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e+e� ANNIHILATION versus � DECAYS AND MUONANOMALOUS MAGNETIC MOMENT�S.I. EidelmanBudker Institute of Nulear Physis11 Lavrentyev Ave., Novosibirsk 630090, Russia(Reeived June 21, 2003)New results on the low energy e+e� annihilation into hadrons fromNovosibirsk and Beijing are desribed. The validity of the CVC relationbetween e+e� and � deays is onsidered. Impliations of the new mea-surements for the evaluation of the hadroni ontribution to the muonanomalous magneti moment are disussed.PACS numbers: 13.65.+i, 13.35.Dx1. IntrodutionThe reently reported measurement of the muon anomalous magnetimoment a� = (g��2)=2 by the E821 ollaboration at BNL [1℄ and a possibledeviation of its result from the preditions of the Standard Model (SM) [2℄has generated numerous speulations about possible new physis (for a re-view and disussion see [3℄).a� known today to 0.7 ppm is one of the best measured quantities inphysis. Although the eletron anomalous magneti moment ae is knownto even higher auray than a�, measurements of the latter are bettersuited for a searh for new physis sine in most of the ases new e�ets areproportional to the lepton mass squared and we immediately obtain a gainof (m�=me)2 � 4� 104.Within the SM, the unertainty of the theoretial value of the leadingorder a� is dominated by the unertainty of the hadroni ontribution. Al-though it annot be determined from the �rst priniples, ahad;LO� an bealulated via the dispersion integral (see e.g. [4℄ and referenes therein)ahad;LO� = ��m�3� �2 1Z4m2� R(s)K̂(s)s2 ds ; (1)� Presented at the Craow Epiphany Conferene on Heavy Flavors, Craow, Poland,January 3�6, 2003. (4571)



4572 S.I. Eidelmanwhere the QED kernel K̂(s) is a smooth funtion of energy varying from0.63 at s = 4m2� to 1 at s ! 1 and R(s) is the following dimensionlessquantity haraterizing the total ross setion of e+e� ! hadrons:R = �(e+e� ! hadrons)�(e+e� ! �+��) : (2)The preision of the ahad;LO� alulation depends on the approah usedand varies from 1.34 ppm based on e+e� data only [5℄ to 0.53 ppm if in ad-dition � -lepton deay data as well as perturbative QCD and QCD sum rulesare extensively used [2℄. As it is lear from Eq. (1), the major ontributionto its unertainty omes from the systemati error of the R(s) measurementat low energies (s < 2 GeV2), whih is, in its turn, dominated by the system-ati error of the measured ross setion e+e� ! �+�� or pion form fatorF� diretly related to it.Assuming onservation of the vetor urrent (CVC) and isospin symme-try, the spetral funtion of the �� ! ���0�� deay an be related to theisovetor part of the pion form fator measured in e+e� annihilation [6℄. Thedetailed measurement of the spetral funtions was provided by ALEPH [7℄,OPAL [8℄ and CLEO-II [9℄. The omparison of the pion form fator mea-sured at e+e� olliders with the spetral funtion of the �� ! ���0�� deayprovides a test of CVC. If CVC holds with high auray, � -lepton deaydata an be also used to improve the auray of the alulations mentionedabove [10, 11℄.Thus, new high preision measurements of the ross setion of the proesse+e� ! hadrons and partiularly of the pion form fator as well as preisedeterminations of the hadroni mass spetra in � lepton deays beomeextremely important.2. New results from e+e� olliders2.1. Experiments at VEPP-2MSine 1974 the e+e� ollider VEPP-2M has been suessfully running inthe Budker Institute of Nulear Physis in Novosibirsk in the .m. energyrange from the threshold of hadron prodution to 1400 MeV, its maximumluminosity being � 3�1030 m�2s�1 at the � meson energy [12℄. In the lastseries of experiments two detetors (CMD-2 and SND) installed atVEPP-2Molleted about 30 pb�1 eah.CMD-2 desribed in detail elsewhere [13℄ is a general purpose dete-tor. Inside a superonduting solenoid with a �eld of 1T there are a drifthamber, a proportional Z-hamber and an endap BGO eletromagnetialorimeter. Outside there is a barrel CsI eletromagneti alorimeter and



