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hikov, A. V. Bozhenok,A. D. Bukin, D. A. Bukin, T. V. Dimova, V. P. Druzhinin, V. B. Golubev, I. A. Koop,A. A. Korol, S. V. Koshuba, A. P. Lysenko, A. V. Otboev, E. V. Pakhtusova,S. I. Serednyakov, Yu. M. Shatunov, V. A. Sidorov, Z. K. Silagadze, A. N. Skrinsky,Yu. A. Tikhonov, A. V. VasiljevBudker Institute of Nu
lear Physi
s,Siberian Bran
h of the Russian A
ademy of S
ien
es630090, Novosibirsk, RussiaNovosibirsk State University630090, Novosibirsk, RussiaSubmitted 24 June 2005The 
ross se
tion of the pro
ess e+e� ! �+�� was measured in the spheri
al neutral dete
tor experiment atthe VEPP-2M 
ollider in the energy region 400 < ps < 1000 MeV. This measurement was based on about12:4 � 106 sele
ted 
ollinear events, whi
h in
lude 7:4 � 106 e+e� ! e+e�, 4:5 � 106 e+e� ! �+��, and0:5 � 106 e+e� ! �+�� sele
ted events. The systemati
 un
ertainty of the 
ross se
tion determination is1:3%. The �-meson parameters were determined as m� = 774:9�0:4�0:5 MeV, �� = 146:5�0:8�1:5 MeV,and �(� ! �+��) = 1220 � 7 � 16 nb and the parameters of the G-parity suppressed de
ay ! ! �+�� as�(!! �+��) = 29:9� 1:4� 1:0 nb and ��! = 113:5 � 1:3� 1:7 degree.PACS: 13.66.B
, 13.66.Jn, 13.25.Jx, 12.40.Vv1. INTRODUCTIONThe 
ross se
tion of the e+e� ! �+�� pro
ess inthe energy region ps < 1000 MeV 
an be des
ribedwithin the ve
tor meson dominan
e model and is de-termined by the transitions V ! �+�� of the light ve
-tor mesons (V = �; !; �0; �00) into the �nal state. Themain 
ontribution in this energy region 
omes from the�! �+�� and from the G-parity violating ! ! �+��transitions. Studies of the e+e� ! �+�� rea
tion al-low determining the � and ! meson parameters andprovide information on the G-parity violation me
ha-nism.At low energies, the e+e� ! �+�� 
ross se
tiongives the dominant 
ontribution to the 
elebrated ratioR(s) = �(e+e� ! hadrons)�(e+e� ! �+��) ;*E-mail: a
hasov�inp.nsk.su

whi
h is used for 
al
ulation of the dispersion inte-grals (for example, for evaluation of the ele
tromag-neti
 running 
oupling 
onstant at the Z-boson mass�em(s = m2Z) or for determination of the hadroni
 
on-tribution ahadr� to the anomalous magneti
 moment ofthe muon, whi
h is nowadays measured with very higha

ura
y 5 � 10�6 [1, 2℄.Assuming 
onservation of the ve
tor 
urrent (CVC)in the isospin symmetry limit, the spe
tral fun
tion ofthe �� ! ���0�� de
ay 
an be related to the isove
torpart of the e+e� ! �+�� 
ross se
tion. The spe
-tral fun
tion was determined with high pre
ision inRefs. [3�5℄. The 
omparison of the e+e� ! �+�� 
rossse
tion with what follows from the spe
tral fun
tionprovides an a

urate test of the CVC hypothesis.The pro
ess e+e� ! �+�� in the energy regionps < 1000 MeV was studied in several experiments[6�19℄ during more than 30 years. In the presentwork, the results of the e+e� ! �+�� 
ross se
tion6 ÆÝÒÔ, âûï. 6 (12) 1201
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hasov, K. I. Beloborodov, A. V. Berdyugin et al. ÆÝÒÔ, òîì 128, âûï. 6 (12), 2005measurement with spheri
al neutral dete
tor (SND) at390 � ps � 980 MeV are reported.2. EXPERIMENTThe SND [20℄ operated from 1995 to 2000 at theVEPP-2M [21℄ 
ollider in the energy range ps from360 to 1400 MeV. The dete
tor 
ontains several sub-systems. The tra
king system in
ludes two 
ylindri
aldrift 
hambers. The three-layer spheri
al ele
tromag-neti
 
alorimeter is based on NaI(Tl) 
rystals. Themuon/veto system 
onsists of plasti
 s
intillation 
oun-ters and two layers of streamer tubes. The 
alorimeterenergy and angular resolutions depend on the photonenergy as (�E=E)% = 4:2%= 4pE[GeV℄and ��;� = 0:82Æ=pE[GeV℄� 0:63Æ:The tra
king system angular resolution is about 0:5Æand 2Æ for azimuthal and polar angles respe
tively.In 1996�2000 the SND 
olle
ted data in the energyregion ps < 980 MeV with the integrated luminos-ity about 10:0 pb�1. The beam energy was 
al
ulatedfrom the magneti
 �eld value in the bending magnetsof the 
ollider. The a

ura
y of the energy setting isabout 0.1 MeV. The beam energy spread varies in therange from 0.06 MeV at ps = 360 MeV to 0.35 MeV atps = 970 MeV.3. DATA ANALYSISThe 
ross se
tion of the e+e� ! �+�� pro
ess wasmeasured as follows.1. The 
ollinear events e+e� ! e+e�; �+��; �+��were sele
ted.2. The sele
ted events were sorted into the two
lasses: e+e� and �+��; �+�� using the energy depo-sition in the 
alorimeter layers.3. The e+e� ! e+e� events were used for inte-grated luminosity determination. The events of thee+e� ! �+�� pro
ess were subtra
ted a

ording tothe theoreti
al 
ross se
tion, integrated luminosity, anddete
tion e�
ien
y.4. To determine the 
ross se
tion of thee+e� ! �+�� pro
ess, the number of e+e� ! �+��events in ea
h energy point were normalized to theintegrated luminosity and divided by the dete
tione�
ien
y and radiative 
orre
tion.
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Fig. 1. Energy deposition spe
tra for ele
trons with theenergies 180, 300, 390, and 485 MeV in experiment(dots) and MC simulation (histogram)The dete
tion e�
ien
y was obtained from MonteCarlo (MC) simulation [20℄. The MC simulation ofSND is based on the UNIMOD [22℄ pa
kage. TheSND geometri
al model des
ription 
omprises about10000 distin
t volumes and in
ludes details of the SNDdesign. The primary generated parti
les are tra
kedthrough the dete
tor media with the following e�e
tstaken into a

ount: ionization losses, multiple s
atter-ing, bremsstrahlung of ele
trons and positrons, Comp-ton e�e
t and Rayleigh s
attering, e+e� pair produ
-tion by photons, photoe�e
t, unstable parti
les de
ays,intera
tion of stopped parti
les, and nu
lear intera
tionof hadrons [23�25℄. After that, the signals produ
edin ea
h dete
tor element are simulated. The ele
tron-i
s noise, signals pile up, the a
tual time and ampli-tude resolutions of the ele
troni
s 
hannels and broken
hannels were taken into a

