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The resonant structure of the four pion final state in the decayt→3pp0nt has been analyzed using 4.27
million t1t2 pairs collected by the CLEO II experiment at the Cornell Electron Storage Ring. A partial wave
analysis of the resonant structure of thet→3pp0nt decay has been performed; the spectral decomposition of
the four pion system is dominated by thevp anda1p final states. The mass and width of ther8 resonance
have been extracted from a fit to thet→vpnt spectral function. We have searched for second class currents
in the decayt→vpnt using spin-parity analysis and established an upper limit on the non-vector current
contribution.

PACS number~s!: 13.25.Jx, 13.35.Dx, 14.40.Cs, 14.60.Fg
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I. INTRODUCTION

The resonant structure of the decayt→4pnt has been the
subject of extensive experimental studies. The first obse
tions of t→vpnt were reported by the ARGUS@1# and the
CLEO @2# Collaborations in 1987. Since then, the ARGU
Collaboration estimated@3# therpp branching fractions and
the ALEPH Collaboration provided improved measureme
@4# of branching fractions of thet→4pnt subchannels. No
attempt has been made, so far, to determine a complete
nant structure of the four pion final state.

*Permanent address: University of Texas - Pan American, E
burg, TX 78539.

†Permanent address: Yonsei University, Seoul 120-749, Kore
‡Permanent address: University of Cincinnati, Cincinnati, O

45221.
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In the standard model, thet decay to four pions proceed
via the vector current producing hadrons in theJP512 spin-
parity state. At low energies, the hadronic current is dom
nated by vectorr, r8, andr9 resonance form factors whic
can be approximated by relativistic Breit-Wigner function
The full formalism is discussed in Refs.@5–8#. The decay
can proceed via various subresonant states~e.g.,vp, a1p,
rpp etc.! whose contributions interfere with each other. T
parameters ofJP512 resonances are of particular intere
for phenomenological tests of the conserved vector cur
~CVC! hypothesis that compare multipion final states int
decays ande1e2 annihilations@9#.

While the mass and width of ther have been well mea
sured, the parameters of ther8 resonance are known with
large uncertainty@10#. Most of the r8 measurements ar
based on proton experiments on a fixed target ande1e2

collisions. So far, there have been only two published
tempts@11,12# to extract the mass and width of ther8 reso-
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RESONANT STRUCTURE OFt→3pp0nt AND t→vpnt DECAYS PHYSICAL REVIEW D 61 072003
nance from analyses of thet→pp0nt decay and none from
t→4pnt .

If G-parity conservation is broken, the decayt→vpnt
can be mediated by second class currents@13# producing
pions in a different spin-parity state. In the previous study@4#
ALEPH has searched for second class currents and se
upper limit on the non-vector current contribution. We rep
this analysis with larger statistics.

In this study, we determine the resonant decomposition
the decayt→vpnt and search for second class currents
a spin-parity analysis. We fit thet→vpnt spectral function
to obtain the relative contributions of ther, r8, andr9 reso-
nances, as well as the mass and width of ther8 meson. We
assume that in a first approximation the widths of ther, r8,
and r9 resonances do not depend on the invariant mas
four pions. We use the extracted values of the mass
width of ther8 to perform a full unbinned maximum likeli
hood fit of the 3pp0 final state.

To perform this fit, we use several phenomenologi
models. Besides thevp channel, we allow fora1p, sr,
f 0r, non-resonantrpp and non-resonant 3pp0 channels, as
well as for their various combinations, and fit for their rel
tive contributions to the 3pp0 resonant structure.

With a better knowledge of the four pion subchann
structure, we then perform a fit to thet→vpnt spectral
function assuming a mass-dependent width for the threr
resonances.

We do not use particle identification to separate pio
from kaons and include components containing kaons~e.g.,
K3p) in the t background. Generalization to charge con
gated reactions and final states is implied throughout
paper.

II. EXPERIMENT AND DATA SELECTION

We use data from the reactione1e2→t1t2 collected by
the CLEO II experiment at the Cornell Electron Storage R
~CESR! at or near the energy of theY(4S). The data corre-
spond to a total integrated luminosity of 4.68 fb21 and con-
tain about 4.27 milliont1t2 pairs.

CLEO II is a general-purpose solenoidal magnet dete
@14#. The momenta of the charged particles are measure
a 67-layer drift chamber tracking system operating insid
1.5 T superconducting solenoid. Photons and electrons
detected in a 7800-crystal CsI electromagnetic calorime
Muons are identified using proportional counters placed
various depths in the return iron of the magnet yoke.

The event selection is designed to use the kinemat
properties and the low multiplicity oft decays to separat
them from events copiously produced in two-photon inter
tions, the processe1e2→qq̄, Bhabha scattering, and muon
pair production. We select events with four charged track
a 1-vs-3 topology by requiring that one of the tracks must
at least 90 ° away from all the others. When there is m
than one combination satisfying these criteria, we minim
the acolinearity angle between the momentum of the sin
track and the total momentum of the 3-prong system to se
the most back-to-back combination. The single track he
sphere is then used as a tag associated with a one-prot
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decay toen̄ent , mn̄mnt , pnt , or rnt . The other three
tracks and at least two well identified photons, separated
more than 90 ° from the tag track, are used to reconstruct
hadronic part of the signal decayt→3pp0nt→3pggnt .

To ensure well modeled acceptance, momenta of
tracks from signal and tag hemispheres must exc
0.025Ebm and 0.05Ebm respectively, whereEbm is the energy
of the colliding electron or positron beam and lies betwe
5.26 and 5.29 GeV. To suppress decay channels withKs

0

→p1p2 decays, we require that the impact parameter
charged tracks with respect to the beam axis must be
than 5 mm. The momentum of ap0 candidate is recon-
structed from the energies and directions of two photo
constrained to the mass of thep0. The two photon candi-
dates must produce showers in the barrel part of the cry
calorimeter~i.e., ucosugu,0.71, whereug is the angle be-
tween the photon ande1e2 beam axis! and be separated b
more than 20 ° from the closest charged track. Energy de
sition in the calorimeter is required to have a photon-li
lateral profile and be greater than 75 MeV for the phot
with the smaller energy and greater than 120 MeV for
photon with the higher energy. We consider only those tw
photon combinations that are within 2.5 standard deviati
from the nominalp0 mass. To increase statistics for the rh
tag, we also use showers in the tag hemisphere, detected
in the barrel and endcaps, with energy deposition gre
than 30 MeV.

