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The cross section of the processe1e2→p1p2p0 was measured in the Spherical Neutral Detector experi-
ment at the VEPP-2M collider in the energy regionAs5980–1380 MeV. The measured cross section, to-
gether with thee1e2→p1p2p0 andvp1p2 cross sections obtained in other experiments, was analyzed in
the framework of the generalized vector meson dominance model. It was found that the experimental data can
be described by a sum ofv, f mesons and twov8 and v9 resonances contributions, with massesmv8
;1490,mv9;1790 MeV and widthsGv8;1210,Gv9;560 MeV. The analysis of thep1p2 invariant mass
spectra in the energy regionAs from 1100 to 1380 MeV has shown that for their description one should take
into account thee1e2→vp0→p1p2p0 mechanism also. The phase between the amplitudes corresponding
to thee1e2→vp ande1e2→rp intermediate states was measured for the first time. The value of the phase
is close to zero and depends on energy.
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I. INTRODUCTION

The cross section of hadron production in thee1e2 anni-
hilation in the energy regionAs,1.03 GeV can be describe
within the vector meson dominance model~VDM ! frame-
work and is determined by the transitions of light vec
mesons (r,v,f) into the final states. The light vector me
sons have been studied rather well. They are quark-antiq

qq̄ (q5u,d,s) bound states, and their masses, widths a
main decays have been measured with high accuracy@1#.
The cross section for hadron production above thef(1020)
resonance (As.1.03–2 GeV) cannot be described in th
conventional VDM framework~taking into accountr,v and
f mesons only! indicating the existence of states with vect
meson quantum numbersI G(JPC)511(122),02(122) and
with masses of about 1450, 1650 MeV. The parameters
these states are not well established due to inaccurate
conflicting experimental data. The nature of these state
not clear either. In some reviews of experimental data t

are considered as a mixture ofqq̄ with 4-quarkqqqq̄ and

hybrid qq̄g states@2–5#. On the other hand, the experiment
data do not contradict the hypothesis that these states

qq̄ structure and are radial and orbital excitations of the li
vector mesons@6–8#. In this context the main experimenta
task is the improvement of the accuracy of cross sec
measurement.

As already mentioned, in the VDM framework the cro
section of the processe1e2→p1p2p0 is determined by
the amplitudes of vector mesonV (V5v,f,v8, . . . ) transi-
tions into the final state:V→p1p2p0. Therp intermediate
state dominates in these transitions@Fig. 1~a!#. The other
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mechanism ofV→p1p2p0 transition is also possible via
r2v mixing: V→vp0→r0p0 (V5r,r8,r9) @Fig. 1~b!#.
This effect was predicted in Ref.@9# and was observed in th
SND ~Spherical Neutral Detector! experiment in the energy
rangeAs51200–1400 MeV@10#. The studies of thee1e2

→p1p2p0 cross section andpp invariant mass spectra
above thef-meson production region provide informatio
about excited states of vector meson and their interferen

The e1e2→p1p2p0 cross section in the energy regio
abovef meson and up to 2200 MeV has been studied
several experiments@11–16#, but none of them have covere
the whole region. The SND study of this cross section in
rangeAs51040–1380 MeV based on a part of collect
data was already reported in Ref.@17#. Here we present the
results obtained by using the total data sample. The pre
work includes both the total cross section and the dip
mass spectra studies.

II. EXPERIMENT

The SND detector@18# ran from 1995 to 2000 at the
VEPP-2M @19# collider in the energy rangeAs from 360 to
1400 MeV. The detector contains several subsystems.
tracking system includes two cylindrical drift chambers. T
three-layer spherical electromagnetic calorimeter is based
NaI~Tl! crystals @20#. The muon-veto system consists
plastic scintillation counters and two layers of stream
tubes. The calorimeter energy and angular resolution

FIG. 1. Thee1e2→p1p2p0 transition diagrams.
©2002 The American Physical Society01-1
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pends on the photon energy assE /E(%)54.2%/A4 E(GeV)
andsf,u50.82°/AE(GeV)% 0.63° The tracking system an
gular resolution is about 0.5° and 2° for azimuthal and po
angles respectively. The energy loss resolutiondE/dx in the
drift chamber is about 30%. SND was described in details
Ref. @18#.

In 1997 and 1999 the SND collected data in the ene
regionAs from 1040 to 1380 MeV with integrated luminos
ity about 9.0 pb21; in addition about 130 nb21 was col-
lected atAs5980 MeV. The beam energy was calculat
from the magnetic field value in the bending magnets a
revolution frequency of the collider. The center of mass
ergy determination accuracy is about 0.1 MeV and the spr
of the beam energy is from 0.2 to 0.4 MeV.

For the luminosity measurements, the processese1e2

→e1e2 and e1e2→gg were used. In this work the lumi
nosity measured bye1e2→e1e2 was used for normaliza
tion. The systematic error of the integrated luminosity de
mination is estimated to be 2%. Since luminos
measurements bye1e2→e1e2 and e1e2→gg reveal a
systematic spread of about 1%, this was added to the st
tical error of the luminosity determination in each ener
point. The statistical accuracy was better than 1%.

FIG. 2. The experimentalx3p
2 distribution, fitted by the sum of

distributions for signal and background. The background contri
tion is shown by filled histogram.

FIG. 3. The angle between the normal to the production pl
ande1e2 beam direction fore1e2→p1p2p0 events.
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III. DATA ANALYSIS

A. Selection ofe¿eÀ\p¿pÀp0 events

The data analysis and selection criteria used in this w
are similar to those described in Refs.@21,22#. During the
experimental runs, the first-level trigger@18# selects events
with energy deposition in the calorimeter more than 1
MeV and with two or more charged particles. During pr
cessing of the experimental data the event reconstructio
performed@18,21#. For further analysis, events containin
two or more photons and two charged particles withuzu
,10 cm andr ,1 cm were selected. Herez is the coordi-
nate of the charged particle production point along the be
axis ~the longitudinal size of the interaction region depen
on beam energy and varies from 2 to 2.5 cm!; r is the dis-
tance between the charged particle track and the beam ax
the r 2f plane. Extra photons ine1e2→p1p2p0 events
can appear because of the overlap with the beam backgro
or nuclear interactions of the charged pions in the calor
eter. Under these selection conditions, the backgro
sources are e1e2→p1p2p0p0, e1e2gg, p1p2g,
K1K2, KSKL processes and the beam background. We n
that in the energy region above thef-meson the proces
e1e2→p1p2p0 does not dominate. Even more, its cro

-

e

FIG. 4. Theu distribution of charged pions from the reactio
e1e2→p1p2p0.

FIG. 5. Theu distribution of neutral pions from the reactio
e1e2→p1p2p0.
1-2
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section is several times lower than the cross section of
main background processe1e2→p1p2p0p0.

To suppress the beam background, the following cuts
the anglec between two charged particle tracks and ene
deposition of the neutral particlesEneu were applied:c
.40°, Eneu.100 MeV.

To reject the background from thee1e2→K1K2 pro-
cess, the following cuts were imposed: (dE/dx),5
•(dE/dx)min for each charged particle, (dE/dx),3
•(dE/dx)min at least for one of them, andDf.10°. Here
Df is an acollinearity angle in the azimuthal plane a
(dE/dx)min is an average energy loss of a minimum ionizi
particle. The last cutuDfu.10° also suppresses thee1e2

→p1p2g events.
To suppress thee1e2→e1e2gg events an energy depo

sition in the calorimeter of the charged particlesEcha was
required to be small enough:Echa,0.5•As.

