleof weakinteractioncontribution (left) andof light by light scattering(right) to thevacuum
polarization.
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Fig. 3. Two pion �nal statearisingfrom � � decayandfrom e+ e� annihilation,CVC connectsboth pro-
cesses.

precisiontestof thestandardmodelbecausethelowestorder(LO) hadronicvacuumpolarization
contributionhasthelargesterrorbeingof theorderof thepresentexperimentalaccuracy:

ahad;LO ;e+ e�

� = 696:3 � 6:2exp � 3:6r ad [5,6]

ahad;LO ;e+ e�

� = 694:8 � 8:6exp [7]

ahad;LO ;e+ e�

� = 692:4 � 5:9exp � 2:4r ad [8]
ahad;LO ;�

� = 711:0 � 5:0exp � 0:8r ad � 2:8SU (2) [9],

wherethe errorsindicatethoseof the experiments,radiative correctionsin the e+ e� dataand
isospinbreakingeffectsfor � decays.Thedeviationsfrom themeasurementof Brookhavenare
found to be (30:0 � 11:0) � 10� 10 (2:7 � ) and(12:0 � 11:0) � 10� 10 (1:0 � ) for the e+ e�

and� basedestimates,respectively. Theerrorsof thelastnumbersarethoseof theexperimental
datausedfor thehadroniccontribution, theLBL contribution andfrom theBrookhavenexperi-
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Fig. 4. The Brookhaven measurementsfor � + ; � � andtheir averagecomparedwith calculationsby the
Standardmodelusing� � decayande+ e� annihilationdata.ThecharactersD, J, H denotetheanalysesof
Davier etal. [5,6], Jegerlehner[7], Hagiwaraetal. [8], respectively and� denotestheanalysisof Davier et
al. [9].

ment,taken in quadrature2 (Fig. 4). Themostrecentresultsto determinethehadronicvacuum
polarizationcanbefoundin theProceedingsof theWorkshoponHadronicCrossSectionatLow
Energy (October2003),in thefollowing quotedasSIGHAD03[11].

Thevarious�nal statescontributing to thehadroniccontribution to thevacuumpolarization
which result in the numbersgiven above aregiven in Table2 andthe availablemeasurements
of the ratio R(s) = � (e+ e� ! hadr ons )

� (e+ e� ! � + � � ) areshown in Fig. 5 including thenew measurementsof
BES[22].

The following �gures show as examplesrecentdata from ALEPH [9], CLEO [23] and
BELLE [24] on � � decaysfor the low energy region (Figs. 6 and 7 (left)) and from BaBar
for thereactione+ e� ! � + � � � + � � in Fig. 7 (right) [25].

Themeasurementof thehadronicvacuumpolarizationhasalsoanimportantimpactontothe
determinationof the runningcouplingconstant� (m2

Z ) (Fig. 8) in orderto constraintheHiggs
massby meansof quantum�uctuation calculations[26,27].

2 The e� e� collider DA� NE and the generalpurposedetector KLOE

ThesymmetriccolliderDA� NE [28] acceleratesandstoreselectronsandpositronsof 510MeV
to produce� -mesonswith themass1020MeV/c2 andthequantumnumbersJ P C = 1�� via the
reactione+ e� ! 
 � ! � .

The luminosity L � 0.5 . . .1.28� 1032 cm� 2s� 1 so far achieved is below the designvalue
of L � 5 � 1032cm� 2s� 1 = 5 � 102�b � 1s� 1 but room for further improvementsbeyond the

2RecentlyKinoshitaandNio [20] increasedtheQEDcontribution aQE D
� by 1:3 � 10� 10 , andMelnikov andVain-

shtein[21] the contribution aLB L
� by 5 � 10� 10 which would reducethe differencebetweenmeasurementsandthe

standardmodelaccordingly.
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Tab. 2. Thevarioushadronic�nal statescontributing to thehadronicvacuumpolarizationahad
� in unitsof

10� 10 [6,9,10].

modes energy range e+ e� data � decays
[GeV]

low s expansion 2m � � 0:5 58:0 � 1:7 � 1:1r ad 56:0 � 1:6 � 0:3SU (2)

� + � � 2m� � 1:8 450:2 � 4:9 � 1:6r ad 464:0 � 3:2 � 2:3SU (2)

(incl. KLOE) 448:3 � 4:1 � 1:6r ad

� + � � � o� o 2m� � 1:8 16:8 � 1:3 � 0:2r ad 21:4 � 1:4 � 0:6SU (2)