ount during pro
essing theMonte Carlo events to provide the adaptable a

ountof variable experimental 
onditions.The Monte Carlo simulation of the pro
essese+e� ! e+e�; �+��; �+�� was based on the formulaobtained in the Refs. [26�28℄. The simulation of thepro
ess e+e� ! e+e� was performed with the 
ut30Æ < �e� < 150Æ on the polar angles of the �nalele
tron and positron.The e+e� ! e+e�, �+�� and �+�� events dif-fer by energy deposition in the 
alorimeter. In thee+e� ! e+e� events, the ele
trons produ
e an ele
tro-magneti
 shower with the most probable energy lossesabout 0.92 of the initial parti
le energy. The distri-butions of the energy deposition of the ele
trons withdi�erent energies are shown in Fig. 1. The experimentaland simulated spe
tra are in good agreement. Muonslose their energy by ionization of the 
alorimeter ma-1202
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Fig. 2. Energy deposition spe
tra for the 500 MeVmuons in experiment (dots) and MC simulation (his-togram)
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Fig. 3. Spe
tra of the ionization losses of the pions withthe energy E� > 360 MeV in the �rst 
alorimeter layer.Dots � experiment, histogram � MC simulationterial through whi
h they pass and their energy depo-sition spe
tra are well modeled in simulation (Fig. 2).The similar ionization losses are experien
ed by 
hargedpions, and this part of the 
harged pion energy depo-sition is well des
ribed by simulation (Fig. 3). Butpions also lose their energy due to nu
lear intera
tions,whi
h is not so a

urately reprodu
ed in simulation.This leads to some di�eren
e in the energy depositionspe
tra in experiment and simulation for 
harged pions(Fig. 4).The dis
rimination between ele
trons and pions inthe SND is based on the di�eren
e in the longitudi-nal energy deposition pro�les (deposition in 
alorime-ter layers) for these parti
les. To fully use the 
orrela-tions between energy depositions in the 
alorimeter lay-ers, the 
orresponding separation parameter was based
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Fig. 4. Energy deposition spe
tra of the pions withthe energy E� = 300 MeV. Dots � experiment, his-togram � MC simulation
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Fig. 5. The e=� dis
rimination parameter distributionfor all 
ollinear events in the energy region ps from880 to 630 MeV. Dots � experiment, histogram �MC simulationon the neural network approa
h [29℄. For ea
h energypoint, the neural network � multilayer per
eptron was
onstru
ted. The network had the input layer 
onsist-ing of 7 neurons, two hidden layers with 20 neuronsea
h, and the output layer with one neuron. As theinput data, the network used the energy depositions ofparti
les in 
alorimeter layers and the polar angle of oneof the parti
les. The output signal Re=� is a number inthe interval from �0:5 to 1.5. The network was trainedby using simulated e+e� ! �+�� and e+e� ! e+e�events. The distribution of the dis
rimination param-eter Re=� is shown in Fig. 5. The e+e� ! e+e�events are lo
ated in the region Re=� > 0:5, and thee+e� ! �+��; �+�� events at Re=� < 0:5.1203 6*
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tion 
riteriaDuring the experimental runs, the �rst-level trig-ger [20℄ sele
ts events with one or more tra
ks in thetra
king system and with two 
lusters in the 
alorime-ter with the spatial angle between the 
lusters morethan 100Æ. The threshold on energy deposition in a
luster was equal to 25 MeV. The threshold on the to-tal energy deposition in the 
alorimeter was set equalto 140 MeV in the energy region ps � 850 MeV, andto 100 MeV, or was absent at all, below 850 MeV. Dur-ing pro
essing of the experimental data, event re
on-stru
tion is performed [20, 30℄. For further analysis,events 
ontaining two 
harged parti
les with jzj < 10
m and r < 1 
m were sele
ted. Here, z is the 
oor-dinate of the 
harged parti
le produ
tion point alongthe beam axis (the longitudinal size of the intera
tionregion depends on the beam energy and varies from 1.5to 2.5 
m) and r is the distan
e between the 
hargedparti
le tra
k and the beam axis in the r� plane. Thepolar angles of the 
harged parti
les were bounded bythe 
riterion 55Æ < � < 125Æ and the energy depositionof ea
h of them was required to be greater than 50 MeV.The following 
uts on the a
ollinearity angles in the az-imuthal and polar planes were applied: j��j < 10Æ andj��j < 10Æ. In the event sample sele
ted under these
onditions, one has the e+e� ! e+e�, �+��, �+��events, 
osmi
 muons ba
kground, and a small 
ontri-bution from the e+e� ! �+���0 rea
tion atps � m!.The muon system veto was used for suppression of the
osmi
 muon ba
kground (veto = 0).3.2. The ba
kground from 
osmi
 muons andfrom the e+e�! �+���0 pro
essThe number of ba
kground events from thee+e� ! �+���0 pro
ess was estimated asN3�(s) = �3�(s)�3�(s)IL(s); (1)where �3�(s) is the 
ross se
tion of thee+e� ! �+���0 pro
ess with the radiative 
or-re
tions taken into a

ount, IL(s) is the integratedluminosity, and �3�(s) is the dete
tion probability forthe ba
kground pro
ess obtained from the simulationunder the sele
tion 
riteria des
ribed above. Thevalues of �3�(s) were taken from the SND mea-surements [31℄. Although �3�(m!) � 1300 nb, thee+e� ! 3� pro
ess 
ontribution to the total numberof 
ollinear events at the ! resonan
e peak is lessthan 0.3%. The leading role in the suppression of thisba
kground was played by the 
uts on the a
ollinearityangles �� and ��. In order to 
he
k the estimate
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z, ñìFig. 7. Distribution of the z 
oordinate of the 
hargedparti
le produ
tion point along the beam axis for
ollinear events at ps = 180 MeV. Histogram � allevents, dashed distribution � events with muon sys-tem veto (veto = 1)in (1), the events 
ontaining two and more photonswith energy depositions more than 200 MeV were
onsidered.Be
ause our sele
tion 
riteria sele
t the e+e� ! 3�events with 
ollinear 
harged pions and therefore theneutral pion in this events has relatively low energy,the 
onstraint on the photon energy deposition greatlysuppresses the events other than e+e� ! 3� events. Toobtain the e+e� ! 3� event number n3�, the invariantmass spe
trum m

 (Fig. 6) was �tted by the sum of aGaussian fun
tion and a se
ond-order polynomial:G(m

