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Abstract. Branching ratios for the decay z--+v+(n 
pions) with n > 2  are presented. The new data in- 
clude all possible charge configurations of the pion 
system and, in particular, final states containing one 
or several neutral pions. The data are compared 
with predictions from CVC (even number  of pions in 
final state) and current algebra (odd number of 
pions). They strongly support the standard coupling 
of the ~ to the weak charged current. 
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Introduction 

leptons from e + e -  annihilations have proven a 
useful tool for testing various aspects of the Stan- 
dard Model of electroweak interactions [1] through 
charge asymmetry [-2, 3] and polarization measure- 
ments [4]. In all these analyses the ~ was assumed 
to couple to the conventional V - A  charged current. 
Experiments on the ~ decay properties carried out so 
far have supported this idea: The major branching 
ratios [4, 5], decay lepton spectra [6], and the z life 
time [-7] are consistent with the standard V - A  cou- 
pling. Very little [8] or not data exist, however, on a 
large fraction ( ~ 3 0 % )  of the r decay channels, i.e. 
decays into several p ions+neutr ino.  On the other 
hand rather firm theoretical predictions exist for the 
width into an even number  of pions from e + e -  --+2n 
pions using only the CVC hypothesis [9], and, to a 
lesser extent, on the width into an odd number  of 
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pions using current algebra and PCAC [9, 10]. The 
main experimental difficulty which may have de- 
layed an earlier mesurement of these channels is 
connected to the (potential) presence of neutral 
pions among the final state hadrons. For an even 
number of pions one always has at least one neutral 
pion in the final state. Furthermore one has to make 
sure that a system containing only charged pions is 
not contaminated by events with undetected ~~ 
Thus good neutral detection is mandatory. In this 
letter we report on measurements of the following 
decay channels ( r -  is used symbolically for both 
charge states): 

z -  ~ re- rc ~ v (1) 

z -  ~ ~ -  rc ~ rc ~ v (2) 

z - ~ re- ~z ~ rc ~ ~o v (3) 

"r- --* ~ -  re+ rc v (4) 

~- ---, re- ~+ ~ -  rc~ (5) 

"c---*rc-rc+rc+rc z v (6) 

The data were recorded by the CELLO detector 
at PETRA, running at moderate energies (14 and 
22 GeV CMS energy). At these energies z final states 
containing many pions suffer less from overlap prob- 
lems (see below) and are thus easier to analyze. We 
will briefly describe the experiment and then turn to 
the event selection and the analysis of the multipion 
final states from the ~ decay. The measured branch- 
ing ratios will be compared to predictions from 
e § e -  ~ hadrons using CVC, and to predictions from 
current algebra. 

Experiment 

The experiment was performed using the CELLO 
detector at PETRA. We briefly mention the detector 
components relevant for this analysis, a more de- 
tailed description of CELLO can be found elsewhere 
[11]. The momentum of charged particles is mea- 
sured in a solenoidal magnetic spectrometer equip- 
ped with a superconducting magnet of 1.31T and 12 
layers of cylindrical drift- and proportional cham- 
bers. It covers the polar range of Icos01 <0.91. Using 
the vertex constraint we achieve, for Bhabha events, 
a momentum resolution of Ap/p=l.7%p [GeV]. 
Photons and electrons are identified in a fine grain 
barrel liquid argon calorimeter which covers 
[cos0[<0.86, and liquid argon endcaps covering 
0.93 <cos  0<0.99. The energy deposition is sampled 
in 6 layers up to a maximum depth of 20 radiation 
lengths (X0) at 90 ~ Each layer consists of channels in 
3 orientations. We obtain an energy resolution of 

AE/E=13%/lfE [GeV] and an angular resolution 
of 4 mrad. Photons as low as 100MeV can be mea- 
sured with an efficiency of ~ 50 %. 

Muons are detected in planar proportional 
chambers surrounding the detector behind 5 to 8 
absorption lengths of iron. They cover 92 % of 4~z. 
Our trigger logic incorporated a two-charged-par- 
ticle trigger with a momentum cut-off at 250 MeV/c, 
various calorimetric triggers and combinations of 
charged and calorimetric triggers. The luminosity 
was determined with Bhabha events in the barrel 
and was cross-checked with Bhabha scattering in the 
end cap region of the detector. Data  were taken at 

] f ~ =  14 and 22 GeV with an integrated luminosity of 
1.0 and 2.5 pb-1 ,  respectively. 