� + � � � + � � 2m� � 1:8 14:2 � 0:9 � 0:2r ad 12:3 � 1:0 � 0:4SU (2)

! (782) 0:3 � 0:81 38:0 � 1:0 � 0:3r ad

� (1020) 1:0 � 1:055 35:7 � 0:8 � 0:2r ad

otherexclusive 2m � � 2:0 32:2 � 1:6 � 0:3r ad

J= ;  (2S) 3:08� 3:11 7:4 � 0:4 � 0:0r ad

R[data] 2:0 � 5:0 33:9 � 1:7exp � 0:0r ad

R[QCD] 5:0 � 1 9:9 � 0:2theor

sum 2m� � 1 696:3 � 6:2 � 3:6r ad 711:0 � 5:0 � 0:8r ad

� 2:8SU (2)
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Fig. 5. R measurements.



54 W. Kluge

s [ GeV
2

]

u

ALEPH 

p p
o

p 3 p
o

, 3 p p
o

, 6 p ( MC)

w p, h p p
o

, KK
o

(MC)

p K K   (MC)

na ï ve parton model

0.0 1.0 2.0 3.0

3.0

2.0

1.0

0.0

Fig. 6. Pionform factor(right) asmeasuredby meansof � � decayswith ALEPH [9].
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Fig. 7. Pionform factorasmeasuredby meansof � � decayswith CLEO [23] andBelle [24] (left) andthe
crosssectionfor thereactione+ e� ! � + � � � + � � obtainedfrom ISR at BaBarin comparisonwith all
existinge+ e� data[25] (right).

importantprogressmadein 2002and2003(with roughly 175pb� 1 in 2001and300pb� 1 in
2002)and800pb� 1 until theendof December2004shouldstill bepossible.
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Fig. 8. Therunningelectromagneticcouplingconstant� e:m: [26].

DA� NE hastwo interactionregions.In oneof themKLOE [29] hasbeeninstalledin 1998.
In thesecondoneFINUDA [30] is locatedhaving replacedDEAR [31] in 2003.KLOE (K LOng
Experiment)is ageneralpurposedetectorconsistingof a largedrift chamberandanelectromag-
neticcalorimeterimmersedin a 0:53T magnetic�eld [32,33] to studyK ; �; �; � ; � 0 decays.In
the original proposalfor DA� NE testsof discretesymmetries(CP� ; CPT � ; T � invariance)
exploiting theuniquepossibility of quantuminterferometryhave beenhighlighted[34]. In the
meantimeit turnedout that also the lower thananticipatedluminosity allows to pursueinter-
estingphysicsby measuringmostof all rarebut not too rareK S decays(with branchingratios
down to � 10� 7), radiative � decaysinto the scalarmesonsao; f o [35] andthe crosssection
e+ e� ! 
 
 ? ! 
 � + � � .

3 Crosssectionmeasurementof the reactione+ e� ! � + � � with KLOE

Thecrosssectione+ e� ! � + � � at energiesbetween0.3and1.0GeVcontributesalmost70%
of thehadronicvacuumpolarizationto theanomalousmagneticmomentof themuona� . How
muchthischannelcontributesto theaccuracy of therunningelectromagneticcouplingconstantat
theZ o resonance� (m2

Z ) is still beingdebateddependingontheenergyabovewhichcalculations
of perturbativeQCDcanberegardedasreliable[36].

To measurethis crosssectionwith KLOE while DA� NE is operatedat the �x edenergy of
the� (1020)theideaof thesocalled'radiativereturn' is exploited[38–40]. Realphotonsemitted
in theinitial state(Initial StateRadiationISR,Fig. 9) by electronsor positronsreducethecentre-
of-massenergy of thehadronicsystems = Q2 = m2

� � 2 E 
 m� producedby virtual photons.
Not only the� and! resonancesareexcitede+ e� ! 
 
 ? ! 
 � (! ) ! 
 � + � � but in factthe
full energy rangefrom thetwo pion thresholdup to the� -resonanceis coveredin thisway.

KLOE doesnotonlyaimatanindependentandcomplementarydeterminationof thehadronic
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vacuumpolarizationwith systematicerrors,differentfrom thoseof thedataof theNovosibirsk
group[37] who pioneeredthosemeasurementsat low energies,but alsoat an extensionof the
energy region to valuessigni�cantly below the � resonance,eventuallydown to the two pion
threshold.

