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Abstract. We have studied the "c~vp~

decay in data
taken with the P L U T O detector at the D O R I S e+e storage ring, at CM energies from 4 to 5 GeV. We
have found 27 events with the "c~vp~ decay mode
corresponding to a branching ratio of B = (5.4___1.7)%.
The Dalitz plot and the pOrt mass spectrum are analysed
for the prt partial wave and spin state. Only the port
s-wave as produced by the axial vector current gives
a good description. The pOrt mass spectrum is suggestive of an A1 resonance. An upper limit on r -+
~vrc-+rt+rt - without pO formation is given.

I. Introduction

In a previous paper [11 (paper 1) we have reported
evidence for the heavy lepton decay mode
z ~ vp~

(1)
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The value observed for the branching ratio was in
good agreement with the prediction [2] for a decay
through the weak axial current into an A1 meson,
using Weinberg sum rules. This result supports the
view of the ~c as a sequential heavy lepton. On the
other hand, the negative G-parity of the prt final state
alone is not sufficient to determine uniquely the current type of the decay interaction. The pn final state
also can originate from a second class vector current
[3], or from a divergence of the axial current. In these
cases it would carry spin parity quantum numbers of
JP = 1 -, or J e = 0 - , respectively, rather than j e = 1 +.
In this paper we report [4] on a spin parity analysis
of the p~ final state in reaction (1), using the density
distribution of the 3 pion Dalitz plot, and the shape
of the pOrt invariant mass distribution. The results
confirm the J P = 1 + assignment and show that all
other contributions are small.
Since in this analysis we use a larger sample of
events for the decay (1) as in paper 1, we also give a
new determination of the decay branching ratio.

II. Experimental Procedure

The decay (1) was observed in "cpair production events
of the type:
e +e - ~

+ ~e+(#+)vv+

n+-n+ ~ - v .

(2)
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Fig. 1. Distribution of the ~+~- masses (2 combinations per event).
The shaded region gives the distribution for the higher mass, the
circles represent the expected background from hadron-lepton misidentification (18 events)
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The events were selected from data taken by the detector P L U T O at the storage ring D O R I S at DESY,
at CM energies W between 4 and 5 GeV.
Reaction (2) was found in 4 prong final states with
an identified electron or muon. The electron identification [1, 4] probability varied from 30 to 70% for
momenta from 400 to 1000 MeV/c and was constant
for higher momenta. The probability for misidentifying a hadron track as electron was (1.2+_ 0.2)% for all
momenta. Muons could be separated from hadrons at
momenta p > 1.0 GeV/c, and the probability for misidentifying a hadron as muon was (2.8 -t-0.7)% [5]. The
contamination by mistaking hadrons as leptons was
determined from the corresponding 4 prong hadron
event sample. To reduce this contamination it was
useful to reject events with a missing mass M M < 0.9
GeV/c z. As discussed in paper 1, potential contributions from charmed meson decays are sufficiently suppressed by requesting the absence of photon conversions.
In total we find 69 events of the type e +e---*lepton
(#, e ) + 3 prongs, with no associated 7 conversion, and

I

M M > 0.9 GeV/c 2.
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Fig. 2. Invariant p0~ mass distribution with a p cut of 0.68 <M~+,< 0.86 GeV/c 2. The curves are: the expected background (BG) for
13 events and, added to the background, the mass distribution
calculated for an s,p, and dwave for the p~ system in the z ~ vprcdecay

T a b l e 1. Event numbers inside and outside the p mass band (0.68
__<M~ ~ <0.86 GeV), from events consistent with reaction (2)

(3)

15 events of reaction (3) are kinematically not consistent with the z pair production reaction (2), a number
which matches the 11 events we expect from hadronlepton misidentification for that kinematic configuration. There is no indication for lepton events in this
category.
The other 54 events are kinematically consistent
with reaction (2). For this kinematic configuration we
expect a background of 18 events from hadron lepton
misidentification. Thus there is a significant amount
of lepton events. F r o m the sample of lepton events
with a visible 7 conversion we estimate a contribution
of 6.5 events with associated but unconverted photons
to sample (3). The remaining 29.5 events we attribute
to the z pair production reaction (2).
In the above check of the kinematic consistency,
and in all further calculations we assume ~ masses
for the 3 non-lepton tracks.