For events left after these cuts, a kinematic fit was p
formed under the following constraints: the charged partic
are assumed to be pions, the system has zero total mo
tum, the total energy isAs, and the photons originate from
the p0→gg decays. The value of thex2 function x3p

2 ~Fig.
2! is calculated during the fit. In events with more than tw
photons, extra photons are considered as spurious ones
rejected. To do this, all possible subsets of two photons w
inspected and the one corresponding to the maximum lik
hood was selected. After the kinematic fit the following a
ditional cuts were applied:Ng52 (Ng is the number of de-
tected photons!, x3p

2 ,5 and the polar angleug of at least
one of the photons should satisfy to the following criterio
36°,ug,144°. The angular distributions of particles for th
selected events are shown in Figs. 3, 4, 5, and 6 while Fi
and Fig. 8 demonstrate the photon energy distributions
the same events. The experimental and simulated distr
tions are in agreement.

B. Background subtraction

The number of background events was estimated from
following formula:

Nbkg~s!5(
i

sRi~s!e i~s!IL ~s!, ~1!

FIG. 6. The photon angular distribution.
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where i is a process number,sRi(s) is the cross section o
the background process taking into account the radiative
rections,IL (s) is the integrated luminosity,e i(s) is the de-
tection probability for the background process obtained fr
simulation under selection described above. Thee1e2

→p1p2g cross section was calculated for the case wh
the photon has the energy above 10 MeV and is radiate
the angleu more than 10°. As it was mentioned above, t
main source of background is the events of thee1e2

→p1p2p0p0 process. Two mechanisms contribute to t
total cross section of this process:e1e2→vp and e1e2

→rpp. It was shown in Refs.@23,24# that the e1e2

→rpp process dynamics can be described with thea1p
intermediate state. The SND studies of thee1e2

→p1p2p0p0 process@25# agree with this conclusion. Fo
background estimation thee1e2→vp and e1e2→rpp
cross sections measured in SND experiments were u
@25,26#. To obtain the detection probability of thee1e2

→rpp events, the simulation with thea1p intermediate
state was used. The numbers ofe1e2→p1p2p0(g) events
~after background subtraction! and background event num
bers are shown in Table I. Hereg is a photon emitted by
initial particles.

To estimate the accuracy of background events num
determination thex3p

2 distribution ~Fig. 2! was studied. The
experimentalx3p

2 distribution in the range 0,x3p
2 ,20 was

FIG. 7. The energy distribution for the most energetic phot

FIG. 8. Photon energy distribution.
1-3
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fitted by a sum of background and signal. The distribut
for background events was taken from the simulation a
that fore1e2→p1p2p0 events was obtained by using da
collected in the vicinity of thef meson peak@21,22# ~the
x3p

2 distribution actually does not change in the intervalAs
51 –1.4 GeV). As a result, the ratio between the numbe
background events obtained from the fit and the number
culated according to Eq.~1! was found to be 1.460.2. Using
this ratio, the accuracy of the determination of the numbe
background events can be estimated to be about 40%.

TABLE I. Event numbersN3p of thee1e2→p1p2p0(g) pro-
cess~after background subtraction! and Nbkg of background pro-
cesses, integrated luminosityIL and detection efficiencye(s,Eg

50) ~without g-quantum radiation!. d rad is radiative correction
@d rad5j(s)/e(s,Eg50), j(s) is defined through the expressio
~20!#.

As
~MeV!

IL
(nb21) e(s,Eg50) d rad N3p Nbkg

980 129 0.150 0.858 259618 361
1040 69 0.153 11.706–131.646 90610 461
1050 84 0.149 3.762–5.281 75610 461
1060 279 0.150 1.808–2.018 196616 862
1070 98 0.150 1.269–1.327 6169 261
1080 578 0.150 1.060–1.102 325623 2266
1090 95 0.150 0.985–1.002 5468 361
1100 445 0.152 0.928 255618 1463
1110 90 0.151 0.915 70611 261
1120 306 0.150 0.889 213617 1163
1130 113 0.151 0.889 76610 461
1140 289 0.151 0.901 177616 962
1150 69 0.152 0.873 5969 261
1160 320 0.152 0.877 217617 1162
1180 423 0.152 0.884 302621 1263
1190 172 0.152 0.872 125612 461
1200 439 0.153 0.883 290619 1362
1210 151 0.153 0.871 129612 461
1220 343 0.153 0.947 282619 962
1230 141 0.153 0.871 103611 461
1240 378 0.153 0.871 250617 661
1250 209 0.154 0.871 165614 661
1260 163 0.154 0.867 129613 561
1270 241 0.154 0.868 175615 862
1280 229 0.154 0.872 169613 862
1290 272 0.155 0.866 199615 962
1300 272 0.155 0.867 188614 662
1310 202 0.155 0.874 153614 561
1320 236 0.155 0.873 174614 762
1330 293 0.156 0.876 206615 862
1340 439 0.156 0.874 281620 1262
1350 257 0.156 0.876 169614 662
1360 625 0.156 0.872 399622 1963
1370 256 0.156 0.879 179615 762
1380 480 0.157 0.880 278618 1664
03200
n
d
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C. Detection efficiency

The detection efficiency of thee1e2→p1p2p0(g) pro-
cess was obtained from simulation. The detection efficie
for events withoutg-quantum radiation depends on the ce
ter of mass energy and varies from 0.15 to 0.16 in the ene
range As5980–1380 MeV. This dependence can be a
proximated by a linear function. The detection efficiency d
pendence on the radiated photon energy is shown in Fig

Inaccuracies in the simulation of thex3p
2 , dE/dx, andNg

distributions lead to an error in the average detection e
ciency determination. To take into account these uncert
ties, the detection efficiency was multiplied by correcti
coefficients, which were obtained in the following way@21#.
The experimental events were selected without any co
tions on the parameter under study, using the selection
rameters uncorrelated with the studied one. The same se
tion criteria were applied to simulated events. Then the
was applied to the parameter and the correction coeffic
was calculated:

d5
n/N

m/M
, ~2!

whereN andM are the number of events in experiment a
simulation respectively selected without any cuts on the
rameter under study;n and m are the number of events i
experiment and simulation when the cut on the param
was applied. As a rule, the error in the coefficientd determi-
nation is connected with the uncertainty of background s
traction. This systematic error was estimated by vary
other selection criteria. The correction coefficientdx

3p
2

50.9160.03, due to the uncertainty in thex3p
2 distribution

simulation, was obtained using data collected in the vicin
of the f resonance@21,22#. The correction which takes into
account the inaccuracy of simulation of extra photons
dNg

50.8760.02, and that correction for the inaccuracy

simulationdE/dx energy losses isddE/dx50.9860.01. The
overlap of the beam background with the events contain
charged particles can result in track reconstruction fail

FIG. 9. The detection efficiencye(Eg) dependence on the rad
ated photon energyEg for e1e2→p1p2p0(g) events atAs
51200 MeV, obtained by simulation.
1-4
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and a decrease of detection efficiency. To take into acco
this effect, background events~experimental events collecte
when the detector was triggered with an external genera!
were mixed with the simulated events. It was found that
detection efficiency decreased by about 3% and therefore
correction coefficientdover50.9760.03 was used.

The total correction used in this work is equal to

d tot5dx
3p
2 3ddE/dx3dNg

3dover50.7560.04.

The systematic error of detection efficiency determination
5%. The detection efficiency after the applied corrections
shown in Table I.

IV. THEORETICAL FRAMEWORK

In the VDM framework the cross section of thee1e2

→p1p2p0 process is

ds

dm0dm1

5
4pa

s3/2

upW 13pW 2u2

12p2As
m0m1•uFu2, ~3!

wherepW 1 andpW 2 are thep1 andp2 momenta,m0 andm1

arep1p2 andp1p0 invariant masses. The form factorF of
the g!→p1p2p0 transition has the form

uFu25UArp~s! (
i 51,0,2

gr ipp

Dr~mi !
1Avp~s!

Prvgr0pp

Dr~m0!Dv~m0!U
2

.

~4!

