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The resonant structure of the four pion final state in the decagwx’v, has been analyzed using 4.27
million 77~ pairs collected by the CLEO Il experiment at the Cornell Electron Storage Ring. A partial wave
analysis of the resonant structure of the-37#%v, decay has been performed; the spectral decomposition of
the four pion system is dominated by ther anda, 7 final states. The mass and width of the resonance
have been extracted from a fit to the-> w v . spectral function. We have searched for second class currents
in the decayr— wmv, using spin-parity analysis and established an upper limit on the non-vector current
contribution.

PACS numbgs): 13.25.Jx, 13.35.Dx, 14.40.Cs, 14.60.Fg

[. INTRODUCTION In the standard model, thedecay to four pions proceeds
via the vector current producing hadrons in fife=1" spin-

The resonant structure of the decay 4, has been the parity state. At low energies, the hadronic current is domi-
subject of extensive experimental studies. The first observdlated by vectop, p’, andp” resonance form factors which
tions of 7— wmv, were reported by the ARGUR] and the ~ €an be approx[mat('ed by relat|V|§t|c Breit-Wigner functions.
CLEO [2] Collaborations in 1987. Since then, the ARGUS The full formalism is discussed in Refg5—8|. The decay
Collaboration estimatel®] the p = branching fractions and can proceed via various subresonant stégeg., om, a;,
the ALEPH Collaboration provided improved measurementg 7 etc) whose contributions interfere with each other. The
[4] of branching fractions of the— 47y subchannels. No parameters ofiP=1" resonances are of particular interest
attempt has been made, so far, to determine a complete redor phenomenological tests of the conserved vector current
nant structure of the four pion final state. (CVC) hypothesis that compare multipion final statesrin

decays ana&* e~ annihilations[9].
While the mass and width of the have been well mea-
*Permanent address: University of Texas - Pan American, Edinsured, the parameters of tpé resonance are known with a
burg, TX 78539. large uncertainty{10]. Most of the p’ measurements are
TPermanent address: Yonsei University, Seoul 120-749, Korea. based on proton experiments on a fixed target ahd~
*pPermanent address: University of Cincinnati, Cincinnati, OHcollisions. So far, there have been only two published at-
45221, tempts[11,12 to extract the mass and width of tpé reso-
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0 _ _
nance from analyses of the— 77" v decay and none from decay toever,, uv,v,, mv,, Of pv.. The other three

4Ty, . o tracks and at least two well identified photons, separated by
If G-parity conservation is broken, the decay>wmv,  more than 90 ° from the tag track, are used to reconstruct the

can be mediated by second class currg¥] producing  pagronic part of the signal decay— 377y —3myyr, .

pions in a different spin-parity state. In the previous stixly To ensure well modeled acceptance,T momenta of the

ALEPH has searched for second class currents and set @hcks from signal and tag hemispheres must exceed

upper limit on the non-vector current contribution. We repeat0 025, and 0.0%,, respectively, wher&, ., is the energy
. bm . bm ) bm

this analysis with larger statistics. - : :

In this study, we determine the resonant decomposition 09f the colliding electron or positron beam and lies between

the decayr— wmv. and search for second class currents via5'26+arld 5.29 GeV. To suppress decay channels with

a spin-parity analysis. We fit the— w7, spectral function —7 7 decays, we require that the impact parameter of

to obtain the relative contributions of the p’, andp” reso- charged tracks with respect to the beam axis must be less
. X 0 ; ;

nances, as well as the mass and width ofgheneson. we than 5 mm. The momentum of @” candidate is recon-

assume that in a first approximation the widths of thep’, ~ structed from the energies and directions of two photons,

and p” resonances do not depend on the invariant mass @fonstrained to the mass of th_ﬁ‘o- The two photon candi-

four pions. We use the extracted values of the mass andates must produce showers in the barrel part of the crystal

width of thep’ to perform a full unbinned maximum likeli- calorimeter(i.e., |cos6,|<0.71, whered,, is the angle be-

hood fit of the 37« final state. tween the photon and"e™ beam axiy and be separated by
To perform this fit, we use several phenomenologicalmore than 20 ° from the closest charged track. Energy depo-
models. Besides the channel, we allow fora,7, op, sition in the calorimeter is required to have a photon-like

fop, Non-resonanp 7 and non-resonanta7° channels, as lateral profile and be greater than 75 MeV for the photon
well as for their various combinations, and fit for their rela- with the smaller energy and greater than 120 MeV for the
tive contributions to the 3 resonant structure. photon with the higher energy. We consider only those two-
With a better knowledge of the four pion subchannelphoton combinations that are within 2.5 standard deviations
structure, we then perform a fit to the—wmv, spectral  from the nominalr® mass. To increase statistics for the rho
function assuming a mass-dependent width for the tlree tag, we also use showers in the tag hemisphere, detected both

resonances. L _in the barrel and endcaps, with energy deposition greater
We do not use particle identification to separate pionshan 30 MeV.

from kaons and include components containing ka@ns., For electron identification, we require that the momentum

gated reactions and final states 1 mpled thiougnout tni! 1€ track be grester than 0.5 GeVénd that the energy
paper %ieposned in the calorimeter be consistent with the momen-
' tum of the electron candidate measured by the drift chamber:
[(E/p—1.0)|<0.1. We also require that the rate of energy
Il. EXPERIMENT AND DATA SELECTION loss due to ionization in the drift chamber must be no less
We use data from the reactieie” — 7' 7~ collected by than two standard deviations below the expected rate. A
the CLEO Il experiment at the Cornell Electron Storage Ringtrack is identified as a muon if it has correlated drift and
(CESR at or near the energy of thé(4S). The data corre- muon chamber hits and traverses at least three absorption
spond to a total integrated luminosity of 4.68fband con-  lengths of the material, when the momentum of the track is
tain about 4.27 millions" 7~ pairs. below 2 GeVE, and at least five absorption lengths, when
CLEO Il is a general-purpose solenoidal magnet detectothe momentum of the track is above 2 GeVTo minimize
[14]. The momenta of the charged particles are measured ke probability of pion-lepton misidentification for both elec-
a 67-layer drift chamber tracking system operating inside aron and muon tags, we do not allow additional showers in
1.5 T superconducting solenoid. Photons and electrons akfie calorimeter with energy deposition greater than 120 MeV
detected in a 7800-crystal Csl electromagnetic calorimetefhat are unmatched to any of the charged tracks. A tag track
Muons are identified using proportional counters placed ajfs identified as a pion if it was not identified as a lepton and
various depths in the return iron of the magnet yoke. if the invariant mass of the tag hemisphere is less than
The event selection is designed to use the kinematicah 5 Geve?, where the invariant mass of the tag hemisphere
properties and the low multiplicity of decays to separate s defined as the invariant mass of the tag track, assuming the
them from events copiously produced in two-photon interacpjon mass, and all neutral showers in the tag hemisphere. A
tions, the process*e” —qq, Bhabha scattering, and muon- tag track is identified as a rho if it was not identified as a
pair production. We select events with four charged tracks idepton, if the invariant mass of the two most energetic show-
a 1-vs-3 topology by requiring that one of the tracks must beers in the tag hemisphere is consistent with t#i& mass
at least 90° away from all the others. When there is morevithin 2.5 standard deviations and, finally, if the effective
than one combination satisfying these criteria, we minimizemass of the tag track, assuming the pion mass, and ofthe
the acolinearity angle between the momentum of the singleandidate lies between 0.5 and 1.2 Gei//To reduce com-
track and the total momentum of the 3-prong system to selediinatorial and hadronic background for the rho tag, we do
the most back-to-back combination. The single track heminot allow any showers with energy deposition greater than
sphere is then used as a tag associated with a one-prongl20 (350) MeV in the tag hemisphere if the center of the
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shower is mordlesg than 30 cm from the tag track projec- 1500 ——
tion onto the calorimeter. s = Data