For electron identification, we require that the momentu
of the track be greater than 0.5 GeV/c and that the energy
deposited in the calorimeter be consistent with the mom
tum of the electron candidate measured by the drift cham
u(E/p21.0)u,0.1. We also require that the rate of ener
loss due to ionization in the drift chamber must be no le
than two standard deviations below the expected rate
track is identified as a muon if it has correlated drift a
muon chamber hits and traverses at least three absorp
lengths of the material, when the momentum of the track
below 2 GeV/c, and at least five absorption lengths, wh
the momentum of the track is above 2 GeV/c. To minimize
the probability of pion-lepton misidentification for both ele
tron and muon tags, we do not allow additional showers
the calorimeter with energy deposition greater than 120 M
that are unmatched to any of the charged tracks. A tag tr
is identified as a pion if it was not identified as a lepton a
if the invariant mass of the tag hemisphere is less th
0.5 GeV/c2, where the invariant mass of the tag hemisph
is defined as the invariant mass of the tag track, assuming
pion mass, and all neutral showers in the tag hemispher
tag track is identified as a rho if it was not identified as
lepton, if the invariant mass of the two most energetic sho
ers in the tag hemisphere is consistent with thep0 mass
within 2.5 standard deviations and, finally, if the effectiv
mass of the tag track, assuming the pion mass, and of thep0

candidate lies between 0.5 and 1.2 GeV/c2. To reduce com-
binatorial and hadronic background for the rho tag, we
not allow any showers with energy deposition greater th
120 ~350! MeV in the tag hemisphere if the center of th
3-3
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shower is more~less! than 30 cm from the tag track projec
tion onto the calorimeter.

A typical event, in which the decayt→3pp0nt is tagged
by a one-prongt decay, does not deposit any significa
extra energy in the calorimeter, other than that associa
with either thep0→gg decay or with interactions betwee
charged hadrons and CsI crystals. In most cases, addit
unmatched energy deposited in the calorimeter is a signa
of various background events having one or more additio
p0’s. To suppress these backgrounds, we use the value o
unmatched energy to veto such events. We reject even
there is at least one unmatched energy cluster in the calo
eter, which is not used forp0 reconstruction, which is more
~less! than 30 cm away from the closest projection of t
charged track onto the calorimeter and which has ene
deposition more than 75~350! MeV.

Further background reduction is based on the fact tha
a t decay, there is always at least one neutrino carrying a
undetected energy and momentum. Thus, a typicalt event
has a large missing transverse momentum,Pt , whereas a
typical two photon event has a small missing transverse
mentum and a small visible energy,Etot . The transverse
momentum and visible energy are measured using the
reconstructed charged tracks, assuming the pion masse
the three charged tracks in the signal hemisphere, and onp0

~two p0’s for the rho tag!. To remove two-photon back
ground, we use the following selection criteria@15#: Pt
.0.1(2Ebm2Etot), Pt.0.075Ebm , and Etot.0.6Ebm . To
reduce background produced by Dalitz decaysp0→e1e2g
or by g conversions in the detector, we reject any event t
has a well identified electron among the three charged tra
in the signal hemisphere. To reduce combinatorialqq̄ back-
ground, we impose a requirement on the undetected neu
mass. The neutrino mass can be calculated as

M n
25~Pt2Pq!25M t

21q212uPW tuuPW qucosutq22EbmEq .
~1!

Because we cannot measure cosutq , we assume it to be 1
and require that the resulting maximum value of the squ
of the undetected neutrino mass be positive:M n,max

2 .0. In
Eq. ~1! the value ofM t is taken as 1.777 GeV/c2 @10#, the
momentum of thet is expressed asuPW tu5AEbm

2 2M t
2, the

symbolsq andEq represent the invariant mass and energy
the four pion final state, and the energy of thet is set equal
to the beam energyEbm .

The distribution of the 3pp0 effective mass, before th
cut on thet neutrino mass is applied, is plotted in Fig. 1.
the vicinity of thet mass the production of 3pp0 events is
strongly suppressed by phase space and the signa
background ratio becomes small. Hence, we accept o
those events that have the effective mass of the 3pp0 final
state lying in the range from 0.9 to 1.7 GeV/c2.

After all signal selection criteria are applied, we fin
25 374 data events with an estimated background of
617 events coming frome1e2→qq̄ production and 669
6230 events from othert decays. The background estimat
are based on Monte Carlo simulations. The latter backgro
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source includes contributions fromt2→2p2p12p0nt and
t2→p2p0Ksnt→2p2p1p0nt decays whose yields in th
final sample of signal events are estimated as 1.6%
0.7%, respectively. Thet background also includesKppp0

and KKpp0 components. Their contributions into th
sample of signal events, calculated using the values@10# of
B@t2→K2p1p2p0nt(Ks

0 excluded!#5(0.02420.016
10.043)% and

B(t2→K2K1p2p0nt)5(0.06960.030)% for the branch-
ing fractions, are 0.6% each. Background contaminat
from othert decays is found to be negligible. The combin
efficiency for all tags is estimated to be 6.75%. The m
sured branching fraction is B(t→3pp0nt)5(4.19
60.10)%, which does not include a conservatively estima
5% systematic error associated with the data analysis. Th
in good agreement with the Particle Data Group@10# value
of (4.3560.10)%. Contamination due to 2g physics is esti-
mated to be negligible.

III. THE SPECTRAL FUNCTIONS IN t\3pp0nt

AND t\vpnt DECAYS

The shape of the 3pp0 effective mass int decays is
distorted by phase space and helicity factors. It is usefu
examine the spectral function independent of such effe
specific tot decays.

The spectral function fort→3pp0nt is defined@16# as

V3pp0
~q!5

dG4pn~q!

dq

16p2M t
3

GF
2Vud

2

1

q~M t
22q2!2~M t

212q2!
,

~2!

whereq5M (3pp0), Vud50.974060.0010 is an element o
the Cabibbo-Kobayashi-Maskawa~CKM! matrix @10# and
GF is the Fermi constant. The differential partial width ca
be represented as

FIG. 1. The distribution of the invariant mass of 3pp0 is plotted

for the data~dots!, total background~dashed line! and qq̄ back-
ground~hatched area!, before the cut on thet neutrino mass. Fur-
ther analysis is limited to events between 0.9 and 1.7 GeV/c2.
3-4
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dG4pn~q!

dq
5

1

N

dN~q!

dq

GF
2M t

5

192p3

B~t→3pp0nt!

B~t→en̄ent!
, ~3!

where a value ofB(t→en̄ent)50.178160.0007 @10# is
taken. Thus, the spectral function is given by

V3pp0
~q!5

1

N

dN~q!

dq

1

q~M t
22q2!2~M t

212q2!

3
B~t→3pp0nt!

B~t→en̄ent!

M t
8

12pVud
2

. ~4!