Number of p combinations

>1

o

40

14

Data
Total
Estimated background events from
misidentified leptons
unobserved photons
z events

III.1. The Decay Mode
8.5
4.5
27 + 6.5

9.5
2.0
2.5 +_4

Decay simulation
p~ decay
~ decay

III. Decay Mode and Branching Ratio

23.6
12.7

5.9
16.8

In Fig. 1 we show the distribution of the two n+rccombinations per event, and of the higher mass combination (shaded histogram). We see a clear peak at
the p mass. The background distribution expected
from hadron-lepton misidentification for the two combinations is indicated by circles: It shows no clear p
peak.
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In this section we want to analyse which fraction
of events contains a p meson. For this purpose we
have taken the observed 3 rc mass spectrum (Fig. 2,
histogram) and simulated its "decay" into 3 uncorrelated pions (3-body phase space) and into a pO~
system. In Table 1 we compare the number of events
with at least one 2 7c mass combination in the pO band
(0.68 <Mz~< 0.86 GeV/c 2) to those without any, for
the data and the two simulated decay modes. We find
that the observed events split in the same way as the
simulated p~ decay mode, and that they split very
differently from the direct 3 ~ phase space decay. We
conclude that our data agree with 100 % z ~ vp~ decay.
There is no indication for an uncorrelated 3 rc decay,
and we can infer an upper limit of
F (z - ~ v + (z~- n + re- uncorrelated))
F ('c - ~ v + p~
+ F (z - ~ v + (re - rc+ rt - uncorrelated))
<0.20

at

Table 2. Numbers used for the determinationof cross sections
Luminosity (nb - 1)

5050

Identified lepton eventsa
Total number of events
Estimatedbackground eventsfrom
misidentified leptons
unobserved photons
z events
Detection probabilityb

e
34

b

/~
6

6.5
2
4.5
< 0.5
23
4
0.054_+0.009 0.034_+0.004

p-sample: 0.68<__M~+~-<_0.86GeV
UsingV-A decay for the lepton momentum spectrum

in good agreement with our previous result [1] of (0.10
+ 0 . 0 3 ) . ( 1 . 0 + 0 . 2 ) , and with the theoretical prediction of 0.081 [2, 8] for z--,vA1.

95% c.1.

This result rules out the hypothesis [6] that the decay
z~vrcrcrc may be dominated by a contact term type
diagram leading to 3 direct pions.

111.2. Decay Branching Ratio z---,vprc
Since events with a rc~ mass in the p mass band (0.68
< M2~ < 0.86 GeV) have a considerably smaller background than the other ones (see Table 1), we use only
events from the p mass band for the further analysis.
Table 2 summarizes all numbers relevant for calculating the cross section of

e +e- ~ z ~ ~ ( # , e) vv + vp~

(4)

Assuming that electronic and muonic branching ratios
are equal [5, 7], we add the ep~ and #pOz events to
determine the average for B ( z - ~ v p ~
After subtracting the estimated contamination from hadron
lepton misidentified events and from events with unconverted photons, and using the QED cross section
for the production of pointlike z pairs we find the
product

B(z +~ l + v v ) B ( z - ---,vp~

= 0.0093 _+0.0023.

(5)

In addition to the statistical error quoted above there
is a systematic uncertainty of 16% mainly from the
efficiency correction of the event recognition (11%)
and the electron track reconstruction (9%). Using a
value of B('c-~lvv)=0.173+_O.013 [8] we arrive at
B ( ~ vp~ = (0.054 +_0.013) (1.0 +_0.2) where the second factor gives the systematic error. Assuming
B (z ~ vp~ = B (z ~ vpr~~ we arrive at

B('c--rvprc)=(O.108 +_0.026) 9(1.0_ 0.2)

(6)

IV. Spin Parity Analysis of the Dalitz Plot
In this section we want to investigate the spin parity
quantum numbers of the p~ system. Some j e states
can have 2 different pro partial wave states. We therefore include the pr~ orbital angular momentum value,
1 in our notation.
Since the following analysis of the pro system does
not depend on the weak z decay process, we consider
also j e l states that cannot be produced through weak
currents. We consider the following Jel quantum
numbers: 0-1, 1+0, 1+2, 1-1, 2-1, and 2+2. For this
low statistics analysis we do not consider mixtures of
different j e l states.
The most significant consequences of the symmetries of the wave functions for the different JPl quantum numbers are zeros in the Dalitz plot density
distribution. These zeros preferentially occur at the
boundary and the center of the Dalitz plot. Let T~
(i= 1,2,3) be the kinetic energies of the 3 pions in
their CM system, and STi= Ttot=M3~- 3m=. Because
the M3~ values of our events have a broad distribution
(see Fig. 2) we use relative kinetic energies T]Ttot in
Fig. 3 to achieve a representation of the Dalitz plot
with practically the same boundary for all M3~ values.
In this representation the effect of the p-meson resonance and the cut for the p band, however, is washed
out.
For the further analysis we first consider the
projection [9] of the Dalitz plot to check qualitatively
for the symmetry properties of the various J~'l states.
Secondly, we compare in a 3 dimensional Dalitz plot
- with M3~ as a third axis - the 3 dimensional density
distributions of the various Jel states to the data to
determine quantitative measures for their agreement.
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Fig. 3. Triangle Dalitz plot T~/Ttot vs. It2-T3 l/Tto,l/3 for the data
(circles) compared to JP]= t + s-wave (points). T~, Tz, T3 are the
kinetic energies of the n • ~ , n~ in the n~n rest frame, T~o~is the
total kinetic energy