A typical event, in which the decay— 377 v, is tagged i # —- aand 7 Background
by a one-prongr decay, does not deposit any significant | +++|'ﬂ = 4q Background
extra energy in the calorimeter, other than that associated } }
with either thew®— yy decay or with interactions between
charged hadrons and Csl crystals. In most cases, additionals
unmatched energy deposited in the calorimeter is a signature§ i # f i
of various background events having one or more additional & - t t )
7's. To suppress these backgrounds, we use the value of theg - :
unmatched energy to veto such events. We reject events if§ B ++
there is at least one unmatched energy cluster in the calorim-% 500
eter, which is not used for® reconstruction, which is more |
(less than 30 cm away from the closest projection of the ' '
charged track onto the calorimeter and which has energy
deposition more than 7850) MeV.

Further background reduction is based on the fact that, in
a 7 decay, there is always at least one neutrino carrying away
undetected energy and momentum. Thus, a typicalent
has a large missing transverse momentify, whereas a
typical two photon event has a small missing transverse mo- FIG. 1. The distribution of the invariant mass o#& is plotted
mentum and a small visible energ,,. The transverse for the data(dots, total backgrounddashed ling and qq back-
momentum and visible energy are measured using the fowround(hatched areabefore the cut on the neutrino mass. Fur-
reconstructed charged tracks, assuming the pion masses fiber analysis is limited to events between 0.9 and 1.7 G&V/
the three charged tracks in the signal hemisphere, andrbne . I _ a0
(two 7°'s for the rho tag. To remove two-photon back- source includes contributions from —2#~ 7" 27 v, and

- -, 0 - _+._0 ; ;

ground, we use the following selection criterfas): P, 7 7 7 Kev;—2m m a v, decays whose yields in the

~0.1(2E,— Ero)), Py>0.07%,,,, and Eyy>0.6E;,. TO final sample of signal events are estimated as 1.6% and
" m tot/» t . m» tot " m-

reduce background produced by Dalitz decays-ete y  0-/7 respeoctively. The background also includdér
or by y conversions in the detector, we reject any event tha?nd TKTT. colmpon?nts. ITTetlr dCOUtrIbLtlrt]IOﬂS [&rét; fthe
has a well identified electron among the three charged trac ample of signal events, calculated using the va 0

1al - K-t 0 0 _ 0.043 ¢
in the signal hemisphere. To reduce combinatagiglback- B[ ;7_>E7;+:7 :0ngzs(gé%lég%dggéﬁ)fﬁﬁofﬂle gaanrﬁ]_
ground, we impose a requirement on the undetected neutri " | '

mass. The neutrino mass can be calculated as qﬂg fractions, are 0.6% each. Background contamination
' from otherr decays is found to be negligible. The combined
2 0 2. 2 L efficiency for all tags is estimated to be 6.75%. The mea-
M} =(P,=Pg)*=M7+0q*+2|P||Pgcosf q— 2EpnE, - sured branching fraction is B(7— 37w 7%,)=(4.19
1) +0.10)%, which does not include a conservatively estimated
. 5% systematic error associated with the data analysis. This is
Because we cannot measure 6gs we assume it to be 1 iy good agreement with the Particle Data Grdag] value

and require that the resulting maximum value of the squargg (4.35+0.10)%. Contamination due toy2physics is esti-
of the undetected neutrino mass be positMg; ;.,>0. N mated to be negligible.

Eq. (1) the value ofM, is taken as 1.777 Ge¥f [10], the

1000} ++ .

0.7 1.2 1.7 2.2 2.7
M (1r'1r+1r'1r°) (GeV/ c2)

momentum of ther is expressed aHST| = ,/Ezbm— MZT, the lll. THE SPECTRAL FUNCTIONS IN  7—3##n%v,
symbolsq andE, represent the invariant mass and energy of AND 7—wmv, DECAYS

the four pion final state, and the energy of thés set equal
to the beam energk,, .

The distribution of the &#° effective mass, before the
cut on ther neutrino mass is applied, is plotted in Fig. 1. In
the vicinity of the r mass the production of3x° events is
strongly suppressed by phase space and the signal-to-

The shape of the 87° effective mass inr decays is
distorted by phase space and helicity factors. It is useful to
examine the spectral function independent of such effects
specific tor decays.

The spectral function for— 37 7%y is defined16] as

background ratio becomes small. Hence, we accept only . dr',.,(q) 16772M§ 1

those events that have the effective mass of ther3final V3TT(q) = 5 N PR TTer B

state lying in the range from 0.9 to 1.7 Ge¥/ q GiVig A(M7Z—qg9)“(M7+2q°)
After all signal selection criteria are applied, we find 2

25374 data events with an estimated background of 57¢hereq=M (377°), V,4=0.9740-0.0010 is an element of

+17 events coming froma+e‘—>qa production and 669 the Cabibbo-Kobayashi-Maskaw@KM) matrix [10] and
+230 events from other decays. The background estimatesGg. is the Fermi constant. The differential partial width can
are based on Monte Carlo simulations. The latter backgrounte represented as
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dl's,,(q) 1 dN(q) GEM? B(7—377%v,) @ 6000——— o o s
dq N dg 19273 B(r—ever,) [ 1
o 5000} . -
where a value ofB(r—ever,)=0.1781+0.0007 [10Q] is | )
taken. Thus, the spectral function is given by
4000} . -
>
1 dN 1 2
VT ()= N d(qq) 2 42)2(M2+ 202 = | |
a(M7=g9)(M7+20%) X 3000} _
]
B(r—3nm%,) M8 “ £ i |
B(r—evev,) 12’7TVl21d. * 2000 .
[ ]
| .=
To reduce uncertainty caused by the finite bin width, the _/y./{"‘
factor q(M2—g?)?(M2+2g?) in the denominator is aver- 1000} e -
aged over the bin width. To estimate systematic errors for the =T 1
V3”°(q) spe(iral function, we take into account uncertain- o ‘____r-f'l"’-/rr | |
ties in B(r—ever,) andV,g. 0.55 0.65 . 0.6/5 20.85 0.95
In full analogy with V37™(q), we can define a spectral M (r"n”"n") (GeV/c)
function for ther— wmv, decay. To extract the 7 compo- FIG. 2. Sideband fit to the invariant mab(m* =~ ). The

