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The inclusive production of rl mesons in tau lepton decay has been studied using the High Resolution Spectrometer at the PEP 
e+e facility. The data sample corresponds to an integrated luminosity of 300 pb- ~ and the storage ring was operated at x/s= 29 
GeV. The 11 production appears to be only compatible with the decay x * ~n +'qg, which violates isospin and G-parity conservation. 
The branching ratio of 5.1 + 1.5% explains much of the current discrepancy between the one-prong topological branching ratio 
and the sum of the individual one-prong modes. 

The measured propert ies  of  the tau lepton are in 
good agreement  with its being the sequential  lepton 
of  the third quark- lepton  generation [ 1 ] but, because 
of  its high mass, it  has many decay modes.  Although 
x decays to hadronic  final states are domina ted  by 
the low-mass are= 1 - and 0 - ,  1 + part icles p (770) ,  n 
and a1(1270),  the nature o f  the x decays to higher 
mult ipl ic i ty  hadronic  systems is not  well unders tood  
[2] .  The decay x + ~ n + q 9  is of  par t icular  signifi- 
cance since the (n +q) G pari ty is odd, but  the JP must  
be 0 ÷ or  1 - ,  so that, in the convent ional  picture, the 
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decay violates C V C  and occurs via a second-class 
vector  current  [ 3]. The decay mode z + o n  +11n°9 is 
al lowed and is expected to occur at a low level [ 2 ]. 

High-precis ion measurements  [4] of  the topolog- 
ical branching rat ios to one, three and five charged 
particles have shown a significant discrepancy with 
the sum of  the exclusive one-prong decays. The lat ter  
sum to (78.7 + 2.1 )% whereas the one-prong topo-  
logical branching ratio, BI, is (86 .7+0 .3 )%.  New 
measurements [ 5 ] of  the rates for the leptonic modes 
x--, gvv and x--,evv rule out a solution in which all 
one-prong exclusive modes  are increased by a small  
amount  to force agreement  with BI. The classifica- 
tion of  the one-prong decays based on recent data  [6 ] 
indicates a higher rate for the one-charged plus mul- 
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tiple-neutral channel than was previously measured, 
suggesting that the solution lies with such decays. 
Since the q meson decays mainly to neutral channels, 
its production will contribute to resolving this 
discrepancy. 

In this paper we report the first observation of q 
meson production in z decay. The results are based 
on operation of the High Resolution Spectrometer 
[7] (HRS) at the PEP e+e storage ring. The data 
used correspond to an integrated luminosity of 300 
pb-  ~ and were taken at a center-of-mass energy of 29 
GeV. The cuts used to select z pair events have been 
described previously [8]. These data selections 
yielded 4004 events of the 1-1 topology and 2553 
events of the 1-3 topology. The hadronic back- 
ground is negligible for the 1-1 events and 5.2 + 1.0% 
for the 1-3 topology. 

The analysis depends on reconstructing q-'Y)' 
decays via measurement of electromagnetic showers 
in the barrel shower counter [9]. Each of the 40 
wedge-shaped modules consists of three sections: a 
3Xo Pb-scintillator sandwich, a single-layer, 14-wire 
proportional chamber (PWC) in which the wires are 
aligned along the e+e - beam direction and finally an 
8Xo Pb-scintillator sandwich. The PWC plane is at a 
radius of 2.03 m from the interaction point. Each of 
the two scintillator sections is read out by two pho- 
totubes, one at each end of the approximately 3 m 
long modules. The energy resolution is 
( a J E )  2 = O. 162 /E+ 0.062, with E in GeV. The posi- 
tions of the electromagnetic showers along the beam 
direction, z, are measured by current division in the 
PWC wires to an accuracy of ~ 2.5 cm. 

