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Study of the processe¿eÀ\p¿pÀp0 in the energy regionAs below 0.98 GeV
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The cross section of the processe1e2→p1p2p0 was measured in the Spherical Neutral Detector~SND!
experiment at the VEPP-2M collider in the energy regionAs below 980 MeV. This measurement was based on
about 1.23106 selected events. The obtained cross section was analyzed together with the SND and DM2 data
in the energy regionAs up to 2 GeV. Thev-meson parametersmv5782.7960.0860.09 MeV, Gv58.68
60.0460.15 MeV, ands(v→3p)5161569657 nb were obtained. It was found that the experimental data
cannot be described by a sum of onlyv, f, v8, andv9 resonance contributions. This can be interpreted as a
manifestation ofr→3p decay, suppressed byG parity, with a relative probabilityB(r→3p)5(1.0120.36

10.54

60.034)31024.
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I. INTRODUCTION

The cross section of thee1e2→p1p2p0 process in the
energy regionAs, 2 GeV is determined by the transitions
light vector mesonsV(V5v,f,v8,v9) into the final state:
V→p1p2p0. The V→p1p2p0 branching ratios for vec-
tor mesons with isospinI 50 are large,B(v→3p).0.9,
B(f→3p).0.15 @1#, B(v8→3p);1, B(v9→3p);0.5
@2#, and thus thee1e2→p1p2p0 cross section measure
ments are important for the study of these resonances.
rp intermediate state dominates in these transitions. ThV
→p1p2p0 transition can also proceed via mechanisms s
pressed by theG parity: V→vp0→p1p2p0 @2,3# or V
→rp→p1p2p0 (V5r,r8,r9). Studies of the e1e2

→p1p2p0 reaction allow us to determine the vector mes
parameters and provide information on the Okubo-Zwe
Iizuka ~OZI! rule violation in f→3p decay and on the
G-parity violation in the processesr,r8(9)→3p.

The processe1e2→p1p2p0 in the energy regionAs
below 2200 MeV was studied in several experiments dur
the last 30 years. Thev meson production region was stu
ied in Refs.@4–10# and studies of thef meson energy do
main were reported in Refs.@8,11–16#. In Refs. @8,17–19#
the e1e2→p1p2p0 cross section was studied in the wid
energy regionAs from 660 up to 1100 MeV and in Ref.@20#
an upper limit was imposed on theG-parity suppressed de
cay r→3p. e1e2→p1p2p0 cross section measuremen
in the v8 and v9 resonance energy region (As
51100–2200 MeV) were reported in Refs.@8,19,21–25#.

Recently, the processe1e2→p1p2p0 was also studied
with the Spherical Neutral Detector~SND! @2,26–28#, the
process dynamics was analyzed, and the cross section
measured in the energy regionAs from 980 to 1380 MeV.
Here we present thee1e2→p1p2p0 cross section mea
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surement in the energy regionAs below 980 MeV. The cross
section obtained was analyzed together with the SND@2,27#
and DM2 @25# data in the energy region up to 2000 MeV.

II. EXPERIMENT

The SND detector@29# operated from 1995 to 2000 at th
VEPP-2M @30# 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. The muon/veto system consists of plas
scintillation counters and two layers of streamer tubes. T
calorimeter energy and angular resolutions depend on
photon energy assE /E(%)54.2%/A4 @4E(GeV) andsf,u

50.82°/AE(GeV)% 0.63°. The tracking system angula
resolution is about 0.5° and 2° for azimuthal and po
angles, respectively.

In 1998–2000 the SND detector collected data in the
ergy regionAs,980 MeV with integrated luminosity abou
10.0 pb21. For the luminosity measurements, the proces
e1e2→e1e2 and e1e2→gg were used. In this work the
luminosity measured by usinge1e2→gg was used for nor-
malization, because in ther meson energy region the contr
bution of the e1e2→p1p2 background to thee1e2

→e1e2 process is rather large. The systematic error of
integrated luminosity determination is estimated to be 2
Since luminosity measurements bye1e2→e1e2 and
e1e2→gg reveal a systematic spread of about 1%, this w
added to the statistical error of the luminosity determinat
at each energy point. The statistical accuracy was better
1%.

The beam energy was calculated from the magnetic fi
value in the bending magnets and the revolution frequenc
the collider. The relative accuracy of the energy setting
each energy point is about 0.1 MeV, while the common s
of the energy scale for all points within the scan can amo
©2003 The American Physical Society06-1
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to 0.5 MeV. At the three energy points in the vicinity of th
v resonance peak the beam energy was calibrated usin
resonant depolarization method@31#. The accuracy of the
center of mass energy calibration is 0.04 MeV. In order
correct the calculated beam energy, the common shifts of
energy scale in the experimental scans were the free pa
eters in the analysis and varied relative to the calibrated
ergy points. The beam energy spread varies in the range
0.08 MeV at As5440 MeV to 0.35 MeV at As
5970 MeV.

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.@2,27,28#. During the
experimental runs, the first-level trigger@29# selects events
with energy deposition in the calorimeter greater than 1
MeV and with two or greater charged particles. During p
cessing of the experimental data the event reconstructio
performed@27,29#. For further analysis, events containin
two or more photons and two charged particles withuzu
,10 cm andr ,1 cm were selected. Herez is the coordinate
of the charged particle production point along the beam a
~the longitudinal size of the interaction region depends
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FIG. 1. Two-photon invariant mass distribution in thee1e2

→p1p2p0 events.
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FIG. 2. Thex3p
2 distribution in thee1e2→p1p2p0 events.
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beam energy and varies from 2 to 2.5 cm!; r is the distance
between the charged particle track and the beam axis in
r -f plane. Extra photons ine1e2→p1p2p0 events can
appear because of the overlap with the beam backgroun
nuclear interactions of the charged pions in the calorime
Under these selection conditions, the background sources
the e1e2→vp0→p1p2p0p0, e1e2→e1e2g, e1e2gg,
p1p2(g), m1m2(g) processes, and cosmic and bea
backgrounds.

The polar angles of the charged particles were bounded
the criterion 15°,u,165°. To suppress the cosmic an
beam backgrounds, the following cuts were applied:Eneu
.100 MeV, 2<Ng<3, uDzu,3 cm, and c.20°. Here
Eneu is the energy deposition of the neutral particles,Ng is
the number of detected photons,Dz5z12z2 ,z1 ,z2 are thez
coordinates of the charged particle tracks, andc is the angle
between two charged particle tracks.

To suppress thee1e2→e1e2gg events, the energy
deposition of the charged particles in the calorimeter,Echa ,
was required to be small:Echa,0.5•As.

To reject the background frome1e2→p1p2(g),
m1m2(g), and e1e2g, the following cut was imposed
uDfu.5°. HereDf is the acollinearity angle of the charge
particles in the azimuthal plane.

When these cuts were imposed, the number of ba
ground events decreased by a factor of about 10, while
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FIG. 3. Angle c between the charged pions in thee1e2

→p1p2p0 events.

FIG. 4. Theu distribution of charged pions from the reactio
e1e2→p1p2p0.
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number ofe1e2→p1p2p0 reaction events decreased b
only about 10%.

For the events left after these cuts, a kinematic fit w
performed under the following constraints: the charged p
ticles are assumed to be pions, the system has zero
momentum, the total energy isAs, and the photons originat
from the p0→gg decays~Fig. 1!. The value of the likeli-
hood functionx3p

2 ~Fig. 2! is calculated during the fit. In
events with more than two photons, extra photons are c
sidered as spurious ones and rejected. To do this, all pos
subsets of two photons were inspected and the one co
sponding to the maximum likelihood was selected. The ki
matic fits were also performed under the assumptions tha
e1e2→p1p2g, e1e2→m1m2g, or e1e2→e1e2g
events with extra photons were detected and the values o
corresponding likelihood functionsx2pg

2 , x2mg
2 , and x2eg

2

were calculated. After the kinematic fits, the following cu
were applied:x3p

2 ,20, x2pg
2 .20, x2mg

2 .20, and x2eg
2

.20, the polar angleug of at least one of the photons, s
lected by the reconstruction program as originating from
p0 decay, should satisfy the following criterion: 36°,ug

,144°. In the energy regionAs,730 MeV, for additional
suppression of the background, the cutp/E.0.5–0.3 ~at
As5720–440 MeV) was applied. Herep and E are the
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FIG. 5. Theu distribution of neutral pions from the reactio
e1e2→p1p2p0.
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FIG. 6. The angle between the normal to the production pl
and thee1e2 beam direction for thee1e2→p1p2p0 events.
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charged pion momentum and energy calculated after the
nematic reconstruction. For additional suppression of
e1e2→vp0→p1p2p0p0 background, the criterionNg

52 was applied for energiesAs.900 MeV. As a result of
the applied cuts the background was suppressed by a
1000 times.