Here

Dr~mi !5mr i
2

2mi
22 imiGr i~mi !,

Gr i~mi !5S mr i

mi
D 2

•Gr i•S qi~mi !

qi~mr i !
D 3

q0~m!5
1

2
~m224mp

2 !1/2,

q6~m!5
1

2m
@„m22~mp01mp!2

…

Ã„m22~mp02mp!2
…#1/2

m25As1mp0
2

12mp
2 2m0

22m1
2 ,

wherem2 is thep2p0 invariant mass,mp0 andmp are the
neutral and charged pion masses,i denotes the sign of a
r-meson (pp pair! charge. The r0→p1p2 and r6

→p6p0 transition coupling constants could be determin
in the following way:

gr0pp
2

5
6pmr0

2 Gr0

q0~mr0!3
,

03200
nt

r
e
he

s
is

d

gr6pp
2

5
6pmr6

2 Gr6

q6~mr6!3
.

Experimental data@22# do not contradict the equality of th
coupling constantsgr0pp

2
5gr6pp

2 . In this case ther0 and
r6 meson widths are related as follows:

Gr65Gr0

mr0
2

mr6
2

q6~mr6!3

q0~mr0!3
. ~5!

In the subsequent analysis we assume thatgr0pp
2

5gr6pp
2 ,

and the width values were taken from SND measureme
@22# Gr05149.8 MeV, Gr65150.9 MeV. The neutral and
chargedr mesons masses were assumed to be equal
were also taken from the SND measurements@22# mr

5775.0 MeV.
The second term in Eq.~4! takes into account ther2v

mixing @9#. The polarization operator of this mixingPrv

satisfies Im(Prv)!Re(Prv) @27,28#, where

Re~Prv!5A Gv

Gr0~mv!
B~v→p1p2!•u~mv

2 2mr
2!

2 imv„Gv2Gr0~mv!…u, ~6!

so we assumed Im(Prv)50 in the subsequent analysis.
The e1e2→p1p2p0 process cross section can be wr

ten in the following way:

s3p5srp→3p1svp→3p1s int , ~7!

where

srp→3p5
4pa

s3/2 Wrp~s!uArp~s!u2, ~8!

svp→3p5
4pa

s3/2 Wvp~s!uAvp~s!u2, ~9!

s int5
4pa

s3/2 $Arp~s!Avp
! ~s!Wint~s!

1Arp
! ~s!Avp~s!Wint

! ~s!%. ~10!

The phase space factorsWrp(s), Wvp(s) andWint(s) were
calculated as follows:
1-5
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Wrp~s!5
1

12p2 As
E

2mp

As2mp0

m0dm0E
m1

min(m0)

m1
max(m0)

m1dm1upW 13pW 2u2
•U (

i 51,0,2

gr ipp

Dr~mi !
U2

, ~11!

Wvp~s!5
1

12p2 As
E

2mp

As2mp0

m0dm0E
m1

min(m0)

m1
max(m0)

m1dm1upW 13pW 2u2•U Prvgr0pp

Dr~m0!Dv~m0!
U2

, ~12!

Wint~s!5
1

12p2As
E

2mp

As2mp0

m0dm0E
m1

min(m0)

m1
max(m0)

m1dm1upW 13pW 2u2•S F Prvgr0pp

Dr~m0!Dv~m0!G
!

• (
i 51,0,2

gr ipp

Dr~mi !
D . ~13!
cto
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,
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Amplitudes of theg!→rp and g!→vp0 transitions have
the form

Arp~s!5 (
V5v,f,v8, . . .

ggVgVrp

DV~s!
eifvV, ~14!

Avp~s!5 (
V5r,r8, . . .

ggVgVvp0

DV~s!
eifrV, ~15!

where

DV~s!5mV
22s2 i AsGV~s!,

GV~s!5(
f

G~V→ f ,s!.

Here f denotes the final state of the vector mesonV decay.
fvV (frV) are relative interference phases between ve
mesonsV andv (r), sofvv50 andfrr50. The coupling
constants are determined through the decay branching r
in the following way:

ugVgu5F3mV
3GVB~V→e1e2!

4pa G1/2

~16!

ugVrpu5F4pGVB~V→rp!

Wrp~mV! G1/2

, ~17!

ugVvpu5F12pGVB~V→vp!

qvp
3 ~mV! G1/2

, ~18!

whereqvp(s) is thev-meson momentum.

V. CROSS SECTION MEASUREMENT

From the data in Table I the cross section of the proc
e1e2→p1p2p0 can be calculated as follows:

s~s!5
N3p~s!

IL ~s!j~s!
, ~19!

where N3p(s) is the number of selectede1e2

→p1p2p0(g) events,IL (s) is the integrated luminosity
j(s) is the function which takes into account the detect
efficiency and radiative corrections for initial state radiatio
03200
r

ios

s

:

j~s!5

E
0

Eg
max

s3p~s,Eg!F~s,Eg!e~s,Eg!dEg

s3p~s!
. ~20!

Here Eg is the emitted photon energy,F(s,Eg) is the elec-
tron ‘‘radiator’’ function @29#, e(s,Eg) is the detection effi-
ciency of the processe1e2→p1p2p0(g rad) as a function
of the emitted photon energy and the energy in thee1e2

center of mass system,s3p(s) is the theoretical energy de
pendence of the cross section given by Eq.~7!.

To obtain the values ofj(s) at each energy point, the
visible cross section of the processe1e2→p1p2p0(g rad)

sv is~s!5
N3p~s!

IL ~s!

was fitted by theoretical energy dependence

s th~s!5s3p~s!j~s!.

The following logarithmic likelihood function was mini
mized:

x25(
i

~s i
v is2s i

th!2

s i
2 ,

where i is the energy point number,s i is the error of the
visible cross sectionsv is.

In a good approximation the contributionssvp→3p and
s int in expression~7! can be omitted, as they are rather sm
(;5 –10%) and actually do not modify the shape ofs3p(s)
energy dependence. So we assumed thats3p(s)
5srp→3p(s). The amplitude of theg!→rp transition~14!
was written as

Arp~s!5
1

A4pa
(

V5v,f,v8,v9

GVmV
2AmVs~V→3p!

DV~s!

3
eifvV

AWrp~mV!
, ~21!

where
1-6
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s~V→X!5
12pB~V→e1e2!B~V→X!

mV
2 .

The following form of the energy dependence of thev8 and
v9 total width was used:

GV~s!5GV

Wrp~s!

Wrp~mV!
.

In the fit thev meson parameters~mass, width, branching
ratios of main decays! were fixed at their Particle Data Grou
~PDG! values@1#, and thef meson mass and width wer
fixed at the values measured by SND@21#. It was shown@21#
that thes(f→3p) parameter and the cross section value
As.1027 MeV have a rather large model error, due to
uncertainty in the choice of the phasefvf and the value of
additional, besides thef andv resonances, contributions t
the transition amplitude. Therefore we have taken thes(f
→3p) as a free parameter in the fit and the visible cro
section presented in this work was fitted together with
visible cross section from Ref.@21#. The masses and width o
thev8, v9 resonances were free parameters of the fit. Pha
fvV can deviate from 180° or 0° and their values can ha
energy dependence due to mixing between vector mes
For example, the phasefvf was found to be close to 180
@21# and agree with the prediction@30# fvf5F(s)
@F(mf).163°#, where the functionF(s) is defined in Ref.
@30#. There are no theoretical predictions offvv8 andfvv9
values and their energy dependences, and we have co
ered As(v8→3p) and As(v9→3p) as free parameters
i.e. fvv8 and fvv9 can be equal to 0° or 180°. Thej(s)
values were obtained by approximation of the experime
data in several models:

~1! fvf5180°
~2! fvf5F(s)
~3! fvf is a free parameter
~4! s(v9→3p)50, fvf5180°
~5! s(v9→3p)50, fvf5F(s)
~6! s(v9→3p)50, fvf is a free parameter.
The values ofj(s) significantly depend on the applie

model in the energy rangeAs.1040–1090 MeV, and a
As51040 MeV thej(s) values differ by a factor 10 for
different models. Above 1090 MeV thej(s) model depen-
dence is negligible. Using obtainedj(s) values, the cross
section of thee1e2→p1p2p0 process was calculate
~Table II!. The cross section in the energy regionAs
51027–1060 MeV has changed in comparison with the v
ues reported in Ref.@21#. In Ref. @21# contributions from the
v excitations were taken into account as a constant am
tude. In present analysis the more realistic model was u
and it caused a change in the cross section. The system
error of the cross section determination at each energy p
As is equal to

ssys5se f f% s IL % smod~s! % sbkg~s!.