To reduce uncertainty caused by the finite bin width,
factor q(M t

22q2)2(M t
212q2) in the denominator is aver

aged over the bin width. To estimate systematic errors for
V3pp0

(q) spectral function, we take into account uncerta
ties in B(t→en̄ent) andVud .

In full analogy with V3pp0
(q), we can define a spectra

function for thet→vpnt decay. To extract thevp compo-
nent from the 3pp0 final state, we use a technique similar
the usual sideband subtraction. For each bin ofq
5M (3pp0), we select events in thev signal region
@0.76 GeV/c2,M (p2p1p0),0.81 GeV/c2# and fit the
combined sidebands@0.83 GeV/c2,M (p2p1p0),0.90
GeV/c2# and @0.60 GeV/c2,M (p2p1p0),0.74 GeV/c2#
to a second order polynomial. The fit parameters are t
used to estimate the background under thev peak. To esti-
mate the statistical uncertainty of the non-v component in
the signal region, we propagate errors using a full covaria
matrix. In addition to the statistical error for each bin, the
is an uncertainty due the sideband definition. To estimate
size of this error for each bin, we vary the sideband definit
and change the order of the polynomial from 2 to 1. T
distribution of the invariant massM (p1p2p0) summed
over all bins ofM (3pp0) is shown in Fig. 2 together with a
second order polynomial fit to the sidebands. This plot
presented for illustration only. The sideband subtraction p
cedure was performed separately for each bin ofM (3pp0).

In Fig. 3 the shape of theM (vp) distribution, which
includes bothv signal component and combinatorial bac
ground, is shown with open squares. The non-vp contribu-
tion is shown as a band for different sideband definitio
and its average value is shown with solid squares. For ev
bin, the error is calculated as a sum in quadrature of b
statistical and systematic uncertainties.

Beginning with the distributions shown in Figs. 1 and
we subtract backgrounds, and apply efficiency correcti
that were determined using a detailed Monte Carlo simu
tion of the t decay process and the detector response.
then employ Eq. ~4! to extract the spectral function
V3pp0

(q) and Vvp(q), as well as the non-vp contribution
Vnon2vp(q)[V3pp0

(q)2Vvp(q). All three spectral compo-
nents are shown in Fig. 4. The extractedvp component is a
product of the spectral functionVvp(q) and the branching
fraction B(v→p2p1p0)50.88860.007 @10# because we
reconstructv in the three pion final state only.
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IV. MODEL FITS TO THE t\vpnt

SPECTRAL FUNCTION

The spectral function of thevp component can be ex
pressed@16# in terms of the weak form factorF(q) as

Vvp~q!5
1

12p S pv~q!

q D 3Ugrvp

gr
F~q!U2

. ~5!

FIG. 2. Sideband fit to the invariant massM (p1p2p0). The
data are shown as solid squares, the second order polynomial
shown as a solid line, and the polynomial curve extrapolated
the regions excluded from the fit is shown as a dotted line.

FIG. 3. Distributions of thevp effective mass for events from
thev band~open squares! and the sidebands~solid squares!. Thev
band distribution includes combinatorial background as well. Va
tions in the shape of the combinatorial background due to variat
in the sideband definition are shown as a band. The estimated
erage background shape, with errors, is shown with solid squa
3-5
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Here, grvp is the r→vp strong decay coupling,gr is a
measure of the weak coupling of ther resonance to the wea
charged current, and

pv~q!5A„q22~Mv2Mp!2
…„q22~Mv1Mp!2

…

4q2
~6!

is the momentum of thev in the vp rest frame.
The choice of the form factorF(q) is largely uncertain. In

the region ofq&M t the form factorF(q) is expected to be
dominated by low-energy vector resonances. In this anal
we use a form forF(q) that allows contributions from ther
resonance and its two radial excitationsr8 andr9:

F~q!5BWr~q!1A1•BWr8~q!1A2•BWr9~q!. ~7!

Here

BWr~q!5
M r

2

M r
22q22 iqGr

~8!

is a relativistic Breit-Wigner amplitude normalized to uni
at q50, and

Ai5
gr ivp

grvp

gr

gr i

~9!

are the ratios of the coupling constants for the differenr
resonances.

To model the Breit-Wigner shapes~8!, we first approxi-
mateGr , Gr8 , andGr9 by constants and do not include an
momentum dependence. The parameters of ther(770) reso-
nance have been throroughly studied and are known w
great precision@10#. In contrast, the parameters of the high
radial excitationsr8 and r9 are poorly known and can b
used as fit variables. Unfortunately, events above 1.6 GeVc2

are suppressed by phase space and provide little sensi
for the heavyr9, the mass of which is expected to be arou
1.7 GeV/c2. In this study we only fit for the mass and widt
of r8 and keep widths and masses ofr andr9 fixed at their
central Particle Data Group~PDG! values@10#:

M r5770 MeV/c2; Gr5151 MeV/c2;

M r951700 MeV/c2; Gr95235 MeV/c2. ~10!

The conserved vector current~CVC! hypothesis@16# pre-
dicts that the weak form factor and coupling constants
equal to the corresponding electromagnetic quantities.
weak couplingW6→r6→vp6 in t decays is expected t
be the same as the electromagnetic couplingg* →vp0 in
the reactionse1e2→g* (qg5As)→vp0 and v→g(qg
50)p0. All these couplings can be presented asgrvp /gr ,
where

gr5A 4p2a2M r

3G~r→e1e2!
. ~11!
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Thus, one can use the vector dominance model@17# to cross-
check the values ofA1 and A2. In the VDM, the coupling
constants are energy independent, and therefore the s
fitted coupling constants should reproduce the experim
tally measured value of

G~v→p0g!5
1

3
aPg

3
•Ugrvp

gr
@11A11A2#U2

5~0.7260.04! MeV/c2, ~12!

wherePg is the photon momentum in thev center-of-mass
system.

To fit the data, we use the following spectral models:

Model 1: F(q)}uBWr(770)1A1BWr81A2BWr(1700)u2 .
Model 2: F(q)}uBWr(770)1A1BWr8u

2.
Model 3: F(q)}uBWr(770)1A2BWr(1700)u2 .
Model 4: F(q)}uBWr(770)u2 .

The amplitudesA1 andA2 are assumed to be real. We u
x2 minimization to fit various resonant models to thevp
spectral function shown in Fig. 5. To obtain thisvp spectral
function, we divide thevp spectral function shown in Fig. 4
by the branching fractionB(v→p2p1p0)50.88860.007
because the four pion final state does not include contr
tions from other decays of thev. We verified that the fit
results are independent of the chosen initial values by rep
ing the minimization procedure with different sets of initi
values.