e+e� Annihilation versus � Deays and Muon Anomalous . . . 4573muon streamer tube hambers. The main goal of CMD-2 is to perform a highpreision measurement of the ross setions of exlusive hadroni hannelsand detailed studies of the low lying vetor mesons � �; ! and �.SND desribed in detail elsewhere [14℄ is a nonmagneti detetor withdrift hambers for traking and a three layer NaI eletromagneti alorime-ter. Outside it there are muon streamer tube hambers and plasti sintil-lators. The main goal of SND is to study �, ! and � deays as well as mainhadroni hannels.Both experiments possess some speial features making high preisionmeasurements feasible:� large data samples due to the high integrated luminosity and largeaeptane,� multiple sans of the same energy ranges to avoid possible systematie�ets; the step was 10 MeV in the .m. energy for the ontinuumregion and 1�2 MeV near the ! and � peaks,� the absolute alibration of the beam energy using the resonane depo-larization method [15℄ redues to a negligible level a systemati erroraused by an unertainty in the energy measurement whih an besigni�ant for ross setions with strong energy dependene,� good spae and energy resolution lead to small bakground,� redundany � unstable partiles are independently deteted via di�er-ent deay modes (! ! �+���0; �0; � ! 2; �+���0; 3�0; �+��),� detetion e�ienies and alorimeter response are studied by using�pure� experimental data samples rather than Monte Carlo events;e.g. more than 20 million � meson deays an be used for that purpose.New results are available on most of the hadroni hannels. We willbrie�y mention those with the largest ross setion, relevant to the evaluationof ahad;LO� .There are new results on the proess e+e� ! �+��. This reation hasbeen extensively studied before [16�19℄. The most preise pion form fatordata were obtained in late 70s, early 80s by CMD and OLYA detetors [18℄.Their auray was limited by systemati errors of the experiments, varyingfrom 2% to 15% over the VEPP-2M energy range. In the new measurementCMD-2 olleted more than 2 million events of the proess e+e� ! �+��from 370 to 1380 MeV. Below 600 MeV separation of Bhabha and �+��events is performed by measuring their momentum. Above this energy theenergy deposition of the �nal partiles in the alorimeter has been used.



4574 S.I. EidelmanThe number of events of the reation e+e� ! �+�� was evaluated fromQED whih validity at these energies had been veri�ed before.The systemati unertainty of less than 0.6% was ahieved in the �nalanalysis of the data set of about 114 000 events olleted in the energy range610 to 960 MeV in 1994�1995 [20℄. Table I lists dominant soures of thesystemati error. Analysis is in progress for the rest of events and the ex-peted systemati error ranges from 1% to 3% [21℄. Fig. 1 shows results ofthe pion form fator measurement oming from CMD-2. TABLE ISystemati errors in the pion form fator measurement at CMD-2.Soure Contribution [%℄Event separation 0.2Radiative orretions 0.4Detetion e�ieny 0.2Fiduial volume 0.2Corretion for pion losses 0.2Beam energy determination 0.1Total 0.6
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Fig. 1. New data on the pion form fator from CMD-2.