dimensional) distance of an event from the Dalitz plot
center (Tt = Tz = T3). 2 has the limits 0 (at the center)
and 1 (at the boundary), for all values of M3~.
Since the symmetry zeros in the density distribution
preferentially occur at the boundary and the center of
the Dalitz plot, the projection onto the distance variable 2 therefore should still exhibit the effect of these
zeroes. In Fig. 4 we compare the experimental Z
distribution to the expectations for the various Jel
assignments under consideration. The full curve is the
sum of the prediction for 27 pn events of the respective
JPl state, added to the expectation for 13 background
events (dashed curve). The predictions are calculated
from the 3 dimensional distribution functions described
in the next section. We see that forJel= 1 +S, 2 - P the
agreement is good. In all other waves there are clear
discrepancies at either 2 = 0 (Dalitz plot center) or at
2 = 1 (boundary), i.e. at points sensitive to the symmetries of the wave functions.
IV.2. Likelihood Analysis in the 3 Dimensional
Dalitz Plot
The density distribution in the Dalitz plot has the
following form:
d3N/dM3~dslds2 =-D(Ma~,st ,Sz ; J , l )
= A (M3~)

(8)

9H(sl ,s2; J,I; M3~ ; mp,Cp)

m
,,:5,
>

with

LIJ

i

i

,

i

i

dsldszH(sl ,sz; J,l; M3~; mp,Fo)= 1,

2-P

I

0

i

~

(9)

for each M3~ value,
and
mp, Fo = mass and width of the p meson.

_l

sl = (re2+ n3)z, and cyclic permutations.
~-7

0

I+D'

0.2

'

0.Z, 0.6 0.8

1.0

0

X

0.2

0./,

0.6

0.8

1.0

k

Fig. 4. Distribution of 2, the distance from Dalitz plot center, as
defined in the text, Experimental events (histograms), expected background (dashed line), and the distribution of various spin-parity
states (solid lines) added to the background

IV.1. The 2 Projection of the Dalitz Plot
2 is defined [9] by
2= 1

IPl x P212
3/4 (1/9 M32=- m~)2

(7)

where p~, P2 are the momenta of re1 and ~2 in the 3 rc
cms. 2 measures at any value of M3~, the relative (2

rq is the four momentum vector of pion i. s~ and s2 are
understood to be the masses of the neutral combinations.
The function H describes the density in the sl - s 2
plane; strictly speaking, there is a different density
distribution for each M3~ value. For H we use the
approach of Frazer, Fulco and Halpern [10]. Here H
accounts for (i) the symmetries of the respective Jel
state wave functions, for effects from (ii) interference
of 2 identical particles and (iii) from the p resonance.
Because of (9), the function A describes the 3 r~ mass
spectrum. It can be calculated in models of z decay
[1 1]. Since we here are interested in the symmetry
properties only, we choose A (M3~) to be equal to the
experimental 3 zc mass spectrum of Fig. 2 after background subtraction. Therefore, this analysis is independent of any assumption about the production pro-
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Table 3. Probabilities for the various Jel assignments. The upper

limits have a 95 % confidence level
JPl

0-1
1+0
1+2
1-1
2-1
2+2

Probability from
Dalitz plot density
<0.3%
8.9%
<0.7%
0.6%
3.7%
<0.3~

cess via a weak z decay, and is also independent of the
effect of pn resonances on the pn mass spectrum.
In the following we use (8) to compare the average
likelihood of the data

LDATA(JPI)=

In D~(M3~,s~,s2 ; J,l),
......

