actaphysicaslovacavol. 55 No. 1, 49—-63 February 2005

THE REACTION e*e ! * AND ITS RELATION TO THE ANOMALOUS
MAGNETIC MOMENT OF THE MUON

W. Kluge?!
Institut fir Experimentellé&ernphysik,UniversitétKarlsruhe,
Posthch3640,76021Karlsruhe,Germaty

Receved 30 November2004,in nal form 3 January2005,accepted 1 January2005

The hadroniccontribution to the vacuumpolarizationin the nonperturbatie regime of QCD
is acrucialissuefor theinterpretatiorof therecentmeasurementsf theanomalousnagnetic
momentof positive and negative muonsin Brookhaen to allow for a precisiontestof the
standardmodel. The presentstatusof the hadroniccontrikution is reviewed with particular
emphasion recentresultswith the generalpurposedetectorKLOE at the electronpositron
collider DA NE in Frascati.

PACS: 13.66.Bc,13.66.Jn14.60.Ef

1 Intr oduction

In recentyearsthe Muon (g-2) Collaborationat Brookhaven NationalLaboratoryhasmeasured
theanomalousnagnetionomenta of positve andnegative muonswith anunprecedentegre-
cisionof 0.7 ppm[1,2]. The measuremendf a hasa long andextremely successfuhistory
startingwith experimentsat CERNin the sixties,continuingat CERNin the seventiesandcul-
minatingin the BrookhavenexperimentE821[3] (Tablel). Major ndings have beenprecision
testsof QED to higherandhigherorders,the evidencefor the contribution of hadronicvacuum
polarization(Fig. 1) and nally for the weakcontritution (Fig. 2, left). Recentlyalsoa sign
errorin the calculationof light-by-light scattering(Fig. 2, right) hasbeenrevealedtriggeredby
the Brookharenexperiment4].
Theresultof January2004representinglsothe presentvorld averages

a = %(g 2)= (11659208 6) 10 10 (1)

The Standardmodel predicts(in units of 10 1°) (usingeithere* e dataor decaydata
accordingo ! W ' qp ! T ° )(Fig. 3):

aSM = aQED + ahad + aLB L 4 aWeak
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Tah 1. History of g-2 measurementsf themuon.

Experiment yearref. valuea (error) ppm theory
Dirac particle 0.000000 Dirac
CERNcyclotron * | 1961[12] 0.001145(22) QED test
CERNcyclotron * | 1962[13] 0.001165(5) 4300 | heavy electron
15t CERN 1966[14] 0.001165(3) pointlike
storageing particle
15t CERN 1968[15,16] | 0.00116616(31) 270 (-)3,
storagering lept. LBL
2" 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 | standardnodel
average

a®'® = 116591809 7:2hag 351 Odew [5,6]
a®® = 116591794 86hag 35581 0dew [7]
a®'® = 116591763 7i4nag 3581 Odew [8]

a = 116591956 58phaa 3581 0:4ew [5,9]

Theerrorsaccountfor the hadroniccontribution to lowestandhigherorders(had),hadronic
light by light scatteringLBL) andelectraveak(ew) contrikbutions.

Thehadroniccontribution to thevacuumpolarizationin the nonperturbatie regime of QCD
is thecrucialnumberfor theinterpretatiorof therecentBrookhasrenmeasurements allow for a

B - Ue|q

Fig. 1. Hadronicvacuumpolarizationdueto qq pairs.
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Fig. 2. Exampleof weakinteractioncontritution (left) andof light by light scatteringright) to thevacuum
polarization.

Fig. 3. Two pion nal statearisingfrom  decayandfrom e" e annihilation,CVC connectsboth pro-
cesses.

precisiontestof thestandardnodelbecaus¢helowestorder(LO) hadronicvacuumpolarization
contribution hasthe largesterrorbeingof the orderof the presenexperimentalccurag:

. At
ahad,LO e'e

6963 6:2p 3:6rad [5,6]
6948 86y [7]

ahadilo ie"e = 6924 59q,  2:44q [8]
ghadito © = 711:0 5:0exp 0:8r ag 2:8SU(2) [9],

. At
ahad,LO e’ e

wherethe errorsindicatethoseof the experiments radiative correctionsin thee* e dataand
isospinbreakingeffectsfor decays.The deviationsfrom the measuremerdf Brookharenare
foundto be(30:0 11.0) 10 '°(2:7 ) and(12.0 110) 10 °(1:0 ) for thee' e

and basedestimatestespectiely. Theerrorsof thelastnumbersarethoseof the experimental
datausedfor the hadroniccontribution, the LBL contribution andfrom the Brookhavenexperi-
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Fig. 4. The Brookharen measurementior *; andtheir averagecomparedwith calculationsby the
Standardnodelusing  decayande® e annihilationdata. Thecharacter®, J, H denotethe analyseof
Davier etal. [5, 6], Jayerlehnef7], Hagiwaraetal. [8], respectiely and denotegheanalysisof Davier et
al.[9].

ment,takenin quadraturé (Fig. 4). The mostrecentresultsto determinethe hadronicvacuum
polarizationcanbefoundin the Proceedingsf the Workshopon HadronicCrossSectionat Low
Enegy (October2003),in thefollowing quotedasSIGHADO3[11].