e+e� Annihilation versus � Deays and Muon Anomalous . . . 4575CMD-2 measured with high auray the main parameters of the ! and� mesons using their deays to �+���0 [22,23℄, and also studied the �mesonby itsKSKL deay mode [24℄. SND performed a high preision measurementof three main deay modes of the � meson in one experiment [25℄. Thesestudies allow a signi�ant improvement in the auray of the leptoni widthsof the ! and � mesons.SND also studied prodution of three pions above the � and showed thatthe energy dependene of the ross setion is onsistent with the existeneof at least one additional isosalar resonane [26℄. These onlusions areon�rmed by preliminary results from CMD-2.Both detetors observed prodution of four pions. CMD-2 showed thatin the energy range above the � the a1(1260)��� intermediate mehanismdominates in the �+���+�� hannel whereas both a1(1260)��� and !�ontribute to the �+���0�0 �nal state [27℄. The ontribution of other pos-sible intermediate states is small. The olleted data sample inludes about60 000 events and the systemati unertainty of the total ross setions isless than 15%. Below 1 GeV CMD-2 reliably seleted about 200 events ofthe reation e+e� ! �+���+�� and measured the ross setions as low asabout 50 pb near the � peak [28℄. The measurement of the SND detetorfor whih the data sample above the � was about 80 000 events and the sys-temati unertainty ranged from 8% to 20%, on�rmed the CMD-2 resultson the prodution mehanisms [29℄.However, in both 4� hannels the SND ross setions are higher thanthose of CMD-2. The systemati unertainties are still high and their furtheranalysis is needed to larify the piture.
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Fig. 2. Hadroni ross setions from CMD-2.



4576 S.I. EidelmanBoth detetors measured the ross setion of the reation e+e� ! !�0in the ! ! �0 hannel olleting several thousand events eah with thesystemati error of 5% for SND [30℄ and 6.6% for CMD-2 [31℄. The resultsof both groups are onsistent within systemati errors.Thus, in the new experiments at the VEPP-2M ollider in Novosibirsk inthe .m. energy range from 0.37 to 1.38 GeV most of the hadroni reationsontributing to R have been measured with muh better auray than be-fore. The overall piture of the energy dependene of various hadroni rosssetions measured by CMD-2 is shown in Fig. 2.2.2. R measurement at BESUntil reently the energy range above 1.4 GeV was studied muh worse.Despite numerous measurements of exlusive ross setions and R by variousgroups in Frasati, Orsay, DESY and SLAC, the existing data have bigsatter and large systemati unertainties ranging from 10% to 25%.A real breakthrough ourred after reent experiments with the BES de-tetor at Beijing [32℄ in whih the total ross setion and R were thoroughlymeasured in the energy range from 2 to 5 GeV. High statistis olleted inthis experiment ombined with the better aeptane than before and arefulanalysis of the systemati unertainties provided a basis for the signi�antimprovement of the auray of R(s). Table II illustrates the progress byomparing some harateristis of the BES experiment with the R measure-ment by the 2 group at Frasati [33℄. TABLE IIComparison of 2 and BES measurements.Detetor 2 BESps, GeV 2.0�3.1 2.0�3.0Aeptane, % 19�23 50�68Syst. error, % 21 5.2�8.2R Ldt; nb�1 130 990Nhad 920 18 500In Fig. 3 we depit R(s) for the whole energy range up to 10 GeV. Thedata are in good agreement with the predition of perturbative QCD shownby the urve.
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Fig. 3. R(s) below 10 GeV.3. Comparison to � lepton deaysFor the Cabibbo allowed vetor part of the weak hadroni urrent thedistribution over the mass of produed hadrons is given byd�dq2 = G2FjVudj2SEW32�2�2m3� � �m2� � q2�2 �m2� + 2q2� v1(q2) ; (3)where GF is the Fermi onstant, jVudj is the orresponding element of theCKM matrix, SEW is a fator taking into aount eletroweak radiativeorretions approximately equal to 1.02 [34℄ and v1(q2) is a spetral funtionv1(q2) = q2�I=1e+e�(q2)4��2 : (4)Numerous tests of these relations based on the e+e� and � data showedtheir validity within the experimental auray [35℄. However, reent e+e�results as well as a new high statistis measurement of ALEPH [36℄ revealedproblems in both 2� and 4� modes [37℄. In the 2� hannel the spetralfuntions measured by CLEO [9℄, ALEPH [7,36℄ and OPAL [8℄ are onsistentwith eah other and in general well reprodue the piture observed in e+e�annihilation: the �(770) meson peak followed by the �(1450) and possibly�(1700). This is illustrated by Fig. 4. However, a more elaborate omparisonof the spetral funtions expressed as a ratio of e+e� to � shows that thee+e� data are signi�antly lower by 2�3% below the � peak, the disrepanyinreasing to 10% at 0.9�1.0 GeV, see Fig. 5. Note that all � data areorreted for various e�ets of isospin breaking aording to Refs. [38, 39℄.
