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Using the ARGUS detector at the e+e - storage ring DORIS II, we have determined the Michel parameters p and 
of z --- ~tu~- and T --- euF decays. From a data sample with 333 events/pb around vt~ = 10 GeV, we select 3230 

events e+e - --- r + z -  ---, (lz+v~)(e~:u~) and determine p from the e and p momentum spectra and ~ from the 
correlations between e and/t  momenta. For p we obtain P~--.e = 0.79 + 0.08 + 0.06 and p r ~  = 0.76 + 0.07 -t- 0.08 
in accordance with the V - A structure of the decays. The momentum correlations are only sensitive to the product 
~r~e~T~u. Setting ~T--e = ~ r ~ ,  we obtain I~d = 0.90 + 0.15 + 0.10 also in accordance with V - A. The updated 
decay fractions are B(z --. eu~') = (17.5 -4- 0.3 ± 0.5)% and B(z ---./tv~') = (17.4 ± 0.3 ± 0.5)%. 

Muon decay has been investigated for determining 
the space-time structure of the weak interaction for 
more than 40 years. The muon lifetime r ,  and the four 
Michel parameters [ 1-3 ] #1 p, ,  ~/,, ~,, j ,  have been 

determined to + 18 ppm, +0.35%, + 1.3%, +0.8%, and 
4-0.5%, respectively. The value of r~ fixes one of the 
18 parameters of the Standard Model, and the other 
four obtained values are in perfect agreement with 
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standard W-boson exchange, i.e. with a V - A struc- 
ture predicting 3/4, 0, 1, and 3/4 for the Michel pa- 
rameters. In spite of the good experimental precisions 
reached, an overall analysis with all possible weak cou- 
plings [4] leaves much room for decay contributions 
in addition to those from the standard W-boson. The 
much higher mass of the r-lepton is, therefore, a strong 
motivation to search for deviations of F ( r  ---, lug) ,  
p~, r/t, ~ ,  and J, from their V - A predictions in z 
ev~ and r ~ /~u~ decays. Hadronic r decays allow 
also a direct determination of the z-neutrino helicity 
h~, and a test of its V - A value h~, = - 1. 

After the recent improvement  on the precision 
of the r-lepton mass [5-7] ,  the measured rate 
F ( r  --+ eu-ff) agrees with its V -  A prediction F(/~ ---, 
ev-ff)(m~/m,) 5. The results on p, with an experi- 
mental  mean of 0.727-t- 0.033 [ 8 ] also support V - A, 
and the first direct observation of parity violation in 
r decays, h~ = - 1.25 + 0.23 +0.08 -0.15 [9,10], demon- 
strates that the r-neutrino is indeed left-handed. In 
this paper, we report on a measurement of the parity- 
violating Michel parameter ~ from 3230 r + r  - ---, 
(/~±v~)(e~:v-ff) events and on simultaneously ob- 
tained results for p~ and F ( r  ~ £u~). 

In the r rest frame, neglecting radiative corrections 
2 2 and terms proportional to mt/m~, the energy spec- 

t rum of the charged decay lepton ! is given by 
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dFr~tt'~" (x x 2 
dl2dx 

x ( 1 2 ( 1 - x )  + p ~ ( - ~ x - 8 )  +rhmtm~ 24(1x-X)  

- P,~,cosO[4(1 - x )  + dT(3w2X-- 8 ) ] ~ ,  
/ 

where x = 2Et/m~ is the scaled lepton energy, P, the 
polarisation, and O the angle between the r spin and 

the lepton momentum. With unpolarised r-leptons, or 
integrating over the full O range, the spectrum depends 
only on p~ and r/~. Measurements of  the other two 
Michel parameters require polarised taus. Electron- 
positron annihilation produces z pairs with simple 
correlations between the two r spins. At high ener- 
gies, there are only events with both spins parallel, ei- 
ther (P ,+  = +1,  P r  = - l ) o r ( P ~ +  = - 1 ,  P, - 
+ 1 ). Their probabilities are equal as long as Z ° con- 
tributions are negligible. This spin structure corre- 
lates the two charged lepton momenta in r + r -  
(g±v-ff) (e~=t,~) events if both ~,-e and ~ - ~  are non- 
zero. An observation of  e and g momentum correla- 
tions gives a measurement of  the product ~ _ e ~ .  