)n3� + P2(m

)(n� n3�):The value of n3� agrees with events number 
al
ulateda

ording to (1).The 
osmi
 muon ba
kground was suppressed by1204
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Fig. 8. The �� distribution of the e+e� ! e+e�events. Dots � experiment, histogram � MC sim-ulation
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Fig. 9. The �� distribution of the e+e� ! �+��events. Dots � experiment, histogram � MC simula-tion
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Fig. 10. The �� distribution of the e+e� ! e+e�events. Dots � experiment, histogram � MC simula-tion
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Fig. 11. The �� distribution of the e+e� ! �+��events. Dots � experiment, histogram � MC simula-tionthe muon/veto system. The z 
oordinate distribu-tion for the 
harged parti
le produ
tion point alongthe beam axis is shown in Fig. 7 for 
ollinear events.The e+e� annihilation events have the Gaussian distri-bution peaked at z = 0, while the 
osmi
 ba
kgrounddistribution is nearly uniform and 
learly extends out-side the peak. As Fig. 7 shows, the muon system veto(veto = 1) separates 
osmi
 muons from the e+e� an-nihilation events. The residual event number of the
osmi
 muon ba
kground was estimated from the for-mula N� = ��T; (2)where �� � 1:3 � 10�3 Hz is the frequen
y of 
osmi
ba
kground registration under the applied sele
tion 
ri-teria and T is the time of data taking. The value of ��was obtained by using data 
olle
ted in spe
ial runswithout beams in the 
ollider. The �rst-level trigger
ounting rate in these runs was 2 Hz. The 
ontribu-tion of the 
osmi
 ba
kground to the total number ofsele
ted 
ollinear events depends on the energy ps andvaries from 0.1 to 1%.The e+e� ! �+���0 events are 
on
entrated inthe Re=� dis
rimination parameter region Re=� < 0:5.The 
osmi
 ba
kground events at the energiesps > 600 MeV also fall in the area Re=� < 0:5,be
ause the energy deposition of the 
osmi
 muonsis mu
h lower than the energy deposition in thee+e� ! e+e� events. For lower 
enter-of-massenergies, the 
osmi
 ba
kground moves to the areaRe=� > 0:5, be
ause the energy depositions are 
losein this 
ase.1205
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Fig. 12. The � angle distribution of the e+e� ! e+e�events. Dots � experiment, histogram � MC simula-tion3.3. Dete
tion e�
ien
yThe �� and �� distributions of the e+e� ! e+e�and e+e� ! �+�� events are shown in Figs. 8, 9, 10,and 11. Experiment and simulation agree rather well.As a measure of the systemati
 un
ertainty due to the�� 
ut, the following value was used:Æ�� = Æ����Æee�� ; (3)whereÆx�� = nx(j��j < 10Æ)Nx(j��j < 20Æ),mx(j��j < 10Æ)Mx(j��j < 20Æ) ; x = ��(ee):Here, nx(j��j < 10Æ) andmx(j��j < 10Æ) are the num-bers of experimental and simulated events, sele
ted un-der the 
ondition j��j < 10Æ, while Nx(j��j < 20Æ)and Mx(j��j < 20Æ) are the numbers of experimen-tal and simulated events with j��j < 20Æ. The Æ��does not depend on energy, its average value is equalto 0.999, and it has the systemati
 spread 0.4%. Thissystemati
 spread was added to the error of the 
rossse
tion measurement at ea
h energy point. The sys-temati
 error due to the �� 
ut is signi�
antly lowerand was negle
ted.The polar angle distributions for the e+e� ! e+e�and e+e� ! �+�� pro
esses are shown in Figs. 12and 13. The ratio of these � distributions is shown inFig. 14. The experimental and simulated distributionsare in agreement. To estimate the systemati
 ina

u-ra
y due to the � angle sele
tion 
ut, the following ratiowas used: Æ� = Æ(�x)Æ(55Æ) ; (4)
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Fig. 13. The � angle distribution of the e+e� ! �+��events. Dots � experiment, histogram � MC simula-tion
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Fig. 14. The ratio of � distributions of thee+e� ! �+�� and e+e� ! e+e� pro
esses. Dots �experiment, histogram � MC simulationwhereÆ(�x) == N��(�x < � < 180Æ��x)Nee(�x < � < 180Æ��x),M��(�x < � < 180Æ��x)Mee(�x < � < 180Æ��x) ;50Æ < �x < 90Æ:Here, N��(�x < � < 180Æ � �x), Nee(�x < � << 180Æ � �x), M��(�x < � < 180Æ � �x), andMee(�x < � < 180Æ � �x) are the experimental andsimulated e+e� ! �+�� and e+e� ! e+e� eventnumbers in the angular range �x < � < 180Æ � �x.The maximal di�eren
e of Æ� from unity was found tobe 0.8%. This value was taken as a systemati
 error�� = 0:8% asso
iated with the angular sele
tion 
ut.In the tra
king system, the parti
le tra
k 
an belost due to re
onstru
tion ine�
ien
y. The probabili-1206
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Fig. 15. The ÆE>50 
orre
tion 
oe�
ient asso
iatedwith the pion energy deposition 
ut vs the pion ener-gy E�ties to �nd the tra
k was determined by using experi-mental data themselves. It was found to be "e � 0:996for ele
trons and "� � 0:995 for pions. In simulation,these values do not a
tually di�er from unity, whilein reality, the tra
k �nding probability for ele
trons isslightly greater than for pions. Therefore, the dete
tione�
ien
y was multiplied by the 
orre
tion 
oe�
ientÆre
 = �"�"e �2 = 0:997: (5)Pions 
an be lost due to the nu
lear intera
tion inthe dete
tor material before the tra
king system, forexample, via the rea
tion ��N ! ��N with the �-nal pion s
attered at a large angle or via the 
hargeex
hange rea
tion ��N ! �0N . As a measure of sys-temati
 ina

ura
y asso
iated with this e�e
t, the dif-feren
e from unity of the following quantity was used:Ænu
l = 0� 1� n3N1� m3M 1A2 : (6)Here, N and M are the pion numbers in experimentand simulation; n and m are the pion numbers in ex-periment and simulation in the 
ase where a tra
k inthe drift 
hamber nearest to the beam pipe was de-te
ted but the 
orresponding tra
k in the se
ond drift
hamber and asso
iated 
luster in the 
alorimeter wasnot found. The parti
le loss probability was divided by3, the ratio of the amounts of matter between the drift
hambers and before the tra
king system. The devi-ation of Ænu
l from 1 was taken as a systemati
 error�nu
l = 0:2%.Un
ertainties in simulation of pion nu
lear intera
-tions imply that the 
ut on the parti
le energy deposi-tion leads to an ina

ura
y in the dete
tion e�
ien
y

of the e+e� ! �+�� pro
ess. To take this ina

ura
yinto a

ount, the dete
tion e�
ien
y was multiplied bythe 
orre
tion 
oe�
ients. The 
orre
tion 
oe�
ientswere obtained by using events of the e+e� ! �+���0rea
tion [30�32℄. Pion energies in the e+e� ! �+���0events were determined via the kinemati
 �t. The pionenergies were divided into the 10 MeV wide bins. Forea
h bin, the 
orre
tion 
oe�
ient (Fig. 15) was ob-tained as ÆE>50 = � ni=Nimi=Mi �2; (7)where i is the bin number, Ni and Mi are the pionnumbers in experiment and simulation sele
ted in theith bin by the kinemati
 �t without any 
ut on theenergy deposition in the 
alorimeter; and ni and miare the pion numbers in experiment and simulationunder the 
ondition that the pion energy depositionis greater than 50 MeV. To estimate systemati
 errorsin determining these 
orre
tion 
oe�
ients, we 
onsid-ered the ratio of the probability that both pions in sim-ulated e+e� ! �+�� events have energy depositionmore than 50 MeV to the quantity (mi=Mi)2. Thisratio is 0.994 at ps > 420 MeV and about 0.97 atps < 420 MeV. The di�eren
e of this ratio from unitywas taken as a systemati
 error �E>50 of the ÆE>50
orre
tion 
oe�
ient determination: �E>50 = 0:6% atps > 420 MeV and �E>50 = 3% at ps < 420 MeV.In the energy regionps = 840�970MeV, the proba-bility to hit the muon/veto system for muons and pionsvaries from 1% to 93%, and from 0.5% to 3% respe
-tively. The usage of the muon system veto for event se-le
tion (veto = 0) leads to ina