to the expectation

LMC+Ba=~ ;i~=1 In Di(...; J,l!
background
+

~
= N13

lnDj(...;
-t- 1

N=40

(10)

'~

J,1)

" v

simulated pzc events

for the various jel states. In (11) N13 is a Poisson
distributed number with (N13)= 13. In order to account for the cuts applied to the data, for each JeI
state simulated pn events were created according to
(8) and the sum in (11) includes only events with these
cuts. The contribution from the background events is
determined from appropriate hadron + 3 prong events.
Since there is a strong correlation between M3~ and L,
a simulation procedure was used that reproduced the
experimental M3~ distribution: In each mass bin of
Fig. 2, first the number of background events was
chosen, Poisson distributed around the background
expectation value, yielding N13 events for the full mass
spectrum. Then events from the respective Jel simulation were added to fill up the histogram bin by bin.
In order to estimate the variance of LMC+BG,in Fig. 5
the L-distribution of 1000 of such samples of background and simulated events are plotted, for each
partial wave. The value of LDATAis indicated by an
arrow.
Only for two Je/values (1 +0, 2-1) LDATAis reasonably well within the range of the expected distributions.
In Table 3 we summarize the probabilities, for the
expected likelihood to be smaller than the observed
one, for the various J P l values. This analysis of the
likelihood in the 3 dimensional Dalitz plot confirms
the observations in the projection onto the 2 variable.
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Fig. 6. Invariant p%t mass distribution (as in Fig. 2), compared to
an s-wave without and with an imposed A1 resonance of mass
= 1.0 GeV/c 2 and width = 0.475 GeV/c (dashed curve), added to
the expected background (solid curve) from hadron-lepton misidentification

V. Partial Wave Analysis of the pn Mass Spectrum
From the Dalitz plot analysis we found reasonable
agreement with the data for Jel= 1 +0 and 2-1. All
other assignments were less probable by at least one
order of magnitude. The pTt mass spectrum expected
for the different l values on the grounds of z decay
kinematics and angular momentum barrier factors [11]
is shown in Fig. 2. Only the s-wave resembles the experimental distribution (Zz p r o b a b i l i t y = l % ) even
though it does not reproduce the peak. However, with
an A1 resonance (for parameters like M < 1 . 2 GeV
and 0 . 4 < F < 0 . 5 GeV) the peak can be well reproduced. In Fig. 6 we show the curve for M = 1.0 GeV
and F = 0.475 GeV (Z2 probability = 44 %).
The other JVl assignments lead to spectra shifted
towards higher p~ masses, in clear disagreement with
the data. No resonances are known in such partial
waves which could bring them into agreement with
the data. From Fig. 2 we can estimate an upper limit
for the fraction of events that could at most be attributed to a contribution from the second class vector
current. We find zero events at M3~> 1.5 GeV. This
number is observed with 5% probability for an expectation value of 3.0 events. Since 38 % of all events for
JPl=l-1 should have M3~>1.5 GeV, we have an
upper limit of 7.9 events for vector current second class
type events which corresponds to an upper limit of the
branching ratio B('c~vp~ J e = 1 - ) < 1 . 6 % at 95%
c.1. The same numerical consideration applies to a
pseudoscalar p%t state. If there is no interference,
their sum is bounded by this upper limit value:

B('c-~vp~

with

JP=l-or0-)<l.6%.

VI. Summary
In summary we find the decay z--*v+37z to be consistent with proceeding entirely through the chain r ~ v
+ prc-~ v + 3 ~z,with a branching fraction of B (z ~ vp~
= 0.054+_ 0.017. The statistical error is 0.013, and there
is a systematic normalisation uncertainty of 20%.
There is no evidence for a 3 rc decay without p formation, and we find an upper limit (95 % c. 1.) of B (~---, v
+Tz-zc+rc, no p~
The spin parity (je) of the
3 rc system was obtained from the symmetries of the
Dalitz plot, assuming 100% pro, and allowing for only
one pTr partial wave state l at a time. Under these
assumptions only Jel values of 1+0 and 2-1 are acceptable.
The pro mass distribution, however, excludes JPl
= 2 - 1 . The Jel= 1 + 0 state (axial current) gives a
marginal description of the observed mass spectrum,
but good agreement is achieved when an A1 resonance
is included in this partial wave. Also the p~ mass
distribution imposes an upper limit (95% c.1.) of 1.6%
to the branching fraction for the decay mode z~vp~
with J ~ ' l = l - 1 (second class vector current) and
Jel= 0 - 1 (divergence of the axial current).
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