The experiment has been performed in e+e - an- 
nihilation at centre-of-mass energies around 10 GeV 
with the ARGUS detector at the storage ring DORIS 
II. The storage ring is described in [ 11 ], ARGUS and 
its performance in [ 12 ]. The data sample used for this 
analysis has been collected between 1985 and 1989, 
and its integrated luminosity has been determined to 
be (333 + 10)/pb. This is not the full data sample 
of  ARGUS as used in most other analyses. Since the 
analysis of  two-prong events requires careful atten- 
tion of  the trigger thresholds, we have restricted the 
data sample to those run periods where the trigger ef- 
ficiency was well under control. 

Events are selected with exactly two tracks of  oppo- 
site charge. Each track must have a transverse momen- 
tum above 80 MeV/c, a polar angle with I cos 01 < 0.7, 
and must point to the primary interaction region de- 
fined by the cuts r < 1.5 cm and Izl < 5 cm. Electron 
and muon candidates are selected by requiring a muon 
likelihood L~ > 0.8 and an electron likelihood L~ < 
0.1 for muons and Le > 0.8, L ,  < 0.1 for electrons. 
In order to keep high efficiency and small misiden- 
tification probabilities, we require electrons to have 
p > 0.65 GeV/c  and muons p > 1.30 GeV/c. Events 

with neutrinos are enriched by the two event cuts 
cos aacol > -0 .9997 and mmiss > 2 GeV/c 2, where the 
acollinearity is defined as cos aacol = P e'P ~/( ~ el" M ,I ) 
and mmiss is the missing mass in the event obtained 
f rom mrnis s 2  = ( X / ~ -  Ee - E~) 2 - (Pc + pv)2. There 
remain 3336 events after these cuts. 

Electron identification is studied in radiative 
Bhabha events and converted photons [ 13]. The ef- 
ficiency of  the likelihood cuts as used in this analysis 
is found to increase from 0.40 at 0.65 GeV/c  to 0.90 
at 2 GeV/c  and is nearly constant above 2 GeV/c. 
Electron misidentification of  muons and pions is 
obtained from samples of  cosmic muons and recon- 
structed K ° decays in multihadronic events. In the Pe 
and cos 0 region of  the present analysis, pions fake an 
electron with 0.6% probability and muons fake elec- 
trons with a probability rapidly decreasing from 2.0% 
at 0.6 GeV/c  to zero at 1.0 GeV/c. Muon efficiencies 
are obtained from a Monte Carlo simulation which 
is cross-checked with cosmic ray measurements. The 
efficiency rises from 0.45 at 1.3 GeV/c  to 0.78 above 
2 GeV/c. Misidentification from electrons and pions 
is obtained from the Bhabha and K ° samples men- 
tioned above. Pions fake muons with a probability 
of  2.0% and electrons fake a muon with a probabil- 
ity decreasing from 1.5% at 1.3 GeV/c  to 0.3% at 
5 GeV/c. Very detailed studies are also performed 
for all levels of  the ARGUS trigger as functions of  
time and particle angle and momentum. Single track 
efficiencies in the second level trigger vary between 
0.75 and 0.92 during the selected run periods. 

The geometrical acceptance for r + r -  --* 
(ev~) (/~v~) events is obtained by the ARGUS detec- 
tor simulation using KORAL-B [14] for r+T - pair 
generation with initial state radiation and TAUOLA 
[ 15 ] for r decays including PHOTOS [ 16 ] for final 
state radiation. Assuming standard V - A decays, the 
overall efficiency for ( ev~ ) (#v~)  events, including 
geometry, selection, and reconstruction, is found to 
be (17.3 + 0.1)%. Since TAUOLA contains only 
combinations of  V and A for the decay structure, the 
generator has been modified for this analysis in order 
to generate r ~ et, V decays with arbitrary values of  
p, r/, ~, and ~ [ 17 ]. Monte Carlo simulations are also 
used to estimate the non (ev~) (gv~)  background in 
the selected event sample, table 1 summarizes the re- 
sults. The total background amounts to 106, leaving 
3230 signal events. 
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Table 1 
Estimated number of background events in the selected sam- 
ple of 3336 (ev~) (/zv~) events. The notation 7tv includes 
the decay modes nv and pv. The errors include misidenti- 
fication uncertainties and are therefore correlated. 