Herese f f55% ands IL52% are systematic uncertainties
the detection efficiency and integrated luminosity, which
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common for all energy points. The model uncertain
smod(s) is significant in the regionAs51027–1080 MeV
and was obtained from the difference ofj(s) values deter-
mined for the six models mentioned above. The er
sbkg(s) takes into account the inaccuracy (;40%) of back-
ground subtraction and depends on the beam energy.

The obtained cross section differs by about 30615% from
the previous SND result@17# ~Fig. 10!, which claimed a sys-
tematic error about 12%. This difference is attributed to
fact that in the new analysis we implemented corrections
the detection efficiency~described in Sec. III C! which were
not used in the previous one. The comparison of the m
sured cross section with the other experimental results is
sented in Fig. 11.

VI. APPROXIMATION OF THE p¿pÀ MASS SPECTRA

The contribution of thee1e2→vp0→r0p0→p1p2p0

mechanism to the processe1e2→p1p2p0 is seen as the
interference in thep1p2 invariant mass spectra. To analyz
the dipion mass spectra, the form factorF @expression~4!#
was presented in the following form:

uFu25uArp~s!u2U (
i 51,0,2

gr ipp

Dr~mi !

1R~s!eic(s)
Re~Prv!gr0pp

Dr~m0!Dv~m0!U
2

, ~22!

whereR(s) is the absolute value, andc(s) is the phase of
the ratioAvp(s)/Arp(s). The c(s) energy dependence ca
be obtained from the approximation of the experimen
p1p2 invariant mass spectra as described below. TheR(s)
value was calculated from the equation

R2
•S Wvp~s!2

qvp
3 ~s!

3

s3p~s!

svp~s!
D

1R•„e2 icWint~s!1eicWint
! ~s!…

1Wrp~s!50, ~23!

which follows from expressions~8!–~10!. The e1e2

→vp0 cross section was obtained from SND measureme
of the e1e2→vp0→p0p0g cross section@26#: svp0

5svp0→p0p0g /B(v→p0g), s3p(s) is the e1e2

→p1p2p0 cross section measured here~Table II!.
The real part of the polarization operatorPrv is propor-

tional to AB(v→p1p2). The world average value for thi
branching ratio isB(v→p1p2)52.2160.30% @1#. The re-
sults of B(v→p1p2) measurements in different exper
ments deviate from each other by a factor of more than
For example, OLYA detector reported the valueB(v
→p1p2)52.360.5% @31#, while CMD-2 experiment re-
ported B(v→p1p2)51.3360.25% @32#. So B(v
→p1p2) was considered as a free parameter of the fit.

For the mass spectra analysis the events selected in
energy regionAs>1100 MeV were used. For each energ
point thep1p2 mass spectra were formed and arranged
1-7
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TABLE II. The e1e2→p1p2p0 cross section.! denotes the points in which the cross section w
calculated using data from Ref.@21# ~the cross section has changed only for energiesAs.1027 MeV).smod

is model uncertainty,sbkg is the error due to background subtraction,se f f% s IL is the error due to uncertainty
in detection efficiency and integrated luminosity determination~5% at the energies marked by! and 5.4% for
other energy points!, andssys5se f f% s IL % smod(s) % sbkg(s) is the total systematic error.

As(MeV) s(nb) smod(nb) sbkg(nb) se f f% s IL(nb) ssys(nb)

980.00 15.5861.07 0.00 0.00 0.84 0.84
984.02! 17.3060.80 0.00 0.00 0.86 0.86
984.21! 18.1060.90 0.00 0.00 0.91 0.91

1003.71! 37.6061.40 0.00 0.00 1.88 1.88
1003.91! 36.2061.30 0.00 0.00 1.81 1.81
1010.17! 68.5062.40 0.00 0.00 3.42 3.42
1010.34! 69.5062.50 0.00 0.00 3.48 3.48
1015.43! 220.0066.50 0.00 0.00 11.00 11.00
1015.75! 243.1067.50 0.00 0.00 12.16 12.16
1016.68! 358.90610.60 0.00 0.00 17.94 17.94
1016.78! 353.60611.10 0.00 0.00 17.68 17.68
1017.59! 493.60614.90 0.00 0.00 24.68 24.68
1017.72! 515.00615.30 0.00 0.00 25.75 25.75
1018.62! 664.20613.10 0.00 0.00 33.21 33.21
1018.78! 658.60611.60 0.00 0.00 32.93 32.93
1019.51! 667.00611.80 0.00 0.00 33.35 33.35
1019.79! 595.50614.10 0.00 0.00 29.77 29.77
1020.43! 471.20615.50 0.00 0.00 23.56 23.56
1020.65! 399.80614.50 0.00 0.00 19.99 19.99
1021.41! 270.1069.90 0.00 0.00 13.51 13.51
1021.68! 217.4068.50 0.00 0.00 10.87 10.87
1022.32! 142.9066.10 0.00 0.00 7.14 7.14
1023.27! 92.2063.40 0.00 0.00 4.61 4.61
1027.52! 15.3360.73 0.57 0.00 0.77 0.96
1028.23! 10.8160.62 0.52 0.00 0.54 0.75
1033.58! 1.7560.11 0.47 0.00 0.09 0.48
1033.84! 1.4360.12 0.41 0.00 0.07 0.42
1039.59! 0.3760.04 0.31 0.00 0.02 0.31
1039.64! 0.3760.03 0.31 0.00 0.02 0.31
1040.00 0.4060.04 0.33 0.00 0.02 0.33
1049.60! 1.1260.12 0.20 0.00 0.06 0.21
1049.81! 1.1460.15 0.20 0.00 0.06 0.21
1050.00 1.3760.18 0.23 0.00 0.07 0.24
1059.52! 1.7560.21 0.09 0.00 0.09 0.13
1059.66! 1.8460.28 0.09 0.00 0.09 0.13
1060.00 2.4660.20 0.14 0.00 0.13 0.19
1070.00 3.2160.47 0.07 0.04 0.17 0.19
1080.00 3.4660.24 0.07 0.09 0.19 0.22
1090.00 3.8460.57 0.03 0.07 0.21 0.22
1100.00 4.0760.29 0.00 0.09 0.22 0.24
1110.00 5.6660.89 0.00 0.05 0.31 0.31
1120.00 5.1960.42 0.00 0.11 0.28 0.30
1130.00 5.0460.67 0.00 0.10 0.27 0.29
1140.00 4.5060.40 0.00 0.09 0.24 0.26
1150.00 6.4060.98 0.00 0.10 0.35 0.36
1160.00 5.1260.39 0.00 0.10 0.28 0.29
1180.00 5.3060.37 0.00 0.09 0.29 0.30
1190.00 5.4460.53 0.00 0.08 0.29 0.30
1200.00 4.8960.32 0.00 0.09 0.26 0.28
032001-8
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TABLE II. ~Continued.!