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Fig. 4. Comparison of the �+�� spetral funtions from e+e� and isospin-breakingorreted � data, expressed as e+e� ross setions. The band indiates the om-bined e+e� and � result within 1� errors.
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e+e� Annihilation versus � Deays and Muon Anomalous . . . 4579Let us disuss now the 4� hannels. Qualitatively, the behavior of thee+e� and � spetral funtions is similar, see omparison of the 2�+2�� and�+��2�0 spetral funtions from e+e� and � in Fig. 6.Moreover, theCMD-2analysis of intermediate mehanisms in the 4� prodution is onsistent withthe onlusions of CLEO [40℄. The model used by CMD-2 to aount fortheir results has been suessfully applied [41℄ to desribe various two pionand three pion distributions for both CLEO and ALEPH. It also provideda good input for updating the TAUOLA ode for Monte Carlo simulation of� deays [42℄. While spetral funtions are onsistent in the 2�+2�� ase,there is an obvious problem for the �+��2�0 �nal state, where the � spetralfuntion is on the average slightly higher in the energy range below 1.4 GeVand signi�antly higher above that energy.
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Fig. 6. Comparison of the 2�+2�� (left) and �+��2�0 (right) spetral funtionsfrom e+e� and isospin-breaking orreted � data, expressed as e+e� ross setions.We summarize the omparison in Table III showing the expeted branh-ing ratios for the � deays disussed above obtained with the relevant e+e�spetral funtions. To obtain the branhing ratios, we integrated Eq. (3).Assuming lepton unversality in the harge weak urrent, one has from thereent ALEPH data B(�� ! e� ��e�� ) = (17:810 � 0:039)% [36℄ whih isused in Table III. TABLE IIIBranhing ratios of � deays into 2 and 4 pions [%℄.Mode � data e+e� via CVC �(� � e+e�)���0�� 25.46 � 0.12 23.98 � 0.30 +1.48 � 0.32��3�0�� 1.01 � 0.08 1.09 � 0.08 -0.08 � 0.112���+�0�� 4.54 � 0.13 3.63 � 0.21 +0.91 � 0.25



4580 S.I. EidelmanAs expeted, a large disrepany is observed for the 2 pion �nal state,whih is as large as 4.6�. The situation with the 4� hannels is di�erent.Agreement is observed for the ��3�0 mode, whereas for the 2���+�0 modethe relative di�erene is (22 � 6)%, too high to be asribed to any reason-able level of isospin symmetry breaking. It rather points to experimentalproblems that have to be investigated.4. Impliations of the new data for a�Let us estimate the impliations of the new results in the e+e� and �setors for the hadroni ontribution to (g� � 2)=2. We will start from theonservative estimate using e+e� data only. Below 5 GeV we perform diretintegration of the e+e� data in Eq. (1) and above this energy rely on thepreditions of perturbative QCD. Below 2 GeV to determine R we use thesum of exlusive hannels and from 2 to 5 GeV the diret R measurements.Results of the alulation are summarized in Table IV. It an be seen thatthe ontribution of the energy range above 5 GeV is 1.5% only, so that theunertainty from using QCD is negligible. The total leading order hadroniontribution appears to be (684:7�7:0)�10�10 and the unertainty is muhsmaller than before. TABLE IVContributions to ahad;LO� .ps [GeV℄ �ahad;LO� [�10�10℄ �ahad;LO� [%℄2�;< 2 498.8 � 5.6 72.8! 36.9 � 1.2 5.4� 34.8 � 1.1 5.10.6�2.0 62.9 � 2.4 9.22.0�5.0 33.9 � 1.7 5.0J= ;  0 7.4 � 0.4 1.15.0�12.0 8.1 � 0.1 1.2> 12.0 1.8 0.3Total 684.7 � 7.0 100.0In an attempt to improve the auray, let us try to use independent �data for the major 2� and 4� ontributions responsible for 73% and 4.5%of the total, respetively. The remainder is taken as before from e+e� dataand QCD.