Event Selection 

In order to select z pairs from the events recorded 
by CELLO, the event topology is defined using the 
sphericity axis calculated from all observed charged 
prongs and neutral particles. Events with energy de- 
position in the endcaps in excess of 3GeV were 
rejected. The particles are divided into two jets by 
the plane perpendicular to the sphericity axis. For 
each hemisphere the normalized momentum vector 
sum n i of all charged particles, the total charge Qi 
and the total invariant mass m~ (including neutrals 
and assuming pions for the charged particles) is cal- 
culated. The true charged multiplicity in each hemi- 
sphere is restored by identifying electron-positron 
pairs from ~ conversions in the beampipe or in the 
chambers. This has been achieved by reconstructing 
the true conversion point and forming the invariant 
mass with the re-evaluated kinematical quantities at 
the conversion point. A mass cut of 80MeV was 
employed to define an e+e  pair. The pairs thus 
found were taken out of the charged multiplicity and 
counted as photons in the subsequent analysis. 
Events are accepted with a total charged multiplicity 
<10 and a minimum energy deposit of 360MeV in 
at least one jet. For  the 2 prong topology we require 
the polar angle 0 to satisfy Icos 0l <0.85 for each of 
the oppositely charged particles. Electrons were 
identified via their characteristic shower pattern in 
the calorimeter ( > 6 0 %  of the energy deposited in 
the first 2 lead layers of the calorimeter, correspond- 
ing to an average of 5X0) and by comparing the 
total energy deposited with the measured particle 
momentum.  The efficiency for identifying electrons is 
around 80% beyond 2GeV. 2 prongs with 2 posi- 
tively identified electrons were rejected. A total en- 
ergy cut of 10(15)GeV for the 14(22)GeV run was 
applied to reject QED events escaping the above 
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cuts. Cosmics and 27 events are very efficiently re- 
jected by imposing a cut on the acoplanarity and 
acollinearity angles defined with n 1 and n 2 and the 
unit vectors of the incoming electron/positron direc- 
tions e 1 and %: 

(Xacol I = COS -- 1 [ __ n l  . 112 ] 

(e 1 x n l )  (e 2 x n2) 
~acop = C O S - 1  ] e l  xni] le2• 

The allowed range was 1.9 ~ < C%oon < 60 ~ 0.6 ~ < Goop 
<50  ~ Background from low prong multihadronic 
events was removed by requiring the invariant mass 
m i to be less than 2.1 GeV for each jet. 

The angular acceptance for multiprong z can- 
didates was relaxed to the requirement that at least 
2/3 of the charged particles in each hemisphere sat- 
isfy 1cos01<0.85. Each hemisphere was required to 
have an odd multiplicity with total charge balance. 
Acollinearity and acoplanarity cuts were imposed 
(l~ ~ 0.6~ ~ as well as a cut on 
the total energy (0.6(1.)GeV<Etot<9.5(15) for 
14(22)GeV, respectively). Furthermore an invariant 
mass cut of 2.1GeV and a sphericity cut (0.14(0.1) 
for 14(22)GeV) were applied. Radiative QED events 
where the electron-positron pair from the 7 con- 
version was not identified were rejected by requiring, 
for each jet, a minimal opening angle of 1.5 ~ be- 
tween the tracks in the plane containing the beam 
(r z projection). 

A total of 668 candidates were selected with the 
above criteria and subjected to visual scan. Residual 
multihadronic events and strongly showering QED 
events (both surviving the cuts due to incomplete 
reconstruction of mostly forward going tracks) 
were removed. At 14(22)GeV the number of 
e+e  ~ r  + r -  events retained was 178(182). Table 1 
contains the number of r+ r -  events, divided into 
the individual charged topologies. The over-all ef- 
ficiency for the full solid angle is 37 ~o for the ~+ ~- 
2 prong and 49 ~o for the z+ z -  multiprong final 
states, as determined by a detailed Monte Carlo 
simulation of the reaction e + e - - - * r + r  - in the 
CELLO detector (see below). Also given are the back- 
ground events from multihadronic states for the re- 
spective topologies which could not be removed by 
the scan. All other backgrounds were found to be 
negligible. As a consistency check the topological 
branching ratios have been determined at both en- 
ergies separately and compared to a previous 
measurement of the same experiment at higher en- 
ergies [2]. The values found are given in Table 2 and 
are in excellent agreement with other experiments 
[3, 5]. For the branching ratio r-- ,5  p rongs+neu-  
trals we obtain an upper limit of 0.9 ~o by converting 

Table 1. Observed charged topologies for e + e- ~ +  ~-. Also 
given is the background from multihadronic events (MUHA) 

]/s Top. 