Thevarious nal statescontrituting to the hadroniccontribution to the vacuumpolarization
which resultin the numbersgiven abore aregivenin Table 2 andthe available measurements

of theratio R(s) = W areshown in Fig. 5 including the nev measurementsf
BES[22].

The following gures shawv as examplesrecentdatafrom ALEPH [9], CLEO [23] and
BELLE [24] on  decaysfor the low enegy region (Figs. 6 and 7 (left)) and from BaBar
for thereactione*e ! % * in Fig. 7 (right) [25].

Themeasuremertf thehadronicvacuumpolarizationhasalsoanimportantimpactontothe
determinatiorof the runningcouplingconstant (m2) (Fig. 8) in orderto constrainthe Higgs
masshy meanf quantumuctuation calculationg26,27].

2 Thee e collider DA NE andthe generalpurposedetector KLOE

Thesymmetriccollider DA NE [28] accelerateandstoreselectronsandpositronsof 510MeV
to produce -mesonswith themassl020MeV/c? andthequanturmumbers]®€ = 1 viathe
reactione* e ! ro

TheluminosityL  0.5...1.28 10%2 cm ?s ! sofarachievedis below the designvalue
ofL 5 10®2cm 2s =5 10°b !s ! butroomfor furtherimprovementsbeyondthe

2RecentlyKinoshitaandNio [20] increasedhe QED contritution a®E D by1:3 10 19 andMelnikov andVain-

shtein[21] the contritution a'® Y by 5 10 10 which would reducethe differencebetweenmeasurementandthe
standardnodelaccordingly
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Tah 2. Thevarioushadronic nal statescontrituting to the hadronicvacuumpolarizationa™™® in units of
10 % [6,9,10].
modes enegy range e"e data decays
[GeV]
low s expansion| 2m 0:5 580 1.7 11,44 560 1.6 O0:3sy(
* 2m 1:8 4502 49 16aq | 4640 32 2:3syq
(incl. KLOE) 4483 41 1644
* 0 0° 2m 1.8 168 1.3 0:2 a9 214 14 06suy(
* * 2m 1.8 142 09 024 123 1.0 0dsyq
1 (782) 0:3 081 380 1.0 0:3/4g
(1020) 1:.0 1:055 357 08 0:2 4
otherexclusive | 2m 2.0 322 1.6 0344
J= (29) 3.08 311 74 04 0.0 qaq
R[data] 20 50 339 17ep 0:0rad
R[QCD] 50 1 9:9  0:2heor
sum 2m 1 6963 6:2 3649 7120 50 0:8 a9
2:8su(2
B 2
yo

b
bINLO

rewv

Cersl BSll WVEK )
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Fig. 5. R measurements.
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Fig. 7. Pionform factorasmeasuredy meansof  decayswith CLEO[23] andBelle [24] (left) andthe
* obtainedfrom ISR at BaBarin comparisorwith all

crosssectionfor thereactione® e ! *
existinge" e data[25] (right).

importantprogressmadein 2002 and 2003 (with roughly 175pb ! in 2001and300pb ! in
2002)and800pb ! until theendof Decembe2004shouldstill be possible.
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Fig. 8. Therunningelectromagneticouplingconstant e.m: [26].

DA NE hastwo interactionregions. In oneof themKLOE [29] hasbeeninstalledin 1998.
In theseconneFINUDA [30] is locatedhaving replacedDEAR [31] in 2003.KLOE (K LOng
Experiment)s agenerapurposeadetectorconsistingof alargedrift chamberlndanelectromag-
netic calorimeteimmersedn a0:53 T magneticeld [32,33]to studyK; ; ; ; °decaysin
the original proposalfor DA NE testsof discretesymmetrieCP ;CPT ;T invariance)
exploiting the uniquepossibility of quantuminterferometryhave beenhighlighted[34]. In the
meantimeit turnedout that alsothe lower than anticipateduminosity allows to pursueinter-
estingphysicsby measuringnostof all rarebut nottoo rareK s decaygwith branchingratios
downto 10 7), radiatve decaysinto the scalarmesonsa,;f, [35] andthe crosssection

gte | 7 *
3 Crosssectionmeasurementof the reactione™ e ! * with KLOE
Thecrosssectionete ! *  atenegiesbetweerD.3and1.0GeV contributesalmost70%

of the hadronicvacuumpolarizationto the anomalousnagneticmomentof themuona . How

muchthis channektontributesto theaccurag of therunningelectromagneticouplingconstanat

theZ ° resonance (m2 ) is still beingdebatediependingntheenegy abovewhich calculations
of perturbatve QCD canberegardedasreliable[36].