e+e - --, e+e - (7) and p + g -  (2)) 10 4- 27 
e+e - --, e+e -p+p  - (y) 13 + 5 
r+r  - --~ (ev~-)(ev~) 164- 5 
r+r  - ~ (pv'ff)(pv'ff) 6+  2 
z+z - ~ (nv) (ev~)  45 -4- 10 
z+r - -* (nv)(pv'ff) 15+ 3 
z+r - ---, ( n v ) ( n v )  < 1 

From the number  of selected events, the energy- 
weighted integrated luminosity, the overall event ac- 
ceptance, and the backgrounds in table 1, we obtain 
the product of decay fractions, B(z  ---, ev~ )B(z  ---, 
/~t,~) = 0.03134-0.00064-0.0016, where the first er- 
ror is statistical and the second systematic. The sys- 
tematic error is the quadratic sum of 3% from lu- 
minosity, 4% from muon  acceptance and identifica- 
tion, 1% from electron identification, and less than 
1% from geometry, trigger, reconstruction, and back- 
ground. The result is in good agreement with our pre- 
vious result [ 18 ] and with the world average [ 8 ]. The 
data samples used in the previous analysis [18] of 
r+z :F ~ (e+v~)( /~:v~-)  events and in the present 
analysis overlap partiallly. The combined result of 
both analyses is 

B ( z  ~ e v ~ ) B ( z  --. g v ~ )  

= 0.0306 4- 0.0005 5:0.0013 ; 

it replaces our earlier value [18]. Using the mea- 
sured ratio of muons to electrons in ref. [ 18 ], B (r  
p v - f f ) / B ( z  ~ et,~) = 0.9974-0.0354-0.040, together 
with our combined result for the product, we obtain 

. . . .  i . . . .  i . . . .  i . . . .  i . . . .  

t i n  (a) 

0.0 1.0 2.0 3.0 4.0 5.0 
p(p.) [CeV/c] 

' ' ' : . . . t  • • . . i . . . .  i . . . .  i . . . .  ~ 1 (b) 

" " ' ' ,  + 

, , , i i i " ' ' " "  i 

0.0 1.0 8.0 3.0 4.0 5.0 
p(e) [Cev/c] 

Fig. 1. Observed momentum spectra ofmuons (a) and elec- 
trons (b) after background subtraction, without acceptance 
correction, in arbitrary units. The solid curves are the best fit 
results with free parameters Pz--e, r/z--,e and Pr--,p, r/,_..p, 
respectively. The dashed curves, in order to demonstrate 
the sensitivities on p, are drawn with p = r/ = 0. 

B ( r  ~ ev~)  = (17.5 + 0.3 4- 0.5)%, 

B(r--*  p u ~ ' ) =  ( 1 7 . 4 4 - 0 . 3 + 0 . 5 ) % .  

Using recent z mass [6] and lifetime [8] values, this 
leads to 

z f f B ( z  ~ ev~') = (1.067 4- 0.041 ) z u ( m u / m ~ )  5, 

which fulfills the lepton universality of the Standard 
Model within 1.6 standard deviations. 

The Michel parameters p~--.u and p~-e are ob- 
tained from the muon  and electron momentum spec- 
tra, shown in fig. 1. In contrast to earlier analyses, 
P ~ u  is not obtained from a fit with fixed ~/~_.u = 0; 
instead both p and t/are allowed to vary within their 
physical boundaries. This variation does not require 
a large number  of Monte Carlo generations. Because 
of the linear dependence on p and r/, only three 
sets are required, and the most general form of the 
momentum spectrum is given by 
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Fig. 2. The dot ted  polygon shows the allowed range for p 
and ~/with arbitrary V, A, S, P, and T couplings. The solid 
point  is the best  fit for (p, r/) f rom the muon m o m e n t u m  
spectrum, and the two nearly parallel bands are the one and 
two sigma contours  a round this point. The bands  show that 
any r/ value in the allowed range is compatible  with our 
data set. Because o f  the weak p-~/ correlation, our quoted  
error  on p with free r/ is slightly larger than the error on p 
with r/ = 0 as shown by the open point. 