The angular distributions of particles for the select
events are shown in Figs. 3–7, while Figs. 8–11 demonst
the photon and pion energy distributions for the same eve
The experimental and simulated distributions are in agr
ment.

B. Background subtraction

The number of background events was estimated from
following formula:

Nbkg~s!5(
i

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

wherei is the process number,sRi(s) is the cross section o
the background process taking into account the radiative
rections,L(s) is the integrated luminosity, ande i(s) is the
detection probability for the background process obtain
from a simulation under the selection criteria describ

e
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FIG. 7. The angular distribution of photons.
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FIG. 8. The energy distribution for the most energetic phot
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above. For thee1e2→vp background estimation, the cros
section obtained in SND experiments@32# was used.

To estimate the accuracy of the background event num
determination, thex3p

2 distribution in the energy regionAs
.870 MeV was studied~Fig. 12!. The experimentalx3p

2 dis-
tribution in the range 0,x3p

2 ,40 was fitted by a sum o
background and signal. The distribution for backgrou
events was taken from the simulation, and for the sig
e1e2→p1p2p0 events by using experimental data co
lected in the vicinity of thev meson peak. As a result, th
ratio between the number of background events obtai
from the fit and the number calculated according to Eq.~1!
was found to be 2.061.2. The error was estimated by var
ing the selection criteria. Taking this ratio into account, t
number of background events obtained from Eq.~1! was
multiplied by a factor of 2 at all energy points and the acc
racy of the determination of the number of backgrou
events was estimated to be about 60%.

The numbers ofe1e2→p1p2p0 events~after the back-
ground subtraction! and background event numbers a
shown in Table I.

To check the accuracy of background subtraction in
energy regionAs,730 MeV, the data were analyzed in
different way. The kinematic reconstruction was perform
under the following constraints: the charged particles
pions, the system has zero total momentum, and the
energy isAs. The constraint that the photon originated fro
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FIG. 9. The photon energy distribution.
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FIG. 10. The charged pion energy distribution.
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the p0→gg decay was not used. In events with more th
two photons, extra photons are considered as spurious
and rejected. The value of the likelihood functionx2p2g

2 is
calculated during the fit. After the fit, the following cut wa
applied:x2p2g

2 ,20. For selected events the two-photonmgg

invariant mass spectra~Fig. 13! were fitted by a sum of back
ground and signal (mgg is calculated after the kinematic fit!.
The shape of the distribution fore1e2→p1p2p0 events
was obtained by using experimental data collected in
vicinity of the v resonance. For the background a unifor
distribution was used~other assumptions about the shape
the background spectrum do not change the fit results!. The
cross sections obtained by using two different methods
background subtraction are in agreement~Table II!. An
analogous check was performed for the energy regionAs
.900 MeV. The results of the different approaches a
again in agreement.

C. Detection efficiency

The detection efficiency of thee1e2→p1p2p0(g) pro-
cess was obtained from simulation. To take into account
overlap of the beam background with the signal even
background events~experimental events collected when th
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FIG. 11. The neutral pion energy distribution.
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FIG. 12. The experimentalx3p
2 distribution in the energy region

As.870 MeV, fitted by the sum of distributions for the signal an
background. The background contribution is shown by the fil
histogram.
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TABLE I. Event numbersN3p of the e1e2→p1p2p0(g) process~after background subtraction! and
Nbkg of background processes, integrated luminosityL, and detection efficiencye(s,Eg50) ~without g
quantum radiation!. d rad is the radiative correction@d rad5j(s)/e(s,Eg50), j(s) is defined via expression
~19!#.

As ~MeV! L (nb21) e(s,Eg50) N3p Nbkg d rad

970 271.462.7 0.254460.0082 800634 3367 0.905
958 249.062.5 0.254460.0082 658629 2765 0.918
950 276.862.7 0.254060.0086 727632 3266 0.927
940 505.264.5 0.258560.0075 1203641 53610 0.937
920 510.164.1 0.269960.0075 1292642 5268 0.96
880 397.663.6 0.326860.0032 1596649 61619 1.094
840 711.066.1 0.334160.0029 5928688 96615 1.356
820 329.063.0 0.337660.0022 5478684 74613 1.491

810.40 223.762.1 0.338460.0019 5989686 2765 1.463
809.79 67.860.8 0.341260.0012 1899648 561 1.464
800.40 235.662.2 0.339960.0014 116946121 40610 1.319
799.79 53.660.7 0.343560.0013 2679657 662 1.308
794.40 160.861.6 0.340860.0012 137576129 1964 1.165
793.79 54.860.7 0.344860.0010 5066678 861 1.148
790.40 136.361.4 0.341460.0011 202286157 1564 1.036
789.79 58.860.7 0.345860.0010 90546104 761 1.015
786.40 177.661.7 0.342060.0010 512656251 2765 0.895
786.18 20.460.4 0.345060.0037 6226688 361 0.887
785.79 76.960.9 0.346660.0010 248766175 1061 0.874
785.40 222.462.1 0.342260.0010 755316304 3367 0.861
784.40 285.362.7 0.342460.0010 1118286371 3465 0.830
783.79 78.160.9 0.347060.0010 333256201 763 0.814
783.40 288.562.6 0.342460.0010 1221146387 80610 0.804
782.90 122.361.2 0.347760.0012 548306261 4067 0.794
782.79 85.260.9 0.347360.0010 379566217 1663 0.792
782.40 300.962.7 0.342660.0010 1276826397 36614 0.785
782.13 15.160.3 0.353460.0037 6452689 462 0.781
781.79 372.563.3 0.347560.0010 1555156436 49617 0.777
781.40 220.462.1 0.342760.0010 856116324 85610 0.773
780.40 169.261.6 0.342960.0010 560316262 1061 0.767
778.11 20.960.4 0.353460.0031 4344672 864 0.767
780.79 131.961.3 0.347760.0010 482306241 4266 0.769
779.90 114.761.2 0.345760.0014 348606207 1465 0.766
779.79 44.760.6 0.347860.0010 130996126 161 0.766
778.40 159.661.6 0.343260.0011 345686207 2163 0.767
777.79 79.260.9 0.348360.0010 147006134 1064 0.768
774.40 162.261.6 0.343960.0012 141576131 2166 0.779
773.79 65.160.8 0.349260.0010 4952678 1061 0.781
770.40 253.562.3 0.344560.0013 109596116 3367 0.792
769.79 45.960.6 0.350060.0011 1656644 1061 0.794
764.40 222.862.1 0.345560.0015 4242671 3167 0.806
763.79 40.260.6 0.351260.0013 724630 561 0.808
760.40 208.262.0 0.346160.0017 2658657 1966 0.814
759.79 43.560.6 0.352060.0014 576628 763 0.815
750.40 174.661.7 0.347960.0021 1008637 2667 0.826
749.79 52.260.7 0.354160.0018 251618 1465 0.828

720 584.165.0 0.356360.0069 652630 6068 0.848
690 174.461.6 0.352660.0069 58611 2165 0.860
660 281.162.5 0.357560.0070 40611 2964 0.862
630 120.161.2 0.353260.0068 065 1463 0.865
600 90.660.9 0.329860.0066 2266 1564 0.868
580 12.760.2 0.356160.0069 264 261 0.867
560 11.260.2 0.336960.0068 2161 161 0.867
540 12.160.2 0.315660.0067 2462 462 0.867
520 7.260.2 0.286660.0065 0 0 0.861
500 8.060.2 0.227860.0060 061 161 0.856
480 13.460.2 0.203060.0058 0 0 0.852
440 6.260.1 0.018360.0019 0 0 0.820
052006-5
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detector was triggered by an external generator! were mixed
with the simulated events. The detection efficiency for eve
without g quantum radiation by the initial particles is abo
0.35 ~Table I!. The detection efficiency dependence on t
radiated photon energy is shown in Fig. 14. The efficien
decrease with the rise of the radiated photon energy is du
the selection criterionx3p

2 ,20, which involves energy and
momentum conservation in thee1e2→p1p2p0 process.