Electromagnetic showers were defined using the 
following techniques established from e+e - annihi- 
lation data, test beam results, and Monte Carlo (MC) 
studies. The PWC wires whose pulse heights exceeded 
threshold were scanned in order to identify clusters 
of neighboring wires with similar z measurements. 
Clusters containing more than 11 wires were subdi- 
vided into two clusters at the wire with the smallest 
pulse height since the typical size of an electron/pho- 
ton-induced cluster is less than eight wires. Next a 
match was sought between the charged track and the 
clusters. If  the extrapolation of the track in the x y  

plane crossed the shower counter within three wires 
of the cluster and the projected z agreed with the 
average z measurement of the wires in the cluster, 

then that cluster was assigned to the charged track. 
Clusters containing gaps of three or fewer wires 

were recombined into a single cluster unless 
(a) both clusters were associated with charged 

particles or each contained large pulse heights; 
(b) the total size of the recombined cluster was 

larger than 11 wires or the average z positions of the 
clusters were different outside of the measuring 
errors. 

Finally, the energy as measured by the shower 
counter modules was distributed to the different 
clusters. If  the module was hit by a charged particle 
but the analysis identified additional neutral clus- 
ters, the cluster associated with the charged particle 
was assigned the typical hadronic energy deposition 
of 200 MeV. The rest of the energy was distributed 
equally amongst the neutral clusters. 

The background from spurious photons was mini- 
mized by requiring that any cluster in a one-prong 
hemisphere that was used for further analysis lie 
within a cone of 67 ° half angle relative to the direc- 
tion of the charged particle. In addition, each event 
was required to have at least two clusters satisfying 
one or more of the two criteria: (I) the energy of each 
photon was larger than 100 MeV and neither photon 
shared the same shower counter module with other 
photons, or (II) the energy of each photon was larger 
than 1.0 GeV; in this case the photons were allowed 
to share the same shower counter module. Of the 
decay candidates that satisfy criterion I (II), 45% 
(75%) have two and only two clusters meeting these 
selections. 

The distribution in effective mass (Myy) was 
determined, after first reducing the combinatorial 
background involving 7 rays from events with mul- 
tiple n°'s. All • clusters that contributed to a ~'7 mass 
in the range (70 MeV<Mvv <210 MeV) with any 
other y ray in the event were removed. In making 
this n o rejection, all neutral clusters with energy 
greater than 100 MeV were used, regardless of 
whether they shared a module with another 7 ray. The 
Mvv distribution obtained is shown in fig. 1. A clear 
71 signal at 550 MeV is evident over an exponentially 
falling background. 

The data have been fit to a Breit-Wigner (BW) 
contribution at the q mass, plus a background term 
consisting of a constant plus an exponential in Mvv. 
If  the data are fit with the background term alone, 
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Fig. 1. Effective mass of 77 system for one-prong tau decays. All 
photons which, when combined with any other photon, yielded 
an Mrr between 70 MeV and 210 MeV have been removed. Events 
satisfying both selection I and selection II are used but no com- 
bination is entered twice. The line shows the fit to the back- 
ground function, consisting of an exponential in Mrv and a 
constant term, plus a Breit-Wigner contribution to represent the 
q signal. 

the  X 2 is 26.7 for 17 degrees  o f  f r eedom.  The  events  

in the  q reg ion  con t r ibu te  10.9 to this  Z 2, cor respond-  

ing to a 3.3 s tandard  d e v i a t i o n  effect.  I f  the  F W H M  

of  the  BW is f ixed at 100 M e V  :' and  the  fit  is done  

inc lud ing  the  q signal, a X 2 o f  17.3 is ob t a ined  for 16 

degrees  o f  f reedom.  The  fit  is shown by the  sol id line. 
In  the 1] region (480 M e V < M r r  < 6 2 0  M e V ) ,  there  

is a signal o f  62 c o m b i n a t i o n s  ove r  a backg round  o f  

126. 
We have  also looked  for  even ts  in which  the 

decays  to n + n - n  °. The  n u m b e r  o f  even ts  obse rved  

is cons ide red  wi th  those  expec ted  f r o m  the  signal 

obse rved  in the  77 decay  mode .  
Since the  expec ted  m o m e n t u m  spec t rum o f  1] 

mesons  is ha rd  and  since pho tons  f r o m  high-  

m o m e n t u m  n o decays  a lmos t  always hi t  the same  
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Fig. 2. Effective mass of Ty system for events with Ev~, Ey2> 1 
GeV and having the photons in separate modules. (a) All com- 
binations. (b) Combinations with Ey~+Ev2~<4.5 GeV. (c) 
Combinations with Ey ~ +Ev2 > 4.5 GeV. (d)Events with two and 
only two photon clusters. (e) Events with three or more photon 
clusters. The lines show fits to the background function described 
in the text, plus contributions at the n ° and r I masses. In (e), the 
fit requires no il contribution. 