The following parameters of ther8 are obtained from fits
to the data with models 1 and 2:

Model 1: M r85~1.5260.01! GeV/c2;

Gr85~0.3860.04! GeV/c2;

Model 2: M r85~1.5360.01! GeV/c2;

Gr85~0.4360.03! GeV/c2.

Using these results, we calculate weighted averages of thr8
parameters: M r85(1.52360.010) GeV/c2, Gr85(0.400
60.035) GeV/c2.

Models 3 and 4 do not provide an acceptable descrip
of the data. Fits to our data corresponding to various com
nations of ther resonances are displayed in Fig. 5, and
results are summarized in Table I. We conclude that the p
ence of ar8 contribution is necessary to achieve an acce
able description of the data. Model 2 is favored, but mode
cannot be excluded.

V. INCLUSION OF MASS-DEPENDENT WIDTHS INTO
THE FIT OF THE t\vpnt SPECTRAL FUNCTION

We now perform a fit to thet→vpnt spectrum assuming
mass-dependent widths for the threer resonances. For this
purpose, we use the results of Sec. VII E. We choose
model that includes contributions fromvp, rpp, and non-
resonant 3pp0 channels and use the extracted values
Rr0p2p0, Rr2p2p1, Rr1p2p2, and Rvp to perform a nu-
3-6
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merical integration in momentum space in order to obtai
spectral decomposition of thet→3pp0nt channel. The re-
sults of the integration are shown in Table II. To perform th
integration, we use the value of the mass of ther8 extracted
from the fits to thevp spectral function as described in th
previous section.

With a better understanding of thevp andrpp spectral
functions, we perform a fit to thet→vpnt spectrum assum
ing mass-dependent widths for the threer resonances. In-
stead of constant-width Breit-Wigner shapes~8!, we use
mass-dependent total widthsG i(q); i 5r,r8,r9. To simulate
the mass-dependent widths, we follow the approach ado
in Ref. @6#.

Sincer→pp is the dominantr decay mode, we take into
account only this channel for the calculation ofGr(q):

Gr~q!5GrS M r

q D 2S pp~q!

pp~M r! D
3

, ~13!

whereGr5151 MeV/c2 and M r5770 MeV/c2 are the cen-
tral width and mass of ther resonance fixed at their PDG

FIG. 4. Spectral functions calculated for 3pp0, vp and non-
vp components. The spectral functionVvp(q) is multiplied by
B(v→p2p1p0)50.88860.007 because thev is reconstructed in
the three pion final state only.
07200
a

ed

values @10#, q is the four pion invariant mass,pp(q)
5Aq2/42Mp

2 is the pion momentum in ther rest frame, and
pp(M r) is the same momentum evaluated at the pole m
of the r resonance.

For the total width of ther8 resonance, we take into ac
count only contributions fromr8→pp, r8→vp, and r8
→rpp modes:

Gr8~q!5Gr8FB~r8→pp!S M r8
q D 2S pp~q!

pp~M r8!
D 3

1B~r8→vp!S M r8
q D 2S pv~q!

pv~M r8!
D 3

1B~r8→rpp!
Frpp~q!

Frpp~M r8!
G , ~14!

whereGr8 andM r8 are the central width and mass of ther8
resonance that are allowed to float in the fit,B(r8→pp),
B(r8→vp), andB(r8→rpp) are relative branching frac
tions normalized with their sum equal to one, andpv(q) is
the momentum of thev in thevp rest frame~6!. To extract

FIG. 5. Fits of thevp spectral function with various models.
TABLE I. Fit results for various combinations of ther,r8,r9 resonances to thet→vpnt spectral
function. Errors are statistical only and are strongly correlated. Errors on the total widthG(v→p0g) are
obtained by propagating the entire covariance matrix.

Model no.
grvp

(MeV2/c)21/2 A1 A2 x2/DOF
G(v→p0g)

MeV

1 16.460.6 20.2060.04 20.01760.016 16.1/11 0.8760.15
2 16.160.6 20.2460.02 16.6/12 0.7860.10
3 22.760.2 20.06760.017 342/14 2.360.05
4 27.260.2 940/15 3.960.03

G(v)B(v→p0g) 0.7260.04
3-7
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the shape ofFrpp(q), we generate at→rppnt sample
with overall phase-space and withvp contributions elimi-
nated. The form factor is defined as

Frpp~q!5
1

~M t
212q2!~M t

22q2!2

1

q

dN

dq
, ~15!

where dN/dq is the number of Monte Carlo events in
given bin of the invariant massq. To obtain the shape pa
rameters, we fit the form factor to a second order poly
mial.

The choice of the relative branching fractions ofr8 is
largely uncertain@10#. The ratioB(r8→rpp)/B(r8→vp)
can be extracted from our data. The relative contributions
the r8 resonance into thevp and rpp spectral functions,
shown in Table II, are 12% and 5%, respectively. Hence,
ratio of the branching fractions is estimated as

B~r8→rpp!

B~r8→vp!
5

0.05

0.12

B~t→rppnt!

B~t→vpnt!
,

where the ratioB(t→rppnt)/B(t→vpnt) is given by the
results of our multidimensional fit described in Sec. VII
We obtain B(r8→rpp)/B(r8→vp)50.61 and vary the
value ofB(r8→pp) in the fit to make sure that the outcom
depends weakly on the input value. For the final result sho
in Fig. 6, we use the constraint@10# B(r8→pp)/B(r8
→vp);0.32.

To simulate the mass-dependent width of ther9, we ac-
count only for ther9→rpp decay because PDG@10# sug-
gests that this is the dominant mode. The mass-depen
width of ther9 is calculated similarly to ther8→rpp con-
tribution:

Gr9~q!5Gr9

Frpp~q!

Frpp~M r9!
, ~16!

where Gr95235 MeV/c2 and M r951700 MeV/c2 are the
central width and mass of ther9 resonance fixed at thei
PDG values@10#, and Frpp(q) has the same shape as f
Gr8(q).

Assuming this model, we fit thet→vpnt spectral func-
tion to the data. We make two fits:~1! the contribution of the
r9 resonance is set to zero, and~2! the contribution of ther9
is allowed to float in the fit. In both situations the extract
mass of ther8 is close to that of ther9. Hence, we canno
distinguish between the two resonances, and we assume
the shape of the spectral function is affected by ther8 reso-

TABLE II. Contributions to the spectral functions of thevp
andrpp subchannels oft→3pp0nt .

vp rpp

non-resonant 7% 76%
r(770) 36% 0.2%
r8(1520) 12% 5%
constructive interference 47% 20%
07200
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nance only. The extracted mass and width of ther8 are
1.6360.06 GeV and 0.6560.08 GeV, respectively.