O . . . .
nent from the 3r final state, we use a technique similar to ya15 are shown as solid squares, the second order polynomial fit is

the usual sideband subtraction. For each bin ®f ghown as a solid line, and the polynomial curve extrapolated into

=M(377°), we select events in thes signal region the regions excluded from the fit is shown as a dotted line.
[0.76 GeVE <M (7w =+ 7% <0.81GeVE?] and fit the

combined sidebands[0.83 GeVE2<M (7~ " 7% <0.90 IV. MODEL FITS TO THE 77— wav,
GeV/c?] and [0.60 GeVE*<M (7~ 7" 7% <0.74 GeVLt?] SPECTRAL FUNCTION

to a second order polynomial. The fit parameters are then
used to estimate the background under ¢hpeak. To esti-
mate the statistical uncertainty of the neneomponent in
the signal region, we propagate errors using a full covariance 1 ( p.(Q)

matrix. In addition to the statistical error for each bin, there V“’”(Q):E q
p

1500 I I I | I I I | 1 I I | I I I

The spectral function of thes component can be ex-
pressed16] in terms of the weak form factd¥(q) as

3 2

Joor g 5)

is an uncertainty due the sideband definition. To estimate the
size of this error for each bin, we vary the sideband definition

and change the order of the polynomial from 2 to 1. The B ':' ;i::b":nd ]
distribution of the invariant mas# (7" 7 #°) summed [ Variations in Sideband ]
over all bins ofM (37#°) is shown in Fig. 2 together with a B g
second order polynomial fit to the sidebands. This plot is = 6o -
presented for illustration only. The sideband subtraction pro- 100 |- = m]

cedure was performed separately for each bitVigB ). B B o o |

In Fig. 3 the shape of thd(w) distribution, which
includes bothw signal component and combinatorial back-
ground, is shown with open squares. The rom-contribu-
tion is shown as a band for different sideband definitions,
and its average value is shown with solid squares. For every  500}— O o =
bin, the error is calculated as a sum in quadrature of both - .
statistical and systematic uncertainties.

Beginning with the distributions shown in Figs. 1 and 3,
we subtract backgrounds, and apply efficiency corrections
that were determined using a detailed Monte Carlo simula-
tion of the 7 decay process and the detector response. We 0.9 1.1 1.3 1.5 1.7
then employ Eq.(4) to extract the spectral functions M (wr) (GeV / c?)

Ve77°(q) andV*™(q), as well as the nom contribution

Events / 50 MeV
i

N o FIG. 3. Distributions of thew effective mass for events from
\ (@)=V="7(q) —V*7(q). All three spectral COMPO-  the ,, band(open squarésand the sidebandsolid squares The w
nents are shown in Fig. 4. The extracted componentis @ pand distribution includes combinatorial background as well. Varia-
product of the spectral functio“”(q) and the branching tions in the shape of the combinatorial background due to variations
fraction B(w— 7 7+ 7% =0.888+0.007 [10] because we in the sideband definition are shown as a band. The estimated av-
reconstructw in the three pion final state only. erage background shape, with errors, is shown with solid squares.

072003-5



K. W. EDWARDS et al.

Here, g, is the p—wm strong decay couplingy, is a

PHYSICAL REVIEW D 61 072003

Thus, one can use the vector dominance mptiélto cross-

measure of the weak coupling of theesonance to the weak check the values oA; and A,. In the VDM, the coupling

charged current, and

(@®>—(M,—M )3 (@*= (M, +M,)?)
402

is the momentum of the in the w rest frame.
The choice of the form factdf(q) is largely uncertain. In
the region ofg=<M . the form factorF(q) is expected to be

constants are energy independent, and therefore the set of
fitted coupling constants should reproduce the experimen-
tally measured value of

2
[1+A1+A2]

gpww

1
INw—mly)= §aPi

=(O.72i0.04) MeV/c?, (12)

dominated by low-energy vector resonances. In this analysighereP , is the photon momentum in the center-of-mass

we use a form foF(q) that allows contributions from the
resonance and its two radial excitatign'sand p”:

F(q)= BWp(q)+A1- BWp,(q)+A2- BWP,,(q). (7)
Here

2
Mp

— (8)
M2—q?~iql’,

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

Model 1: F(q) *|BW, 770+ A;BW,, '+ ABW 1700 -
Model 2: F(q)|BW,770y+ A, BW,[2.
Model 3: F(q) o |BW, 770+ A2BW, (1700 -

Model 4: F(q)oc|BW (770)°

The amplitude®\; andA, are assumed to be real. We use
x? minimization to fit various resonant models to ther
spectral function shown in Fig. 5. To obtain thisr spectral

is a relativistic Breit-Wigner amplitude normalized to unity function, we divide theo 7 spectral function shown in Fig. 4

atgq=0, and

gmww 7p
gpwﬂ ym

©)

are the ratios of the coupling constants for the differgnt
resonances.
To model the Breit-Wigner shap€8), we first approxi-

by the branching fractio3(w— 7 7" 7% =0.888+0.007
because the four pion final state does not include contribu-
tions from other decays of the. We verified that the fit
results are independent of the chosen initial values by repeat-
ing the minimization procedure with different sets of initial
values.

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

matel’,, I',,, andI" ,» by constants and do not include any  Model 1: M, =(1.52+0.01) GeV/c%:
momentum dependence. The parameters op{i&0) reso-

nance have been throroughly studied and are known with I, =(0.38-0.09 GeV/c?;
great precisioi10]. In contrast, the parameters of the higher

radial excitationsp’ and p” are poorly known and can be  Model 2: M, =(1.53+0.01) GeVi/c?;

used as fit variables. Unfortunately, events above 1.6 €eV/
are suppressed by phase space and provide little sensitivity
for the heavyp”, the mass of which is expected to be around
1.7 GeV/c:2 In this study we only fit for the mass and width Using these results we calculate weighted averages gf'the
of p’ and keep widths and massesgofindp” fixed at their ~ parameters: M, =(1.523+0.010) GeVt?, T, =(0.400

central Particle Data Grou@®DG) values[10]: *+0.035) GthZP
Models 3 and 4 do not provide an acceptable description

of the data. Fits to our data corresponding to various combi-
nations of thep resonances are displayed in Fig. 5, and the
results are summarized in Table I. We conclude that the pres-
ence of ap’ contribution is necessary to achieve an accept-
The conserved vector curref@VC) hypothesid16] pre-  able description of the data. Model 2 is favored, but model 1
dicts that the weak form factor and coupling constants ar€annot be excluded.
equal to the corresponding electromagnetic quantities. The
weak couplingW*—p~—wm™ in 7 decays is expected to
be the same as the electromagnetic couphfig- w7° in
the reactionse’e — vy *(q,= Js)—wm® and o—y(q,
=0)7C. All these couplings can be presented®s /v,

where
/ 4772a2Mp
Vo= e ——
P 3l (p—ete)

', =(0.430.03 GeV/c’.