As(MeV) s(nb) smod(nb) sbkg(nb) se f f% s IL(nb) ssys(nb)

1210.00 6.3960.60 0.00 0.08 0.34 0.35
1220.00 5.6860.41 0.00 0.07 0.31 0.32
1230.00 5.4860.59 0.00 0.09 0.30 0.31
1240.00 4.9660.34 0.00 0.04 0.27 0.27
1250.00 5.9160.51 0.00 0.08 0.32 0.33
1260.00 5.9260.60 0.00 0.10 0.32 0.33
1270.00 5.4160.47 0.00 0.10 0.29 0.31
1280.00 5.5060.43 0.00 0.10 0.30 0.31
1290.00 5.4660.42 0.00 0.10 0.29 0.31
1300.00 5.1360.40 0.00 0.07 0.28 0.29
1310.00 5.5960.52 0.00 0.07 0.30 0.31
1320.00 5.4460.44 0.00 0.09 0.29 0.31
1330.00 5.1760.38 0.00 0.08 0.28 0.29
1340.00 4.7060.34 0.00 0.08 0.25 0.27
1350.00 4.8260.41 0.00 0.07 0.26 0.27
1360.00 4.6860.27 0.00 0.09 0.25 0.27
1370.00 5.0960.43 0.00 0.08 0.27 0.29
1380.00 4.2160.28 0.00 0.09 0.23 0.25
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histograms with a dipion mass range from 280 to 1240 M
and bin width of 40 MeV. The invariant mass values we
calculated after the kinematic reconstruction. The expec
background was subtracted bin by bin while forming t
desired histograms.

The analysis of the dipion mass spectra was performe
a way similar to this described in Ref.@22#. The experimental
spectra were fitted with theoretical distributions. Using t
e1e2→p1p2p0 cross section~3! and form factor~22!, the
theoretical spectra were calculated:

Sj
(0)~s!5

1

CS~s!
•E

mj 2D

mj 1D

m0dm0

3E
m1

min(m0)

m1
max(m0)

m1dm1upW 1pW 2u2•uFu2, ~24!

FIG. 10. Comparison of thee1e2→p1p2p0 cross section ob-
tained in previous SND work@17# ~dots! and in this one~stars!.
03200
V
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e

wherej is the bin number,D520 MeV is a half of the bin
width, mj is the central value of the invariant mass in thej th
bin, andCS(s) is a normalizing coefficient. These spect
were corrected taking into account the detection efficien
e j

(0) for the j th bin and a probabilityai j
(0) for the event be-

longing to the j th bin to migrate to thei th bin due to the
finite detector resolution

Gi
(0)~s!5

1

CG~s! S (j
ai j

(0)Sj
(0)~s!e j

(0)D •@11d i
(0)~s!#.

~25!

Hered i
(0)(s) is a radiative correction andCG(s) is a normal-

izing coefficient. The values ofai j
(0) , e j

(0) and d i
(0)(s) were

obtained from simulation.
The function to be minimized was

FIG. 11. Thee1e2→p1p2p0 cross section atAs from 1030 to
2000 MeV. SND, ND@15# and DM2 @16# results are shown.
1-9
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x25(
s

x0
2~s!5(

s
(

i
S Hi

(0)2Gi
(0)

s i
(0) D 2

. ~26!

Here H (0) is the normalized experimentalp1p2 mass dis-
tribution ~histogram!; s i

(0)5DHi
(0)

% DGi
(0) include the un-

certaintiesDHi
(0) and DGi

(0) of the experimental and theo
retical distributions (DHi

(0)@DGi
(0)).

During the fitting the phasec(s) at each energy point an
B(v→p1p2) were free parameters. Values of the pha
c(s) were allowed to vary from2180° to 180°. The ob-
tainedc(s) values are presented in Table III. The systema
inaccuracy ofc(s) is about 7° and is connected with a sy
tematic error inR(s) determination, which in its turn is
about 4% due to uncertinities ofsvp and s3p measure-
ments. Thev→p1p2 decay probability was found to b
equal to 2.3860.90

1.7760.18%, where the systematic error
also related to the uncertainty of theR(s) determination. In
Figs. 12 and 13 the experimentalpp mass spectra togethe
with the theoretical distributions obtained from the fit and t
spectra expected from the onlyrp intermediate state mode
are shown. In thep1p2 mass spectra the peak in thev
meson region is clearly seen. The distribution of the invari

TABLE III. The relative phasec(s) of the amplitudesAvp and
Arp .

As(MeV) c(s)(deg) P(x0
2)

1100 257656
57 0.59

1110 266674
66 0.57

1120 21655
43 0.23

1130 376 42 0.33
1140 130635

33 0.32
1150 606180 0.86
1160 210639

35 0.03
1180 25628

30 0.98
1190 220660

53 0.28
1200 23633

32 0.79
1210 131647

45 0.48
1220 216651 0.44
1230 2102637 0.28
1240 221668

45 0.45
1250 26640

39 0.46
1260 214661

48 0.18
1270 226667

45 0.12
1280 1636

31 0.79
1290 23649

46 0.67
1300 217636

33 0.33
1310 32634

33 0.42
1320 234667

54 0.25
1330 41628

28 0.32
1340 30626

25 0.52
1350 49639

37 0.82
1360 35624

23 0.02
1370 19651

43 0.17
1380 23637

33 0.88
03200
e
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mass of thep6p0 pairs does not contradict to therp inter-
mediate state model at the level of our statistical accura
These figures demonstrate that together with therp interme-
diate state thevp0 intermediate state also contributes to t
processe1e2→p1p2p0.

VII. THE e¿eÀ\p¿pÀp0 TOTAL CROSS SECTION
ANALYSIS

The analysis of thee1e2→p1p2p0 cross section en-
ergy dependence obtained here~Table II! met the following
difficulties:

~1! The cross section was measured in the limitedAs
energy region and it is necessary to use the results of o
experiments. As a result, because of different systematic
fects the problem of matching cross sections of various m
surements arises.

~2! In the ideal case, to obtain the vector mesons para
eters, the combined fit of alle1e2→hadrons cross section
is necessary.

The cross section measured in this work was analy
together with the DM2 results of thee1e2→p1p2p0 and
vp1p2 @16# cross sections measurements. Thee1e2

→p1p2p0 cross section was fitted by the expression~7!.
The Arp amplitude was written in the following way:

FIG. 12. Thep1p2 invariant mass spectrum atAs from 1200
to 1380 MeV.

FIG. 13. Thep6p0 invariant mass spectrum atAs from 1200 to
1380 MeV.
1-10
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Arp~s!5
1

A4pa
S Gvmv

2Amvs~v→3p!

Dv~s!

1

AWrp~mv!

1
Gfmf

2Amfs~f→3p!

Df~s!

eiF(s)

AWrp~mf!

1(
i 51

3 Gv imv i
2 Amv is~v i→3p!

Dv i~s!

3
eifvv i

AWrp~mv i !
D , ~27!

wherei is the resonance number. The following form of t
energy dependence of thev i total widths was used:

Gv1~s!5Gv1
Wrp~s!

Wrp~mv1!
, ~28!

Gv i~s!5Gv iS B~v i→3p!
Wrp~s!

Wrp~mv i !
1B~v i→vpp!

3
Wvpp~s!

Wvpp~mv i !
D , i 52,3. ~29!

Here Wvpp(s) is the phase space factor of thevpp final
state@7#. The probabilities of thev i decays intop1p2p0

andvpp were calculated in the following way:

B~v i→ f !5
s~v i→ f !

(
f

s~v i→ f !

. ~30!

Here s(v i→vpp)51.5•s(v i→vp1p2). In the total
width energy dependence the contributions from the follo
ing final states were neglected:KSK6p7, K!0K2p1,
K̄!0K1p2, KK̄. The v meson parameters were fixed a
cording to the PDG table values@1#. The mf , Gf and pa-
rameters of thef→KK̄ and hg decays were fixed at th
values obtained by SND@21#, while s(f→3p) was a free
parameter of the fit. As it was mentioned above, the pha
fvv i can differ from 0° or 180° and be energy depende
Here we consider onlyAs(v i→3p) as a free parameter, i.e
fvv i50° or 180°.