e+e� Annihilation versus � Deays and Muon Anomalous . . . 4581In Table V we ompare the independent evaluations in e+e� and � se-tors. It is lear from the table that the disussed above disrepanies nowresult in a smaller estimate from e+e� data ompared to that from the� data. The total disrepany of (�24:3� 7:9)� 10�10 amounts to 3.1 stan-dard deviations and preludes from a straightforward ombination of thetwo evaluations. TABLE VComparison of the e+e� and � based evaluations of ahad;LO� [10�10℄.Mode e+e� � �(e+e� � �)�+�� < 0.5 GeV 58.0 � 2.0 56.0 � 1.6 +2:0 � 2.6�+��, 0.5 GeV�m� 440.8 � 4.9 464.0 � 4.0 �23:2 � 6.3�+��2�0 16.7 � 1.3 21.4 � 1.5 �4:7 � 1.82�+2�� 13.9 � 0.9 12.3 � 1.0 +1:6 � 2.0Total 529.4 � 6.1 553.7 � 5.3 �24:3 � 7.9Adding the QED, higher-order hadroni, light-by-light sattering andweak ontributions, the following results for a� are obtained:aSM� = (11659169:3 � 7:8) � 10�10 e+e� based ; (5)aSM� = (11659193:6 � 6:9) � 10�10 � based : (6)Comparing then to the present experimental average from Ref. [1℄ andadding experimental and theoretial errors in quadrature, one obtainsaexp� � aSM� = (33:7 � 11:2) � 10�10 e+e� based ; (7)aexp� � aSM� = (9:4� 10:5) � 10�10 � based ; (8)orresponding to 3.0 and 0.9 standard deviations, respetively. A graphialomparison is shown in Fig. 7 together with our previous estimates [2, 5℄obtained before the CMD-2 and new � data were available, as well as thereent evaluation of Ref. [43℄.
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203 ± 8Fig. 7. Comparison with the BNL measurement.5. ConlusionsThus, new experiments in Novosibirsk and Beijing onsiderably improvedthe auray of R(s) in the energy ranges below 1.38 GeV and between2 and 5 GeV. This in its turn results in the signi�ant improvement of theunertainty of ahad� .Further improvement ould ome from the � spetral funtions. However,preise tests of the CVC based relation between the e+e� ross setions and� spetral funtions show unexpeted disrepanies. To resolve the problem,further experimental progress together with better understanding of the ef-fets of isospin symmetry breaking and radiative orretions is needed [44℄.Further signi�ant progress will beome possible after new experimentsplanned at Beijing, Cornell and Novosibirsk. Also promising looks a possi-bility to study low energy e+e� annihilation by the radiative return fromthe � (4S) or � mesons [45℄.The author is grateful to Marek Je»abek and Zbigniew W¡s for an op-portunity to present this talk and enjoy one again the beauty of Kraków.REFERENCES[1℄ G.V. Bennett et al., Phys. Rev. Lett. 89, 101804 (2002).[2℄ M. Davier, A. Höker, Phys. Lett. B435, 427 (1998).[3℄ A. Czarneki, W.J. Mariano, Phys. Rev. D64, 013014 (2001).[4℄ T. Kinoshita, B. Ni�zi¢ , Y. Okamoto, Phys. Rev. D31, 2108 (1985).