- ~ ( p , ~ )  = (l - ~p) ~-~(o,o) 

dN dN(~,O) + ~/ (3, I). + - @ 

The result o f a  X 2 fit to the muon spectrum in fig. l a  
is shown in fig. 2. The sensitivity on r/ is very weak 
because its contr ibut ion to the spectrum is weighted 
with mu/mr. The X 2 value at the min imum is 72.3 for 
74 degrees of  freedom. For  fixed r/r_u = 0, we obtain 
p~_~ = 0.76+0.06.  Taking the weak correlat ion with 
~/~_~ into account, we obtain 

p,._,u = 0.76 + 0.07 + 0.08, 

where the systematic error has its dominant  contribu- 
tions from background subtraction (+0.07)  and from 
the momentum dependence of  the muon identifica- 
t ion (±0.03) .  As seen in fig. 2, the fit to the muon 
spectrum does not constrain r/~_~; any value in the 
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Fig. 3. Electron vs. muon momentum in the 3336 selected 
(#v~) (ev~) events. 

allowed range is within the one sigma contour. A X 2 
fit to the electron spectrum gives 

pe te  = 0.79 + 0.08 ± 0.06. 

The correlation with r/T--,e is negligible because of  
m¢/mT. The systematic error is dominated  by the 
background subtraction. The two p results agree well 
with our earlier value [19]. This was obtained from 
r+r + ---, (~+vV)(~r+rr+rr-v) events; i.e. our old and 
new values are statistically independent.  

The p~ vs. p~ biplot  as shown in fig. 3 exhibits a 
slight preference for low-low and high-high momen-  
tum pairs, demonstra ted by the correlation coefficient 
which is found to be 

k = ~ ( P ° - ~ )  (p~ - ~ )  
~/E (po _~)2 Z]fp. _~)2 

= +0.065 ± 0.020. 

The positive correlation is in fact generated by ini- 
tial state radiat ion and by the product  ~ r - e ~ - u .  The 
Monte Carlo simulation gives k = + 0.018 for zero 
values and k = +0.055 for the V - A values ~ _ ~  = 
~ _ u  = 1. Being sensitive to the product,  the exper- 
imental  value of  k proves that ~ - e  and ~,-.u have 
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Fig. 4. Dependence of X 2 on ~ = ~r--¢ = ~r--u as result of a fit to the three-dimensional Pe, Pu, a aeol distribution. 

the same sign and are both either close to + 1 or 
close to - 1. More informat ion is obta ined from a two- 
dimensional  fit to the pe vs. Pu distr ibution.  Because 
of  a slight addi t ional  increase in information,  we actu- 
ally perform a Z 2 fit in three dimensions with ten bins 
of  pc, ten bins ofpu, and two bins of  aacol, above and 
below cos a = -0 .92 .  The bin widths have been cho- 
sen on the basis of  equal bin  contents. The fit is only 
sensitive to the product  of  both  I values, we therefore 
use electron-muon universali ty I~ = l~ -c  = I ,~u .  
Since (p, r/) and (~, ~) are uncorrelated, we perform 
the ~ fits with fixed values p = 3/4 and ~/ = 0. 

The X2 dis t r ibut ion of  the I fit with fixed value 
= 3/4 is shown in fig. 4. It is obta ined by compar-  

ing the numbers of  events in 200 bins with the ex- 
pectat ions from a total of  72 000 Monte Carlo events. 
There is again a technique which avoids the genera- 
t ion o f  separate Monte  Carlo sets for each value of  I .  
The program KORAL-B [ 14 ] works with I -dependen t  
weights which are used for event selection on a hit- 
or-miss basis. In the analysis here, each Monte Carlo 
event surviving the p and q hit-or-miss is retained, 
and its weights for 100 values of  ~ are stored for the 
X 2 tests which compare the distr ibut ions of  the data  
and the weighted Monte Carlo events. The X 2 distri- 
but ion is symmetric  a round l = 0 and has its min-  
ima at Ill = 0.90. The X2min value of  202.2 matches 
well with the 198 degrees of  freedom. The difference 
~ 2 ( ~  = 0 )  - -  )~2 in  i s  14.9, i.e. our event dis t r ibut ion 

excludes pari ty conservation with 3.9 s tandard devi- 
ations. With  one s tandard deviat ion we obtain I l l  = 
0.90 + 0.13, which agrees well with the V -  A predic- 
t ion I = 1. 