1 - 1  1 3 3 - 3  1 - - 5  

14 G e V  z events  123 53 2 0 178 

M U H A  3,4 3,5 1,4 0.0 8.3 

22 G e V  z events  141 38 2 1 182 
M U H A  0.8 0.0 0.8 0.0 1.6 

T o t a l  T events  264 91 4 1 360 
M U H A  4.2 3.5 2.2 0.0 9.9 

Table 2. Topological branching ratios. Errors given are statistical 
(first) and systematic (second) 

l/s=14 [GeV] ]/s=22 [GeV] 

�9 ~1 prong+neutrals 0.852_+0.026_+0.013 0.851+0.028_+0.013 
z~3 prong+neutrals 0.148-+0.020_+0.013 0.145-+0.022-+0.013 

~ 5 prong + neutrals < 0.01 < 0.01 

the one observed event into a 95 ~ CL limit. This 
new value, although in agreement with other experi- 
ments, is in slight conflict with our earlier result [2], 

Fina l  S t a t e  A n a l y s i s  

Photon clean-up: For the further analysis of semi- 
hadronic decays of the ~ we consider only decays 
with either a single charged prong acompanied by at 
least one neutral shower in the same hemisphere or 
3 charged tracks (with or without additional neu- 
trals). Due to the nature of hadronic showers from 
decay pions (and kaons) inside the liquid argon calo- 
rimeter not all neutral showers observed are genuine 
photons from a r decay. Basically three sources exist 
for additional fake photons in the final state: 

a) fluctuations of the hadronic shower initiated 
by charged decay hadrons which may result in 2 (or 
more) spatially separated showers inside the calori- 
meter, 

b) charge exchange reactions creating n~ inside 
the calorimeter leading to genuine electromagnetic 
showers, 

c) bremsstrahlung of decay electrons in the beam 
pipe. 

On the other hand genuine photons may be hid- 
den by overlap with showers from charged particles 
or other photons. The observed neutral showers in a 
given hemisphere were thus submitted to a "clean 
up" procedure. In the following we describe only the 
most important  cuts. Bremsstrahlung photons (in the 
one prong decay sample) were rejected by either 
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identifying the charged particle as an electron (see 
above) or by requiring an opening angle in the r z 
projection between the charged particle and the neu- 
tral shower of at least 1.5 ~ Neutral  showers within a 
cone of 8 ~ around a charged particle were counted 
as fake and thus removed if the fractional energy 
deposition in the last two lead layers ( > l l X 0 )  ex- 
ceeded 50~ .  Earlier showers within the same cone 
were rejected if their energy did not exceed 60 ~o of 
the charged particle's energy, assuming pion mass. 
Finally a minimum energy of 100MeV and a mini- 
mal energy deposit of 70MeV in the first 3 lead 
layers ( < 1 1 X o )  was required for the photon can- 
didates. 

Table 3 shows the multiplicity distribution of the 
neutral showers before and after the photon clean- 
up, for 1 prong and 3 prong decays separately. One 
prong decays without neutral showers after the pho- 
ton clean-up were not considered in the further anal- 
ysis. The photon cuts described above were devel- 
oped and monitored with data, using the decay 
z ~ p v :  candidates for this channel were selected 
from 1 prong decays with one or two additional 
photons in the same hemisphere. Due to the large 
momenta  of the decay particles, the two photons 
from rc ~ merge into one shower in about 45 ~o of the 
p decays. Thus in addition to the 1 charged+2  
photon final state also the 1 charged+ 1 photon 
topology was considered. The photon cuts were ad- 
justed as to minimize the background in the in- 
variant mass between the charged particle (assuming 
a pion) and the neutral shower(s), and to maximize 
the number of events in the p mass region. Figure 1 a 
shows the invariant mass for the 1 charged+2  pho- 
ton subsample with no analysis on the neutral show- 
ers and Fig. l b the same distribution after the pho- 
ton clean-up. 