M,=770 MeV/? T ,=151 MeVic?;

M,=1700 MeVk? T ,=235 MeVl? (10

V. INCLUSION OF MASS-DEPENDENT WIDTHS INTO
THE FIT OF THE 7—wwv, SPECTRAL FUNCTION

We now perform a fit to the— w v spectrum assuming
mass-dependent widths for the thregesonances. For this
purpose, we use the results of Sec. VIIE. We choose the
model that includes contributions froms, p7, and non-
resonant 3r7° channels and use the extracted values of
Ry07-70, Ry=n=z+, Ry+ and R, to perform a nu-

pTmT Wy

11
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FIG. 4. Spectral functions calculated forra®, w7 and non-
wm components. The spectral functiaft’™(q) is multiplied by
B(o— 7" 7°) =0.888+0.007 because the is reconstructed in

the three pion final state only.

merical integration in momentum space in order to obtain Jg

FIG. 5. Fits of theww spectral function with various models.

values [10], q is the four pion invariant massp,(q)
=./g°/4— MZW is the pion momentum in the rest frame, and

»(M,) is the same momentum evaluated at the pole mass

f the p resonance.

For the total width of thep’ resonance, we take into ac-
count only contributions fronp’ — 7w, p'—wm, andp’
— pma modes:

spectral decomposition of the— 377y channel. The re-
sults of the integration are shown in Table II. To perform this
integration, we use the value of the mass of pheextracted

from the fits to thew s spectral function as described in the

previous section.

3

With a better understanding of ther andpw spectral T (q)=T, B(prﬁmﬂ(&)z _P(a)
functions, we perform a fit to the— w v, spectrum assum- ? P q P-(M,)
ing mass-dependent widths for the threeaesonances. In- 3
stead of constant-width Breit-Wigner shapé®, we use , M, \?[ Pu(a)
mass-dependent total widtlis(q); i=p,p’,p". To simulate +B(p’—wm) q po(M,)

the mass-dependent widths, we follow the approach adopted

in Ref.[6]. , Fprr(Q)
Sincep— 7 is the dominanp decay mode, we take into +B(p HPWW)m : (14)
pma\Vip!

account only this channel for the calculationIof(q):

pA(q) |3

P-(M,)

al

Lpya)=r,

wherel",= 151 MeV/c? and M ,=770 MeV/c? are the cen-

(13

wherel’,, andM
resonance that are allowed to float in the B{p'— 7 ),

p

» are the central width and mass of the

B(p'—wm), andB(p' — par) are relative branching frac-

tions normalized with their sum equal to one, gnglq) is

tral width and mass of the resonance fixed at their PDG the momentum of the in the wr rest frame(6). To extract

TABLE 1. Fit results for various combinations of thep’,p” resonances to the— wmv, spectral
function. Errors are statistical only and are strongly correlated. Errors on the total jdth> 7°y) are
obtained by propagating the entire covariance matrix.

Do I (0—7%)

Model no. (MeV?/c) 12 A, A, x*/DOF MeV
1 16.4+0.6 —0.20+0.04  —0.017+0.016 16.1/11 0.870.15
2 16.1+0.6 —0.24+0.02 16.6/12 0.780.10
3 22.7+0.2 —0.067+0.017 342/14 2.30.05
4 27.2£0.2 940/15 3.90.03
I'(w)B(w—7y) 0.72£0.04
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TABLE IlI. Contributions to the spectral functions of ther 06777 T T T T
andp#m subchannels of—377%v.. | — M =1.63,T'=0.65 |
oo o o5l M=153,T=042 + i
---M=145T=0.31/ /iy\
non-resonant 7% 76% - FiA 1
p(770) 36% 0.2% 0al '/
p’ (1520) 12% 5%
constructive interference 47% 20% i
Tos3|
>

the shape ofF,..(q), we generate a— pmmv, sample -
with overall phase-space and withir contributions elimi- 0.2
nated. The form factor is defined as

Fpra(Q) - _ N g 01T
eV M2+ 207 (M2 q?)2 0 da’ _ )
where dN/dq is the number of Monte Carlo events in a %8' L ';.'-8'"'"'
given bin of the invariant masg. To obtain the shape pa- ) ) 'q(wﬂ) (G'ewCz) ) )
rameters, we fit the form factor to a second order polyno-
mial. FIG. 6. Fits of theww spectral function with mass-dependent

The choice of the relative branching fractions @f is widths. The solid line represents the best fit, the dashed line repre-
largely uncertairf10]. The ratioB(p'—pma)/B(p' —wm)  sents the fit with the mass and width of thé fixed at the values
can be extracted from our data. The relative contributions ofbtained from the mass-independent fit of Sec. IV, and the dashed-
the p’ resonance into thew and p7 spectral functions, and-dotted line represents the fit with the mass and width op the
shown in Table II, are 12% and 5%, respectively. Hence, théixed at their PDG values.
ratio of the branching fractions is estimated as

nance only. The extracted mass and width of fHeare
B(p'—pmm) 0.05B(r—pmmv,) 1.63+0.06 GeV and 0.650.08 GeV, respectively.
B(p'—wm) 012 Blr—wmv,)’ We also fit for thep’ and p” contributions fixing the
masses and widths of thg andp” to their PDG values and
where the ratid3(r— pm7v,)/B(7— wmv,) is given by the  to the values extracted from the fits with mass-independent
results of our multidimensional fit described in Sec. VIIE. widths as described in Sec. IV. The obtained fits do not
We obtain B(p’' —pmm)/B(p'—wm)=0.61 and vary the reproduce the shape of the measured spectral function. All
value of B(p’ — ) in the fit to make sure that the outcome three fits are shown in Fig. 6.
depends weakly on the input value. For the final result shown Finally, we attempt to fit for the relative phases of the
in Fig. 6, we use the constraiftl0] B(p'— mm)/B(p’ amplitudesA; andA,, i.e., of thep’ and p” contributions,
—wm)~0.32. respectively. Our study shows that, varying the phases within
To simulate the mass-dependent width of fife we ac-  +#/4, we do not introduce any significant changes in the
count only for thep”— prr decay because PD@0] sug-  shape of the spectral function. Hence, we can argue neither
gests that this is the dominant mode. The mass-dependeint favor of non-zero phases, nor in favor of phaseless mod-
width of thep” is calculated similarly to the’— pm con-  els, and we set the phases to zero for simplicity.