shower  coun te r  modu le ,  we show in fig. 2a the  77 

mass  spec t rum for  c o m b i n a t i o n s  where  ( i )  the pho-  

tons  hi t  separa te  modules ,  ( i i )  Er  > 1 G e V  for bo th  

clusters,  and  ( i i i )  no  o the r  p h o t o n  shared  the  same 

module .  A s ignif icant  signal is seen b o t h  at the  no 

and  at the q mass.  

The  da ta  have  been  fur ther  d i v i d e d  into  a low- and  

a h igh-energy sample  wi th  E~,,+E~,2 less t han  or  

greater  than  4.5 GeV.  As expected ,  the  q signal per-  

sists in the  77 mass  plot  for  the  h igh-energy da ta  o f  

fig. 2c, bu t  is less p r o m i n e n t  in the  low-energy spec- 

t r u m  o f  fig. 2b. The  7t ° product io/a  popula tes  the  lat- 

ter  spec t rum ,2 p r imar i ly  because  o f  the  r e q u i r e m e n t  

" This value was taken from the Monte Carlo simulation of the 
decay scaled down by 20%, a value obtained by comparing 

the observed and simulated width of the r~ ° decay. 

~z There is also a peak at Mvy ~ 380 MeV in fig. 2b which has a 
statistical significance of 2.4 standard deviations. Since it is 
much narrower than the resolution, we ascribe this effect to a 
statistical fluctuation. 
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that the two photon clusters occur in separate mod- 
ules: a module spans an azimuthal angle of 9 °. 

The events are distributed uniformly over the five 
years of data taking, and they do not preferentially 
populate any region of the detector. In addition, the 
signal does not depend on whether the recoiling z 
decays to a one-prong or a three-prong topology. For 
the 1-1 topology, the track in the opposite hemi- 
sphere to that containing the 11 signal has the prop- 
erties expected for normal z decay. For the 1-3 
topology, the mass distribution on the three-prong 
side of the charged particles plus all photons, is less 
than the z mass within resolution. At most, two of 
the charged particles that accompany the rl'S have 
energy deposition consistent with that of an electron 
and the number of positively- and negatively-charged 
particles are equal within errors. 

To study whether the one-prong r-decay events 
come from the n + ri9 or n + qn°9 final states, the data 
of fig. 2a were subdivided into 229 events with two 
and only two neutral clusters (fig. 2d), and 145 7Y 
combinations from 113 events with three or more 
neutral clusters (fig. 2e). A minimum energy cut of 
100 MeV was applied in defining a separate cluster. 
The enhancement at the q mass in the inclusive data 
persists in the events with only two photons, whereas 
there is no significant signal for nv >1 3 selection. Pho- 
tons from the n + rln°~ final state can be missed either 
because they hit the cracks between modules or 
because they are coalesced with other photons in the 
event. Monte Carlo and other studies indicate that 
such effects are small - at about the 7% level. The 27 
data of fig. 2d is therefore clear evidence that the 
n + r19 final state is being observed. 

The best fit lines in fig. 2, which represent the data 
well, have contributions at the n o and q masses, plus 
a background of the form 

F( Mvr ) tu ,~ = A + B ( M v v - M r v )  exp(-f lMvv) , 

th" where M ~  is a threshold mass taken as 100 MeV and 
A, B, a and fl are free parameters. In the fit the area 
under the curve is normalized to the total number of 
events. The data of fig. 2e are well represented b'.' the 
background term, plus a very small contribution for 
the n °. The best fit requires no contribution at the 11 
mass. The number of signal events in the q mass 
region, 480 M e V < M ~  < 620 MeV, as compared to 
the background lines in fig. 2a, fig. 2d and fig. 2e, are 
listed in table I. 