e+e� Annihilation versus � Deays and Muon Anomalous . . . 4583[5℄ S. Eidelman, F. Jegerlehner, Z. Phys. C67, 585 (1995).[6℄ Y.S. Tsai, Phys. Rev. D4, 2821 (1971); H.B. Thaker, J.J. Sakurai, Phys. Lett.B36, 103 (1971).[7℄ R. Barate et al., Z. Phys. C76, 15 (1997).[8℄ K. Akersta� et al., Eur. Phys. J. C7, 571 (1999).[9℄ S. Anderson et al., Phys. Rev. D61, 112002 (2000).[10℄ R. Alemany, M. Davier, A. Höker, Eur. Phys. J. C2, 123 (1998).[11℄ S. Eidelman, Nul. Phys. (Pro. Suppl.) B98, 281 (2001).[12℄ V.V. Anashin et al., Preprint INP 84-114, Novosibirsk, 1984.[13℄ E.V. Anashkin et al., ICFA Instrumentation Bulletin 5, 18 (1988).[14℄ M.N. Ahasov et al., Preprint Budker INP 96-47, Novosibirsk, 1996.[15℄ A.P. Lysenko et al., Nul. Instrum. Methods A359, 419 (1995).[16℄ A.D. Bukin et al., Phys. Lett. B73, 226 (1978).[17℄ A. Quenzer et al., Phys. Lett. B76, 512 (1978).[18℄ L.M. Barkov et al., Nul. Phys. B256, 85 (1985).[19℄ D. Bisello et al., Phys. Lett. B220, 321 (1989).[20℄ R.R. Akhmetshin et al., Preprint BudkerINP 99-10, Novosibirsk, 1999;R.R. Akhmetshin et al., Phys. Lett. B527, 161 (2002).[21℄ A.E. Bondar, Talk at the International Conferene on High Energy Physis,Osaka, 2000.[22℄ R.R. Akhmetshin et al., Phys. Lett. B476, 33 (2000).[23℄ R.R. Akhmetshin et al., Phys. Lett. B434, 426 (1998).[24℄ R.R. Akhmetshin et al., Phys. Lett. B466, 385 (1999); Erratum, 508, 217(2001).[25℄ M.N. Ahasov et al., Phys. Rev. D63, 072002 (2001).[26℄ M.N. Ahasov et al., Phys. Lett. B462, 365 (1999); M.N. Ahasov et al., Phys.Rev. D66, 032001 (2002).[27℄ R.R. Akhmetshin et al., Phys. Lett. B466, 392 (1999).[28℄ R.R. Akhmetshin et al., Phys. Lett. B475, 190 (2000).[29℄ M.N. Ahasov et al., Preprint BudkerINP 2001-34, Novosibirsk, 2001.[30℄ M.N. Ahasov et al., Phys. Lett. B486, 29 (2000).[31℄ R.R. Akhmetshin et al., Phys. Lett. B563, 173 (2003).[32℄ J.Z. Bai et al., Phys. Rev. Lett. 84, 594 (2000); J.Z. Bai et al., Phys. Rev.Lett. 88, 101802 (2002).[33℄ C. Bai et al., Phys. Lett. B86, 234 (1979).[34℄ W.J. Mariano, A. Sirlin, Phys. Rev. Lett. 61, 1815 (1988).[35℄ S.I. Eidelman, V.N. Ivanhenko, Nul. Phys. (Pro. Suppl.) B76, 319 (1999).[36℄ M. Davier, hep-ex/0301035, 2003.[37℄ M. Davier et al., Eur. Phys. J. C27, 497 (2003).



4584 S.I. Eidelman[38℄ V. Cirigliano, G. Eker, H. Neufeld, Phys. Lett. B513, 361 (2001).[39℄ V. Cirigliano, G. Eker, H. Neufeld, J. High Energy Phys. 0208, 002 (2002).[40℄ K.W. Edwards et al., Phys. Rev. D61, 072003 (2000).[41℄ A.E. Bondar et al., Phys. Lett. B466, 403 (1999).[42℄ A.E. Bondar et al., Comp. Phys. Commun. 146, 139 (2002).[43℄ K. Hagiwara et al., Phys. Lett. B557, 69 (2003).[44℄ K. Melnikov, Int. J. Mod. Phys. A16, 4591 (2001).[45℄ A. Aloisio et al., hep-ex/0107023; E.P. Solodov, hep-ex/0107027.