We also fit for ther8 and r9 contributions fixing the
masses and widths of ther8 andr9 to their PDG values and
to the values extracted from the fits with mass-independ
widths as described in Sec. IV. The obtained fits do
reproduce the shape of the measured spectral function.
three fits are shown in Fig. 6.

Finally, we attempt to fit for the relative phases of th
amplitudesA1 and A2, i.e., of ther8 and r9 contributions,
respectively. Our study shows that, varying the phases wi
6p/4, we do not introduce any significant changes in t
shape of the spectral function. Hence, we can argue ne
in favor of non-zero phases, nor in favor of phaseless m
els, and we set the phases to zero for simplicity.

We also fit thet→vpnt spectral function, assuming
another parametrization of the total width of ther8 reso-
nance. Now ther8→rpp contribution is replaced by that o
r8→a1p because Sec. VII E suggests that the four p
spectrum is dominated by thevp and a1p channels. The
last term in Eq. ~14! is therefore replaced withB(r8
→a1p)(M r8 /q)2@pa1

(q)/pa1
(M r8)#, whereB(r8→a1p) is

estimated using the results of Sec. VII E. The extracted v
ues of the mass and width of ther8 are similar to those
quoted in this section, i.e., significantly larger than the valu
obtained with the mass-independent fit.

Because fits assuming mass-dependent widths
heavily on the choice of the model for the width paramet
ization, we use the mass and width of ther8 obtained in the
fits with the mass-independent width~Sec. IV!. The analysis
described in this section has been included for completen

FIG. 6. Fits of thevp spectral function with mass-depende
widths. The solid line represents the best fit, the dashed line re
sents the fit with the mass and width of ther8 fixed at the values
obtained from the mass-independent fit of Sec. IV, and the das
and-dotted line represents the fit with the mass and width of ther8
fixed at their PDG values.
3-8
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VI. SEARCH FOR SECOND CLASS CURRENTS
IN THE DECAY t\vpnt

The decayt→vpnt is expected to proceed through th
hadronic vector current mediated byr, r8, r9 and higher
excitations. If, however,G parity conservation is broken du
to second class currents@13#, the decay can proceed throug
a hadronic axial-vector current mediated, e.g., by
b1(1235) resonance. The difference in spin-parity assi
ments for each of these states is reflected in different po
izations of thev spin and hence in different expected ang
lar distributions of cosx. The anglex is defined as the angl
between the normal to thev decay plane and the direction o
the fourth pion measured in thev rest frame. The expecte
forms @18# of the cosx distribution are listed in Table III for
different orbital angular momentaL of the vp system.

We form the distribution of cosx for thet→vpnt events
in our data. To eliminate combinatorial and non-v back-
ground, we perform a sideband subtraction for every bin
the same way as described in Sec. III. Using Monte Ca
estimates, we subtract smallv contributions from othert
decays andqq̄ background events, correct for efficiency, a
fit the resulting distribution, shown in Fig. 7, with the fo

TABLE III. Expected shapes for different spin-parity assig
ments in the decayt→vpnt .

JP L G F(cosx)

12 1 11 12cos2 x
11 0 21 1
11 2 21 113 cos2 x
02 1 21 cos2‘ x

FIG. 7. The distribution of cosx for the t→vpnt component
after background subtraction and efficiency correction is sho
with filled squares. The solid line represents the fit to the vec
current modelJL

P511
2 , the dashed line shows the expected sha

for JL
P512

1 , and the dotted line shows theJL
P510

1 model.
07200
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lowing function:

F5~12e!•F11e•F2. ~17!

Here,F1(cosx)512cos2x is the shape of the dominant vec
tor contribution andF2(cosx)51 represents the shape whic
gives the most conservative estimate of the non-stand
contribution to thet→vpnt decay. The value ofe obtained
from the fit is consistent with zero within errors:e5(0.08
62.00)31022. After integration, it can be translated into a
upper limit on the ratioNvp ~non-vector current!/Nvp ~vec-
tor current!,5.4% at 90% CL and,6.4% at 95% CL, where
Nvp represents the number of events generated through
corresponding current. An analogous study@4# by ALEPH
gaveNvp ~non-vector current!/Nvp ~vector current! ,8.6%
at 95% CL. The solid line in Fig. 7 illustrates the agreeme
of the (12cos2 x) description and the data.

VII. FULL UNBINNED LIKELIHOOD FIT
TO THE t\3pp0nt RESONANT STRUCTURE

A general method of obtaining a resonant decomposit
of a hadronic final state is a partial wave analysis of data
an unbinned maximum likelihood fit. For any data set w
limited statistics, the analysis is model-dependent beca
there is a necessary choice of amplitudes to be considere
this study, we consider four models with contributions fro
vp, a1p, sr, f 0r, rpp, and non-resonant 3pp0 channels.

Results depend on the model chosen for the hadronic
rent parametrization. A general description and some de
of the formalism are given below. The amplitude descripti
is given in the Appendix.

A. Definition of the fit function

The differential width of thet decay into the 3pp0 final
state is described by a factorizable sequence of decayt
→h1nt followed by h→4p, and can be expressed as

dG~t→3pp0nt!5
1

2M t
uMu2dLIPS~t→nth!

3dLIPS~h→3pp0!, ~18!

where

uMu25
GF

2

2
Vud

2 LmnHmn ~19!

is the square of the corresponding matrix element,dLIPS is
an element of the phase space volume, andLmn andHmn are
lepton and hadronic tensors, respectively.

The lepton tensorLmn cannot be calculated without infor
mation on the neutrino direction. To resolve this problem,
use a general form of the matrix element@7# which is explic-
itly averaged over the neutrino direction. In this approach
averaged matrix element is expressed as a sum of 16 te

LmnHmn52~M t
22q2!(

i 51

16

L̄ iWi , ~20!

n
r
e
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where the weightsWi can be calculated from components
the complex hadronic currentJm , and L̄ i are kinematic pa-
rameters which depend only on the four-momenta of the f
pions in the 3pp0 final state.

To calculateJm , we use theKORALB Monte Carlo pro-
gram with the TAUOLA decay package@19#. The recon-
structed four-momenta of the 2p2p1p0 system are booste
into the rest frame of the hadronic system which is deno
by the superscript ‘‘cm.’’ They are then projected onto th
following coordinate system: thex-axis is along the direction
of (PW p1

cm
1PW p0

cm), the z-axis is perpendicular to the plane d

fined by the vectorsPW p
1
2

cm
andPW p

2
2

cm
, and they-axis is perpen-

dicular to thex2z plane. We exclude a small region cosc
.20.97, where some projections become poorly defin
Here,c is the angle@6# between the direction of the labora
tory and thet, as seen from the hadronic rest frame.