Using a MC with full detector simulation, we stud- 
ied the contributions of  various final states to the 
backgrounds of fig. 2. The main contribution comes 
from the n + 2n°re final state when the two photons 
from a n o decay are not resolved by the shower 
counter, but there is also a significant effect coming 
from misidentified photons from the n+n°V final 
state, since the branching ratio is large. For example, 
an interacting pion or a photon from initial state 
radiation can be mistaken for a photon from a final 
state decay in calculating the 77 effective mass. The 
events in fig. 2e with nr >/3 come predominantly from 
these background processes, but there is also a smaller 
contribution from the z +-- ,n+3n°~ decay. These 
backgrounds are smooth in the 11 mass region. 

Fig. 3 shows the 77 mass spectra with equivalent 
cuts to those used for the data of fig. 2 but applied to 
events resulting from an MC simulation of  the decays 
z+--,n+rl~ (figs. 3a-3c) and z+---,n+rlrC°~ (figs. 
3d-3f). The two neutral decay modes, rl~TT and 
"q--,3n ° were allowed with the known branching 
ratios. The MC simulation corresponds to about eight 
times the number of z--,11 events observed in the data. 
There is no n o peak in fig. 3 since the q---,3n ° decay 
usually gives a n o with energy below the 2 GeV cut. 

As expected, the MC simulation of the n + r19 final 

Table l 
Tau decay branching ratios. 

7 selection Figure Events above 
background 

Branching ratios for assumed final states 

7t + r/~ /t + t/7~°9 

all 2a 39 _+ 8 4.9 _+ 1.0% 
ny =2  2d 26_+6 5.3_+ 1.3% 
ny~>3 2e 10+5 - 

> 35% at 90% CL 
> 11% at 90% CL 

16+8% 
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Fig. 3. Effective mass distributions for yy combinations from q ~ y y  and 13--, 3 ~ °  67 decays according to the Monte Carlo simulation 
(a) x + --, n ÷ q~ decay, all events; (b) "~ ÷ ~ n + tl~ decay, events with two and only two photon clusters; (c) x + - ,  ~ ÷ q~ decay, events with 
three or more photon clusters; (d) x ÷ --,~ ÷ rl~°9 decay, all events; (e) x + --.r~ + q~o9 decay, events with two and only two photon clus- 
ters;(f) x ÷ --,~ ÷ Tl~°,; , decay, events with three or more photon clusters. 

s ta te  s h o w s  a s t rong  e n h a n c e m e n t  in  t h e  ~,~ m a s s  i s fy  t h e  s e l e c t i o n  n~ > /3  a n d ,  as  s e e n  in  fig.  3c,  t h e r e  

s p e c t r u m  n e a r  5 5 0  M e V  in  fig.  3a  a n d  fig. 3b.  T h e  is  n o  ~ s igna l  in  t h e s e  e v e n t s .  

s h o u l d e r  at l o w e r  m a s s e s  c o m e s  f r o m  7 7  c o m b i n a -  T h e  M C  s i m u l a t i o n  o f  the  ~ ÷ q ~ ° 9  f ina l  s tate ,  

t i o n s  w i t h  p h o t o n s  f r o m  s e p a r a t e  ~ ° ' s  f r o m  the  s h o w n  in  f igs.  3 d - 3 f ,  h a s  a p o o r  s igna l  to  n o i s e  rat io  

11--, 3~  o d e c a y .  O n l y  a s m a l l  f r a c t i o n  o f  the  e v e n t s  sat -  at t h e  11 p e a k  b e c a u s e  o f  the  c o m b i n a t o r i a l  b a c k -  

2 6 4  
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Fig. 4. Effective mass distribution of g +r I. The line shows the 
results of a Monte Carlo simulation of the z +~,~ + r19 decay, 
according to phase space and including the detector acceptance. 

ground with one photon  from the q decay combining 
with one from the n o For  this final state, only one- 
third of  the events satisfy the ny = 2 selection; most  
of  the rl-o23, decay events are found in fig. 3 fwhich  
has nv >I 3. However,  even with this cut, the rl peak is 
not prominent .  