For theAvp amplitude two models with different energ
behavior of the phase were used. Their parameters were
tained by fitting thee1e2→vp0→p0p0g cross section
measured by SND@26# and CLEO2 data ont→3pp0 decay
@24# ~Fig. 14!. The first model was suggested in Ref.@26#. It
assumes that only ther andr9 resonances contribute to th
e1e2→vp cross section~i.e. Avp5Ar→vp1Ar9→vp), at
that the following parameters are used: the coupling cons
grvp;15.2 GeV21, r9-massmr9;1700 MeV, widthGr9
03200
-

es
t.

b-

nt

;1 GeV, phasefrr95180° ands(r9→vp);9 nb. The
r9 total width energy dependence is taken to be the follo
ing:

Gr9~s!5Gr9S 0.1
mr9

2

s

qpp
3 ~s!

qpp
3 ~mr9!

10.9
qvp

3 ~s!

qvp
3 ~mr9!

D ,

~31!

where qpp(s) is the pion momentum. The second mod
assumes that threer, r8 andr9 resonances contribute to th
e1e2→vp cross section ~i.e. Avp5Ar→vp1Ar8→vp

1Ar9→vp). In this case the parameters of the model a
grvp;16.8 GeV21, mr8;1480 MeV, Gr8;790 MeV,
frr85180°, s(r8→vp);86 nb, andmr9;1640 MeV,
Gr9;1290 MeV, frr950°, s(r9→vp);48 nb. Ther8
andr9 total width energy dependence is taken in the form

Gr8(9)~s!5Gr8(9)

qvp
3 ~s!

qvp
3 ~mr8(9)!

. ~32!

In both models ther meson energy dependent width has t
form

Gr~s!5Gr0

mr0
2

s

qpp
3 ~s!

qpp
3 ~mr0!

1
grvp

2

12p
qvp

3 ~s!. ~33!

Thee1e2→vp1p2 process cross section was written
the following way:

svpp5
1

s3/2U(i 52

3 Gv imv i
2 As~v i→vp1p2!mv i

Dv i~s!

3A Wvpp~s!

Wvpp~mv i !
U2

. ~34!

The cross sections of thee1e2→p1p2p0 andvp1p2

processes measured by SND and DM2 were fitted toget
The function to be minimized was

FIG. 14. Thee1e2→vp cross section. The SND@26#, CLEO2
@24# and DM2 @33# data are shown. The solid curve is the cro
section energy dependence in the case whenAvp5Ar→vp

1Ar8→vp1Ar9→vp ; the dashed curve is energy dependence in
caseAvp5Ar→vp1Ar9→vp .
1-11
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TABLE IV. The results of the fit, taking into account threev i resonances.

i mv i ~MeV! G i ~MeV! s(v i→3p) ~nb! s(v i→vp1p2) ~nb! fvv i

1 1249687
42 404681

88 0.2260.17
0.23 180°

2 1428652
64 7656272

395 2.0260.58
0.50 0.0560.04

0.06 180°
3 1773626

30 483673
93 2.4360.47

0.56 2.5060.31
0.33 0°
ee

n

an
a

t

y

-

s
iv
il

th
er
s

-

e
ng

f

is
om

-
rs.

al

g

s.
nd

the

of

d

x25x3p(SND)
2 1x3p(DM2)

2 1x
vpp~DM2! ,

where

x3p(SND)
2 5(

s
S s3p

(SND)~s!2s3p~s!

D3p
(SND)~s!

D 2

x3p(DM2)
2 5(

s
S C3p•s3p

(DM2)~s!2s3p~s!

D3p
(DM2)~s!

D 2

xvpp(DM2)
2 5(

s
S Cvpp•svpp

(DM2)~s!2svpp~s!

Dvpp
(DM2)~s!

D 2

.

Heres3p(vpp)
[SND(DM2)](s) are the experimental cross sections,D

are their uncertainties, andC3p and Cvpp are coefficients
which take into account the relative systematic bias betw
SND and DM2 data. Thee1e2→p1p2p0 cross section
measured by SND~Table II! was fitted in the energy regio
As from 980 to 1380 MeV. The errorsD3p(SND) include the
statisticalsstat and the following systematic errors:sbkg due
to the inaccuracy of the background subtraction andsmod
due to model dependence. ThusD3p(SND)5sstat% smod
% sbkg . The fitting was performed withmv i, Gv i,
As(v i→3p), As(v i→vp1p2) and s(f→3p) as free
parameters.

To estimate the possible relative bias between SND
DM2 data, theC3p was considered as a free parameter
well. It was found thatC3p51.7260.24. To estimate the
possible biases independently the cross sections of
e1e2→vp0 process~Fig. 14! measured by SND@26# and
DM2 @33#, and cross section calculated, by using CVC h
pothesis, from the CLEO2 result on thet→3pp0 decay@24#
were also studied. Thee1e2→vp0 cross section was mea
sured by DM2 by usingp1p22p0 final state, i.e. as in the
case of thep1p2p0 and vp1p2 final states the event
containing both tracks and photons were detected. This g
us a hope that all these DM2 measurements have sim
systematic errors. The SND and CLEO2 data agree ra
well. The DM2 and CLEO2 data points are strongly ov
lapped. The average ratio of the CLEO2 and DM2 cro
sections is 1.54, and this agrees withC3p51.7260.24. In
further analysis we assumedC3p5Cvpp and fixed these co
efficients at 1 or 1.54.

It is generally accepted that twov-like resonancesv8 and
v9 exist @1,16#. The first fit was done by assuming that th
number of thev i resonances is equal to 3 and without taki
into account thevp→p1p2p0 mechanism~i.e., svp→3p

50 ands int50 were assumed!. The obtained parameters o
the v i resonances are shown in Table IV. Thes(v1→3p)
03200
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differs from zero by about one standard deviation. If in th
approximation one takes into account the contribution fr
the vp→p1p2p0 mechanism, thens(v1→3p)50.07
60.07

0.32 nb, and the parameters of thev2, v3 resonances de
viate from their previous values within their statistical erro
So in the further analysis the parameters(v1→3p) was
fixed to zero and for thev2, v3 resonances a more usu
notationv8, v9 was used.

The further fittings were performed under the followin
assumptions:~1! the contribution from thevp→p1p2p0

was not taken into account, i.e.svp→3p50, s int50;
~2! the first model for the amplitudeAvp was used;
~3! the second model for the amplitudeAvp was used.

The results of the fits are shown in Tables V, VI and Fig
15, 16. In case when no relative shift between SND a
DM2 experiments was assumed, the value ofx3p(DM2)

2 is
rather large. The obtained parameters depend weakly on
applied model.

VIII. DISCUSSION

The fit results revealed that thee1e2→p1p2p0 and
e1e2→vp1p2 cross sections can be described by a sum
contributions of thev andf mesons and two additionalv8,
v9 resonances. The followingv8 parameters were obtaine
~Table V!:

mv851490650625 MeV,

Gv8512106200
3006170 MeV,

s~v8→3p!53.560.560.2 nb,

s~v8→vp1p2!50.0360.03
0.1 60.01 nb,

fvv8;180°.

The v8 decays mostly intop1p2p0: B(v2→3p).99%
and its electronic width isG(v8→e1e2).650 eV. Thev9
parameters were found to be

mv951790640610 MeV,

Gv955606100
150620 MeV,

s~v9→3p!52.060.4060.8 nb,

s~v9→vp1p2!51.960.460.8 nb,

fvv9;0°.
1-12
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TABLE V. Fit results for thee1e2→p1p2p0 and vp1p2 cross sections. The column numberN
corresponds to the different models forAvp amplitude.N3p

(SND) , N3p
(DM2) , andNvpp

(DM2) are the number of fitted
points of the processese1e2→p1p2p0 andvp1p2 obtained in SND and DM2 experiments. The DM
data was used in the fit as published in Ref.@16#.

