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Using the ARGUS detector at the e+e - storage ring DORIS 11, we have observed the decay x --,n - n - rt - n + n + v~ in tau-pair 
events produced at center-or-mass energies between 9.4 and 10.6 GeV. From the 5n invariant mass distribution we derive an 
upper limit of rn(v~)<35 MeV/c 2 at the 95% confidence level. The branching ratio for this decay channel is found to be 
(0.064+_0.023 + 0.01 )%. 

Leptons  are be l i eved  to be e lementa ry  particles. Fo r  

the e lec t ron  and  m u o n ,  and  the i r  assoc ia ted  neut r i -  

nos, this is a wel l - tes ted  hypothes is .  H o w e v e r ,  for  the  

tau and  t au -neu t r i no  the  expe r imen t a l  measure -  

men t s  are cons iderab ly  less s t r ingent .  In  par t icular ,  

i m p r o v e d  cons t ra in t s  on the mass  o f  the  t au -neu t r i no  

wou ld  be welcome.  P rev ious  l imi ts  have  been  de- 

r ived  f r o m  e i ther  (a)  s tudies  o f  the energy s p e c t r u m  

o f l e p t o n i c  tau-decays  [ 1 ], or  the  decays  x -  ~ n - v ~  ~ 
[2] ,  and  z - ~ n - n - n + v ~  [3 ,4] ,  or  (b)  the  i nva r i an t  

mass  d i s t r ibu t ion  at the  phase-space  l imi t  o f  the had-  

rons  in the decays  x - ~ n - n - n + n ° v ~  [5] ,  z - ~  
K + K - n - v ~  [6] ,  z ~ 2 n + 3 n - v ~  [7,8] and  z - ~  

2 n + 3 n  n°v~ [7] .  The  best  l imi t  [3] is 70 M e V / c  2 

at the 95% conf idence  level.  In  this pape r  we repor t  a 

new upper  l imi t  o b t a i n e d  f r o m  a s tudy o f  the  5n in- 

va r i an t  mass  d i s t r ibu t ion  in the decay x - - - ,  
7~ 7~ / ~ - 7 ~ + E + v  T. 

The  s tudy was p e r f o r m e d  using the  A R G U S  detec-  

to r  at the  e l e c t r o n - p o s i t r o n  s torage ring D O R I S  II. 

D a t a  were  col lec ted  at cen t re -of -mass  energies  be- 
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tween  9.4 G e V  and  10.6 GeV,  and  cor respond ,  for  

this analysis  to an  in tegra ted  l uminos i t y  o f  197 p b -  i. 

The  detec tor ,  its t r igger and  par t ic le  iden t i f i ca t ion  

capabi l i t ies  are d iscussed in ref. [9] .  A search was 

m a d e  for  tau-pa i r  events ,  co r r e spond ing  to the  com-  

b ina t i on  o f  decays  

e+e  - ~ z + ~ -  ~ ~ - K - ~ - ~ + n + v ~  

1 ~  e+veg~, p+v,9~, 7t+9~ or  K+9~ ' ( 1 ) 

which  leads to a f inal  state wi th  six charged  par t ic les  

and  no photons .  A prese lec t ion  o f  even ts  was first  

m a d e  using the fo l lowing cuts: 

- six charged par t ic les  o r ig ina t ing  f r o m  the  m a i n  

ver tex,  

- to ta l  charge zero,  

- t ransverse  m o m e n t u m  o f  each  charged  part icle,  

P v >  0.06 GeV/c ,  
- no  p h o t o n  wi th  an energy Er  > 0.08 G e V  de tec ted  

in the  e l ec t romagne t i c  ca lor imeter .  T h e  tau-pa i rs  are 

p r o d u c e d  back- to-back,  and  wi th  suff ic ient  boos t  so 

that  the i r  decay  produc t s  are typical ly  in oppos i t e  

hemispheres .  This  charac ter i s t ic  1 versus  5 topo logy  

was selected by requ i r ing  the  angle 0~i be tween  one  

p rong  and  the r e m a i n i n g  5 p ions  satisfy 

cos 01,< - 0 . 3 ,  i = 2 ,  3 . . . . .  6. 
These  cuts reduce  the  even t  sample  f r o m  about  2 

mi l l ion  m u l t i h a d r o n  even ts  to jus t  224 events .  Back- 

g rounds  still r e m a i n  f rom t w o - p h o t o n  and  qel-inter- 
act ions,  as well  as f r o m  doubly  r ad ia t ive  b rems-  

s t rahlung events  where  bo th  pho tons  conver ted .  In  

addi t ion ,  s o m e  small  f rac t ion  o f  even ts  con t a in ing  

o ther  t au-decay  modes ,  such as ~ -  --+= - rt - 7t + =°v~, 

also pass these  cuts. A de ta i led  s tudy o f  even t s  ins ide  
and outs ide  the no rma l  ver tex  f iducial  v o l u m e  showed 

the con t r ibu t ions  f r o m  b e a m - g a s  and  b e a m - w a l l  

even ts  to be negligible.  
To reject  the  doubly  r ad ia t ive  Bhabha  events ,  the  

fo l lowing add i t iona l  cuts were  appl ied:  