The compar ison  of  the data  of  fig. 2 with the MC 
simulat ions  of  the n+1]9 and n+ r ln °9  final states, 
shown in fig. 3, clearly indicates  that  most  of  the sig- 
nal results from the decay z + -on + qg. This point  is 
quantif ied in the decay branching ratios given in table 
I. They are calculated assuming that  the final state is 
ei ther n + I]9 or  n + t in°9 and use the event  numbers  
given in table 1 and the acceptance es t imated from 
the MC simulat ion for these final states. The two val- 
ues for the n + r19 final state are consistent  within 
errors, whereas the n + rln°9 hypothesis  gives unrea- 
sonably large decay branching ratios for all o f  the data 
selections o f  fig. 2. 

The best value for the branching rat io for 
x+ - - . n+q9  is ( 5 . 1 + 1 . 0 + 1 . 2 ) %  ~3. The  systematic  
uncertainty is es t imated from the uncer ta inty  in the 
acceptance calculation,  from the results of  a separate  
analysis that  uses a different  a lgori thm for identify-  

:3 In this experiment charged pions and kaons are not differen- 
tiated. However, the interpretation of the decay as x ÷ -~K+rl 9 
is inconsistent with the known kaon production in z decay (see 
ref. [ 10]). 

ing the photon  clusters and  from the unknown 
branching rat io for the n + t in°9 final state. 

The quest ion arises whether  the decay r + -on + r19 
occurs through the in termedia te  ao(980)  scalar 
meson: x + --, ad ( 980 ) 9-o n + rig. Fig. 4 shows the n + rl 
mass spectrum for the 11 events o f  fig. 2d, which have 
a s ignal- to-background rat io  of  two to one. The  pho- 
ton clusters were k inemat ica l ly  const ra ined to the 
"q-oyy decay hypothesis.  The line, which is normal-  
ized to the data,  shows the result of  the MC simula-  
t ion of  the x+-orc +q9 decay, according to phase 
space, and including the exper imenta l  selections. It 
also peaks near  1 GeV, but  is somewhat  wider  than 
the data. The decay angular  d is t r ibut ion  relat ive to 
the line o f  flight of  the n +1] system is consistent  with 
being isotropic.  We conclude that, with the present  
number  o f  events, al though the da ta  are consistent  
withan ao (980)  in termedia te  state, we are unable to 
establish this decay mode.  

The present  results show evidence for a second- 
class current  cont r ibut ion  to z decay. There is, o f  
course, the possibi l i ty  that  final state interact ions 
produce  an unexpectedly large isospin viola t ion in 
the z + -on ÷ t19 decay channel.  The results are not  in 
disagreement  with searches for second-class current,  
in nuclear 13 decay, in muon capture,  and in neutr ino 
interact ions [ 11 ]. Theoret ical  es t imates  [ 12 ] based 
on an assumed maximal  second-class current  contri-  
but ion to the z + -on ÷ q9 decay give branching ratios 
o f  ( 4 - 6 ) %  in agreement  with our  measurement .  

In this letter, we report  the observat ion o f  T1 pro-  
duct ion in one-prong x decays and give evidence for 
the decay x÷-on+r lg .  The branching rat io o f  5.1% 
gives a 3.6% contr ibut ion  to the one-prong topology 
since the branching rat io ofr l  to neutrals  is 71%. This 
result goes far in accounting for the one-prong defi- 
cit. The d iscr imina t ion  between the n+r l9  and 

÷ tin °9 final states rests on ( i )  the absence of  addi-  
tional photons in the events in which the rl-o~'y decay 
is detected,  ( i i )  the overall  consistency o f  the data  
with characterist ics expected from the z+--- ,n÷q9 
decay, and ( i i i )  the difference of  the data  from the 
simulation of  the z +-o n ÷ rln° 9 decay leading to a low 
detect ion efficiency and a correspondingly  large and 
unreasonable  branching ratio. 

Second-class current are not included in the known 
parts  of  the s tandard  model  of  electroweak interac- 
tions, so it is impor tan t  that  the results repor ted  in 
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this le t ter  be  c o n f i r m e d  or  den i ed  by other ,  i ndepen-  

den t  expe r imen t s  on  x decay.  
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group,  to the technica l  staffs o f  PEP,  and  o f  the  col- 
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