Inaccuracies in the simulation of the distributions ov
some selection parameters lead to an error in the determ
tion of the average detection efficiency. To take these un
tainties into account, the detection efficiency was multipl
by correction coefficients, which were obtained in the f
lowing way @2,27#. The experimental events were select
without any conditions on the parameter under study, us
selection parameters uncorrelated with the one studied.
same selection criteria were applied to simulated eve
Then the cut was applied to the parameter and the correc
coefficient was calculated:

d5
n/N

m/M
, ~2!

whereN andM are the numbers of events in the experime
and simulations, respectively, selected without any cuts
the parameter under study;n and m are the numbers o
events in the experiment and simulation when the cut on
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FIG. 13. The two-photon invariant mass distribution atAs
5720 MeV.

TABLE II. The ratio of the cross sections, obtained by usi
different methods of background subtraction.N3p is the number of
e1e2→3p events obtained by fitting the two-photon invaria
mass spectra.s(1) is the cross section measured in the appro
when the background was calculated according to Eq.~1!, s (2) is
the cross section measured by using the two-photon invariant m
spectra analysis.

As ~MeV! N3p s (1)/s (2)

750 1350642 0.99560.034
720 700632 0.99960.054
690 66611 0.95660.209
660 17610 2.56261.114
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parameter is applied. As a rule, the error in the coefficiend
determination is connected with the uncertainty of the ba
ground subtraction. This systematic error was estimated
varying other selection criteria.

The inaccuracy in thex3p
2 distribution simulation~Fig. 2!

is the main source of uncertainty in the detection efficien
determination. The correction coefficientdx

3p
2 50.9560.02

~Fig. 15! was obtained by using data collected in the vicin
of thev resonance. The error due to uncertainty in the sim
lation of other parameters is estimated to be 1.7%. In
energy regionAs.900 MeV the additional selection crite
rion Ng52 was applied. The uncertainty due to this cut w
estimated to be 3%. The systematic error of the detec
efficiency determination is 2.7% in the energy regionAs
,900 MeV and is about 4.1% atAs.900. The detection
efficiency after the applied corrections is shown in Table

IV. THEORETICAL FRAMEWORK

In the framework of the vector meson dominance mod
the cross section of thee1e2→p1p2p0 process is

ds

dm0dm1
5

4pa

s3/2

upW 13pW 2u2

12p2As
m0m1•uFu2, ~3!

h

ss

  Eγ (MeV)

ε 
( 

E
γ )

 / 
ε 

( 
E

γ =
 0

 )

0

0.25

0.5

0.75

1

0 50 100 150

FIG. 14. The detection efficiencye(Eg) dependence on the ra
diated photon energyEg for the e1e2→p1p2p0(g) events at
As.mv , obtained by simulation.
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FIG. 15. The correction coefficientdx
3p
2 dependence on the

value of the cut onx3p
2 .
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wherepW 1 andpW 2 are thep1 andp2 momenta, andm0 and
m1 are thep1p2 and p1p0 pair invariant masses. Th
form factorF of the g!→p1p2p0 transition has the form

uFu25UArp~s! (
i 51,0,2

gr ipp

Dr~mi !Z~mi !

1Ar8(9)p~s! (
i 51,0,2

gr8(9)pp

Dr8(9)~mi !

1Avp~s!
Prvgr0pp

Dr~m0!Dv~m0!U
2

. ~4!

The first term in Eq.~4! takes into account theg!→rp
→p1p2p0 transition ~Fig. 16a!, which dominates in the
process under study@28#. 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~m2!5
1

2
~m224mp

2 !1/2,

q6~m2!5
1

2m
$@m22~mp01mp!2#@m22~mp02mp!2#%1/2,

m25As1mp0
2

12mp
2 2m0

22m1
2 ,

wherem2 is thep2p0 pair invariant mass,mp0 andmp are
the neutral and charged pion masses, andi denotes the sign
of the r meson (pp pair! charge. Ther0→p1p2 andr6

→p6p0 transition coupling constants can be determined
the following way:

gr0pp
2

5
6pmr0

2 Gr0

q0~mr0!3
, gr6pp

2
5

6pmr6
2 Gr6

q6~mr6!3
.

Experimental data@28# do not contradict the equality of th
coupling constantsgr0pp

2
5gr6pp

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

π
a)

e-

e+

γ* V ρ| π
π

π

b)

e-

e+

γ* V ω
π

π

π

c)

e-

e+

γ* V ρ

ρ

π

π
π

π

π
d)

FIG. 16. Thee1e2→p1p2p0 transition diagrams.
05200
n

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 the SND measu
ments@28#: Gr05149.8 MeV, Gr65150.9 MeV. The neu-
tral and chargedr meson masses were assumed to be eq
and were also taken from the SND measurements@28#, mr

5775.0 MeV. The factorZ(m)512 is1F(m,s) takes into
account the interaction of ther and p mesons in the final
state@33# @Fig. 16~d!#, and the parameters15160.2 corre-
sponds to the prediction of Ref.@33#, where the concrete
form of theF(m,s) function can be found. In experimenta
studies of thepp mass spectra in thee1e2→3p process at
As.mf @28#, we obtaineds150.360.360.3. This result is
consistent with zero, but also does not contradict the pre
tion of Ref. @33#.

The second term in Eq.~4! takes into account the possib
transition g!→r8(9)p→p1p2p0 @Fig. 16~c!#. This term
can be written asArp(s)•a3p , where

a3p5
Ar8(9)p~s!

Arp~s! (
i 51,0,2

gr8(9)pp

Dr8(9)~mi !
.

In the analysis, thea3p amplitude was assumed to be a re
constant. From thepp mass spectra analysis, in the proce
e1e2→3p at As.mf @28#, it was found thata3p5(0.01
60.2360.25)31025 MeV22.

The third term in Eq.~4! takes into account theg!

→vp0→p1p2p0 transition@3# @Fig. 16~b!#. The polariza-
tion operator of the r-v mixing satisfies Im(Prv)
!Re(Prv) @33,34#, where

Re~Prv!5A Gv

Gr0~mv!
B~v→p1p2!•u~mv

2 2mr
2!

2 imv@Gv2Gr0~mv!#u, ~6!

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

ten in the following form:

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!
6-7
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The phase space factorsWrp(s), Wvp(s), andWint(s) were
calculated as follows:

Wrp~s!5
1

12p2As
E

2mp

As2mp0

m0dm0E
m1

min(m0)

m1
max(m0)

m1dm1upW 1

3pW 2u2
•U (

i 51,0,2

gr ipp

Dr~mi !Z~mi !
1a3pU2

, ~11!

Wvp~s!5
1

12p2As
E

2mp

As2mp0

m0dm0E
m1

min(m0)

m1
max(m0)

m1dm1upW 1

3pW 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 1

3pW 2u2F Prvgr0pp

Dr~m0!Dv~m0!G
!

3F (
i 51,0,2

gr ipp

Dr~mi !Z~mi !
1a3pG . ~13!

The amplitudes of theg!→rp transition have the form

Arp~s!5
1

A4pa
(

V5v,r,f,v8,v9

GVmV
2AmVs~V→3p!

DV~s!

3
eifvVCVrp~s,r 0!

AWrp~mV!
, ~14!

where

DV~s!5mV
22s2 iAsGV~s!, GV~s!5(

f
G~V→ f ,s!.

Here f denotes the final state of the vector mesonV decay,
mV is the vector meson mass, andGV5GV(mV). Thef me-
son mass and width were taken from the SND measurem
mf51019.42 MeV, Gf54.21 MeV @27#. The following
forms of the energy dependence of the vector meson t
widths were used:

Gr~s!5
mr

2

s

q0~s!3

q0~mr!3 GrCrpp
2 ~s,r 0!1

grvp
2

12p
qvp

3 ~s!,

Gv~s!5
mv

2

s

q0~s!3

q0~mv!3 GvB~v→p1p2!Cvpp
2 ~s,r 0!

1
qpg~s!3

qpg~mv!3
GvB~v→p0g!Cvgp

2 ~s,r 0!