tribution: We also fit ther—wmv, spectral function, assuming
another parametrization of the total width of tpé reso-
Fpra(Q) nance. Now the’ — prar contribution is replaced by that of
Lp(@) =T, (M)’ (16) p'—a,m because Sec. VIIE suggests that the four pion
pma\Vip

spectrum is dominated by thew and a;7= channels. The

where I' ,,=235MeVic? and M ,,=1700MeVk? are the last term in Eq.(14) is therefore replaced with3(p’
central width and mass of the” resonance fixed at their —a;7)(M,//A)’[pa (A)/Pa,(M,)], whereB(p' —a; ) is
PDG values[10], andF,,,(q) has the same shape as for estimated using the results of Sec. VIIE. The extracted val-
r,(a). ues of the mass and width of th€ are similar to those

Assuming this model, we fit the— w v, spectral func- quoted in this section, i.e., significantly larger than the values
tion to the data. We make two fit&l) the contribution of the obtained with the mass-independent fit.
p” resonance is set to zero, af®l the contribution of the” Because fits assuming mass-dependent widths rely
is allowed to float in the fit. In both situations the extractedheavily on the choice of the model for the width parameter-
mass of thep’ is close to that of the”. Hence, we cannot ization, we use the mass and width of {iieobtained in the
distinguish between the two resonances, and we assume tHis with the mass-independent widt8ec. IV). The analysis
the shape of the spectral function is affected bygheeso- described in this section has been included for completeness.
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TABLE lIl. Expected shapes for different spin-parity assign- lowing function:
ments in the decay—wmv,.

F=(1—¢€)-Fl+e-F2 (17
JP L G F(cosy)
- Here,F(cosy)=1—coSy is the shape of the dominant vec-
1+ 1 +1 1-cos x tor contribution andF2(cosy)=1 represents the shape which
1 0 1 1 gives the most conservative estimate of the non-standard
1" 2 -1 1+3cosy contribution to ther— wmv, decay. The value of obtained
0" 1 -1 cos* x from the fit is consistent with zero within errors=(0.08

+2.00)x 10 2. After integration, it can be translated into an
upper limit on the ratidN“™ (non-vector currentN®™ (vec-
VI. SEARCH FOR SECOND CLASS CURRENTS tor currenj<5.4% at 90% CL anek6.4% at 95% CL, where

IN THE DECAY 17— wmv, N“™ represents the number of events generated through the

The decayr— wmv, is expected to proceed through the corresponding current. An analogous study by ALEPH
hadronic vector current mediated hy p’, p” and higher 9aveN“” (non-vector currenfN“™ (vector current <8.6%
excitations. If, howeverG parity conservation is broken due at 95% CL. The solid line in Fig. 7 illustrates the agreement
to second class currerts3], the decay can proceed through Of the (1—cos x) description and the data.

a hadronic axial-vector current mediated, e.g., by the

b,(1235) resonance. The difference in spin-parity assign- VII. FULL UNBINNED LIKELIHOOD FIT

ments for each of these states is reflected in different polar- TO THE 7—37# v, RESONANT STRUCTURE

izations of thew spin and hence in different expected angu-
lar distributions of cog. The angley is defined as the angle
between the normal to the decay plane and the direction of
the fourth pion measured in the rest frame. The expected
forms[18] of the cosy distribution are listed in Table Ill for
different orbital angular momenta of the w system.

We form the distribution of cog for the 7— wmv . events

A general method of obtaining a resonant decomposition
of a hadronic final state is a partial wave analysis of data via
an unbinned maximum likelihood fit. For any data set with
limited statistics, the analysis is model-dependent because
there is a necessary choice of amplitudes to be considered. In
this study, we consider four models with contributions from

. . . . w, a,m, op, fop, pmr, and non-resonant:37° channels.
in our data. To eliminate combinatorial and nenback- 1 P> ToPs P

round, we perform a sideband subtraction for every bin, in Results depend on the model chosen for the hadronic cur-

'?he sarﬁe wg as described in Sec. Il Usin Mon%/e Cérlorem parametrization. A general description and some details

. Y oo 9 of the formalism are given below. The amplitude description
estimates, we subtract small contributions from otherr

— o is given in the Appendix.
decays andjq background events, correct for efficiency, and

fit the resulting distribution, shown in Fig. 7, with the fol- A. Definition of the fit function

LN B B L B LB B N B The differential width of ther decay into the 3'7TO final
= . state is described by a factorizable sequence of decays:
N i —h+ v followed by h—4, and can be expressed as
600 [— — 1
= - dF(T—>3’7T7TOVT):N|M|2dL|PS(T—>VTh)
- L ] X dLIPS(h— 37 0), (18
o
7 400 |— —
2N Vi where
:>: — \\\ // i )
- Y ’/ — GF
7 2wy
= . // - |M|2:7VudLM H//.v (19
200 |- —
B 1*(L=2) - is the square of the corresponding matrix elemdhtPsS is
| R i At i an element of the phase space volume, lattlandH ,, are
lepton and hadronic tensors, respectively.
ol o The lepton tensok*” cannot be calculated without infor-
-1.0 —05 0 0.5 1.0 mation on the neutrino direction. To resolve this problem, we
cosx use a general form of the matrix eleménf which is explic-

itly averaged over the neutrino direction. In this approach the

FIG. 7. The distribution of cog for the 7—w v, component averaged matrix element is expressed as a sum of 16 terms:

after background subtraction and efficiency correction is show

with filled squares. The solid line represents the fit to the vector 16
current modell{=1; , the dashed line shows the expected shape LA"H,  =2(M2—g?) LW (20)
for =15, and the dotted line shows t€=1; model. w=2(M>—g ;1 o

072003-9



K. W. EDWARDS et al. PHYSICAL REVIEW D 61 072003

where the weight®V; can be calculated from components of comparefg directly with the data distributionfg must be

the complex hadronic curredt,, andL; are kinematic pa- multiplied by the phase space functidr(&) and by the de-
rameters which depend only on the four-momenta of the foutector acceptance(a):
pions in the 3r#° final state.

To calculate,,, we use thekorRALB Monte Carlo pro- &P a| 6)= n(a)p(a)fs(alf). (22)
gram with the TAuoLA decay packagdl19]. The recon-
structed four-momenta of ther2 7+ #° system are boosted To enforce the proper normalization of the signal PDF, we

into the rest frame of the hadronic SyStem which is denote@ivide it by the integra] taken over the observable Spﬁce
by the superscript €m.” They are then projected onto the

following coordinate system: theaxis is along the direction .. fyald) f<(a|f)
of (PXT+PCY), the z-axis is perpendicular to the plane de- Fs(el0)= NG — - @
fined by the vector®’" andP" , and they-axis is perpen- j (@) p(a)fs(alf)da

1 2

dicular to thex—z plane. We exclude a small region aps . S )
~0.97, where some projections become poorly defined.smce the parameters of the PDF are varied in the fit, the

Here. ¢ is the angld6] between the direction of the labora- normalization of the matrix element is no Ionger constant
) and must be recalculated on each step of the fit. Due to the
tory and ther, as seen from the hadronic rest frame.