To check whether the calculation of theLmnHmn expres-
sion is correct, we choose a parametrization of the hadro
current with form factors and coupling constants that prov
a good description of the data. We generate a large samp
t→3pp0nt events according to the phase space and
each event we calculate the corresponding averaged we
LmnHmn. As a cross check, we use the same parametriza
of the hadronic current to generate another sample of
weight events using the standard fullTAUOLA simulation.
The full t→3pp0nt simulation invokes explicit generatio
of neutrino momenta and subsequent calculation of the
cise matrix elementLmnHmn . In the limit of large statistics,
both methods should give the same results. The shape
submass and total hadronic energy distributions gener
with both methods agree, though the distributions obtai
with the averaged matrix element reveal a higher level
fluctuations. This is due to the fact that the averaging o
the neutrino direction introduces an additional smear
which increases errors.

B. Likelihood function

The matrix element averaged over the neutrino direct
can be used as a probability density function~PDF! to fit the
data of thet→3pp0nt decays. The fitting technique is
straightforward extension of that used to fit three-body Da
plots.

We take advantage of the following convenient notat
@15#. The matrix elementM(aW ,bW uuW ) is described by a mode
with a parameter vectoruW which consists of resonant ampl
tudes and phases. The matrix element is a function of obs
able variablesaW ~e.g., hadronic four-momenta! and non-
observable variablesbW ~e.g., neutrino four-momentum!. The
matrix element has to be integrated over the non-observ
variables

f S~aW uuW !5E uM~aW ,bW uuW !u2dbW , ~21!

wheref S(aW uuW ) is the probability to observe a final state wi
the parameter vectoraW , given the model parametersuW . To
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comparef S directly with the data distribution,f S must be
multiplied by the phase space functionf(aW ) and by the de-
tector acceptanceh(aW ):

f S
exp~aW uuW !5h~aW !f~aW ! f S~aW uuW !. ~22!

To enforce the proper normalization of the signal PDF,
divide it by the integral taken over the observable spaceaW :

FS~aW uuW !5
f S~aW uuW !

N~uW !
5

f S~aW uuW !

E h~aW !f~aW ! f S~aW uuW !daW
. ~23!

Since the parameters of the PDF are varied in the fit,
normalization of the matrix element is no longer consta
and must be recalculated on each step of the fit. Due to
presence of background, we must also include a corresp
ing background PDFFB(aW ), and define the total PDF as:

Ftotal~aW uuW !5
RS/BFS~aW uuW !1FB~aW !

RS/B11
, ~24!

whereRS/B is a signal-to-background ratio. As usually, th
likelihood function is defined by exchanging the argume
and the parameter in the expression forFtotal(aW uuW ). The
likelihood function for selected events is then given by

L~uW !5 )
events

Ftotal5 )
events

RS/BFS1FB

RS/B11
h~aW !f~aW !.

~25!

To find the maximum of the likelihood, we minimiz
22 logL, where

logL~uW !5 (
events

log
RS/BFS1FB

RS/B11
1 (

events
log„h~aW !f~aW !….

~26!

The term ( log@h(aW )f(aW )# is constant for the purpose o
minimizing logL(uW ) and is therefore neglected. Thus, w
never need to evaluate explicitlyh(aW ) andf(aW ): the ampli-
tude normalizationN(uW ) obtained by Monte Carlo tech
niques takes them into account automatically. When par
eter terms can be factored out, the computation of
normalizationN(uW ) can be speeded up:

N~uW !5E h~aW !f~aW ! f S~uW uaW !daW

5E h~aW !f~aW !F(
j

Cj~uW ! f j~aW !GdaW

5(
j

Cj~uW !E h~aW !f~aW ! f j~aW !daW , ~27!

where the indexj runs over all possible combinations of th
fit parametersuW . During the fit, the integrals in the abov
3-10
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expression are calculated only once and then multiplied
the coefficientsCj which depend on the parametersuW only.

C. Signal PDF

As shown in Sec. VII B, all constant factors and functio
of observable variablesaW that multiply the signal PDF~21!
do not change the position of a maximum of the likeliho
function ~25! in the parameter spaceuW . Neglecting such con-
tributions, the signal PDF~21! can be expressed as

f S5LmnHmn5(
1

16

L̄ iWi , ~28!

where the weigthsWi are calculated@7# from components of
the hadronic currentJm . The hadronic current for the deca
t2→3pp0nt is parametrized as follows:

Jm5av f v
mFv~q!1(

k
akf k

mFk~q!, ~29!

whereq is the hadronic invariant mass. The spectral fun
tions ~amplitude form factors! are defined as sums of th
corresponding Breit-Wigner amplitudes

Fk~q!5bk
01bkBWr~q!1bk8BWr8~q!1bk9BWr9~q!.

~30!
on
bu

om

Th

n
-

07200
y

-

The coefficientsf k
m are functions of four-momenta of th

four pions, the coefficientsak are complex amplitudes, th
coefficientsbk , bk8 , andbk9 are complex amplitudes of th
kth spectral function component, and the sum in Eq.~29! is
taken over all non-v contributions, as described in Se
VII E below. For practical purposes, the amplitude of one
the ak is set to a non-zero constant and the phase of on
the ak is set to zero; the corresponding rescaling factors
then included into the other amplitudes, while the over
normalization of the signal PDF is set to unity. The expli
form of the form factor f v

m , based on Refs.@19–22# and
shown in the Appendix, employs correctv helicity factors
and proper symmetrization.

From the fit, we determine the amplitudesak for the de-
cayt→3pp0nt . We integrate these amplitudes over a lar
sample oft→3pp0nt events to translate them into relativ
branching fractions.

D. Background PDF

The total background in the selected data sample is e
mated to be 4.9%. Because it is small, we do not calcula
PDF for each individual component separately. Instead,
use a simpler, empirical approach: we reweight the 3pp0

phase space to create an effective matrix element descri
the shape of the sum of thet andqq̄ backgrounds that was
determined using detailed Monte Carlo simulations. We
a purely empirical form of this effective matrix element:
FB5@M t
22M ~3pp0!2#F11

0.8

~M ~p0p1
2!22M r

2!21Gr
4

1
0.8

~M ~p0p2
2!22M r

2!21Gr
4

1
0.011

~M ~p0p1p1
2!22Mv

2 !21Gv
4

1
0.011

~M ~p0p1p2
2!22Mv

2 !21Gv
4

1
0.005

~M ~p1
2p1!22MKs

2 !21GKs

4
1

0.005

~M ~p2
2p1!22MKs

2 !21GKs

4 G . ~31!
fac-

-
al

-

th

0 of
are
the

.g.,

.

The choice of the parametrization is largelyad hoc, the co-
efficients are tuned to describe the background distributi
in six mass projections, as shown in Fig. 8. These distri
tions are obtained from Monte Carlo simulations oft back-
grounds and an appropriately scaled contribution fr
e1e2→qq̄ continuum events.