- i nva r i an t  mass  o f  oppos i t e  charged pairs,  a s sumed  
to be e lectrons ,  grea ter  than  0.1 GeV/c  2, 
- open ing  angle be tween  same-s ign charged  pairs  to 

cos 0+ + <0 .996 .  
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Fig. 1. Single-prong m o m e n t u m  versus 5n mass: (a)  data, (b )  q(t Monte Carlo, (c) "c Monte Carlo and (d)  7Y Monte Carlo. The solid 
line corresponds to the cut described in the text. Events above  this line are rejected. 

In fig. la  the m o m e n t u m  of  the single particle is 
plotted versus the invariant mass  of  the five-prong, 
for the selected events. Monte Carlo studies o f  qCl 
events (fig. Ib) and two-photon interactions (fig. ld )  
demonstrate that an appreciable amount  o f  this 
background is rejected by the cut indicated in fig. la, 
while most  of  the tau-pair events pass this cut (fig. 
l c ) .  In order to reject the remaining background 
events we exploit the fact that for tau-decays the 
missing m o m e n t u m  is large. Therefore the following 
further cuts were applied: 
- direction of  the missing m o m e n t u m  of  the event 
must  point into the barrel region to ensure a good de- 
tection efficiency: cos O(Pm~s) I < 0.8, 
-- miss ing m o m e n t u m  must  be larger than 1.7 GeV/c: 
[Pmi~sl > 1.7 GeV/c .  

These requirements effectively l imit  the total 
transverse m o m e n t u m  of  the detected particles to 
P v >  1 GeV/c  and el iminate two-photon,  as well as 
initial-state radiation events, both of  which typically 
have missing m o m e n t u m  along the beam tube. 

The resulting invariant mass spectrum of  the 5n 
system is shown in fig. 2. Twelve  events remain, all 
in the tau-mass region. The background in the sam- 
ple has been determined to be smaller than 1 event,  
as discussed below. 

The effectiveness of  the background suppression 
has been studied by applying the same cuts to well- 
defined samples of  background events obtained either 
directly from the collected data or by Monte Carlo 
simulation. The available number of  generated events 
was always large compared to data. For example,  the 
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Fig. 2. Measured 5n mass spectrum after all cuts. The solid curve 
corresponds to the expected shape of a pure phase-space decay 
with m (v~) = 0 MeV/c 2. The dashed curve corresponds to the ex- 
pected shape of a pure phase-space decay with rn(v,) = 70 MeV/c 2. 
Underneath, the mass and error on mass for every event are 
shown. The x- mass is indicated by the solid line. 

cuts rejecting radiative Bhabhas with converted pho- 
tons were applied to selected singly radiative Bhabha 

events 

e+e - ~ e + e - y  

M e + e  - 

From this analysis the rejection efficiency was de- 
termined and, when used to project the doubly radia- 
tive rate, leads to the conclusion that no Bhabha event 

remains in the final sample. 
The rejection of two-photon events was studied by 

Monte Carlo simulation. The following channels were 

considered: 

e+e - 

77e+e - 

~ 3n+3n - ,  3 n + 3 n - n  °, 2n+2n - ,  2nn  ° o 

K + 2 n + 3 n - K  o, 2n+2n - K o K o 

From the analysis of these channels if follows that 
background from two-photon events in the final data 
sample is negligible. 

In addition, the contr ibut ion of the decay x - ~  
n - n - n  + n°v~, where the n o produces an e+e - pair 
either by a Dalitz decay or by conversion of one of its 
decay photons, was considered. It was found to be 
smaller than 0.1 events. Finally, possible contribu- 
tions from e +e -  ~ qdl interactions were studied using 

the Lund fragmentation model as an event generator 
[ 10]. As can be seen in fig. lb, not all of the qq-events 
are removed by the cut indicated by the full line. After 
all requirements described above, 3 out of 2 × 106 
generated events survived. The five-prong mass of the 
events is m ( S n )  > 2.3 GeV/c 2, considerably larger 
than the tau-mass. No event of this type is observed 
in the data. In summary these studies established that 
the background to the 12 data events is much smaller 
than 1 event [ I 1 ]. 