ura
y in the measured
ross se
tion determination due to the un
ertainty inthe simulation of the muons and pions traversing thedete
tor atps > 840MeV. To obtain the ne
essary 
or-re
tions, the events 
lose to the median plane � < 10Æ,170Æ < � < 190Æ, � > 350Æ, where the 
osmi
 ba
k-ground is minimal, were used. The e+e� ! �+��
ross se
tion was measured with (veto = 0) and with-out (veto � 0) using the muon system, and the follow-ing 
orre
tion 
oe�
ient was obtained for ea
h energypoint: Æveto = �(e+e� ! �+��; veto � 0)�(e+e� ! �+��; veto = 0) : (8)It was found that Æveto = 0:95 at ps = 970 MeV andqui
kly rises up to 1 for lower energies.The dete
tion e�
ien
ies of the pro
essese+e� ! �+��, �+�� and e+e� after all the applied
orre
tions are shown in Fig. 16. The dete
tion e�-
ien
y is independent of energy for the e+e� ! e+e�1207
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400 600 800 ps;MeV00:20:40:6"

Fig. 16. The dete
tion e�
ien
ies "�� (?), "ee (�),and "�� (�), of the e+e� ! �+��; �+�� and e+e�pro
essesrea
tion but depends on it for the e+e� ! �+�� and�+�� pro
esses. The de
rease of the e+e� ! �+��pro
ess dete
tion e�
ien
y at ps > 800 MeV is 
ausedby the fa
t that the probability for muons to hit themuon system rises with energy. The dete
tion e�-
ien
y of the e+e� ! �+�� pro
ess at ps > 500 MeVis determined mainly by the 
uts on the pion angles.Below 500 MeV, the dete
tion e�
ien
y de
reasesdue to the 
ut on the pion energy deposition inthe 
alorimeter. The statisti
al error � 1% of thedete
tion e�
ien
y determination was added to the
ross se
tion measurement error at ea
h energy point.The total systemati
 error of the dete
tion e�
ien
ydetermination �eff = �E>50 � �nu
l � �� is �eff = 1%at ps � 420 MeV and �eff = 3:1% at ps < 420 MeV.3.4. Measurement of the e+e�! �+�� 
rossse
tionThe number of sele
ted events in the regionsRe=� < 0:5 and Re=� > 0:5 areN = N�� +Nee +N�� +N� +N3�; (9)M =M�� +Mee +M�� +M� +M3�: (10)Here, N and M are the event numbers in the respe
-tive regions Re=� < 0:5 and Re=� > 0:5. N�, M� andN3�,M3� are the numbers of ba
kground events due to
osmi
 muons and the e+e� ! �+���0 pro
ess, 
al
u-lated as des
ribed above. The e+e� ! �+�� pro
essevent number 
an be written asN�� = ���"��(1� ���)IL; (11)M�� = ���"�����IL; (12)

where ��� is the e+e� ! �+�� pro
ess 
ross se
-tion obtained a

ording to Ref. [27℄, "�� is the pro-
ess dete
tion e�
ien
y, ��� is the probability for thee+e� ! �+�� pro
ess events to have Re=� > 0:5, andIL is the integrated luminosity,IL = Mee�ee"ee�ee ; (13)where "ee and �ee are the dete
tion e�
ien
y andthe probability to have Re=� > 0:5 for the pro
esse+e� ! e+e�, and �ee is the pro
ess 
ross se
tionwith the 30Æ < � < 150Æ angular 
ut for the ele
tronand positron in the �nal state. The 
ross se
tion �eewas 
al
ulated using the BHWIDE 1.04 [33℄ 
ode withthe a

ura
y 0.5%. The e+e� ! �+�� pro
ess eventnumber with Re=� > 0:5 and the e+e� ! e+e� pro
essevent number with Re=� < 0:5 
an be written asNee = 1� �ee�ee Mee = �eeMee;M�� = 1� �ee�ee N�� = ���N��:The e+e� ! e+e� pro
ess event number withRe=� > 0:5 and the e+e� ! �+�� pro
ess event num-ber with Re=� < 0:5 are equal toMee = M �M� � ���(N �N�)������ ; (14)N�� = N �N� �Mee�; (15)where � = �ee + ���"��(1� ���) +N3�=IL�ee"ee�ee ;� = 1 + ���"����� +M3�=IL�ee"ee�ee :The per
entage of ea
h pro
ess in the sele
ted eventsversus the energy ps is shown in Fig. 17. The ex-perimental angular distributions agree with the sum ofdistributions for ea
h pro
ess weighted a

ording to its
ontribution (Fig. 18).The e+e� ! �+�� pro
ess 
ross se
tion is 
al
u-lated from the formula��� = N��IL"��(1� ���) == �ee"ee�ee"��(1� ���) 0BB� ������M �M�N �N� � ��� ��1CCA : (16)1208



ÆÝÒÔ, òîì 128, âûï. 6 (12), 2005 Study of the pro
ess e+e� ! �+�� : : :

400 600 800 √
s,MeV10−3

10−2

10−1

1

Ni/N 1 235 4
Fig. 17. The per
entage of the e+e� ! e+e� (1 ),�+�� (2 ), �+�� (3 ), �+���0 (4 ) and 
osmi
 ba
k-ground (5 ) vs the energy ps

60 80 100 120�; degree00:050:100:15Ni=N

Fig. 18. The � angle distributions of all 
ollinear eventsat ps from 880 MeV to 630 MeV. Dots � experiment,histogram � MC simulationTo estimate the systemati
 un
ertainty due to e��dis
rimination, the pseudo �� and pseudo ee eventsin the experiment and simulation were formed. Thepseudo �� events were 
onstru
ted by using pions fromthe e+e� ! �+���0 rea
tion. To 
onstru
t the pseudo�� event with the pions having energy E0, two 
hargedpions with energies E� su
h that jE0 � E�j < 10 MeVwere used from two separate e+e� ! �+���0 events.Of 
ourse, su
h pseudo �� events are in general not
ollinear, but this is irrelevant for our purposes here.The pseudo ee event was 
onstru
ted analogously fromthe parti
les of two separate 
ollinear events su
h thattheir partners in these events have energy depositions inthe 
alorimeter layers typi
al for ele
trons. Figures 19and 20 show the probabilities for the dis
rimination pa-rameter to have values less than some magnitude in ex-periment and simulation for su
h pseudo events. Usingthese distributions, the 
orre
tions to the probabilities

0.2 0.4 0.6 0.8 1.0 1.2
Re/π
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Fig. 19. The probability of the pseudo �� events tohave the Re=� value less than some R0. Dots � ex-periment, histogram � MC simulation
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P (Re/π > R0)