In order to determine the efficiencies with such 
detailed cuts on shower patterns we rely on Monte 
Carlo techniques giving special attention to simulate 
the processes under investigation as close as possi- 
ble. In the Monte Carlo program we used a stan- 
dard z+z generator [12] with initial state ra- 

Table3. Neutral  shower multiplicity distribution before (b) and 
after (a) the photon clean-up (see text) 

Top. n(7 ) 

0 1 2 3 4 5 6 7 

i prong b 281 132 88 55 26 14 4 3 
a 308 122 91 52 15 12 0 0 

3 prongs b 23 38 11 9 4 1 0 0 
a 44 24 11 6 1 0 0 0 
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Fig. 1. Invariant mass of one charged pion + neutral showers. In 
a), neutral showers are not  analysed for contributions of second- 
ary hadronic interactions in the calorimeter, in b), the photon 
final state has been cleaned (see text). The Monte  Carlo expec- 
tation is also drawn (curve) 

diation. The produced z's were allowed to decay 
according to the measured modes [3, 4]. Proper 
matrix elements were chosen for the leptonic decays 
( z ~ e v v ,  ~vv) and 2 body semihadronic decays 
( z ~ v .  pv, A 1 v). Multihadronic final states (4 and 5 
pions) were modelled similar to the hadronic states 
from e+e - annihilation, as might be expected from 
CVC. All known resolutions and efficiencies for the 
individual detector components relevant to this anal- 
ysis were incorporated. In particular, a realistic sim- 
ulation of electromagnetic and hadronic showers in 
the liquid argon calorimeter was implemented using 
standard shower codes [13, 14]. The Monte Carlo 
events were subjected to the same reconstruction, 
selection and analysis procedures as the data, includ- 
ing visual scanning to evaluate systematic biases. 
The curves shown in the figures are results from our 
Monte Carlo simulation of the reaction ( + b a c k -  
grounds) under study. 

Branching ratios: It is evident from the previous 
discussion that a z decaying into m charged pions, 
2n photons (from nrc~ will be found in various 
charged and neutral topologies: As far as the 
charged topology is concerned our algorithm for the 
identification of converted photons may fail to find 
the conversion pair due to measurement errors (m 
+2) or falsely identify a pion pair as an e+e - pair 
(m-2) .  Photons on the other hand may either es- 
cape detection because of overlap or limited accep- 
tance, be rejected by the clean-up procedure, or be 
faked by a secondary interaction in the calorimeter 
and not be caught by the clean-up procedure. Thus 
in general one will have to solve a system of coupled 
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Fig. 3. 77 invariant mass distributions for the decays 
z• -+ ~~176176  and T• • z~+n ~~ (histograms). The Monte 
Carlo expectations are also drawn (curves) 

equations of the following form: 

k,Z (7) 

N u are the numbers of observed events (decays) with 
topology ij (ij could symbolize in an event, e.g., the 
charged multiplicity i in one jet and the charged 
multiplicity j of the other), Nk~ is the number of 
events (decays) with topology kl, produced in 4~z 
solid angle, and ekt~U the probability to measure 
topology ij, when kl was produced in reality. The 
matrix elements ekt~U have been calculated using 
Monte Carlo events. As an example we show in 
Table4 the matrix elements used in calculating the 
topological branching ratios which are obtained by 
inversion of the matrix and are given in Table 2. The 
systematic errors are estimated by varying the cuts 
in the event- and topology-selection within rea- 

Table 4. Efficiency Matrix ekZ~U for the determination of the cor- 

related topological branching ratios at l / s =  14 GeV (see text) 

ij kl 

i - 1  1 - 3  3--3 1 - 5  

1 - I 0.3584 0.0157 0.0024 0 
+0.0224 +0.0078 -+0.0024 

1 -- 3 0.0056 0.3804 0.0816 0.0168 
-+0.0028 -+0.0386 _+0.0408 _+0.0063 

3 - 3 0 0 0.2653 0.0024 
_+ 0.0736 _+ 0.0024 

1 - 5  0 0 0 0.2518 
+ 0.0246 

sonable limits and observing their effects on the 
branching ratios obtained. 