Both methodsto measuretheenergy dependenceof thehadroniccrosssection(radiativere-
turn) asusedby KLOE andthebeamenergyscanby theCMD-2 collaboration)arecomplemen-
tary dueto differentsystematicerrors.TheISR methodhastheadvantagethat theerrorsof the
measuredluminosityandof theenergy of theelectronsandpositronsenterthephotonspectrum
andconsequentlythehadronicspectrumonly once.As a consequencetheoverallnormalization
erroris thesamefor all energiesof thehadronicsystem.

In thepresentanalysisthecrosssectionhasbeenmeasuredbetween0:6 and1:0 GeV with
a statisticalerror of lessthan0:2 % anda systematicalerror of 1:3 % [41–48]. The analysis
dependssensitively on the correcttreatmentof radiative correctionsaswell in the initial asin
the �nal state. In the last yearsMonte Carlogenerators(EVA andPHOKHARA) for radiative
correctionshave beendevelopedby the theorygroupof Kühn andCzy�z [38,49–52]. Thecode
PHOKHARA implementsin its latestversionssecondorder(real andvirtual) ISR andlowest
order FSR (modelledfor point like pions). Thesecodeshave beenincludedinto the KLOE
MonteCarlosoftware[39–48].

During the last two years140pb� 1 of thedatataken in 2000and2001have beenanalyzed
requestingonly the 2 pionsdetectedin the drift chamberin the angularinterval 50� < � � <
130� with theadditionalconditionof photonangles� 
 = � ( j ~p( � � )+ ~p( � + ) j ) < 15� ; � 
 > 165� ,
respectively [41–48]. As aconsequenceof thisrestrictedphasespaceonly theQ2 regionbetween
0.3 and1:0 GeV2 is populated.Fig. 10(left) shows the numberof eventsper Q2 interval. An
excellentenergy resolutionof thephotonspectrumis obtaineddueto theprecisemeasurements
of themomentaof thechargedpionsin theKLOE drift chamber:E 
 = j~p(� � ) + ~p(� + )j � c.

In orderto determinethecrosssection� � � (s� ) for thereactione+ e� ! � + � � thenormal-
izeddataof Fig. 10 (left) havebeendividedby theradiationfunctionH (s� ) calculatedwith the
codePHOKHARA (with higherorderISRandFSRfor point likepions)using

s� �
d� � � 


ds�
= � � � (s� ) � H (s� )

andthedetectoracceptancehasbeenobtainedusingMonteCarlocalculationsto cover the full
angularregion from 0� to 180� . Thephotonangularinterval is still restrictedto � 
 < 15� and
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Fig. 10. The reactione+ e� ! � + � � 
 . Thenumberof eventsfor an integratedluminosityof 170pb� 1

(left). The acceptancecutsare: 50� < � � < 130� and� 
 < 15� ; � 
 > 165� andthe crosssectionfor
thereactione+ e� ! � + � � (right). Thecrosssectionhasbeenobtainedby dividing thenormalisedcross
sectionby theradiatorfunctionH (s� ) obtainedwith PHOKHARA [38,49–52].

� 
 > 165� . The resultis shown in Fig. 10 (right). The resultsof Fig. 10 representonly 1=10
of thedatatakenwith KLOE, but correspondalreadyto 20 timesof thedatatakenby CMD-2 in
its totaloperationtimeandhenceto acorrespondinglyimproved,eventuallynegligible statistical
error.

The hadroniccorrectionto the vacuumpolarizationfor a� obtainedin the interval 0:37 <
Q2

� � < 0:93GeV2 is a� �
� = (375:6� 0:8stat � 4:8sy st: + theor )� 10� 10. Ourtotalsystematicerror

of a� �
� of 1:3% includesanexperimentalsystematicerrorof 0:9% andatheoreticalsystematical

error of also 0:9 % taken in quadrature.To arrive at this result the vacuumpolarizationfor
thevirtual photon(Fig. 11) hasbeentaken out accordingto � bar e(s) = � dr essed ( � (0)

� (s) )2 with
� (s) = � o

1� � � lept (s) � � � had (s) to obtainthebarecrosssection[5, 53] anda correctionfor FSR
(Fig. 12) hasbeenapplied. Detailsof this procedurecanbe found in Refs.[47,48]. A direct
measurementof the ratio R to avoid the correctionfor the vacuumpolarizationof the virtual
photonsis an alternative which needs,however, betterstatisticsandbetteridenti�cation of the
muons.Thehigherluminosityof DA� NE in 2004will facilitatethispossibility.