Re/πFig. 20. The probability of the pseudo ee events tohave the Re=� value greater than some R0. Dots �experiment, histogram � MC simulationfor the separation parameter Re=� to be greater or lessthan 0.5 was obtained. The di�eren
e between 
rossse
tions measured with and without these 
orre
tionswas taken as a systemati
 error and its value does notex
eed 0.5% for di�erent energy points.The obtained 
ross se
tions together with the ra-diative 
orre
tions Ærad, in
luding the initial and �nalstate radiation, are presented in Table 1. The Ærad ra-diative 
orre
tion was 
al
ulated a

ording to Ref. [28℄.The a

ura
y of its determination is 0.2%. Given theradiative 
orre
tions, the Born 
ross se
tion for thee+e� ! �+�� pro
ess 
an be obtained as�0(s) = ���(s)Ærad(s) : (17)The value of Ærad(s) depends on the 
ross se
tion at1209
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hasov, K. I. Beloborodov, A. V. Berdyugin et al. ÆÝÒÔ, òîì 128, âûï. 6 (12), 2005Table 1. The results of the e+e� ! �+�� 
ross se
tion measurements. ��� is the e+e� ! �+�� 
ross se
tion withthe radiative 
orre
tions due to the initial and �nal state radiation taken into a

ount, Ærad is the radiative 
orre
tiondue to the initial and �nal state radiation, �0 and jF�j2 are the 
ross se
tion and the form fa
tor of the e+e� ! �+��pro
ess after the radiative 
orre
tions were undressed, and �pol�� is the e+e� ! �+�� undressed 
ross se
tion withoutva
uum polarization but with the �nal state radiation. Only un
orrelated errors are shown. The 
orrelated systemati
error �sys is 1:3% for ps � 420 MeV and 3.2% for ps < 420 MeVps, MeV ��� , nb Ærad �0, nb jF� j2 �pol�� , nb970.0 118.12� 2.76 1.491 79.20� 1.85 3.91� 0.09 77.53� 1.81958.0 137.16� 2.94 1.454 94.34� 2.02 4.56� 0.10 92.16� 1.97950.0 150.02� 2.85 1.430 104.88� 1.99 4.99� 0.09 102.35� 1.94940.0 166.55� 2.27 1.400 119.00� 1.62 5.56� 0.08 116.01� 1.58920.0 204.99� 7.14 1.340 152.96� 5.33 6.89� 0.24 148.60� 5.18880.0 310.82� 3.52 1.220 254.67� 2.88 10.65� 0.12 245.94� 2.78840.0 513.80� 4.76 1.106 464.48� 4.30 17.99� 0.17 446.64� 4.13820.0 676.03� 5.99 1.055 640.60� 5.68 23.86� 0.21 614.57� 5.45810.0 760.19� 6.58 1.032 736.34� 6.37 26.90� 0.23 704.79� 6.10800.0 856.66� 7.32 1.013 845.61� 7.23 30.28� 0.26 807.33� 6.90794.0 890.86� 7.43 1.009 883.09� 7.37 31.25� 0.26 838.38� 7.00790.0 892.35�17.70 1.015 879.09�17.44 30.86� 0.61 829.16� 16.45786.0 926.47� 7.84 1.031 898.19� 7.60 31.28� 0.26 842.92� 7.13785.0 941.34� 9.33 1.032 911.99� 9.04 31.70� 0.31 858.12� 8.51784.0 989.76�20.12 1.025 966.05�19.64 33.51� 0.68 915.22� 18.61783.0 1060.12�11.38 1.010 1050.08�11.27 36.35� 0.39 1005.99� 10.80782.0 1123.55�26.83 0.989 1136.34�27.14 39.26� 0.94 1102.62� 26.33781.0 1158.03�10.80 0.971 1192.83�11.12 41.13� 0.38 1169.48� 10.90780.0 1211.67� 9.98 0.957 1266.56�10.43 43.59� 0.36 1252.62� 10.32778.0 1273.38� 9.47 0.944 1349.27�10.03 46.25� 0.34 1343.80� 9.99774.0 1282.06� 9.49 0.938 1366.85�10.12 46.48� 0.34 1361.99� 10.08770.0 1249.25� 9.26 0.935 1336.51� 9.91 45.08� 0.33 1330.42� 9.86764.0 1247.24� 9.35 0.932 1338.62�10.04 44.61� 0.33 1331.35� 9.99760.0 1244.74� 9.58 0.927 1342.60�10.33 44.39� 0.34 1335.30� 10.27750.0 1219.07�21.50 0.920 1325.56�23.38 42.95� 0.76 1321.82� 23.31720.0 989.95� 6.62 0.910 1087.59� 7.27 33.15� 0.22 1091.88� 7.30lower energies, and it was therefore 
al
ulated itera-tively. The iteration stops then its value 
hanges bynot more than 0.1% in 
onse
utive iterations. The formfa
tor valuesjF�(s)j2 = 3s��2�3 ���(s); � =r1� 4m2�sare also listed in Table 1. To evaluate the value ofR(s) = �(e+e� ! hadrons)�(e+e� ! �+��) ;
whi
h is used in 
al
ulating dispersion integrals, thebare 
ross se
tion e+e� ! �+�� is used (the 
rossse
tion without va
uum polarization 
ontribution butwith the �nal state radiation taken into a

ount),�pol�� (s) = �0(s)j1��(s)j2�1 + ��a(s)�; (18)where �(s) is the polarization operator 
al
u-lated a

ording to the Ref. [27℄ from the knowne+e� ! hadrons 
ross se
tion [34℄. The last fa
tor1210



ÆÝÒÔ, òîì 128, âûï. 6 (12), 2005 Study of the pro
ess e+e� ! �+�� : : :Table 1. (Continued)ps, MeV ���, nb Ærad �0, nb jF�j2 �pol�� , nb690.0 717.99� 7.78 0.915 784.79� 8.50 22.50� 0.24 789.95� 8.56660.0 515.95� 5.87 0.923 558.83� 6.36 15.07� 0.17 561.19� 6.39630.0 382.69� 8.35 0.933 410.32� 8.95 10.41� 0.23 411.22� 8.97600.0 287.18�10.56 0.940 305.50�11.23 7.30� 0.27 305.61� 11.23580.0 255.24�14.39 0.945 270.24�15.24 6.22� 0.35 269.85� 15.22560.0 226.60�12.41 0.948 239.01�13.09 5.30� 0.29 238.63� 13.07550.0 217.52�17.51 0.950 228.99�18.43 4.99� 0.40 228.29� 18.37540.0 212.67�13.55 0.952 223.47�14.24 4.78� 0.30 222.82� 14.20530.0 200.04�22.75 0.953 210.00�23.88 4.42� 0.50 209.43� 23.82520.0 178.13�10.25 0.954 186.73�10.75 3.87� 0.22 186.26� 10.72510.0 174.28�16.65 0.954 182.60�17.45 3.73� 0.36 181.82� 17.38500.0 175.22�10.78 0.955 183.52�11.29 3.70� 0.23 182.77� 11.24480.0 165.18� 9.58 0.955 172.90�10.03 3.41� 0.20 172.29� 9.99470.0 143.94�13.21 0.955 150.71�13.83 2.94� 0.27 150.22� 13.78450.0 141.32�14.21 0.954 148.10�14.89 2.86� 0.29 147.42� 14.82440.0 116.15�15.58 0.953 121.86�16.35 2.35� 0.32 121.34� 16.28430.0 111.27�12.60 0.952 116.86�13.23 2.26� 0.26 116.41� 13.18410.0 127.38�19.11 0.949 134.23�20.14 2.64� 0.40 133.84� 20.08390.0 121.81�22.48 0.944 128.98�23.80 2.65� 0.49 128.76� 23.76takes the �nal state radiation into a