For  the determination of the branching ratios 
with a given ~o multiplicity we proceed in the fol- 
lowing way: We neglect final states with more than 
4 pions due to the small upper limit for its branch- 
ing ratio measured in this experiment (the upper 
limit given in [5] is <0.5~o). For  the final states 
with one charged particle we form three classes of 
decays, i.e. containing 1 or 2 photons (corresponding 
to ggo), 3 or 4 (~nono), and more than 4 photons 
(rczc~176176 In order to minimize the expected feed- 
down from higher ~o multiplicities we require for 
final states with 2 and 3 photons one successful fit to 
the n ~ mass (in the case of 3 photons we ask in 
addition for a minimal opening angle of 10 ~ between 
the charged particle and the lone photon). For  4 
photon final states we require a successful fit to 
2~~ A probability cut of > 1 ~o was imposed for 
the fit. Final states with 3 charged particles are 
divided into 2 classes: events with no additional 
photons (~gz~) and those with photons (~rr~~ The 
77 mass distributions for the various photon multi- 
plicities are shown in Figs. 2 and 3. Clear n ~ signals 
with the expected widths are observed. We then 
calculate the probabilities ekt~U for each of the 5 
decay channels to end up in one of the observed 
classes. This matrix is given in Table5. As can be 
seen from the table the off-diagonal elements for 
some channels are substantial. However, due to the 
more stringent cuts applied to the events for the 
determination of branching ratios, the matrix ele- 
ments relating 1 and 3 prongs are very small 
(le] <0.001) and therefore neglected. Inversion of this 
matrix, multiplied by the vector of observed decay 
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Table 5. Efficiency Matrix ek~< / for the determination of the semi- 
hadronic branching ratios (see text) 

i j  k l  

n n  0 I~TcOn 0 n n ~ 1 7 6  O n n n  n n n ~  0 

1/1,23' 0.2583 0.1061 0.0296 0 0 
• _+0.0172 _+0.0063 

1/3,4~ 0.0211 0 .1397 0.0874 0 0 
• _+0.0198 _+0.0108 

1/>43, 0.0010 0 .0140 0.1142 0 0 
• • • 

3/03, 0 0 0 0.1724 0.0300 
• +0.0058 

3/> 13, 0 0 0 0.0796 0.1654 
• • 

classes yields the desired branching  ratios. Systemat- 
ic errors have again been estimated by varying all 
cuts involved in a systematic way and observing 
their influence on the b ranch ing  ratios. 

Results and Discussion 

The branch ing  ratios for reactions (1) to (5) are 
calculated using the matrix method as described in 
the previous chapter. It should be stressed that the 
b ranch ing  ratios have been obta ined  independent ly  
of any assumptions  on the total cross section for 
e + e - - - , ~ + z  - .  Since charged hadrons are not  iden- 
tified in this experiment  cont r ibut ions  from r--* K * v  

have to be substracted from the various topologies. 
The decay of K * - ~ K - n  ~ contaminates  the chan- 
nels (1) and (2), and K * - - - * K ~  - the channels  (4) 

and (5) since no mass cut on the n+~z - system has 
been performed. Other con tamina t ions  from strange 
decay particles such as ~ K K n v  are estimated to 
be very small  [9] and have been neglected. The K* 
cont r ibu t ion  is substracted from the respective chan- 
nels using the measured branch ing  ratio [15], 

The decay channel  (1) is domina ted  by z ~ p v  

and we have tried to isolate the resonant  and non-  
resonant  cont r ibut ions  by in t roduct ing  a mass cut at 
1.3 GeV. We observe 5 events above that mass. After 
subtract ion of the background  (feed-down from 
higher n ~ multiplicities) we assume the same mass 
density from 1.3 GeV down to the p mass. The num-  
ber of events thus estimated is then t ranslated into 
the non- resonan t  con t r ibu t ion  to the n n ~ decay 
channel.  

The corrected branch ing  ratios for all channels  
measured in this experiment  are given in T a b l e 6  
together with those for z - - , e v v ,  t l v v ,  n v  as mea- 
sured previously [4]. Since we redetermined z - * p v  
in this experiment  we are in a posit ion to calculate a 
weighted average using our previous value [4]. This 
average is also given in the table. For  completeness 
we added the measured branching  ratios of the 
strange particle decay channels  from another  experi- 
ment  [15] together with the particle data book  val- 
ues [16]. It should be stressed that the sum of the 
measured branching  ratios now saturates the full 
width of the z well within the experimental  errors. 