1
Wrp~s!

Wrp~mv!
GvB~v→3p!Cvrp

2 ~s,r 0!,
05200
ts

al

Gf~s!5
mf

2

s

qK6~s!3

qK6~mf!3
GfB~f→K1K2!CfK1K2

2
~s,r 0!

1
mf

2

s

qK0~s!3

qK0~mf!3
GfB~f→KSKL!CfKSKL

2 ~s,r 0!

1
qhg~s!3

qhg~mf!3
GfB~f→hg!Cfgh

2 ~s,r 0!

1
Wrp~s!

Wrp~mf!
GfB~f→3p!Cfrp

2 ~s,r 0!,

Gv8~s!5Gv8Cv8rp
2

~s,r 0!
Wrp~s!

Wrp~mv8!
,

Gv9~s!5Gv9Cv9rp
2

~s,r 0!S Wrp~s!

Wrp~mv9!
B~v9→3p!

1
Wvpp~s!

Wvpp~mv9!
B~v9→vpp!D .

Heregrvp is the coupling constant of ther→vp0 transition,
qvp , qK6, qK0, qpg , and qhg are thev meson, kaon,h
meson, and pion momenta,Wvpp(s) is the phase space fac
tor of the vpp final state @35#, and CVPP(s,r 0) and
CVVP(s,r 0) are the form factors which restrict too fa
growth with the energy of the partial widths, so th
AsG(s)→const ass→`. According to Ref.@36# these form
factors can be written as follows:

CVg(r)P~s,r 0!5
11~r 0mV!2

11~r 0As!2 ,

CVPP~s,r 0!5A11@r 0qP~mV!#2

11@r 0qP~s!#2 , ~15!

whereqP is the momentum of the pseudoscalar meson
r 0 is the range parameter~its value was taken to be the sam
for all decays!.

The relative probabilities of the decays were calculated
follows:

B~V→X!5
s~V→X!

s~V!
, s~V!5(

X
s~V→X!,

s~V→X!5
12pB~V→e1e2!B~V→X!

mV
2 .

In particular,

B~v→X!5
s~v→X!

s~v!
,

s~v!5
s~v→3p!1s~v→p0g!

12B~v→p1p2!
.

6-8
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In further analysis we have useds(v→p0g)5155.8 nb,
s(f→K1K2)51968 nb, s(f→KSKL)51451 nb, and
s(f→hg)554.8 nb obtained in the SND experimen
@27,37,38#.

fvV is the relative interference phase between the ve
mesonV andv, so fvv50°. The phasesfvV can deviate
from 0° or 180° and their values can be energy depend
due to mixing between vector mesons. For example,
phasefvf was found to be close to 180°@2,27# in agreement
with the prediction@39# fvf5F(s) @F(mf).163°#, where
the functionF(s) is defined in Ref.@39#. In Ref. @2# it was
shown thatfvv8;180° andfvv9;0°, so in this work these
two phases were fixed at those values.

Taking into account ther-v mixing, the v→rp and r
→rp transition amplitudes can be written in the followin
way @3,34#:

Av→rp1Ar→rp5
ggv

(0)gvrp
(0)

Dv~s! F11
ggr

(0)

ggv
(0)

«~s!G
1

ggr
(0)gvrp

(0)

Dr~s! F grrp
(0)

gvrp
(0)

2«~s!G , ~16!

where

«~s!5
2Prv

Dv~s!2Dr~s!
,

ugVgu5F3mV
3GVB~V→e1e2!

4pa G1/2

,

ugVrpu5F4pGVB~V→rp!

Wrp~mV! G1/2

.

The superscript (0) denotes the coupling constants of
pure, unmixed state. Equation~16! can be rewritten as fol-
lows:

Av→rp1Ar→rp5
1

A4pa
(

V5v,r

GVmV
2AmVs~V→3p!

DV~s!

3
f Vrp~s!CVrp~s,r 0!

AWrp~mV!
,

where

f Vrp~s!5
r Vrp~s!

r Vrp~mV!
,

r vrp~s!511
ggr

(0)

ggv
(0)

«~s!.11F mr
3G~r→e1e2!

mv
3 G~v→e1e2!G

1/2

«~s!,

r rrp~s!5
grrp

(0)

gvrp
(0)

2«~s!.2«~s!.
05200
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If the r→3p transition proceeds only viar-v mixing, that
is, grrp

(0) 50, thenfvr.290° and almost does not depend o
energy; in addition,

s~r→3p!.s~v→3p!
mv

2

mr
2

Gv

Gr

Wrp~mr!

Wrp~mv!

3
r rrp~mr!

r vrp~mv!

B~r→e1e2!

B~v→e1e2!
.

For theg!→vp0 transition amplitude, a model that give
a satisfactory description of the relative phase between it
the Arp(s), Eq. ~14!, amplitude@2# was used:

Avp~s!5A 3

4pa
3FAmr

3GrB~r→e1e2!grvp

Dr~s!

1 (
V5r8,r9

GVmV
2AmVs~V→vp0!

DV~s!

eifrV

Aqvp
3 ~mV!

G ,

~17!

where frr50°, mr851480 MeV, Gr85790 MeV, s(r8
→vp0)586 nb, fr85180°, mr951640 MeV, Gr9
51290 MeV, s(r9→vp0)548 nb, fr850°, grvp

516,8 GeV21, and

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

qvp
3 ~s!

qvp
3 ~mV!

.

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!

L~s!j~s!
, ~18!

where N3p(s) is the number of selectede1e2

→p1p2p0(g) events,L(s) is the integrated luminosity
j(s) is a function that takes into account the detection e
ciency and radiative corrections for the initial state radiatio

j~s!5

E
0

Eg
max

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

s3p~s!
. ~19!

Here Eg is the emitted photon energy,F(s,Eg) is the elec-
tron ‘‘radiator’’ function @40#, e(s,Eg) is the detection effi-
ciency of the processe1e2→p1p2p0(g rad) as a function
of the emitted photon energy and the total energy in
e1e2 center of mass system, ands3p(s) is the theoretical
energy dependence 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!

L~s!
6-9
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was fitted by the 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

D i
2 ,

wherei is the energy point number andD i is the error of the
visible cross sectionsv is.

In the fit the f,v8,v9 meson parameters~the mass,
width, and branching ratios of the main decays! were fixed at
their values obtained in the SND experiments@2,27#; other
parameters were fixed as follows:r 050, a3p50, s150, and
fvf5F(s) @F(mf).163°#. Equation~14! was written in
the following form:

Arp~s!5
1

A4pa
(

V5v,r,f,v8,v9

GVmV
2AmVs~V→3p!

DV~s!

3
eifvV

AWrp~mV!
1C3p , ~20!

whereC3p is a complex constant.
s(v→3p), Gv , andmv were the free parameters of th

fit. Thej(s) values were obtained from approximation of t
experimental data in several models:~1! s(r→3p)50,
C3p50; ~2! s(r→3p) and fvr are free parameters,C3p

50; ~3! C3p is a free parameter,s(r→3p)50; ~4! s(r
→3p), fvr , and C3p are free parameters. The fits we
also performed under the same assumptions, but withs(v8
→3p)50 ands(v9→3p)50.

The values ofj(s) actually do not depend on the applie
model. The largest model dependence, about 1.5–2 %,
found atAs from 800 to 840 MeV. Using the obtainedj(s)
values, the cross section of thee1e2→p1p2p0 process
was calculated~Table III!. The systematic error of the cros
section determination at each energy pointAs is equal to

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

Here se f f52.7% atAs,900 MeV andse f f54.1% atAs
.900 MeV, sL52%. They are systematic uncertainties
the detection efficiency and integrated luminosity, which
common for all energy points. The model uncertain
smod(s) was obtained from the difference between thej(s)
values determined for the models mentioned above. The
ror sbkg(s) takes into account the inaccuracy (;60%) of the
background subtraction and depends on the beam energ

VI. THE e¿eÀ\p¿pÀp0 CROSS SECTION ANALYSIS

The cross section measured in this work~Table III! was
analyzed together with thee1e2→p1p2p0 cross section
measured by SND in the energy regionAs from 980 up to
1380 MeV @2,27# and with the DM2 results for thee1e2

→p1p2p0 and e1e2→vp1p2 cross section measure
05200
as

e

r-

.

ments in the energy regionAs from 1340 to 2200 MeV@25#.
The e1e2→p1p2p0 cross section was fitted by the ex

pression~7!. Thee1e2→vp1p2 process cross section wa
written in the following way:

svpp5
1

s3/2
UGv9mv9

2 As~v9→vp1p2!mv9

Dv9(s)

3AWvpp~s!CVVP~s,r 0!