ount, and a(s)has the form [35℄a(s) = 1 + �2� �4Li2�1� �1 + ��+ 2Li2��1� �1 + ���� 3 ln 21 + � ln 1 + �1� � � 2 ln� ln 1 + �1� � ��� 3 ln 41� �2 � 4 ln� + 1�3 �54(1 + �2)2 � 2��� ln 1 + �1� � + 32 1 + �2�2 :Here, Li2(x) = � xZ0 dt ln(1� t)=t:The values of �pol�� (s) are listed in Table 1.The total systemati
 error of the 
ross se
tion de-termination is�sys = �eff � �sep � �IL � �rad:Here, �eff is the systemati
 error of the dete
tion e�-
ien
y determination, �sep is the systemati
 error asso-
iated with the e� � separation, �IL is the systemati


error of the integrated luminosity determination, and�rad is the un
ertainty of the radiative 
orre
tion 
al
u-lation. The magnitudes of various 
ontributions to thetotal systemati
 error are shown in Table 2. The totalsystemati
 error of the 
ross se
tion determinations is�sys = 1:3% at ps � 420 MeV and �sys = 3:2% atps < 420 MeV.4. THE e+e�! �+�� CROSS SECTIONANALYSIS4.1. Theoreti
al frameworkIn the framework of the ve
tor meson dominan
emodel, the 
ross se
tion of the e+e� ! �+�� pro
essis ���(s) = 4��2s3=2 P��(s)jA��(s)j2: (19)Here, P��(s) is the phase spa
e fa
tor:P��(s) = q3�(s); q�(s) = 12ps� 4m2�:1211



M. N. A
hasov, K. I. Beloborodov, A. V. Berdyugin et al. ÆÝÒÔ, òîì 128, âûï. 6 (12), 2005Table 2. Various 
ontributions to the system-ati
 error of the e+e� ! �+�� 
ross se
tion de-termination. �sys is the total systemati
 error and�eff = �E>50��nu
l��� is the systemati
 ina

ura
yof the dete
tion e�
ien
y determinationError Contributionat ps � 420 MeV Contributionat ps < 420 MeV�E>50 0.6% 3.0%�nu
l 0.2% 0.2%�� 0.8% 0.8%�eff 1.0% 3.1%�sep 0.5% 0.5%�IL 0.5% 0.5%�rad 0.2% 0.2%�sys 1.3% 3.2%The amplitudes of the 
? ! �+�� transition are givenbyjA��(s)j2 = �����r32 1� �� XV=�;!;�0;�00 �Vm3VpmV �(V ! �+��)DV (s) �� ei��Vpq3�(mV ) �����2; (20)where DV (s) = m2V � s� ips�V (s);�V (s) =Xf �(V ! f; s):Here, f denotes the �nal state of the V ve
tor meson de-
ay, mV is the ve
tor meson mass, and �V = �V (mV ).The following forms of the energy dependen
e of theve
tor meson total widths were used:�!(s) = m2!s q3�(s)q3�(m!)�!B(! ! �+��) ++ q3�
(s)q3�
(m!)�!B(! ! �0
) ++ W��(s)W��(m!)�!B(! ! 3�);�V (s) = m2Vs q3�(s)q3�(mV )�V ; V = �; �0; �00:

Here, q�
 = s�m2�2ps ;W��(s) is the phase-spa
e fa
tor for the �� ! �+���0�nal state [30�32℄. In the energy dependen
e of the�; �0; �00 mesons widths, only the V ! �+�� de
ayswere taken into a

ount. This approa
h is justi�ed inthe energy regionps < 1000MeV. Nowadays, the �0; �00de
ays are rather poorly known, and therefore the sameapproximation was also used for �tting the data above1000 MeV. The !-meson mass and width were takenfrom the SND measurements: m! = 782:79 MeV and�! = 8:68 MeV [31℄.The relative de
ay probabilities were 
al
ulated asB(V ! X) = �(V ! X)�(V ) ; �(V ) =XX �(V ! X);�(V ! X) = 12�B(V ! e+e�)B(V ! X)m2V :In the analysis presented here, we have used�(! ! �0
) = 155:8 nb and �(! ! 3�) = 1615 nbobtained in the SND experiments [31, 36℄.The parameter ��V is the relative interferen
e phasebetween the ve
tor mesons V and �, and hen
e ��� = 0.The phases ��V 
an deviate from 180Æ or 0Æ, and theirvalues 
an be energy-dependent due to mixing betweenve
tor mesons. The phases ���0 and ���00 were �xed at180Æ and 0Æ, be
ause these values are 
onsistent withthe existing experimental data for the e+e� ! �+��rea
tion.Taking the � � ! mixing into a

ount, the! ! �+�� and � ! �+�� transition amplitudes 
anbe written as [37, 38℄A!!�+�� +A�!�+�� = g(0)
� g(0)���D�(s) �1� g(0)
!g(0)
� "(s)�++ g(0)
!g(0)���D!(s) �"(s) + g(0)!��g(0)��� �; (21)where "(s) = ���!D!(s)�D�(s) ;jgV 
 j = "3m3V �VB(V ! e+e�)4�� #1=2;jgV ��j = "6�m2V �V B(V ! �+��)q3�(mV ) #1=2:1212



ÆÝÒÔ, òîì 128, âûï. 6 (12), 2005 Study of the pro
ess e+e� ! �+�� : : :The supers
ript (0) denotes the 
oupling 
onstants ofthe bare, unmixed state. ��! is the polarization oper-ator of the �� ! mixing:��!(s) = Re(��!(s)) + i Im(��!(s)); (22)and Im(��!(s)) 
an be written asIm(��!(s)) = ps�g(0)���g(0)!��q3�(s)6�s ++ g(0)��
g(0)!�
q3�
(s) + g(0)��
g(0)!�
q3�
(s)3 �; (23)where gV P
 = �3�VB(V ! P
)q3P
(mV ) �1=2:We negle
ted the 
ontributions to Im(��!(s)) due tothe V P intermediate state (V = !; �,P = �; �). Thereal part Re(��!(s)) 
an be represented asRe(��!(s)) = Re(�
�!(s)) +Re(�0�!(s)); (24)where Re(�
�!(s)) = �4�g(0)�
 g(0)!
s (25)is the one-photon 
ontribution to Re(��!(s)). We as-sume that the energy dependen
e of Re(�0�!(s)) is neg-ligible, and 
an then be expressed by using the mea-sured bran
hing ratioB(! ! �+��) = ��(m!)�! ����"(m!) + g(0)!��g(0)��� ����2 (26)as Re(�0�!) = 4�g(0)�
 g(0)!
m2! + g(0)!��g(0)��� (m2! �m2�) ++(�!B(! ! �+��)��(m!) ����D!(m!)�D�(m!)����2�� �g(0)��
g(0)!�
q3�
(m!) + g(0)��
g(0)!�
q3�
(m!)3 ++ g(0)!��g(0)���m!�!�2)1=2 : (27)Equation (21) 
an be rewritten asA!!�+�� +A�!�+�� =r32 1� �� XV=!;� �Vm3V pmV �(V ! �+��)DV (s) �� fV ��(s)pq�(mV ) ; (28)