The pion form factorobtainedis in goodagreementwith that of CMD-2 (Fig. 13). Corre-
spondinglyourvalueagreeswith thatof CMD-2beinga� �

� = (378:6� 2:7stat � 2:3sy st: + theor )�
10� 10 in the interval 0:37 < Q2

� � < 0:93 GeV2 [37] andcon�rms thepresentdiscrepancy of
thehadroniccorrectionusingdataof electron-positronannihilationon theonehandand� decay
dataon theother(Fig. 14).

The luminosity has beendeterminedby the detectionof large angle events of electron-
positron(Bhabha)scattering(into anangularinterval between55� and125� ) andby comparison
of thedatawith variousMonteCarlogenerators[54–56]. Thetheoreticalandtheexperimental
uncertaintiesareof theorderof 0:5 %. Detailscanbefoundin Refs.[47,48].

For thefuturethemeasurementof thepionform factorwill beextendeddown to thetwo pion
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threshold[57]. The energy interval below the � � resonancecoversthe importantcontribution
of roughly 100 � 10� 10 to the hadronicvacuumpolarizationof a� . This requiresnot only
thedetectionof thechargedpionsbut alsoof photonsemittedat angleslarger than15� , where
thecontribution of FSRandthebackgroundfrom thedecay� ! � + � � � o will be signi�cant.
Consequentlya morerealistic treatmentof FSR[58] aswell asexperimentaltestsof the used
scalarmodel of FSR will turn out to be of greatimportance. A �rst preliminary large angle
spectrumis shown in Fig. 15 (left) wherepionsaswell asphotonshave beendetectedin the
angularinterval50� < � � ;
 < 130� . Thespectrumextendsclearlydown to the2� pionthreshold
with somebackgroundstill to beidenti�ed andsubtracted.

Themodeldependenceof theFSR(point likepions)canbecheckedby observingthecharge
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Fig. 14. Comparisonof � � decaydataandof dataof the reactione+ e� ! � + � � . The � � decaydata
arehigherabove the � � resonance(s = 0:6 GeV2) [5, 10]. According to Höcker [10] massandwidth
correctionsfor chargedandneutral� � mesons� m � � ;o and�� � � ;o donotreducethedifferencesbetween
thee+ e� andfrom � datasigni�cantly, in particularnotabove 0:7 GeV2 (full curve).
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asymmetry(right) A (� � ) =
N � +

i ( � � ) � N � �
i ( � � )

N � +
i

( � � )+ N � �
i

( � � )
of chargedpionsasa functionof their polarangle. The

asymmetryarisesfrom theinterferenceof FSRandISRanddependsalmostlinearlyon thepolarangle.

asymmetryas a function of the polar angle of the charged pions emitted in the �nal state:

A(� � ) = N � +
i ( � � ) � N � �

i ( � � )

N � +
i ( � � )+ N � �

i ( � � )
. The charge asymmetryarisesfrom the interferenceof ISR and

FSRanddependslinearly on thepolarangle� � [38]. First results(Fig. 15 (right)) show devia-
tionsfrom thepoint like modelof lessthan7 % dependingonQ2

� � . Thecontributionof FSRin
thephasespaceregion analyzedsofar is of maximal1 % suchthat theerrorof theFSRcontri-
bution is smallerthan0:1 %.

4 Conclusion

Thedifferencebetweenthehadronicvacuumpolarizationobtainedfrom e+ e� andfrom � data
persistswith the new datafrom KLOE. Davier [6] and Jegerlehneret al. [59] seea possible
explanationin differentmassesfor chargedandneutral� � mesons.Accordingto Höcker [10]
massandwidth correctionsfor chargedandneutral� � mesons� m � � ;o and�� � � ;o do,however,
notreducesigni�cantly thedifferencesbetweenthee+ e� andfrom � data,in particularnotabove
0:7 GeV2 (full curve in Fig. 14).
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5 DA� NE-2

An upgradeof DA� N E to reacha luminosityof up to 5 � 1034 cm� 2s� 1 (andlower machine
background)correspondingto 5� 1011K S [y� 1] or anincreaseof theenergyupto 2 GeV[60–62]
wouldallow to pursueaverysoundphysicsprogram[63,64]. Themeasurementof hadroniccross
sectionscould be extendedup to 2 GeV yielding in particularthe importantcontribution from
the4 � �nal statee+ e� ! � + � � � + � � ande+ e� ! � + � � � o� o realizedby anenergy scanas
well asvia theradiativereturnmethod.
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