Wvpp~mv9!
U2

. ~21!

Here we have neglected thev8→vpp contribution. To cal-
culate B(v9→vpp), we have assumeds(v9→vpp)
51.5•s(v9→vp1p2).

The cross sections of thee1e2→p1p2p0 andvp1p2

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

x tot
2 5x3p(SND)

2 1x3p(DM2)
2 1xvpp(DM2)

2 ,

where

x3p(SND)
2 5(

s
S s3p

(SND)~s!2s3p~s!

D3p
(SND)~s!

D 2

,

x3p(DM2)
2 5(

s
S C•s3p

(DM2)~s!2s3p~s!

D3p
(DM2)~s!

D 2

,

xvpp(DM2)
2 5(

s
S C•svpp

(DM2)~s!2svpp~s!

Dvpp
(DM2)~s!

D 2

.

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

are their uncertainties, andC is a coefficient which take into
account the relative systematic bias between SND and D
data. The errorsD3p

(SND) include both the statisticalsstat and
the systematic errors:D3p

(SND)5sstat% smod% sbkg . The rela-
tive systematic bias between the SND and DM2 data w
analyzed in Ref.@2# and theC coefficient was estimated to b
C51.54. In the analysis that follows we have fixed this c
efficient at 1 or 1.54.

In the fittingsmv , Gv , s(v→3p), s(f→3p), fvf ,
mv8 , Gv8 , s(v8→3p), mv9 , Gv9 , s(v9→3p), and
s(v9→vp1p2) were the free parameters. The approxim
tions were performed under the following assumptions ab
the phase space factor for thep1p2p0 final state:~1! s1
50, a3p50; ~2! s151, a3p50; ~3! s150, a3p524
31026 MeV22; ~4! s150, a3p5431026 MeV22.

The nonzero values of thea3p amplitude are the uppe
limits imposed on the 90% confidence level by using t
SND result reported in Ref.@28#. The approximations were
also performed without taking into account the contributi
from thee1e2→vp0→p1p2p0 process, i.e., by assumin
s3p5srp . The difference in the fit results was included
the model uncertainty.

The fittings were performed using the following mod
parameters:~1! r 050, s(r→3p)50; ~2! r 050, fvr and
s(r→3p) are free parameters;~3! s(r→3p)50, r 0 is a
free parameter.
6-10
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TABLE III. The e1e2→p1p2p0 cross section.smod is the model uncertainty,sbkg is the error due to
background subtraction,se f f% sL is the error due to uncertainty in the detection efficiency and integra
luminosity determination~3.4% at As,900 MeV and 4.5% forAs.900 MeV), and ssys5se f f% sL
% smod(s) % sbkg(s) is the total systematic error.

As ~MeV! s ~nb! sbkg ~nb! smod ~nb! se f f% sL ~nb! ssys ~nb!

970.00 12.8260.70 0.32 0.05 0.58 0.66
958.00 11.3360.64 0.28 0.05 0.51 0.58
950.00 11.1760.62 0.29 0.06 0.50 0.58
940.00 9.8360.41 0.26 0.05 0.44 0.52
920.00 9.8260.39 0.24 0.04 0.44 0.50
880.00 11.2260.36 0.26 0.03 0.38 0.46
840.00 18.7760.33 0.18 0.21 0.64 0.70
820.00 32.9360.58 0.27 0.34 1.12 1.20
810.40 53.8461.01 0.15 0.41 1.83 1.88
809.79 55.8161.60 0.09 0.42 1.90 1.95
800.40 110.4261.82 0.23 0.42 3.75 3.78
799.79 111.0962.98 0.15 0.41 3.78 3.80
794.40 215.2563.91 0.18 0.31 7.32 7.33
793.79 233.5465.48 0.22 0.32 7.94 7.95
790.40 419.3168.24 0.19 0.56 14.26 14.27
789.79 437.91610.55 0.20 0.37 14.89 14.89
786.40 943.63619.81 0.30 1.45 32.08 32.12
786.18 998.92624.90 0.29 0.61 33.96 33.97
785.79 1068.39623.36 0.26 0.86 36.33 36.34
785.40 1154.29622.45 0.30 1.91 39.25 39.29
784.40 1382.69621.80 0.25 2.44 47.01 47.08
783.79 1514.97622.99 0.19 0.74 51.51 51.51
783.40 1542.58617.29 0.61 2.16 52.45 52.50
782.90 1627.56618.88 0.71 0.32 55.34 55.34
782.79 1624.77620.43 0.41 0.47 55.24 55.25
782.40 1584.21617.63 0.27 2.59 53.86 53.93
782.13 1552.85640.68 0.58 0.46 52.80 52.80
781.79 1550.80621.87 0.29 0.44 52.73 52.73
781.40 1470.94625.52 0.88 2.49 50.01 50.08
780.79 1369.11628.77 0.72 0.51 46.55 46.56
780.40 1261.06628.76 0.14 2.18 42.88 42.93
779.90 1146.89628.79 0.28 0.43 38.99 39.00
779.79 1098.85630.58 0.05 0.40 37.36 37.36
778.40 822.81621.45 0.30 1.52 27.98 28.02
778.11 765.41620.01 0.85 0.23 26.02 26.04
777.79 693.08619.36 0.28 0.23 23.56 23.57
774.40 325.9067.86 0.29 0.69 11.08 11.11
773.79 278.7267.87 0.34 0.08 9.48 9.48
770.40 158.5863.36 0.29 0.37 5.39 5.41
769.79 129.7464.55 0.47 0.06 4.41 4.44
764.40 68.4861.58 0.30 0.26 2.33 2.36
763.79 63.4362.87 0.26 0.06 2.16 2.17
760.40 45.3861.18 0.19 0.13 1.54 1.56
759.79 46.1462.34 0.34 0.06 1.57 1.61
750.40 20.1260.78 0.31 0.08 0.68 0.76
749.79 16.4061.22 0.55 0.04 0.56 0.78
720.00 3.6960.19 0.20 0.01 0.13 0.24
690.00 1.1060.21 0.24 0.00 0.04 0.24
660.00 0.4660.13 0.20 0.00 0.02 0.20
630.0 ,0.34 ~90% C.L.!
600.0 ,0.53 ~90% C.L.!
580.0 ,1.36 ~90% C.L.!
560.0 ,0.44 ~90% C.L.!
540.0 ,1.21 ~90% C.L.!
520.0 ,1.3 ~90% C.L.!
500.0 ,0.96 ~90% C.L.!
480.0 ,0.99 ~90% C.L.!
440.0 ,24.7 ~90% C.L.!
052006-11
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TABLE IV. Fit results for thee1e2→p1p2p0 and vp1p2 cross sections. The column numberN
corresponds to the different models for theArp amplitude.Nf it is the number of fitted points. The first erro
is statistical; the second error shows the difference in the fit results due to various assumptions ab
e1e2→p1p2p0 reaction dynamics and the relative systematics between the SND and DM2 measure

N
1 2 3

mv ~MeV! 782.7560.08 782.7260.08 782.7160.08
Gv ~MeV! 8.6060.0460.01 8.7360.0460.02 8.6360.04

s(v→3p) ~nb! 16096761 162461065 16106763
s(f→3p) ~nb! 6456664 6456766 6586867

fvf ~deg! 1616264 16322
1364 1876466

r 0 (GeV21) 2.620.8
11.160.2

mv8 ~MeV! 1358620645 1460250
170670 1410630660

Gv8 ~MeV! 500250
160680 11202300

15006200 617640695
s(v8→3p) ~nb! 5.720.3

10.460.5 3.760.760.4 5.060.260.4
mv9 ~MeV! 1808240

160620 1760650640 175062066
Gv9 ~MeV! 8072200

15006213 5402100
1200650 373650615

s(v9→3p) ~nb! 1.4860.4060.46 2.460.760.9 2.760.461.3
s(v9→vp1p2) ~nb! 1.5460.3060.45 1.860.460.5 2.260.360.4

s(r→3p) ~nb! 0.1320.04
10.0660.02

fvr ~deg! 2137210
11467

xv
2 /Nf it (80–120)/49 (56–62)/49 (45–50)/49

x (1)
2 /Nf it (21–46)/6 (13.6–16.4)/6 (7.3–11.3)/6

x (SND)
2 /Nf it (66–92)/67 (49–56)/67 (58–67)/67

x3p(DM2)
2 /Nf it (22–37)/18 (22–44)/18 (27–42)/18

xvpp(DM2)
2 /N (11–15)/18 10/18 (23–26)/18
x tot

2 /Nf it (182–260)/152 (137–170)/152 (156–180)/152
s

8

he

al

he
s

ice
d.