where fV ��(s) = rV ��(s)rV ��(mV ) ;andr���(s) = 1� g(0)
!g(0)
� "(s); r!��(s) = "(s) + g(0)!��g(0)��� :The theoreti
al value of the phase ��! 
an be 
al
u-lated from the above expressions:��! = arg(f!��(m!))� arg(f���(m�)) � 101Æ:The phase ��! is almost independent of energy. In this
al
ulation, we assumed that the ! ! �+�� transitionpro
eeds only via the �� ! mixing, that is, g(0)!�� = 0.To determine the g(0)���, g(0)
V , and g(0)V P
 
oupling 
on-stants, the 
orresponding measured de
ay widths wereused. 4.2. Fit to the experimental dataThe �0 and �00 parameters were determined from the�t to the e+e� ! �+�� 
ross se
tion measured in theenergy region ps < 2400 MeV by OLYA and DM2 de-te
tors [17, 39℄, together with the isove
tor part of thee+e� ! �+�� 
ross se
tion 
al
ulated by assumingthe CVC hypothesis from the spe
tral fun
tion of the�� ! ���0�� de
ay measured by CLEO II [5℄,���(mi) = 4(��)2mi B(� ! ��0�� )B(� ! e�e�� ) m8�12�jVudj2 1SEW �� 1mi(m2� �m2i )2(m2� + 2m2i ) 1N Ni�mi ; (29)wheremi is the 
entral value of the ���0 pair invariantmass for the ith bin, �mi is the bin width, Ni is thenumber of entries in the ith bin, N is the total num-ber of entries, jVudj is the CKM matrix element, andSEW = 1:0194 is the radiative 
orre
tion [3, 5, 40℄.The obtained �0 and �00 parameters were used inthe �tting to the SND data (Table 3, Fig. 21). Thefree parameters of the �t were m�, ��, �(� ! �+��),�(! ! �+��), ��! and �(�0 ! �+��). The �rst �twas performed with �(�00 ! �+��), �0 and �00 masses,and widths �xed at the values obtained from the �t tothe CLEO II and DM2 data. The se
ond and third�ts were done without the �00 meson. The �0 mass andwidth were �xed by using the results of the �t to theCLEO II and DM2 data (the se
ond variant in the Tab-le 3) and to the OLYA data (the third variant in Tab-le 3). The values of the � and ! parameters exhibit arather weak model dependen
e.1213
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olumn number N 
orresponds to the di�erent 
hoi
es of the �0 and �00 parametersN 1 2 3m�, MeV 774.9�0.4 774.9�0.4 774.9�0.4��, MeV 146.2�0.8 146.4�0.8 146.3�0.8�(�! �+��); nb 1222�7 1218�7 1219�7�(! ! �+��), nb 30.2�1.4 30.3�1.4 30.3�1.4��! , degree 113.6�1.3 113.4�1.3 113.5�1.3m�0 , MeV 1403 1403 1360��0 , MeV 455 455 430�(�0 ! �+��), nb 3.8�0.3 1.8�0.2 1.9�0.2m�00 , MeV 1756��00 , MeV 245�(�00 ! �+��), nb 1.7�2=Ndf 50.2/39 48.8/39 49.4/39
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Fig. 21. The e+e� ! �+�� 
ross se
tion. Stars arethe SND data obtained in this work, the 
urve is the�t result5. DISCUSSIONThe 
omparison of the e+e� ! �+�� 
ross se
-tion obtained in the SND experiment with other re-sults [8; 9; 17�19℄ is shown in Figs. 22, 23, 24, and 25.In the energy region ps < 600 MeV, all experimentaldata are in agreement (Fig. 22). Above 600 MeV, theOSPK(ORSAY-ACO)[8℄ and DM1 [9℄ points lie about10% lower than the SND ones (Fig. 23). The SND 
rossse
tion ex
eeds the OLYA and CMD measurements [17℄by 6� 1% in this energy region (Fig. 24). The system-ati
 error of OLYA measurement is 4% and the OLYAdata agree with the SND result. The systemati
 un
er-tainty of the CMD result is 2%, and hen
e the di�er-
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Fig. 22. The ratio of the e+e� ! �+�� 
ross se
-tion obtained in di�erent experiments to the �t 
urve(Fig. 21). The shaded area shows the systemati
 errorof the SND measurements. The SND (?, this work),CMD (Æ), OLYA (N) and DM1 (H) [9, 17℄ results arepresenteden
e between the SND and CMD results is about 2.5 ofthe joint systemati
 error. At the same time, the SNDand CMD data below 600 MeV agree well (Fig. 22).The average deviation between CMD2 [18℄ and SNDdata is 1:4�0:5%, the systemati
 ina

ura
ies of thesemeasurements are 0.6% and 1.3% respe
tively. In theKLOE experiment at the �-fa
tory DAF�NE, the formfa
tor jF�(s)j2 was measured by using the �radiativereturn� method with the systemati
 error 0.9% [19℄.In Ref. [19℄, the bare form fa
tor is listed. In order to1214
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,Fig. 23. The ratio of the e+e� ! �+�� 
ross se
-tion obtained in di�erent experiments to the �t 
urve(Fig. 21). The shaded area shows the systemati
 errorof the SND measurements. The SND (?, this work),DM1 (H), and OSPK (�) [8; 9℄ results are presented
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,Fig. 24. The ratio of the e+e� ! �+�� 
ross se
-tion obtained in di�erent experiments to the �t 
urve(Fig. 21). The shaded area shows the systemati
 errorof the SND measurements. The SND (?, this work),OLYA (N), and CMD (Æ) [17℄ results are presented
ompare the KLOE result with the SND one, we there-fore appropriately dressed the form fa
tor. The resultsof this 
omparison are shown in Fig. 25. The KLOEmeasurement is in 
on�i
t with the SND result as wellas with the CMD2 one.The �-meson parameters m�, ��, �(� ! �+��)were determined from the study of the e+e� ! �+��
ross se
tion. The � meson mass and width were foundto be m� = 774:9� 0:4� 0:5 MeV;
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ross se
-tion obtained in di�erent experiments to the �t 
urve(Fig. 21). The shaded area shows the systemati
 er-ror of the SND measurements. The SND (?, thiswork), CMD2 (�) and KLOE (�) [18; 19℄ results arepresented�� = 146:5� 0:8� 1:5 MeV:The systemati
 error is related to the a

ura
y of the
ollider energy determination, to the model un
ertaintyand to the error of the 
ross se
tion determination. The�-meson parameters were studied in other e+e� exper-iments by using the pro
esses e+e� ! �+�� [17; 18℄,e+e� ! �� ! �+���0 [32; 41℄ and the �� ! ���0��de
ay [3; 5℄. The SND results are in agreement withthese measurements, as is shown in Figs. 26 and 27.The parameter �(�! �+��) was found to be�(�! �+��) = 1220� 7� 16 nb;whi
h 
orresponds toB(�! e+e�)B(�! �+��) == (4:991� 0:028� 0:066) � 10�5;�(�! e+e�) = 7:31� 0:021� 0:11 keV:The systemati
 error in
ludes systemati
 un
ertaintiesin the 
ross se
tion measurement and the model depen-den
e. A 
omparison of the �(� ! e+e�) obtained inthis work with other experimental results [8; 17; 18℄ andwith the PDG world average [42℄ is shown in Fig. 28.The SND result ex
eeds all previous measurements.It di�ers by about 1.5 standard deviations from theCMD2 measurement [18℄ and by 2 standard devia-tions from the PDG world average [42℄. The di�er-en
e of the �-meson leptoni
 widths obtained by SND1215
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e in the total widths of the �-meson rather thanto the di�eren
e in the 
ross se
tion values. The value�(�! �+��) = 1198 nb, whi
h 
an be obtained by us-ing the CMD2 
ross se
tion data reported in Ref. [18℄,agrees with the SND result within the measurementserrors.The parameter �(! ! �+��) was found to be�(! ! �+��) = 29:9� 1:2� 1:0 nb;
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Fig. 28. The value of �(� ! e+e�) obtained in thiswork (SND-05) and in Refs. [8; 17; 18℄. The shadedarea shows the world average value [42℄whi
h 
orresponds toB(! ! e+e�)B(! ! �+��) == (1:247� 0:062� 0:042) � 10�6:The systemati
 error is related to the model de-penden
e, to the error of the 
ross se
tion deter-mination, and to the a