We have compared our results with predictions 
based on  a s tandard  coupl ing of the z to the weak 
charged current  [9, 10]. The predictions are usually 
given in terms of the partial  widths into given chan- 
nels. Apart from the decays z ~ e v v ,  l a w ,  n v, K v 

which can be calculated from first principles (know- 
ing the p ion decay constant  and  the Cab ibbo  angle) 
the decays into 2n  pions are related to e + e  - ~ 2 n  

Table 6. Measured r branching ratios and predictions 

Decay channel Experiment Br (meas.) [ %] Pred. [%] PDG [ ~o] 

t - , e v  v [4] 18.3+2.4+1.9 [8.3 
z -,~ v v [-4] 17.6+2.6+2.1 17.9 
z --* p v [4] + this exp. 22.1 + 1.9 + 1.6 22.3 
z--,nn~ v (non res.) this exp. 0.3+0.1+0.3 very small 
z ~ n ~ n ~  this exp. 6.2+2.3+1.7 6.6 

--, n n ~ n ~ 7c ~ v this exp. 3.0 + 2.2 + 1.5 1.1 
"c--,nv [4] 9.9+1.7+1.3 10.8 

--, n n n v this exp. 9.7 + 2.0 + 1.3 ~ upper limit 18.7 (15.4 P) n 
r ~ n n ~ n ~ v this exp. 6.0 + 3.0 + 1.8 ] 
z - ,~r tzznv  this exp. <0.9 0.9 

[5] <05 
z -~ K v [15] 1.3 • 0.5 0.5 
z - , K *  v [-15] 1.7 • 1.3 
z - o K n n v  1.5 

16.2!k0 
18.5• 
21.6• 

10.7• 

7.0•177 npO) 

1.7• 
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pions using the CVC hypothesis [9] :  

G 2 COS 2 0 c 

F(r ~ v + 2n ~) - ( 2  7C)2(2 M~) 3 4~ 2 ~x 2 

2 2 2 .~(M~-q ) (M{+2q2)q2a(e+ e-~Zn~z)dq2. (8) 

Here, G is the Fermi coupling constant, 0 c the Cab- 
ibbo angle and e the fine structure constant. The 
integral over the e + e -  cross section is taken from 
the 2 n pion threshold to the z mass M e. 

Using data from e + e -  measurements the authors 
of  [9] have derived the partial widths for n = 1, 2 (the 
data  for n = 3 show an effective threshold at 2 G e V  
and thus do not contribute), z ~ K * v  is derived from 
p v using Cabibbo suppression. Calculations of the 
axial current contribution (3 and 5 pions) have to 
rely on certain model  assumptions like P C A C  or 
current algebra to predict the "hard pion" final 
states such as ~ ~ 3 ~ v, or use soft pion theorems to 
arrive at v ~ 5 r c v  [9, 10]. Since these predictions 
seem to be less certain compared to the vector part 
and also diverge in the literature we have chosen the 
alternative way to estimate the axial component  by 
saturation: Summing up all "well-known" partial 
widths and normalizing the partial width for r--* e v v 
to the branching ratio measured by CELLO [4] we 
predict an upper limit for Br (r-~3rcv) which is 
given in Table6.  The result from a specific reso- 
nance model  [9, 10] for Br (z-~ 3 n v) is also shown. 

We find good  agreement between experiment and 
the predictions from the standard V - A  coupling of 
a heavy sequential lepton. For the first time, the 
decay r - ,  4~  v in its 2 charge combinations has been 
measured, opening up a new test for CVC so far 
only possible with the decay r--*p v. Comparing to 
the predictions we find good  agreement with CVC. 
Concerning the axial coupling, both the saturation 
assumption and specific models  with resonance do- 
minance agree with the measured overall branching 
ratio ~ ~ 3~z v. N o  more detailed theoretical predic- 
tions for the ratio Br (~ ~ rc ~z rc v)/Br(z ~ ~ rc ~ ~z ~ v) are 
available. It should be noted, however, that a purely 
resonant channel such as r - , A l V  would yield a 
ratio of 1, not far from our measured value. 
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