A two-dimensional  fit to only Pe and Pu gives Ill = 
0.95 + 0.20. Fits of  Monte Carlo to Monte Carlo dis- 
t r ibutions prove that our appl ied method is bias-free. 
Increasing the low-momentum cuts to 0.8 and 1.5 
GeV/c  for e a n d / l ,  respectively, changes I only in 
the statistically expected range. The systematic error 
has contributions from background, momentum de- 
pendence of  the muon efficiency, and initial  and fi- 
nal state radiation. Final  state radiat ion is negligi- 
ble, background subtraction gives z~ --- +0.08, muon 
efficiency ±0.02, and initial state radiat ion 4-0.06. 
The latter contr ibut ion may be overestimated; it is 
obtained by changing the electric coupling constant 
a in KORAL-B to 1.01a. Adding the contributions 
quadratically,  our result is 

II~l = 0 .90+0 .13-4-0 .10 ,  

where the parameter  63 is fixed at its V -  A value 6, = 
3/4. Varying 6, in its allowed range, the statistical 
error is est imated to increase to +0.15. Our  final result 
with free ~, is 

[I~[ = 0 . 9 0 + 0 . 1 5 + 0 . 1 0 .  
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The m o m e n t u m - m o m e n t u m  correlation for deter- 
mining ~ is a scalar observable and can, there- 
fore, not be parity-violating. This is reflected by 
the fact that our observation is in as good agree- 
ment  with (V + A ) ( V  + A),  ~r = - 1 ,  as with 
(V - A ) ( V  - A) ,  ~ = + 1. However,  the source 
for ~ # 0 must  be pari ty violation; the electron (or 
muon)  momentum is correlated with the tau spin, 
and this pseudoscalar is non-zero. Measurements at 
LEP determine the sign of  ~ .  Following a recent 
analysis of  Privi tera [20], the mean values of  the 
four LEP experiments [21-24]  for ~PT and h~,P~ are 
-0 .089  + 0.054 and 0.143 + 0.028, respectively, where 
P, is the tau polarisat ion in Z ° ~ r+z  - ,  ~r is the 
mean Michel parameter  in r ~ evV" and r ~ pv~-de-  
cays, and h~, the mean observed z-neutrino helicity in 
r ---, ztu, r --. pu,  and z ~ al~,. Combining this with 
the A R G U S  measurement  h~, = - 1.25 + 0.23 +0.0s -0.15 
[10] gives the model- independent  result ~ ( L E P )  = 
+0.78  + 0.52 which is 3.4 standard deviat ions from 
- -1 .  

To conclude, we have determined updated values 
for the purely leptonic decay fractions of  the tau lep- 
ton, B(z ~ ev~)  = (17.5 + 0.3 ± 0.5)%, B(z 
/~v~) = ( 17.4 + 0.3 ± 0.5)%, which replace our ear- 
lier results in ref. [ 18 ]. The new values are in agree- 
ment  with the Standard Model  expectation. Using re- 
cent r mass [6] and lifetime [8] values, we obtain 
rr/B(r ~ evV') = (1 .0674-0 .041)zg(mg/mr)  5. Our 

Michel parameter  results P , - e  = 0.79 4- 0.08 ± 0.06 
and p ,_u  = 0.76 ± 0.07 4- 0.08 are statistically inde- 
pendent  from our earlier one in ref. [19] and agree 
well with the Standard Model  value p = 3/4. The 
asymmetry parameter  is found to be I~1 = 0.90 ± 
o. 15 ± o. 10 in also good agreement with the Standard 
Model  value ~ = 1. 

Note added after completion. The analysis has been 
performed with the KORAL-B version of  1992. We 
have carefully controlled, not by repeating the full 
analysis but  by comparing different Monte Carlo sam- 
ples on the generator level, that the new KORAL-B 
version of  May 1993 leads to only negligible shifts in 
the fit result for ~ .  The values of  B ( r  ~ gv~) and 
pr are not affected by the change in KORAL-B. 
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