E. Fits to various models

We use 4 models to parametrize the hadronic current.
models account for the following contributions:

Model 1: vp, rpp and non-resonant 3pp0;
Model 2: vp anda1p;
Model 3: vp, a1p, sr, and f 0(980)r;
Model 4: vp, a1p, andrpp.

Hadronic current expressions for each model are give
the Appendix. For therpp contribution, the spectral func
tions for ther2p1p2, r0p0p2, andr1p2p2 components
s
-

e

in

are assumed to be identical, and the corresponding form
tors f i

m are parametrized in the same way as in theTAUOLA

package@19#. We use the PDG@10# value for the mass of the
a1 resonance (Ma1

51230 MeV/c2) and adopt the prescrip
tion of Ref. @5# to use the higher end of the width interv
recommended by PDG:Ga1

5600 MeV/c2. For the mass and
width of s, i.e., f 0(40021200) in PDG’s notation, we as
sume values @23# of Ms5860 MeV/c2 and Gs
5880 MeV/c2. We use PDG values for the mass and wid
of the f 0(980) of M f 0

5980 MeV/c2 and G f 0
570 MeV/c2.

To obtain the relative contributions of thet→3pp0nt decay
components, the fit parameters are integrated over 300 00
3pp0 phase space events and renormalized. Fit errors
propagated in accordance with this procedure. We use
following definition: Ri5Bi /B(t2→2p2p1p0nt), where
Bi is a branching fraction for the corresponding channel, e
Ra1p5B(t2→(a1p)2nt)/B(t2→2p2p1p0nt). Statisti-

cal errors on the relative fractionsRi are obtained from the
maximum likelihood fits assuming one standard deviation
3-11
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TABLE IV. Fit results for various models.Ri is defined asRi5Bi /B(t2→2p2p1p0nt), e.g.,Ra1p

5B„t2→(a1p)2nt…/B(t2→2p2p1p0nt). The first error is statistical, and the second error is systema

Model Integrated amplitudes Sum of amplitudes Goodness-of-fit

Rr0p2p050.1160.0160.02
Rr2p2p150.1960.0260.04

Model 1 Rr1p2p250.2360.0260.04 0.9360.0460.08 15%
Rvp50.4060.0260.05
R3pp0,0.06 at 95% CL

Model 2 Rvp50.3860.0260.02 0.8160.0360.03 ,5%
Ra1p50.4360.0260.02
Rvp50.3860.0260.01

Model 3 Ra1p50.4960.0260.02 0.8960.0360.03 20%
Rsr50.0160.0260.01
Rf 0r50.0160.0160.01
Rvp50.3960.0260.01
Ra1p50.5060.0360.01

Model 4 Rr0p2p050.0160.0160.01 0.9360.0460.02 20%
Rr2p2p150.0260.0360.01
Rr1p2p250.0160.0160.01
d
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To simulate the form factorsBWr8 , BWa1
, andBWs , we

use both fits with mass-dependent and mass-indepen
widths. The observed variation in the amplitude values
small and has been included in the total systematic error.
fix the values of the mass and central width ofr8 in the fit; if
these parameters are allowed to vary, the fit becomes
stable.

To estimate the goodness-of-fit for each model, we g
erate 40 Monte Carlo samples with the matrix element av
aged over the neutrino direction. Each sample is gener
with parameters obtained in the fit to the data and the num

FIG. 8. Background parametrization plotted for different su
mass projections. The predictions from Monte Carlo simulations
shown with open dots. The background parametrization is show
a histogram.
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of events in each sample is approximately equal to that
served in the data. The goodness-of-fit is estimated as a
tion of samples where22 logL exceeds that in the data.

Integrated amplitudes with statistical and systematic
rors, as well as the confidence levels of the fits for the fo
chosen models, are listed in Table IV. The calculation of
systematic errors is explained in the following section. P
jections of the fits on various mass combinations are sho
in Figs. 9–11.

Models 3 and 4 provide the best description of the da
Both these models are dominated byvp anda1p with small
additional contributions of thesr, f 0r, or non-resonant

-
re
as

FIG. 9. Comparison between fits and data distributions
model 1. Solid squares represent the data, solid line represent
nominal fit, and the dashed line represents the parametrized b
ground.
3-12



a

a

d
ob

sen
is

ion
ach
atic
on-
ors
fluc-

to

fit
the
e

in
f the

a
ing
w-

el 1.

US

fo
s
a

fo
s
a

of

RESONANT STRUCTURE OFt→3pp0nt AND t→vpnt DECAYS PHYSICAL REVIEW D 61 072003
rpp channels. Submass projections for models 3 and 4
almost identical, and we show only those for model 3.

The presence of a non-resonant 3pp0 contribution does
not improve the goodness-of-fit in model 1, and we set
upper limit on the non-resonant 3pp0 contribution, as
shown in Table IV. We also ignore the non-resonant 3pp0

component in the three other models.

F. Systematic errors

To estimate systematic biases and errors for every mo
we generate 40 Monte Carlo samples with amplitudes

FIG. 10. Comparison between fits and data distributions
model 2. Solid squares represent the data, solid line represent
nominal fit, and the dashed line represents the parametrized b
ground.

FIG. 11. Comparison between fits and data distributions
model 3. Solid squares represent the data, solid line represent
nominal fit, and the dashed line represents the parametrized b
ground.
07200
re

n

el,
-

tained from the fit to the data and then fit them to the cho
parametrization of the hadronic current. Each sample
mixed with simulated background events in the proport
expected from the data. We integrate the results of e
simulation to estimate necessary corrections and system
errors for each of the amplitudes. The biases of the rec
structed amplitude values are shown in Table V. The err
are determined as root mean squares of the parameter
tutations.

The total systematic error also includes uncertainty due
the choice of the parameters of ther8. We use PDG@10#
values for the masses and widths of ther andr9 mesons and
vary ther8 parameters within the errors obtained in the
described in Sec. IV. We also switch to a smaller mass of
r8 @12#: M r851370 MeV/c2. The results appear to hav
little sensitivity to the choice of the parameters for ther8.

All contributions to the systematic error are added
quadrature. The systematic biases for the components o
hadronic current are shown in Table V.