The upper l imit of the tau-neutr ino was deter- 
mined by a max imum likelihood method, which con- 
sidered the mass resolution of each event, the 
expected mass distr ibution of the 5n system and the 
mass dependence of the acceptance. For each event 
the likelihood, depending on the mass of the tau-neu- 
trino, is determined from a convolut ion of these dis- 
tributions. The expected shape Of the mass-resolution 
function has been determined by Monte Carlo simu- 
lations [ 12 ] and is well described by a gaussian dis- 
tr ibution with a typical width of about 20 MeV/c 2 (fig. 
2). Both a simple phase-space model, and a phase- 
space distr ibution weighted by a weak matrix ele- 
ment  [13], were used to describe the 5n invar iant  
mass distr ibution (fig. 2). However, the result does 
not depend on which model is used, because the l imit 
is more sensitive to the shift in the kinematical  

threshold due to a finite tau-neutr ino mass than to 
the actual shape of the distribution. By this means, 
we find an upper l imit on the tau-neutr ino mass of 25 
MeV/c 2 at the 95% confidence level. Possible sources 
of systematic error are added in quadrature,  includ- 
ing underes t imat ion of the mass resolution, uncer- 
tainty in the m o m e n t u m  scale and uncertainty in the 
tau-mass [ 14,15 ]. To consider uncertainties of the 
background simulat ion we decided to remove the 
event with the highest 5n mass from the sample ana- 
lysed and hence arrive at a conservative upper l imit 
of 35 M e V / c  2 at 95% confidence level, well below the 
best existing bound  of 70 MeV/c 2 [ 3 ]. 

In addition, we have used the sample to determine 
the branching ratio for the decay x - - ~  
n - n -  n - n + n + vs. For this measurement,  further 
background contr ibut ion from the decays 

z -  --, 3n + 3n n°v~ and z -  -~K*-  I~v~ 

must be considered. These backgrounds have been 
determined by a Monte Carlo calculation, using the 
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measu red  b r anch ing  rat ios [ 16,6] for these channe l s  
[ 11 ], to be 1 _+ 1 and  0.14 _+ 0.14 events,  respectively. 

The  b r anch ing  rat io for the decay x -  
n - it - n - n + n + v~ is then  given by 

N5 
B r =  (2)  

2N,~Br(T - --, single prong)  eraked ec,t ' 

where Ns is the observed  n u m b e r  o f  5n decays after  
sub t rac t ion  of  b a c k g r o u n d  an d  N ~  is the n u m b e r  of  
tau-pairs  produced.  The b ranch ing  ratio for one-prong  
tau-decays,  B r ( z -  ~ s i n g l e  p rong) ,  inc ludes  a correc- 
t ion  for the f eeddown o f  s ingle-prong tau-decays  con-  
t a in ing  n° 's .  Us ing  average b r an ch i n g  rat ios g iven in  
ref. [15] ,  this has been  d e t e r m i n e d  to be 
(48.9_+ 1.4)%. The  efficiency, eraked, accoun t ing  for 
the loss of  events  i n t roduced  by noise  in  the ca lor im-  
eter due to the r e q u i r e m e n t  that  there be no  p h o t o n  
with E v > 0.08 GeV, has been  d e t e r m i n e d  f rom an  
analysis  of  cosmic-ray events  to be (91.6 _+ 1.0) %. The 
efficiency for the c o m b i n a t i o n  of  decays in eq. (1) to 
pass all select ion cuts, Ecu,, was d e t e r m i n e d  to be 
(9.1 +0 .63_+0.9)%.  Us ing  these values,  we f ind a 
b r anch ing  rat io of  

B r ( ~ -  ~ n - n - n - n  + n +v~) 

= (0.064_+ 0.023_+ 0.01 ) % .  

This  in  good ag reemen t  with the present  wor ld  aver-  
sage [15]  ( 0 . 0 7 + 0 . 0 3 ) % .  

In s u m m a r y  we have  ob t a ined  an  i m p r o v e d  uppe r  
l imi t  o f  m ( v , ) < 3 5  MeV/c  2 at the 95% conf idence  
level. In  compa r ing  l imi ts  on  the tau-  an d  electron-  
n e u t r i n o  masses,  one  can use the fol lowing proposed  
re la t ion  [ 17 ]: 

m ( v ~ ) / m ( V e )  = m 2 ( z ) / m 2 ( e ) ,  (3)  

with the imp l i ca t ion  that  present  a t t empts  to deter-  
m i n e  the t a u - n e u t r i n o  mass a l ready reach abou t  the 
same sensi t iv i ty  to new physics as tha t  de r ived  f rom 
e lec t ron -neu t r ino -mass  exper imen t s  [ 18 ]. Us ing  this  
model ,  this new l imi t  o f  35 MeV/c  2 cor responds  to 
an e l ec t ron -neu t r ino -mass  uppe r  l imi t  o f  abou t  3 
eV/c 2, well be low the exist ing l imi t  o f  18 eV/¢ 2 [ 18]. 
The  measu red  b r a n c h i n g  ratio,  (0.064_+0.023 
+ 0.01 )%, agrees with the va lue  d e t e r m i n e d  by o ther  
groups [ 15 ]. 
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