D
a D
The results of the fits are shown in Table IV and in Fig
17–22. In Table IV,xv

2 , x (SND)
2 (x3p(SND)

2 5xv
2 1x (SND)

2 ),
and x (1)

2 denote thex2 values for the energy regionsAs
below and above 970 MeV and in the energy range 8
<As<970 MeV. Thex2 values in the first model~column 1
in Table IV! are too large and this model contradicts t
experimental data. The second and third models~columns 2
and 3 in Table IV! are in agreement with the experiment
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FIG. 17. Thee1e2→p1p2p0 cross section. Dots are the SN
data obtained in this work. Curves are results of fitting to the dat
model 2~solid curve! and in model 3~dashed curve!.
05200
.

0

data. Thex tot
2 value for the second model is less than for t

third one. Ifs(r→3p), fvr , andr 0 are the free parameter
in the fit, then they are found to be equal tos(r→3p)
50.1120.04

10.06 nb, fvr52136210
112°, andr 050.260.3 GeV21.

In this case the value of the range parameterr 0 turns out to
be rather small and consistent with zero. The value ofxSND

2

for the second model is less than for the third one, and v
versa thexv

2 for the third model is less than for the secon

in
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FIG. 18. Thee1e2→p1p2p0 cross section. Dots are the SN
data obtained in this work; the curve is the fit result.
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In the energy range 880<As<970 MeV ~Fig. 20! the fitted
curves for the second and third models exceed the exp
mental points on average by about 1.5s and 1s, respec-
tively. The difference between models 2 and 3 is also see
the energy regionsAs<720 MeV andAs>1100 MeV~Figs.
17 and 22!. Thexvpp(DM2)

2 for the third model increases b
a factor of 2 in comparison with the second model. T
results of thee1e2→vp1p2 cross section fits are shown i
Fig. 23. In the case when the form factors~15! are used, the
theoretical curve poorly describes the experimental point
the left slope of the resonance. The CMD2 results for
e1e2→vp1p2 reaction studies@41# are also presented i
Fig. 23. These data agree better with the second model.

If the relative bias between the SND and DM2 measu
ments is not assumed, thex3p(DM2)

2 value is rather large
x3p(DM2)

2 /Nf it5(37–40)/18. HereNf it is the number of fit-
ted experimental points~Table IV!. A rather large scale facto
C51.54 is required to make agreement between the S
and DM2 data, and in this casex3p(DM2)

2 /Nf it

5(22–27)/18. In order not to guess about the relative s
tematics between the SND and DM2 experiments, the
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FIG. 19. Thee1e2→p1p2p0 cross section. Dots are the SN
data obtained in this work; the curve is the fit result.
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FIG. 20. Thee1e2→p1p2p0 cross section. Dots are the SN
data obtained in this work and in Refs.@2,27#. The curves are result
of fitting to the data in model 2~solid curve! and in model 3~dashed
curve!.
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described above were redone assumingC51, but without
taking into account thee1e2→p1p2p0 cross section mea
sured in the DM2 experiments~Table V!. The parameters
mv9 , Gv9 , and s(v9→vp1p2) were obtained from the
fitting to the cross sectione1e2→vp1p2 reported by
DM2, andmv8 , Gv8 , s(v8→3p), ands(v9→3p) were
obtained by using SND data only. In this case the first mo
~column 1, Table V! agrees with experimental data, b
agreement is significantly better if the fits are performed
the second or third models~columns 2 and 3 in Table V!. The
x tot

2 value for the third model is slightly bigger than for th
second one. In this approach the fitted curve is in confl
with the DM2 measurement of thee1e2→p1p2p0 cross
section~Fig. 24!.

VII. DISCUSSION

Comparison of thee1e2→p1p2p0 cross section ob-
tained in SND experiments with other results@8,10,15–
16,19# is shown in Figs. 25–28. The DM1 results@17# are in
agreement with the SND measurements. The ND res
@8,19# agree with the SND data in the energy regionAs
,930 MeV, while for As.930 MeV the ND points lie
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FIG. 21. Thee1e2→p1p2p0 cross section. Dots are the SN
data obtained in Ref.@27#; the curve is the fit result.
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FIG. 22. Thee1e2→p1p2p0 cross section. Dots are the ex
perimental data obtained in Refs.@2,27#. The curves are results o
fitting to the data in model 2~solid curve! and in model 3~dashed
curve!.
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TABLE V. Fit results for thee1e2→p1p2p0, andvp1p2 cross sections. The DM2 data fore1e2

→p1p2p0 were not used. The column numberN corresponds to the different models for theArp amplitude.
Nf it is the number of fitted points. The first error is statistical; the second error shows the difference in
results due to various assumptions about thee1e2→p1p2p0 reaction dynamics.

N
1 2 3

mv ~MeV! 782.7660.08 782.7260.08 782.7460.08
Gv ~MeV! 8.6360.0460.01 8.7160.0460.01 8.6560.04

s(v→3p) ~nb! 16086761 161861062 16126762
s(f→3p) ~nb! 6536664 6526865 66561068

fvf ~deg! 1666363 1656364 1956665
r 0 (GeV21) 2.320.8

11.260.2
mv8 ~MeV! 1273220

125628 1386250
170660 1300630630

Gv8 ~MeV! 405250
160673 8272200

13006186 595650650
s(v8→3p) ~nb! 6.960.460.7 5.061.060.5 5.660.360.5

mv9 ~MeV! 1819250
190632 1773230

140612 175862065
Gv9 ~MeV! 6792200

14506121 5052100
1150635 345650610

s(v9→3p) ~nb! 5.662.061.1 5.761.760.6 7.661.661.6
s(v9→vp1p2) ~nb! 1.260.360.2 1.560.260.1 1.760.260.1

s(r→3p) ~nb! 0.08320.033
10.05660.009

fvr ~deg! 2134213
11768

xv
2 /Nf it (60–63)/49 (52–55)/49 (40–42)/49

x (1)
2 /Nf it (10–16.6)/6 (11.9–13)/6 (4.6–6.3)/6

x (SND)
2 /Nf it (69–74)/67 (51–52)/67 (52–56)/67

x3p(DM2)
2 /Nf it — — —

xvpp(DM2)
2 /N ~11–14!/18 10/18 23/18
x tot

2 /Nf it ~139–149!/134 ~112–118!/134 ~115–120!/134
-

e
re

e
re
rre-
een
f
ta
about 2s lower than the SND ones. In the vicinity of thev
resonance peak (As.780 MeV) the SND cross section ex
ceeds the CMD2 measurements@10#, while in thef meson
energy region the SND and CMD2 results@15,16# are in
agreement.
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FIG. 23. Thee1e2→vp1p2 cross section. The results of th
DM2 @25# and CMD2@41# experiments are shown. The curves a
results of fitting to the DM2 data in model 2~solid curve! and in
model 3~dashed curve!.
05200
The v meson parametersmv , Gv , ands(v→3p) were
measured through study of thee1e2→p1p2p0 cross sec-
tion. Thev meson mass was found to be

mv5782.7960.0860.09 MeV.
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FIG. 24. Thee1e2→p1p2p0 cross section. The results of th
SND @2,27# and DM2 @25# experiments are shown. The curves a
results of fitting to the data in model 2. The dashed curve co
sponds to the fit under the assumption that a relative bias betw
the SND and DM2 data exists~DM2 data were scaled by a factor o
C51.54). The solid curve is the result of fitting to the SND da
only.
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Here the systematic error is related to the accuracy of
VEPP-2M energy scale calibration by the resonant depo
ization method, 0.04 MeV, and to the model uncertainty, 0
MeV. The SND measurement in comparison with the res
of experiments@6,10,17,42–44# and the world average valu
mv @1# is shown in Fig. 29. The SND result is in agreeme
with the CMD2 measurement@10#, and differs from the
world average by about 1.3 standard deviations. The m
mum difference, about 3.4 standard deviations, is betw
the SND result and the Crystal Barrel measurementmv

5781.9660.21 @43#.
The following value of thev meson width was obtained

Gv58.6860.0460.15 MeV.