G. Comparison with similar analyses

A recent analysis by the ALEPH Collaboration@4# as-
sumesvp and non-resonantrpp contributions and uses
simplified fit to the submass projections without assign
systematic errors. This analysis by ALEPH gives the follo
ing amplitudes: Rr0p2p050.1160.01, Rr2p2p150.20
60.01,Rr1p2p250.2260.01, andRvp50.4060.0660.05;
these values are consistent with our results based on mod
Predictions from the chiral perturbation theory@22# for the
same model give:Rr2p2p150, Rr1p2p2 /Rr0p2p052. Our
results are in disagrement with those obtained by ARG
@3#: Rr0p2p050.3060.0460.02, Rr2p2p150.2660.05
60.01, Rr1p2p250.1060.0360.004, and Rvp50.33
60.0460.02.

r
the
ck-

r
the
ck-

TABLE V. Systematic biases for the integrated contributions
different channels into thet2→2p2p1p0nt final state. System-
atic bias is defined asd i5(Ri

reconstructed2Ri
generated)/Ri

generated.

Model Systematic biasd i

dr0p2p05(14.063.8)%
dr2p2p15(27.663.8)%

Model 1 dr1p2p25(12.362.6)%
dvp5(12.562.6)%

d3pp05(11.269.0)%
Model 2 dvp5(11.062.5)%

da1p5(22.062.5)%
dvp5(11.062.5)%

Model 3 da1p5(22.062.6)%
dsr5(0.0614.0)%

d f 0r5(11.0616.0)%
dvp5(11.062.5)%
da1p5(22.062.5)%

Model 4 dr0p2p05(1.0623.0)%
dr2p2p15(20.0615.0)%
dr1p2p25(22.5633.0)%
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H. CVC test

The CVC hypothesis relates the weak charged hadro
current in thet lepton decay to the isovector part of th
electromagnetic current. Thus, the spectral functio
V3pp0

(q) and Vvp(q) can be related@24# to the cross-
sections fore1e2→4p as

V3pp0
~q!5

q2

4p2a2 F1

2
se1e2→2p12p2~q!

1se1e2→p1p22p0~q!G , ~32!

Vvp~q!5
q2

4p2a2
se1e2→vp0~q!. ~33!

Therefore, the resonant structure of the hadronic final sta
the decayt→3pp0nt should be comparable to that in th
reactionse1e2→2p12p2 and e1e2→p1p22p0 in the
energy range corresponding to thet mass. The only expecte
difference is due to the fact that thevp final state is not
accessible in the all charged final state. A recent analysi
the CMD-2 data@25# shows clear dominance of thea1p
component in the four charged pion final state and of
a1p together with thevp components in the two charge
and two neutral pion mode. Our results are in excellent qu
tative agreement and support the CVC hypothesis.

A plot comparing the 3pp0 andvp spectral functions in
the decayt→3pp0nt with the corresponding cross-sectio
measured by the CMD-2 group@26# is shown in Fig. 12. Our
results for thevp spectral function are in excellent agre

FIG. 12. Comparison ofV3pp0
(q) andVvp(q) measured in this

analysis with the corresponding cross sections measured
CMD-2. Squares represent the full four-pion spectrum, and
angles represent thevp component. Our results are shown wi
open symbols, and the results obtained by CMD-2 are shown
filled symbols. Only statistical errors are shown.
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e

li-

ment with the CMD-2 data. The 3pp0 spectral function is
about 20% above the recent CMD-2 measurement; this m
be explained by a large value of the systematic uncertaint
the CMD-2 measurement: 15%. A compilation@25# of sev-
erale1e2 measurements performed in this energy range a
reveals discrepancies between various experimental re
that are large enough to account for the difference betw
our measurement and that of CMD-2. A thorough analysis
the e1e2 experiments is needed to resolve this problem.

VIII. CONCLUSIONS

The large data sample oft→3pp0nt decays collected by
the CLEO II experiment allowed for a detailed study of t
resonant decomposition and structure functions of the 3pp0

final state. The analysis indicates dominance of thevp and
a1p contributions which is in good agreement with theor
ical expectations based on the CVC hypothesis and Ch
Langrangian calculations. At the same time, with the pres
statistics, other models can provide satisfactory descripti
of the existing resonant structure. The goodness-of-fit
slightly higher for the models with a dominatinga1p contri-
bution, though thea1p channel alone does not reproduce t
observed non-v contribution precisely. The mass and wid
of the r8 resonance have been extracted from the fit to
t→vpnt spectral function. A new upper limit on the non
vector current contribution to this spectral function of 5.4
at 90% C.L. has been obtained.
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APPENDIX A: HADRONIC CURRENT FOR THE DECAYS
t\a1pnt , t\srnt , t\f 0rnt , AND t\vpnt

Expressions for the hadronic current fort decays into the
four pion final state viaa1p, sr, f 0r, andvp channels are
derived under the assumption that thet decays into an inter-
mediate vector resonancer̃: t→ r̃nt , which consecutively
decays into the shown channels. The vector bosonr̃ has
quantum numbersI (JPC)51(122), and its spectral func-
tion, in accordance with Eq.~30!, is simulated as a mixture
of r andr8 resonances and a phase space contribution.
suming isospin conservation and enforcing Bose symme
one obtains the following expressions for the form factorsf i

m

in the decayt2→2p2p1p0nt :

by
i-

th
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f a1p
m 5Tmn~Q!@Tnk~Q1!BWa1

~AQ1
2!@BWr„A~q31q4!2

…~q32q4!k2BWr„A~q21q3!2
…~q22q3!k#

1Tnk~Q2!BWa1
~AQ2

2!@BWr„A~q31q4!2
…~q32q4!k2BWr„A~q11q3!2

…~q12q3!k#

2Tnk~Q3!BWa1
~AQ3

2!@BWr„A~q21q4!2
…~q22q4!k1BWr„A~q11q4!2

…~q12q4!k##, ~A1!

f sr
m 5Tmn~Q!@BWs„A~q11q4!2

…BWr„A~q21q3!2
…~q22q3!n

1BWs„A~q21q4!2
…BWr„A~q11q3!2

…~q12q3!n#, ~A2!

f vp
m 5BWv~AQ2

2!†q1
m@~Q2•q3!~q2•q4!2~Q2•q4!~q2•q3!#1q3

m@~Q2•q4!~q1•q2!2~q1•Q2!~q2•q4!#

1q4
m@~q1•Q2!~q2•q3!2~Q2•q3!~q1•q2!#‡1~1↔2!, ~A3!

where

q1 :5four-momentum of p1
2 ,

q2 :5four-momentum of p2
2 ,

q3 :5four-momentum of p0, ~A4!

q4 :5four-momentum of p1,

Q5q11q21q31q4 ,

Q15q21q31q4 ,

Q25q11q31q4 , ~A5!

Q35q11q21q4 ,

andTmn(x) denotes the projection operator:

Tmn~x!52gmn1
xmxn

x2
. ~A6!

The expression for thet decay into four pions via thef 0r channel is identical to Eq.~A2! with the mass off 0 substituted
instead of the mass ofs.
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