. resence of background, we must also include a correspond-
To check whether the calculation of theé'"H ,, expres- P g P

sion is correct, we choose a parametrization of the hadroni.E1g background PDFg(a), and define the total PDF as:

current with form factors and coupling constants that provide

a good doescription of the dgta. We generate a large sample of Ftotal(&| )
r— 37w v, events according to the phase space and for

each event we calculate the corresponding averaged weight ) ) _
L#"H,,. As a cross check, we use the same parametrizatiof{"€r€ Rse is @ signal-to-background ratio. As usually, the
of the hadronic current to generate another sample of unft<€lihood function is defined by exchanging the argument
weight events using the standard falhuoLA simulation. and the parameter in the expression ff'®/(a|6). The
The full —— 377y, simulation invokes explicit generation likelihood function for selected events is then given by

of neutrino momenta and subsequent calculation of the pre-

_RggFs(al6)+Fg(a)
Rgp+1 '

(24)

cise matrix element””H ,, . In the limit of large statistics, (6= [ Frow= RegFst Fs n(a)d(a)
both methods should give the same results. The shapes of events events RgpT1 '
submass and total hadronic energy distributions generated (25

with both methods agree, though the distributions obtained

with the averaged matrix element reveal a higher level ofl0 find the maximum of the likelihood, we minimize
fluctuations. This is due to the fact that the averaging over-2 l0gZ, where

the neutrino direction introduces an additional smearing

P . RygFst+F - -
which increases errors. log £(§)= z log SBTS' B, E log(7( &) ¢(@)).
events I:QS/B-i_:I- events

B. Likelihood function (26)

The matrix element a\_/eraged over the neutrino_directionl—he term S log[ 7(@)(a)] is constant for the purpose of
can be used as a probability density functigiF to fit the minimizing log£(6) and is therefore neglected. Thus, we
data of ther— 377 v decays. The fitting technique is a ’ '

straightforward extension of that used to fit three-body Dalitz'€Ver need to evaluate expliciti( @) and ¢(a): the ampli-
plots. tude normalizationN(6) obtained by Monte Carlo tech-

We take advantage of the following convenient notationniques takes them into account automatically. When param-
[15]. The matrix element(a, 3| ) is described by a model ©ter terms can be factored out, the computation of the
with a parameter vectad which consists of resonant ampli- NormalizationN(#¢) can be speeded up:
tudes and phases. The matrix element is a function of observ-
able variablesa (e.g., hadronic four-momentaand non- N(é):j n(a)p(a)fs(6la)da
observable variableg (e.g., neutrino four-momentumThe
matrix element has to be integrated over the non-observable

variables :j n(a)d(a) da

; Ci()f;(a)
fs(&|5)=f | M(a,B|6)|%dB, (21) -3 cj(é)f (@) d(a)tj(a)da, 27
]

wheref¢(a|6) is the probability to observe a final state with where the inde runs over all possible combinations of the
the parameter vectat, given the model parametefs To  fit parametersd. During the fit, the integrals in the above
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expression are calculated only once and then multiplied byrhe coefficientsf{ are functions of four-momenta of the
the coefficients<C; which depend on the parameteronly.  four pions, the coefficients, are complex amplitudes, the
coefficientsg,, By, and 8, are complex amplitudes of the
C. Signal PDF kth spectral function component, and the sum in &§) is
taken over all norw contributions, as described in Sec.
As shown in Sec. VII B, all constant factors and functionsy/|| g pelow. For practical purposes, the amplitude of one of
of observable variablea that multiply the signal PDE21)  the oy is set to a non-zero constant and the phase of one of
do not change the position of a maximum of the likelihoodthe «y is set to zero; the corresponding rescaling factors are
function (25) in the parameter space Neglecting such con- then included into the other amplitudes, while the overall

tributions, the signal PDF21) can be expressed as normalization of the signal PDF is set to unity. The explicit
’ form of the form factorf”, based on Refs[19-22 and

_ shown in the Appendix, employs correet helicity factors
fs=L*"H,, = > LW, (28)  and proper symmetrization.

1 From the fit, we determine the amplitudesg for the de-
cay 7— 377 v, . We integrate these amplitudes over a large
sample ofr— 377 v, events to translate them into relative
branching fractions.

where the weigth®V, are calculated7] from components of
the hadronic currenl,, . The hadronic current for the decay
=377 v_is parametrlzed as follows:

D. Background PDF

=, fhF (@) + D enfFi(), (29) The total background in the selected data sample is esti-
. mated to be 4.9%. Because it is small, we do not calculate a
PDF for each individual component separately. Instead, we
use a simpler, empirical approach: we reweight then3
phase space to create an effective matrix element describing

the shape of the sum of theand qabackgrounds that was
Fk(q)=,88+ BBW,(a)+ BBW, (q)+ ByBW,(q). determined using detailed Monte Carlo simulations. We use
(30 a purely empirical form of this effective matrix element:

whereq is the hadronic invariant mass. The spectral func-
tions (amplitude form factorsare defined as sums of the
corresponding Breit-Wigner amplitudes

0.8 . 0.8 . 0.011
(M(707)2=M224+ T4 (M(70m;)2=M2)2+ T4 (M(70m " 7 )2=M2)%+T,

Fg=[M2—M(377?)?]| 1+

.\ 0.011 .\ 0.005 . 0.005
(M(m07 " ary)2=M2)*+ T (M(mym ")’ =M )?+ T (M(my 7")? =M )*+ Ty

(31)

The choice of the parametrization is largelgt hoG the co-  are assumed to be identical, and the corresponding form fac-
efficients are tuned to describe the background distributiontors f#* are parametrized in the same way as in thgoLA

in six mass projections, as shown in Fig. 8. These distribupackagd19]. We use the PDE10] value for the mass of the
tions are obtained from Monte Carlo simulationsroback-  a; resonanceIY[Ia =1230 MeVL?) and adopt the prescrip-
grounds ‘and an appropriately scaled contribution fromtion of Ref. [5] o use the higher end of the width interval
ete” qu continuum events. recommended by PDG’, ,=600 MeV/c?. For the mass and

width of o, i.e., fo(400— 1200) in PDG’s notation, we as-
E. Fits to various models sume values [23] of M,=860MeVic? and T,

=880 MeV/c?. We use PDG values for the mass and width
We use 4 models to parametrize the hadronic current. Thgf the f,(980) of M =980 MeV/c2 and I, =70 MeV/c2.

models account for the following contributions: To obtain the relatlve contributions of the—>37-r7r v, decay

Model 1: wm, pma and non-resonant3m°; components, the fit parameters are integrated over 300 000 of
Model 2: w7 anda,; 37m° phase space events and renormalized. Fit errors are
Model 3: w7, a,7, op, andfy(980)p; propagated in accordance with this procedure. We use the

following definition: Ri=B,/B(7~ — 27 =+ «°v.), where

B; is a branching fraction for the corresponding channel, e.g.,
Hadronic current expressions for each model are given ifRa, »=B(7~—(a1m) ~v,)/B(r~—2m 7" 7°v,). Statisti-

the Appendix. For them contribution, the spectral func- cal errors on the relative fractiorig are obtained from the

tions for thep™ 7" 7™, p°7°7~, andp® #~ 7~ components maximum likelihood fits assuming one standard deviation.