The systematic error is related to the model dependence
to the accuracy of the energy determination. The compar
of this value with the results obtained in Ref
@5–7,9,10,17,42# and with the Particle Data Group~PDG!
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FIG. 25. The ratio of thee1e2→p1p2p0 cross section ob-
tained in different experiments to the fit curve. The shaded a
shows the systematic error of the SND measurements. The S
~this work!, DM1 @17#, ND @8,19#, and CMD2@10# results are pre-
sented.
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FIG. 26. The ratio of thee1e2→p1p2p0 cross section ob-
tained in different experiments to the fit curve. The shaded a
shows the systematic error of the SND measurements. The S
~this work and Refs.@2,27#! DM1 @17#, ND @8,19#, and CMD2
@15,16# results are presented.
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world average value@1# is shown in Fig. 30. The SND resu
agrees with other measurements.

The parameters(v→3p) was found to be

s~v→3p!5161569657 nb.

The systematic error includes the systematic uncertaintie
the detection efficiency and luminosity determinations, 55
in total, and the model dependence, 13 nb. A comparison
the value obtained with other experimental resu
@5–7,9,10,17# and with the PDG world average@1# is shown
in Fig. 31. The SND result exceeds the central values of
majority of the previous measurements. It differs by less th
1 standard deviation from the results in Refs.@7,9,5#, by
about 1.4 standard deviations from the DM1 measurem
@17#, and by 2 standard deviations from the OLYA result@6#
and the PDG world averages(v→3p)51484629 nb. The
difference from the most precise measurements, done
CMD2 @10# and SND, is about 2.5 standard deviations.

a
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a
D
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FIG. 27. The ratio of thee1e2→p1p2p0 cross section ob-
tained in different experiments to the fit curve. The shaded a
shows the systematic error of the SND measurements. The S
@27#, DM1 @17#, ND @8,19#, and CMD2 @15,16# results are pre-
sented.
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FIG. 28. The ratio of thee1e2→p1p2p0 cross section ob-
tained in different experiments to the fit curve. The shaded a
shows the systematic error of the SND measurements. The S
@2,27#, ND @8,19#, and CMD2@16# results are presented.
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Using the SND results(v→p0g)5155.862.764.8 nb
@37#, the ratio of the partial widths of thev→p0g and v
→3p decays was calculated:

G~v→p0g!

G~v→3p!
50.09760.00260.005.

This value agrees with the PDG world average@1# and with
other experimental results@5,7,44–46# ~Fig. 32!.

Usings(v→3p), measured in this work, the SND resu
of thev→p0g decay study@37# and the PDG world averag
valueB(v→p1p2)50.017060.0028@1#, the partial width
of the v→e1e2 decay, and thev meson main decay
branching ratios were obtained:

G~v→e1e2!50.65360.00360.021 keV,

B~v→e1e2!5~7.5260.0460.24!31025,

B~v→3p!50.896560.001660.0048,
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FIG. 29. Thev meson massmv measured in this work~SND-
03! and in Refs.@6,10,17,42–44#. The shaded area shows the wor
average value@1#.
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FIG. 30. Thev meson widthGv measured in this work~SND-
03! and in Refs.@5–7,9,10,17,42#. The shaded area shows the wor
average value@1#.
05200
B~v→p0g!50.086560.001660.0042.

A comparison of these results with the PDG data@1# is pre-
sented in Table VI. The value ofB(v→e1e2), calculated
by using the SND data, exceeds the world average by ab
2 standard deviations~by 8%!.

Thee1e2→p1p2p0 ande1e2→vp1p2 cross section
analyses show that the data cannot be described by a su
v,f mesons and twov8,v9 resonances~model 1!. The data
can be satisfactorily described with model 3, which tak
into account the form factors~15!, with constrained partial
width growth with energy. The range parameter of this fo
factor was found to be

r 052.520.8
11.160.5 GeV21.

This agrees with the expected vector meson effective ‘
dius’’ 2.5–3 GeV21 @47#. The second error is due to mod
dependence. Model 2, which takes into account theg!→r
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FIG. 31. The value ofs(v→3p) measured in this work~SND-
03! and in Refs.@5–7,9,10,17#. The shaded area shows the wor
average value@1#.
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shaded area shows the world average value@1#.
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→3p transition, also satisfactorily describes the experim
tal data. For the parameters of this model, the following v
ues were obtained:

s~r→3p!50.11220.040
10.06060.038 nb,

fvr52135213
11769°.

Here the systematic error is due to model uncertainty. T
s(r→3p) value given above corresponds to the branch
ratio B(r→3p)5(1.0120.36

10.5460.34)31024. Assuming that
the r→3p transition proceeds via ther-v mixing mecha-
nism, the following values of theg!→r→3p process pa-
rameters are expected:fvr.290° and s(r→3p)
50.05–0.07 nb. Thes(r→3p) value obtained in the
analysis agrees with the expected one, whilefvr differs
from the expected value by about two standard deviatio
Let us note that thes(r→3p) values have to be interprete
as s(r→3p)5(0.11220.040

10.060)3Cscale nb, where Cscale

50.66–1.34.
In general, model 2 seems to be preferable to model 3

to the following considerations. The full data set for t
e1e2→p1p2p0 and vp1p2 cross sections is in some
what better agreement with the second model. Approxim
tion of the e1e2→vp1p2 cross section using the thir
model is poor~Fig. 23!. The fvf phase value, obtained b
the fit in the second model agrees with the theoretical p
diction fvf5C(mf)'160° @39#, while the phasefvf , ob-
tained by using the third model, exceeds the expected v
~Fig. 33!. But, unfortunately, the available experimental da
are insufficient to draw a strict conclusion about observat
of the r→3p decay.

The parameters(f→3p) was found to be

s~f→3p!5657610637 nb.

The systematic error includes the systematic uncertaintie
the detection efficiency and luminosity determinations, 33
in total, and the model dependence, 17 nb. This value ag
with the results of our previous analysis@2,27#. The SND
result also agrees with other measurements@8,11,12,14–18#
and with the PDG world average@48# ~Fig. 34!.

The fit within the models 2 and 1~Tables IV and V! gave
the result

fvf51636366°.

The systematic error is related to model dependence.
result obtained is in agreement with the theoretical predic
~Fig. 33! fvf5C(s),C(mf)5163°, which takes into ac

TABLE VI. Comparison of thev→3p, p0g, ande1e2 decay
branching ratios obtained by using the SND data with the wo
averages@1#.

SND PDG 2002

B(v→e1e2) (7.5260.24)31025 (6.9560.15)31025

B(v→3p) 0.896560.0051 0.891060.007
B(v→p0g) 0.086560.0045 0.08760.004
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count thef-v mixing @39#. The fits with model 3~column 3
in Tables IV and V! gave the resultfvf519065610°,
which exceeds the theoretical prediction.

The conventional view on the OZI suppressedf
→p1p2p0 decay is that it proceeds throughf-v mixing,
i.e., in the wave function of thef meson, which is domi-
nated bys quarks, there is an admixture ofu andd quarks:

uf&'uf (0)&1«fvuv (0)&, uf (0)&5ss̄,

uv (0)&5~uū1dd̄!/A2.

«fv'0.05 is thef-v mixing parameter. An alternative to
thef-v mixing is the direct decay. In Refs.@34,36,49–51# it
was shown that there are no serious reasons to prefer
f-v mixing to the direct transition, and methods of determ
nation of the f→p1p2p0 decay mechanism were sug
gested. In particular, it was proposed in Ref.@51# to analyze
the G(f→e1e2)/G(v→e1e2) ratio. In this work, B(v

d
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FIG. 33. The phasefvf obtained in this work. The star and th
dot indicate the phase values obtained from the fit in the second
third models, respectively. The shaded areas show the expecte
ergy behavior of thefvf phase@39# for various values of the range
parameterr 0 .
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FIG. 34. The value ofs(f→3p) obtained in this work~SND-
03! and in Refs.@8,11,12,14–18#. The shaded area shows the wor
average value according to the year 2000 PDG table@48#.
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→e1e2) based mainly on the SND data was obtained, and
Ref. @27# B(f→e1e2) was measured by SND. We pe
formed the analysis of thef and v meson to lepton width
ratio based on the SND data only. To improve the accur
of the B(f→e1e2) determination, the SND results for th
f→m1m2 decay@52# were used. The average of these me
surements AB(f→e1e2)B(f→m1m2)5(2.9360.11)
31024 agrees with B(f→e1e2)5(2.9360.15)31024

@27#. Assuming B(f→e1e2)5B(f→m1m2), one gets
B(f→e1e2)5(2.9360.09)31024. The ratio of the lep-
tonic widths is equal to

Re1e25
G~f→e1e2!