N 1 2 3

s(f→3p) ~nb! 64764 64664 64764
mv8 ~MeV! 1506632

40 1465638
33 1481630

35

Gv8 ~MeV! 13226202
274 10376153

202 10796160
202

s(v8→3p) ~nb! 3.3160.49 3.4460.47
0.46 3.5660.44

0.43

s(v8→vp1p2) ~nb! 0.0360.03
0.08 0.0360.03

0.07 0.0360.03
0.09

fvv8 180° 180° 180°
mv9 ~MeV! 1798634

43 1801633
43 1793633

41

Gv9 ~MeV! 5816119
176 5806117

172 5606120
162

s(v9→3p) ~nb! 1.7260.40
0.45 1.2760.32

0.33 1.5460.35
0.40

s(v9→vp1p2) ~nb! 1.5160.30
0.34 1.4860.30

0.33 1.5360.31
0.34

fvv9 0° 0° 0°
x3p(SND)

2 /N3p
(SND) 55.3/67 52.4/67 52.7/67

x3p(DM2)
2 /N3p

(DM2) 40.2/18 42.8/18 39.5/18
xvpp(DM2)

2 /Nvpp
(DM2) 9.3/18 9.8/18 9.3/18
ob

th
a-

y.
an

d to
than
x-

-

the
The v9 resonance decays with approximately equal pr
abilities intop1p2p0 andvpp: B(v9→3p).0.4, B(v9
→vpp).0.6 and it has the electronic widthG(v9
→e1e2).600 eV. The second errors shown are due to
uncertainty of theAvp amplitude choice and possible rel
tive bias between different experiments.

The rather large electronic widths obtained for thev8 and
v9 resonances may represent some challenge for theor
the framework of the nonrelativistic quark model one c
obtain the following ratios:

UCv8
S

~0!

Cv
S~0!

U2

5S mv8
mv

D 2

•

G~v8→e1e2!

G~v→e1e2!
;4,
03200
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UCv9
S

~0!

Cv
S~0!

U2

5S mv9
mv

D 2

•

G~v9→e1e2!

G~v→e1e2!
;5,

whereCV
S(0) is the radial wave function of theqq̄ bound

state at the origin. For the quark-antiquark potentials use
describe heavy quarkonia, such ratios are always less
unity @34#. This is also confirmed experimentally. For e
ample, analogous ratios forcc̄ and bb̄ states are
uCc(2S)

S (0)/CJ/c
S (0)u2.0.57, uCY(2S)

S (0)/CY(1S)
S (0)u2

.0.44, uCY(3S)
S (0)/CY(1S)

S (0)u2.0.43. Of course, the non
relativistic quark model is unreliable for light-quarkv states.
But, surprisingly, it gives quite reasonable description of
2

TABLE VI. Fit results for thee1e2→p1p2p0 and vp1p2 cross sections. The column numberN
corresponds to the different models forAvp amplitude.N3p

(SND) , N3p
(DM2) , andNvpp

(DM2) are the number of fitted
points of the processese1e2→p1p2p0 andvp1p2 obtained in SND and DM2 experiments. The DM
data was increased by a factor 1.54.

N 1 2 3

s(f→3p) ~nb! 64664 64664 64664
mv8 ~MeV! 1513637

45 1472632
40 1491637

44

Gv8 ~MeV! 13836229
300 10956174

240 11566189
257

s(v8→3p) ~nb! 3.4560.50 3.5760.51
0.47 3.65645

0.47

s(v8→vp1p2) ~nb! 0.0360.03
0.10 0.0360.03

0.11 0.0460.04
0.12

fvv8 180° 180° 180°
mv9 ~MeV! 1784631

38 1784631
38 1780631

38

Gv9 ~MeV! 5636110
156 5506104

147 5446104
146

s(v9→3p) ~nb! 2.8060.58
0.67 2.2960.49

0.54 2.5960.52
0.61

s(v9→vp1p2) ~nb! 2.3560.44
0.48 2.3460.41

0.48 2.4060.44
0.49

fvv9 0° 0° 0°
x3p(SND)

2 /N3p
(SND) 51.8/67 49.2/67 49.6/67

x3p(DM2)
2 /N3p

(DM2) 22.1/18 22.7/18 22.1/18
xvpp(DM2)

2 /Nvpp
(DM2) 9.3/18 9.4/18 9.3
1-13
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ground stater, v, andf meson leptonic widths, which do
not change radically in the framework of the ‘‘relativized
quark model@35#. For comparison, the nonrelativistic qua
model predictions for the two photon widths of the lig
pseudoscalar mesons are dramatically wrong and only
‘‘relativized’’ model gives reasonable result@36#. More pre-
cise data and deeper analysis are required to draw strict
clusions.

Thev8, v9 widths obtained from the fit are rather large
comparison with their masses~this result agrees with exper
mental data analysis reported in@6–8#!. In this context the
question whether the sum of Breit-Wigner amplitudes is
adequate description of the cross sections in the energy
gion mf,As,2000 MeV becomes actual.

The presented analysis of thev-like excited states is
somewhat speculative since we had to assume a rather
systematic bias between SND and DM2 measurements.

The s(f→3p) was found to be equal

s~f→3p!564664637 nb.

This agrees with the results of SND studies of thee1e2

→p1p2p0 cross section in the vicinity of thef resonance
s(f→3p)5659635 nb @21#. The slight deviations in the
central value and the error can be related to the differenc
descriptions of thev8, v9 contributions used in these work

FIG. 15. Thee1e2→p1p2p0 cross section. SND and DM2
@16# data are shown. Curves are the fit results. Dashed curve is
fit with DM2 data increased by a factor 1.54.

FIG. 16. Thee1e2→vp1p2 cross section. DM2@16# data are
shown; the curve is the fit result.
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The fit was performed by assumingfvf5F(s) @30#. If fvf
is considered to be a free parameter of the fit, then its va
is

fvf5164°63°,

which agrees withF(mf)5163° @30#.
The relative phasec(s) betweenArp andAvp amplitudes

and B(v→p1p2) was obtained from thep1p2 invariant
mass spectra analysis in theAs energy region from 1100 to
1380 MeV ~Table III, Fig. 17!. The phasec(s) can be also
calculated from the total cross section fit results~Table V!.
Figure 17 demonstrates that the phasec(s) energy depen-
dence cannot be described if the model withAvp5Ar→vp

1Ar9→vp is used. On the other hand, the model in whi
Avp5Ar→vp1Ar8→vp1Ar9→vp gives satisfactory descrip
tion of the data. Thev→p1p2 decay probability was found
to be

B~v→p1p2!52.3860.90
1.7760.18%.

This result does not contradict both to OLYA measureme
@31# and world average value@1#, as well as to CMD2 result
@32#. Using the results of the totale1e2→p1p2p0 cross
section andp1p2 invariant mass spectra analysis, the co
tribution of the e1e2→rp→p1p2p0 mechanism to the
total cross section was estimated to be;90% in the energy
rangeAs51100–1380 MeV.

For the data analysis the model which takes into acco
only e1e2→rp→p1p2p0 and vp0→p1p2p0 mecha-
nisms were used. Thee1e2→r8(9)p→p1p2p0, intermedi-
ate state, as well as ther andp meson interaction in the fina
state@27# are also possible. Taking into account these con
butions in the fit can change thec(s) values, but the statis
tics collected in SND experiments is not enough for stud
of such contributions. In addition, the parameters of ther8(9)

resonances are poorly established. In the energy depend
of the total width the contributions from the following de
cays were not taken into account:v8(9)→KSK6p7,
K!0K2p1(K̄!0K1p2), KK̄, r8(9)→rpp, hp1p2, KK̄,

he

FIG. 17. The comparison of the relative phasec(s) of the am-
plitudesArp andAvp measured in this work~dots! with theoretical
dependences: the solid curve is the phasec(s) in the caseAvp

5Ar→vp1Ar8→vp1Ar9→vp ; the dashed curve is the phasec(s)
in the caseAvp5Ar→vp1Ar9→vp .
1-14
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KSK6p7, K!0K2p1(K̄!0K1p2). The mixing between
vector mesons excitations was neglected. It is possible th
more detailed model for theAvp and Arp amplitudes can
change the calculated energy dependence of the phasec(s)
presented in Fig. 17.