Model 4: w, a7, andprar.
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TABLE IV. Fit results for various modelsR, is defined aR=B;/B(v —27 =+ 7°v,), e.g,Ry ;
=B(r—(aym) v )IB(r—27 =" #°,). The first error is statistical, and the second error is systematic.

Model Integrated amplitudes Sum of amplitudes Goodness-of-fit

R,0-70=0.11+0.01+0.02
R, n- n+=0.19+0.02+0.04
Model 1 R, p- - =0.23£0.02+0.04 0.93-0.04+0.08 15%
R,,,=0.40+0.02+0.05
Rs,,0<0.06 at 95% CL
Model 2 R,,,=0.38+0.02+0.02 0.81-0.03+0.03 <5%
Ra,»=0.43+0.02£0.02
R,,=0.38+0.02+0.01
Model 3 Ra,»=0.49+0.02+0.02 0.89-0.03+0.03 20%
R,,=0.01+0.02+0.01
Ry,,=0.010.01+0.01
R,,=0.39+0.02+0.01
Ra,»=0.50+0.03+0.01
Model 4 R,0,- z0=0.01+0.01+0.01 0.93-0.04+0.02 20%
R, ,+=0.02+0.03+0.01

p-mo T

R,+nn-=0.01+0.01+0.01

To simulate the form factoBW,,. , BWa,. andBW,, we  of events in each sample is approximately equal to that ob-
use both fits with mass-dependent and mass-independeprved in the data. The goodness-of-fit is estimated as a frac-
widths. The observed variation in the amplitude values idion of samples where-2logL exceeds that in the data.
small and has been included in the total systematic error. We Integrated amplitudes with statistical and systematic er-
fix the values of the mass and central widthptfin the fit; if ~ fors, as well as the confidence levels of the fits for the four
these parameters are allowed to vary, the fit becomes uighosen models, are listed in Table IV. The calculation of the
stable. systematic errors is explained in the following section. Pro-

To estimate the goodness-of-fit for each model, we gen}ecti.ons of the fits on various mass combinations are shown
erate 40 Monte Carlo samples with the matrix element averln Figs. 9-11. . o
aged over the neutrino direction. Each sample is generated Models 3 and 4 provide the best description of the data.
with parameters obtained in the fit to the data and the numbd?oth these models are dominateddyr anda; 7 with smalll

additional contributions of therp, fgp, or non-resonant

6000 6000 —
'y M(z~7°) 6000 ——1————— 3000 —— —
4000 4000F A - P M(rtaTa0)] : M(x=x9) ]
ik 4000 |- - 2000F 3
2000 2000 |- 1 1000f .
ol L I ] 1] S .
- 04 08 12 16 2 06 10 14
o > — — 1500 ——————————
= = 3000 MEr=n*) : M(r*70) ]
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g < 2000 4 1000 ]
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. 02 06 10 14 02 06 10 14
4000 1500 ———————————— 1200 ———————
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i 1000 | 1 soof ]
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O L™ LA oL v by of ] 0 L R ]
07 11 15 19 04 08 1.2 1.6 07 19 04 08 1.2 16
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FIG. 8. Background parametrization plotted for different sub- FIG. 9. Comparison between fits and data distributions for
mass projections. The predictions from Monte Carlo simulations arenodel 1. Solid squares represent the data, solid line represents the
shown with open dots. The background parametrization is shown asominal fit, and the dashed line represents the parametrized back-
a histogram. ground.
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FIG. 10. Comparison between fits and data distributions for
model 2. Solid squares represent the data, solid line represents the
nominal fit, and the dashed line represents the parametrized back-

ground.
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TABLE V. Systematic biases for the integrated contributions of
different channels into the” — 27~ 7" 7% final state. System-
atic bias is defined agi:(Rireconstructed_ Rigeneratej/Rigenerated_

Model Systematic bias;

8,0,--0=(+4.0=3.8)%

p T

8y rmi=(—7.6+3.8)%

p-m T

8yt m = (+2.3£2.6)%
Sn=(+2.5+2.6)%
S3mm0=(+1.229.0)%
Syn=(+1.0-2.5)%
Oa,»=(—2.0£2.5)%
Spr=(+1.0£2.5)%
Oa,7=(—2.0:2.6)%
8,,=(0.0£14.0)%
S1,p=(+1.0+16.0)%
8,-=(+1.0=2.5)%
8a,n=(—2.0£2.5)%
8,0, 70=(1.023.0)%
8y 7+ =(—0.0£15.0)%

8+ -=(—2.5+33.00%

pTmTw

Model 1

Model 2

Model 3

Model 4

pmm channels. Submass projections for models 3 and 4 argined from the fit to the data and then fit them to the chosen

almost identical, and we show only those for model 3.
The presence of a non-resonant®° contribution does
not improve the goodness-of-fit in model 1, and we set al
upper limit on the non-resonantz37° contribution, as
shown in Table IV. We also ignore the non-resonantr®

component in the three other models.

F. Systematic errors

parametrization of the hadronic current. Each sample is
mixed with simulated background events in the proportion
xpected from the data. We integrate the results of each
simulation to estimate necessary corrections and systematic
errors for each of the amplitudes. The biases of the recon-
structed amplitude values are shown in Table V. The errors
are determined as root mean squares of the parameter fluc-
tutations.