To measurehis crosssectionwith KLOE while DA NE is operatedat the x ed enepy of
the (1020)theideaof thesocalled'radiatvereturn'is exploited[38-40]. Realphotonsemitted
in theinitial state(Initial StateRadiationISR, Fig. 9) by electrongor positronseducethecentre-
of-massenegy of thehadronicsystems = Q> = m? 2E m producedoy virtual photons.
Notonlythe and! resonanceareexcitede* e ! 71 () *  butin factthe
full enegy rangefrom thetwo pionthresholdupto the -resonancés coveredin thisway.

KLOE doesnotonly aimatanindependerdandcomplementargeterminatiorof thehadronic
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Fig. 9. Initial StateRadiationl SR in thereactione” e !

vacuumpolarizationwith systematicerrors,differentfrom thoseof the dataof the Novosibirsk
group[37] who pioneeredhosemeasurementat low enegies,but alsoat an extensionof the
enegy region to valuessigni cantly belowv the resonancegventually down to the two pion
threshold.

Both method€¢o measurghe enegy dependencef the hadroniccrosssection(radiativere-
turn) asusedby KLOE andthe beamenegy scanby the CMD-2 collaborationjarecomplemen-
tary dueto differentsystematicerrors. The ISR methodhasthe advantagethatthe errorsof the
measureduminosity andof the enegy of the electronsaandpositronsenterthe photonspectrum
andconsequentlyhe hadronicspectrunonly once.As a consequencthe overall normalization
erroris the samefor all enepgiesof the hadronicsystem.

In the presentanalysisthe crosssectionhasbeenmeasuredetween0:6 and1:0 GeV with
a statisticalerror of lessthan0:2 % and a systematicakrror of 1:3 % [41-48]. The analysis
dependssensitvely on the correcttreatmentof radiatve correctionsaswell in theinitial asin
the nal state.In thelastyearsMonte Carlo generator§EVA and PHOKHARA) for radiatve
correctionshave beendevelopedby the theorygroupof Kithn andCzyz [38,49-52]. The code
PHOKHARA implementsin its latestversionssecondorder (real andvirtual) ISR and lowest
order FSR (modelledfor point like pions). Thesecodeshave beenincludedinto the KLOE
Monte Carlosoftware[39-48].

During the lasttwo years140pb ! of the datatakenin 2000and2001 have beenanalyzed
requestingonly the 2 pionsdetectedn the drift chamberin the angularintenval 50 < <
130 with theadditionalconditionof photonangles = (j5( )+ p( +)j) < 15, > 165,
respectiely [41-48]. As aconsequencef thisrestrictedohasespaceonly theQ? regionbetween
0.3and1:0 Ge\? is populated.Fig. 10(left) shavs the numberof eventsper Q2 interval. An
excellentenegy resolutionof the photonspectrumis obtaineddueto the precisemeasurements
of the momentaof the chagedpionsin the KLOE drift chamberE = jp( )+ p( *)j c.

In orderto determinghecrosssection (s ) for thereactionete ! *  thenormal-
izeddataof Fig. 10 (left) have beendivided by theradiationfunctionH (s ) calculatedwith the
codePHOKHARA (with higherorderlSR andFSRfor pointlike pions)using

d
ds

andthe detectoracceptancéasbeenobtainedusingMonte Carlo calculationgo cover the full
angularregionfrom O to 180 . The photonangularinterval is still restrictedto < 15 and

= (s) H(s)
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Fig. 10. Thereactione* e ! * . The numberof eventsfor anintegratedluminosity of 170pb *
< 130 and < 15; > 165 andthe crosssectionfor

(left). The acceptanceutsare: 50 <
thereactione* e ! (right). The crosssectionhasbeenobtainedby dividing the normaliseccross

sectionby theradiatorfunctionH (s ) obtainedwith PHOKHARA [38,49-52].