At present in BINP~Novosibirsk! the VEPP-2000 collider
with energy range from 0.36 to 2 GeV and luminosity up
1032 cm22 s21 ~atAs;2 GeV) is under construction@37#.
The two detectors SND@38# and CMD-2M @39# are being
upgraded for experiments at this new facility. In these exp
ments the increase of the accuracy in determination
e1e2→hadrons cross sections is expected in the ene
rangemf,As,2000 MeV. We hope that the new data w
improve the understanding of the nature ofr8(9), v8(9) and
f8(9) resonances, as well as their decay mechanisms and
oretical methods of their description.

IX. CONCLUSION

The cross section of the processe1e2→p1p2p0 was
measured in the SND experiment at the VEPP-2M collide
the energy regionAs5980–1380 MeV. Because of the in
creased luminosity, and improved corrections for analy
ys

,
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losses and initial state radiation, the cross section meas
ments reported here~Table II! supersede those in Ref.@17#
and Ref.@21#. The measured cross section was analyzed
the framework of the generalized vector meson domina
model together with thee1e2→p1p2p0 and vp1p2

cross sections obtained by DM2. It was found that the
perimental data can be described with a sum of contributi
of v, f mesons and twov8 andv9 resonances with masse
mv8;1490, mv9;1790 MeV and widthsGv8;1210, Gv9
;560 MeV. The analysis of the dipion mass spectra in
energy regionAs from 1100 to 1380 MeV has shown that fo
their description the mechanisme1e2→vp0→p1p2p0 is
required. The phase betweene1e2→vp and e1e2→rp
processes amplitudes was measured for the first time
value is close to zero and depends on energy.

ACKNOWLEDGMENTS

The authors are grateful to N.N. Achasov, S.I. Eidelm
and A.A. Kozhevnikov for useful discussions. The prese
work was supported in part by Grant No. 78 1999 of Russ
Academy of Science for young scientists and grant STP ‘‘
tegration’’ A0100.
A

nd

go-

-

@1# Particle Data Group, D.E. Groomet al., Eur. Phys. J. C15, 1
~2000!.

@2# A. Donnachie and Yu.S. Kalashnikova, Z. Phys. C59, 621
~1993!.

@3# A. Donnachie and Yu.S. Kalashnikova, Z. Phys. C60, 187
~1993!.

@4# A.B. Clegg and A. Donnachie, Z. Phys. C62, 455 ~1994!.
@5# A. Donnachie and Yu.S. Kalashnikova, Phys. Rev. D60,

114011~1999!.
@6# N.N. Achasov and A.A. Kozhevnikov, Phys. Rev. D55, 2663

~1997!; Yad. Fiz. 60, 1131 ~1997! @Phys. At. Nucl.60, 1011
~1997!#.

@7# N.N. Achasov and A.A. Kozhevnikov, Phys. Rev. D57, 4334
~1998!; Yad. Fiz. 60, 2212 ~1997! @Phys. At. Nucl.60, 2029
~1997!#.

@8# N.N. Achasov and A.A. Kozhevnikov, Phys. Rev. D62,
117503~2000!; Yad. Fiz.65, 158 ~2002! @Phys. At. Nucl.65,
153 ~2002!#.

@9# N.N. Achasov, A.A. Kozhevnikov, and G.N. Shestakov, Ph
Lett. 50B, 448 ~1974!; N.N. Achasov, N.M. Budnev, A.A.
Kozhevnikov, and G.N. Shestakov, Yad. Fiz.23, 610 ~1976!
@Sov. J. Nucl. Phys.23, 320 ~1976!#; N.N. Achasov and G.N.
Shestakov, Fiz. Elem. Chastits At. Yadra9, 48 ~1978!.

@10# M.N. Achasovet al., Report, Budker INP 98-65 Novosibirsk
1998.

@11# G. Cosmeet al., Nucl. Phys.B152, 215 ~1979!.
@12# B. Espositoet al., Lett. Nuovo Cimento Soc. Ital. Fis.28, 195

~1980!.
@13# C. Bacciet al., Nucl. Phys.B184, 31 ~1981!.
@14# B. Delcourtet al., Phys. Lett.113B, 93 ~1982!.
@15# S.I. Dolinskyet al., Phys. Rep.202, 99 ~1991!.
@16# A. Antonelli et al., Z. Phys. C56, 15 ~1992!.
.

@17# M.N. Achasovet al., Phys. Lett. B462, 365 ~1999!.
@18# M.N. Achasov et al., Nucl. Instrum. Methods Phys. Res.

449, 125 ~2000!.
@19# A.N. Skrinsky, in Proceedings of Workshop on Physics a

Detectors for DAFNE, Frascati, Italy, 1995, p. 3.
@20# M.N. Achasov et al., Calorimetry in High Energy Physics,

Proceedings, edited by Gaspar Barreira, Bernardo Tome, A
stinho Gomes, Amelia Maio, and Maria J. Varanda~World Sci-
entific, Singapore, 2000!, p. 863.

@21# M.N. Achasovet al., Phys. Rev. D63, 072002~2001!.
@22# M.N. Achasovet al., Phys. Rev. D65, 032002~2002!.
@23# R.R. Akhmetshinet al., Phys. Lett. B466, 392 ~1999!.
@24# K.W. Edwardset al., Phys. Rev. D61, 072003~2000!.
@25# M.N. Achasovet al., Report, Budker INP 2001-34, Novosi

birsk, 2001~in Russian!.
@26# M.N. Achasovet al., Phys. Lett. B486, 29 ~2000!.
@27# N.N. Achasov and A.A. Kozhevnikov, Phys. Rev. D49, 5773

~1994!; Yad. Fiz. 56, 191 ~1993! @Phys. At. Nucl.56, 1261
~1993!#; Int. J. Mod. Phys. A9, 527 ~1994!.

@28# N.N. Achasov and A.A. Kozhevnikov, Yad. Fiz.55, 809~1992!
@Sov. J. Nucl. Phys.55, 449 ~1992!#; Int. J. Mod. Phys. A7,
4825 ~1992!.

@29# E.A. Kuraev and V.S. Fadin, Yad. Fiz.41, 733 ~1985! @Sov. J.
Nucl. Phys.41, 466 ~1985!#.

@30# N.N. Achasov and A.A. Kozhevnikov, Phys. Rev. D61,
054005~2000!; Yad. Fiz.63, 2029~2000! @Phys. At. Nucl.63,
1936 ~2000!#.

@31# L.M. Barkov et al., Nucl. Phys.B256, 365 ~1985!.
@32# R.R. Akhmetshinet al., Phys. Lett. B527, 161 ~2002!.
@33# D. Bisello et al., Nucl. Phys. B~Proc. Suppl.! 21, 111 ~1991!.
@34# C. Quigg and J.L. Rosner, Phys. Rep.56, 167 ~1979!.
1-15



y

l-
a

rd,

-

M. N. ACHASOV et al. PHYSICAL REVIEW D 66, 032001 ~2002!
@35# C.R. Munz, J. Resag, B.C. Metsch, and H.R. Petry, Nucl. Ph
A578, 418 ~1994!.

@36# B.C. Metsch and H.R. Petry, Acta Phys. Pol. B271, 3307
~1996!.

@37# Yu.M. Shatunovet al., Project of a new electron-positron co
lider VEPP-2000, in Proceedings of the 2000 European P
03200
s.

r-

ticle Accelerator Conference, Vienna, 2000, p. 439.
@38# G.N. Abramov et al., SND Upgrade, invited talk at ‘‘e1e-

Physics at Intermediate Energies Workshop,’’ SLAC, Stanfo
CA, 2001, hep-ex/0105093.

@39# V.M. Aulchenko et al., Report, Budker INP 2001-45 Novosi
birsk, 2001~in Russian!.
1-16