ura
y of the 
ollider en-ergy determination. In the previous studies of thee+e� ! �+�� rea
tion, the relative probability of the! ! �+�� de
ay was also reported. The 
omparisonof B(! ! �+��) = 0:0175� 0:0011 obtained by usingthe SND data and the PDG value of the ! ! e+e�de
ay width [42℄ with the results of other experimentsis shown in Fig. 29. The SND result is most pre
ise.The phase ��! was found to be��! = 113:5Æ � 1:3Æ � 1:7Æ:This value di�ers by six standard deviations from 101Æexpe
ted under the assumption that the ! ! �+��transition pro
eeds through the � � ! mixing me
ha-nism. If the ratio g(0)!��=g(0)��� is the free parameter ofthe �t instead of the phase ��! , it follows thatg(0)!��g(0)��� = 0:11� 0:01:This ratio 
orresponds to the too large dire
t transitionwidth �(0)(! ! �+��) = 1:82� 0:33 MeV;1216
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Fig. 30. The �� s
attering phase in the P -wave. Dotsand 
ir
les are the results of the phase measurements inRefs. [43, 44℄ by using the rea
tion �N ! ��N . The
urve is the phase of the amplitude A�!��+A�!�+��obtained from the �t to the SND data presented in thisworkwhile the natural expe
tation is�(0)(! ! �+��) � �2�� � 8 keV:We note that the analysis of the OLYA and CMD2data [17; 18℄ gives similar values of the ��! phase. Thisresult 
an point out that a 
onsiderable dire
t transi-tion ! ! �+�� exists. On the other hand, this dis-
repan
y 
an also be attributed to inadequa
ies of theapplied theoreti
al model.The 
omparison of the phase arg(A�!�+�� ++ A�0!�+��) with the �� s
attering phase in the P -wave [43, 44℄ is shown in Fig. 30. These phases must
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ross se
-tion 
al
ulated from the �� ! ���0�� de
ay spe
tralfun
tion measured in Refs. [3; 5℄ (Æ � CLEOII, � �ALEPH) to the isove
tor part of the e+e� ! �+��
ross se
tion measured in this work. The shaded areashows the joint systemati
 errorbe equal in the purely elasti
 s
attering region. Theagreement is satisfa
tory, and in any 
ase, no essentialdi�eren
e is observed in the energy region ps � m�.The 
omparison of the e+e� ! �+�� 
ross se
tionobtained under the CVC hypothesis from the � spe
-tral fun
tion of the �� ! ���0�� de
ay [3; 5℄ with theisove
tor part of the 
ross se
tion measured in this workis shown in Fig. 31. The 
ross se
tion obtained by SNDwas undressed from the va
uum polarization and the
ontribution from the ! ! �+�� de
ay was ex
luded.The 
ross se
tion 
al
ulated from the � spe
tral fun
-tion was multiplied by the 
oe�
ient that takes thedi�eren
e of the �� and �0 masses into a

ount:Æ = � q�(s)q��(s)�3 jA�+��(s)j2jA�0��(s)j2 ;q��(s) == 12ps�(s� (m�0+m��)2)(s�(m�0�m��)2)�1=2:The average deviation of the SND and � data is about1.5%. For almost all energy points, this deviationis within the joint systemati
 error (about 1.6%).The 10% di�eren
e between the e+e� and � data atps > 800 MeV, whi
h was 
laimed in Ref. [45℄, is ab-sent.Using the �pol�� (s) 
ross se
tion (Table 1), the 
on-tribution to the anomalous magneti
 moment of themuon, due to the �+��(
) intermediate state in theva
uum polarization, was 
al
ulated via the dispersionintegral,7 ÆÝÒÔ, âûï. 6 (12) 1217
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hasov, K. I. Beloborodov, A. V. Berdyugin et al. ÆÝÒÔ, òîì 128, âûï. 6 (12), 2005a�(��; 390MeV � ps � 970 MeV) == ��m�3� �2 smaxZsmin R(s)K(s)s2 ds;where smax = 970 MeV, smin = 390 MeV, K(s) is theknown kernel, andR(s) = �pol���(e+e� ! �+��) ;�(e+e� ! �+��) = 4��23s :The integral was evaluated by using the trapezoidalrule. To take the numeri
al integration errors into a
-
ount, the 
orre
tion method suggested in Ref. [46℄ wasapplied. As a result, we obtaineda�(��; 390 MeV � ps � 970 MeV) == (488:7� 2:6� 6:6) � 10�10:This is about 70% of the total hadroni
 
ontribution tothe anomalous magneti
 moment of the muon (g�2)=2.If the integration is performed for the energy region
orresponding to the CMD2 measurements [18℄, thenthe result isa�(��) = (385:6� 5:2) � 10�10;whi
h is 1.8% (one standard deviation) higher than theCMD2 result:a�(��) = (378:6� 3:5) � 10�10:Hen
e, no 
onsiderable di�eren
e between the SND andCMD2 results is observed.6. CONCLUSIONThe 
ross se
tion of the pro
ess e+e� ! �+�� wasmeasured in the SND experiment at the VEPP-2M 
ol-lider in the energy region 390 < ps < 980 MeV withthe a

ura
y 1.3% at ps � 420 MeV and 3.4% atps < 420 MeV. The measured 
ross se
tion was ana-lyzed in the framework of the generalized ve
tor mesondominan
e model. The following �-meson parameterswere obtained:m� = 774:9� 0:4� 0:5 MeV;�� = 146:5� 0:8� 1:5 MeV;�(�! �+��) = 1220� 7� 16 nb:

The parameters of the G-parity suppressed pro
esse+e� ! ! ! �+�� were measured with high pre
i-sion. The measured value�(! ! �+��) = 29:9� 1:4� 1:0 nb
orresponds to the relative probabilityB(! ! �+��) = 1:75� 0:11%:The relative interferen
e phase between the � and !mesons was found to be��! = 113:5Æ � 1:3Æ � 1:7Æ:This result is in 
on�i
t with the naive expe
tation��! = 101Æ from the � � ! mixing. The SND resultagrees with the 
ross se
tion 
al
ulated from the � spe
-tral fun
tion data within the a

ura
y of the measure-ments. Using the measured 
ross se
tion, the 
ontribu-tion to the anomalous magneti
 moment of the muondue to the �+��(
) intermediate state in the va
uumpolarization was 
al
ulated:a�(��; 390 MeV � ps � 970 MeV) == (488:7� 2:6� 6:6) � 10�10:The authors are grateful to N. N. A
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