To estimate systematic biases and errors for every model, The total systematic error also includes uncertainty due to
we generate 40 Monte Carlo samples with amplitudes obthe choice of the parameters of tpé. We use PDG10]

6000 ————— 3000 —
- M(z* 7~ 7% [ M(z~x%)
4000 -2000F 3
2000} {1000F E
ol . . I | 3 ;
04 08 12 1.6 02 06 1.0 1.4
> — 1500 | —
% 3000F M(zx~m*) 3 [ M(z+7%) ]
o o 1000 - -
S 2000F E : ]
8 1000F 4 soop ]
E 05 ey ) ] 0: I
02 06 10 14 02 06 1.0 14
1500 ——— 1200 ——— —
[M@2r—rtr0) . M(27—nt) ]
1000[ 3 soof -
500F 1 400} 4
ok ] 0 mozobooos L
07 11 15 19 04 08 12 16
M (GeV / ¢?)

values for the masses and widths of thendp” mesons and
vary thep’ parameters within the errors obtained in the fit
described in Sec. IV. We also switch to a smaller mass of the
p' [12]: M, =1370 MeVk?. The results appear to have
little sensitivity to the choice of the parameters for e

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

G. Comparison with similar analyses

A recent analysis by the ALEPH Collaborati¢d] as-
sumesw and non-resonamisrar contributions and uses a
simplified fit to the submass projections without assigning
systematic errors. This analysis by ALEPH gives the follow-
ing amplitudes: R,0,-,0=0.11+0.01, R,-,-,+=0.20
*+0.01,R,+ - »-=0.22+0.01, andR,, ,= 0.40+=0.06+ 0.05;
these values are consistent with our results based on model 1.
Predictions from the chiral perturbation thed2] for the
same model giveR ,- .- +=0, R,+ ;- - IR0~ ,0=2. Our

FIG. 11. Comparison between fits and data distributions for€Sults are in disagrement with those obtained by ARGUS

model 3. Solid squares represent the data, solid line represents thal:
nominal fit, and the dashed line represents the parametrized back=0.01, R, +.-.-=0.10=0.03=0.004,

ground.

R,0,-70=0.30+0.04+0.02, R,-,-,+=0.26+0.05
and R,,=0.33

+0.04=0.02.

072003-13



K. W. EDWARDS et al.

0.16

012
Z0.08|-
>

0.04-

———
o 372° CLEO Il
m 47 CMD-2
A wmw CLEO 1l
A w0 CMD-2

u]

EI..

[
I::I-- ‘A&

-g.lﬂlﬁ“

=
@ |

| ]
A, A
AA“‘A

A

Olg
0.9

1.1

13 15

q (4 ©) (GeV/c?)

PHYSICAL REVIEW D 61 072003

ment with the CMD-2 data. The3#° spectral function is
about 20% above the recent CMD-2 measurement; this may
be explained by a large value of the systematic uncertainty in
the CMD-2 measurement: 15%. A compilatif2b] of sev-
eralee” measurements performed in this energy range also
reveals discrepancies between various experimental results
that are large enough to account for the difference between
our measurement and that of CMD-2. A thorough analysis of
thee™e™ experiments is needed to resolve this problem.

VIIl. CONCLUSIONS

The large data sample af- 377 v, decays collected by
the CLEO Il experiment allowed for a detailed study of the
resonant decomposition and structure functions of ther3
final state. The analysis indicates dominance ofahe and
a, contributions which is in good agreement with theoret-
ical expectations based on the CVC hypothesis and Chiral
Langrangian calculations. At the same time, with the present

statistics, other models can provide satisfactory descriptions
FIG. 12. Comparison 0¥37™ (q) andV®™(q) measured in this Of the existing resonant structure. The goodness-of-fit is

analysis with the corresponding cross sections measured b§lightly higher for the models with a dominatireg 7 contri-
CMD-2. Squares represent the full four-pion spectrum, and tri-bution, though the, 7 channel alone does not reproduce the
angles represent the = component. Our results are shown with observed nons contribution precisely. The mass and width
open symbols, and the results obtained by CMD-2 are shown witlof the p’ resonance have been extracted from the fit to the
filled symbols. Only statistical errors are shown. T— w v, spectral function. A new upper limit on the non-

vector current contribution to this spectral function of 5.4%

H. CVC test at 90% C.L. has been obtained.

The CVC hypothesis relates the weak charged hadronic
current in ther lepton decay to the isovector part of the
electromagnetic current. Thus, the spectral functions
Vsmo(q) and V®7(g) can be related24] to the cross-
sections fore"e” — 41 as
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Therefore, the resonant structure of the hadronic final state in
the decayr— 37 #%v, should be comparable to that in the APPENDIX A: HADRONIC CURRENT FOR THE DECAYS
reactionse’e” —27 27~ andete a7 27 in the r—a, v, 7o opv,, v, AND rmoav,
energy range corresponding to thenass. The only ex'pected Expressions for the hadronic current fodecays into the
difference is due to the fact that thern final state is not L )
L ) . four pion final state via, 7, op, fop, andw channels are

accessible in the all charged final state. A recent analysis of . . X ;
the CMD-2 data[25] shows clear dominance of the erl\{ed under the assuthlon tDat thelef:ays into an |.nter-
component in the four charged pion final state and of thenediate vector resonange 7—pv., which consecutively
a,m together with thews components in the two charged decays into the shown channels. The vector bogohas
and two neutral pion mode. Our results are in excellent qualiguantum numbers$(J°€)=1(1" "), and its spectral func-
tative agreement and support the CVC hypothesis. tion, in accordance with Eq30), is simulated as a mixture

A plot comparing the &7° andw spectral functions in  of p andp’ resonances and a phase space contribution. As-
the decayr— 377 v with the corresponding cross-sections suming isospin conservation and enforcing Bose symmetry,
measured by the CMD-2 groy@6] is shown in Fig. 12. Our one obtains the following expressions for the form facfdrs
results for thews spectral function are in excellent agree- in the decayr™ — 27 7" 7°v. :

2 J1

Eo-e+e’—>277+277*(q)

q

V37T’7TO —
(@ 47 a?

+0'e+e~>17+772770(q)}1 (32)
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f2 =T (Q)[T,(Qu)BWa (VRDIBW,(\(ds+ 00D (05— da)“~ BW,((dz+ 42)2)(d2— 3)"]

+T,,(Q2)BWa (VRI[BW,(\(ds+ da) D) (da—0a)“—~ BW, (a1 +3)?) (a1~ 43)“]

—T,{(Qa)BW, (VRI[BW,(\(d2+04) D) (02— 0a) “+ BW,(V(a1+4a)?) (a1~ 4a) 1],

£ =BW,(VQIIA4(Q2- ds) (02 Ga) — (Qz-Ga) (A2~ 43) 1+ GAT (Q2- Ga) (A1- G2) — (A1 Q2) (G- 4)]

+051(d1-Q2)(A2-a3) —(Q2-03)(d;- 02) ]+ (1< 2),

where

andT#”(x) denotes the projection operator:

(A1)
f4,=T*(Q)[BW,(V(d1+dg)*)BW,(V(d2+3)*)(d2—d3),
+BW,(V(02+04)9)BW,(+(d1+03)) (01— d3) ], (A2)
(A3)
g, :=four-momentum of m, ,
g,:=four-momentum of , ,
a5 =four-momentum of 7, (A4)
q4:=four-momentum of 7,
Q=0q:t02+0ztds,
Q1=02+03+ds,
Q2=01+ 03+ 0y, (A5)
Q3=01+ 02+ 04,
XHxY
THY(X)=—gH*"+ 5 (AB)
X

The expression for the decay into four pions via thé,p channel is identical to EqA2) with the mass off, substituted

instead of the mass af.
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