> 165 . Theresultis shavn in Fig. 10 (right). The resultsof Fig. 10 represenbnly 1=10

of thedatatakenwith KLOE, but correspondalreadyto 20 timesof the datatakenby CMD-2 in
its total operatiortime andhenceo a correspondinglymproved,eventuallynegligible statistical
error.
The hadroniccorrectionto the vacuumpolarizationfor a obtainedin the interval 0:37 <
Q? < 0:93GeVPisa = (3756 O:8star 4:8syst:+theor ) 10 0. Ourtotalsystemati@rror
ofa of 1:3%includesanexperimentabystematierrorof 0:9% andatheoreticakystematical
error of also 0:9 % taken in quadrature. To arrive at this result the vacuumpolarizationfor
thevirtual photon(Fig. 11) hasbeentaken out accordingto pare(S) = o esSed(%)z with

(s) = 1 O Y to obtainthe barecrosssection[5, 53] anda correctionfor FSR
(Fig. 12) hasbeenapplied. Detailsof this procedurecanbe foundin Refs.[47,48]. A direct
measurementf the ratio R to avoid the correctionfor the vacuumpolarizationof the virtual
photonsis an alternatve which needs however, betterstatisticsandbetteridenti cation of the
muons.Thehigherluminosityof DA NE in 2004will facilitatethis possibility.

The pion form factorobtainedis in good agreementvith that of CMD-2 (Fig. 13). Corre-
spondinglyourvalueagreesvith thatof CMD-2beinga = (3786 2:7stat  2:3syst: + theor )

10 %in theinterval 0:37 < Q? < 0:93 Ge\? [37] andcon rms the presentdiscrepang of
thehadroniccorrectionusingdataof electron-positrorannihilationontheonehandand decay
dataontheother(Fig. 14).

The luminosity has beendeterminedby the detectionof large angle events of electron-
positron(Bhabha)scatteringinto anangularinterval betweerb5 and125 ) andby comparison
of the datawith variousMonte Carlo generator§54-56]. Thetheoreticalandthe experimental
uncertaintiesreof theorderof 0:5 %. Detailscanbefoundin Refs.[47,48].

For thefuturethemeasuremerdf thepionform factorwill beextendeddown to thetwo pion
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Fig. 12. Correctionof Final StateRadiationFSR.

threshold[57]. The enepgy interval belov the  resonanceoversthe importantcontribution
of roughly 100 10 ° to the hadronicvacuumpolarizationof a . This requiresnot only
the detectionof the chagedpionshbut alsoof photonsemittedat angleslargerthan15 , where
the contritution of FSRandthe backgroundrom thedecay ! * ° will besigni cant.
Consequenthya morerealistictreatmentof FSR[58] aswell asexperimentaltestsof the used
scalarmodelof FSRwill turn out to be of greatimportance. A rst preliminary large angle
spectrumis shawvn in Fig. 15 (left) wherepionsaswell asphotonshave beendetectedn the
angulainterval50 < . < 130 . Thespectrunextendsclearlydowntothe2 pionthreshold
with somebackgroundstill to beidenti ed andsubtracted.

Themodeldependencef the FSR(pointlik e pions)canbechecledby observinghe chage
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Fig. 14. Comparisorof ~ decaydataand of dataof the reactione* e ! * . The decaydata

arehigherabore the  resonancds = 0:6 GeV?) [5, 10]. Accordingto Hocker [10] massand width
correctiondor chagedandneutral mesons m , and o donotreducethedifferencedetween
thee' e andfrom datasigni cantly, in particularotabove 0:7 GeV? (full cune).
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asymmetryarisesfrom thelnterference)f FSRandISR anddependsimostlinearly onthe polarangle.

asymmetry(right) A( ) = of chagedpionsasa function of their polarangle. The

asymmetryas a function of the polar angle of the chaged pions emittedin the nal state:
A( )= % The chage asymmetryarisesfrom the interferenceof ISR and
FSRanddependimearly onthepolarangle [38]. Firstresults(Fig. 15 (right)) shav devia-

tionsfrom the pointlike modelof lessthan7 % dependingon Q? . The contribution of FSRin

the phasespaceregion analyzedsofar is of maximall % suchthatthe error of the FSRcontri-

butionis smallerthan0:1 %.

4 Conclusion

The differencebetweerthe hadronicvacuumpolarizationobtainedfrom e* e andfrom data
persistswith the newv datafrom KLOE. Davier [6] and Jggerlehneret al. [59] seea possible
explanationin differentmassedor chagedandneutral mesons.Accordingto Hocker [10]
massandwidth correctiongor chagedandneutral mesons m . and o do,however,
notreducesigni cantly thedifferencebetweerthee* e andfrom data,n particulamotabove
0:7 GeV? (full curvein Fig. 14).
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5 DA NE-2

An upgradeof DA N E to reachaluminosityof upto5 10° cm ?s ! (andlower machine
backgroundorrespondingp5 10K s[y !]oranincreaseftheenegyupto2GeV[60-62]

wouldallow to pursueavery soundohysicgprogram63,64]. Themeasuremertdf hadroniccross
sectionscould be extendedup to 2 GeV yielding in particularthe importantcontribution from

the4 nal statee'e ! * andete ! * ° © realizedby anenepgy scanas
well asvia theradiative returnmethod.
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