G~v→e1e2!
51.8960.08.

On the other hand, this ratio can be written in the followi
form:

Re1e25S mv

mf
D 3Uggf

(0)1«fvggv
(0)

ggv
(0)2«fvggf

(0)U2

. ~22!

Using theRe1e2 value obtained, Eq.~22!, and the nonrela-
tivistic quark model prediction

f v
(0)

f f
(0)

52A2 S f V5
AamV

2

ggV
D ,

the f-v mixing parameter«fv'0.06 was obtained. On th
other hand, taking into account the equationgfrp5gfrp

(0)

1«fvgvrp
(0) , and assuminggfrp

(0) 50 and gvrp
(0) 5gvrp , we

found «fv'0.06. Here thegvrp and gfrp coupling con-
stants were calculated by using the SND results obtaine
this work and in Ref.@27#, and the phase space facto
Wrp(mv) and Wrp(mf) were calculated assumings150
and a3p50. In this case the SND data agree with thef-v
mixing dominance in thef→p1p2p0 decay.

The ratio f v
(0)/ f f

(0)52A2 is valid if the c(0,mV) wave

function of theqq̄ bound state at the origin behaves lik
uc(0,mV)u2}mV

3 , that is, it corresponds to the Coulomb-lik
nonrelativistic potential. But experimental data on the vec
mesonr, v, f, J/c, andY(1S) leptonic widths support the
uc(0,mV)u2}mV

2 behavior. Indeed, according to Ref.@53#,

G~V→e1e2!5
16pa2

mV
2 CV

2 uc~0,mV!u2,

whereCV is the mean electric charge of the valence qua
inside the vector mesonV (Cr

251/2, Cv
2 51/18, Cf

2 51/9,

CJ/c
2 54/9, CY(1S)

2 51/9). In the case ofuc(0,mV)u2}mV
2 ,

and in the absence of mixing, the following ratios are e
pected:

G~r→e1e2!:G~v→e1e2!:G~f→e1e2!:G

3~J/c→e1e2!:G„Y~1S!→e1e2
…

5Cr
2 :Cv

2 :Cf
2 :CJ/c

2 :CY(1S)
2

54.5:0.5:1:4:1. ~23!
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Using the SNDG(v→e1e2) andG(f→e1e2) values and
the world average forG(r→e1e2), G(J/c→e1e2), and
G„Y(1S)→e1e2

… @1#, we have found

G~r→e1e2!:G~v→e1e2!:G~f→e1e2!:G

3~J/c→e1e2!:G„Y~1S!→e1e2
…

55.260.2:0.49560.025:0.9360.05:3.9860.032:1.

~24!

These ratios agree with the expected Eq.~23!. If
uc(0,mV)u2}mV

2 , then f v
(0)/ f f

(0)52A2mv /mf and by using
Eq. ~22! «fv'0.015 can be obtained. In this case the co
pling constant of the directf→p1p2p0 decay gfrp

(0)

'0.7•gfrp is required to describe the experimental value
B(f→3p), indicating the direct transition as the ma
mechanism of the decay.

The following v8 parameters were obtained from the fi
~Tables IV and V!:

mv8514006506130 MeV,

Gv858702300
15006450 MeV,

s~v8→3p!54.961.061.6 nb.

Thev8 decays mostly intop1p2p0 and its electronic width
is G(v8→e1e2);570 eV. Thev9 parameters were found
to be

mv951770650660 MeV,

Gv954902150
12006130 MeV,

s~v9→3p!55.420.4
12.063.9 nb,

s~v9→vp1p2!51.960.460.6 nb.

Thev9 resonance decays with approximately equal proba
ity into p1p2p0 and vpp: B(v9→3p);0.65, B(v9
→vpp);0.35, and it has the electronic widthG(v9
→e1e2);860 eV. The second errors shown above are d
to the model uncertainty and possible bias between the S
and DM2 measurements. Thev8 and v9 parameters ob-
tained in this work are somewhat different from those o
tained in our previous analysis@2#. In particular, thev8 and
v9 full width values have decreased a little. This differen
is attributed to the fact that new data for thee1e2

→p1p2p0 cross section below 1 GeV were added in t
fits. Of course, the values obtained are not precise meas
ments; they should be considered rather as an approxim
estimation of thev8 andv9 resonance main parameters.

In the energy region 880<As<970 MeV, the experimen-
tal points deviate from the fitting curves~Fig. 20!. The dif-
ference can be attributed to inadequacy of the applied th
retical models, and uncertainty of thev8 andv9 resonances
contributions. Maybe a more accurate consideration of
vector meson mixing is required.
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Using thee1e2→p1p2p0 cross section, obtained wit
the SND detector in this work and in Refs.@2,27#, the con-
tribution to the anomalous magnetic moment of the mu
due to thep1p2p0 intermediate state in the vacuum pola
ization, was calculated via the dispersion integral:

am~3p,As,1.38 GeV!5S amm

3p D 2E
smin

smaxR~s!K~s!

s2 ds,

wheresmax51.38 GeV,smin5mp012mp , K(s) is the QED
kernel, and

R~s!5
s~e1e2→p1p2p0!•@12D l~s!2Dh~s!#2

s~e1e2→m1m2!
,

s~e1e2→m1m2!5
4pa

3s
.

Heres(e1e2→p1p2p0) is the experimental cross sectio
andD l(s) andDh(s) are corrections due to the leptonic an
hadronic vacuum polarizations. TheD l(s) was calculated ac
cording to Ref.@54# and Dh(s) was obtained by using th
e1e2→hadrons total cross section.

The integral was evaluated by using the trapezoidal r
To take into account the numerical integration errors,
correction method suggested in Ref.@55# was applied. As a
result, we obtained

am~3p,As,1.38 GeV!5~45862617!310211.

At present, at BINP~Novosibirsk! a VEPP-2000 collider
with energy range from 0.36 to 2 GeV and luminosity up
1032 cm22 s21 ~at As;2 GeV) is under construction@56#.
The e1e2→p1p2p0 process studies in the energy regi
As,2 GeV will be continued in future experiments with th
SND detector at this new facility.
ys

05200
,

e.
e

VIII. CONCLUSION

The cross section of the processe1e2→p1p2p0 was
measured in the SND experiment at the VEPP-2M collide
the energy regionAs below 980 MeV. The measured cros
section was analyzed in the framework of the generali
vector meson dominance model together with thee1e2

→p1p2p0 and vp1p2 cross sections obtained by SN
and DM2 in the energy region 980,As,2000 MeV. Thev
meson parametersmv5782.7960.0860.09 MeV, Gv
58.6860.0460.15 MeV, and s(v→3p)5161569
657 nb were obtained.

It was found that the experimental data cannot be
scribed by a sum ofv, f, v8, andv9 resonance contribu
tions. This can be interpreted as a manifestation ofr→3p
decay suppressed byG parity, with relative probabilityB(r
→3p)5(1.0120.36

10.5460.034)31024. The relative interfer-
ence phase between thev and r mesons was found to b
equal to fvr52135213

11769°. These parameters of ther
→3p decay are in agreement with the theoretical valu
expected from ther-v mixing.

Analysis of the G(f→e1e2)/G(v→e1e2) ratio and
gfrp andgvrp coupling constants obtained in the SND e
periments indicates that the direct transition is preferable
f-v mixing as the main mechanism off→p1p2p0 decay.

Using thee1e2→p1p2p0 cross section obtained with
the SND detector, the contribution to the anomalous m
netic moment of the muon due to thep1p2p0 intermediate
state in the vacuum polarization, was calculated:am(3p,As
,1.38 GeV)5(45862617)310211.
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