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Determination of the tau-neutrino helicity 
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Using the ARGUS detector at the DORIS II e+e - storage ring we measured for the first time the x neutrino helicity from a 
parity violating asymmetry in the x decay into three charged pions. From the measured asymmetry we derived the normalized 
product of the axial and vector coupling constant 2gAgv/(g2 +g2 ) + +o 34 = 1.14_0.34 -o117 , which is in good agreement with the stan- 
dard model prediction. 

Since the discovery o f  the x lepton [ 1 ] the propert ies  of  the x and of  its accompanying neutr ino have been 
extensively invest igated [ 2 ]. Except for some inconsistencies in the measured exclusive and inclusive one-prong 
branching ratios, all observat ions  are in agreement  with the assumpt ion  that  the x is a sequential  lepton. A crucial 
test o f  the s tandard  model  is the exper imenta l  verif icat ion of  the V - A  structure of  the weak x decays. The 
s tandard  model  puts the lef t -handed z and v, in a doublet  and the r ight-handed x in a singlet. Hence, i f  the x 
neutr ino is massless, it  will only occur in a lef t-handed helicity state. The complete  Lorentz structure of  leptonic  
x decays can be fixed by the measurement  of  six parameters  [ 3].  Except for the sign of  the z neutr ino 's  helicity 
all parameters  can be measured  in leptonic x decays. Up  to now only the Michel pa ramete r  p has been measured  
[ 4 ]. These measurements ,  though in agreement  with the V - A  value p =  3, do not  uniquely de te rmine  the inter- 
act ion since with a most  general ansatz o ther  combina t ions  of  scalar, tensor  and vector  couplings can yield the 
same value [ 3 ]. In this paper  we report  on the first de te rmina t ion  o f  the x neutr ino helicity as analysed in the 
decay ~ 1 

x -  ~ a i -  ( 1 2 7 0 ) v ~ n + n - n - v ~ .  (1) 

As shown by KiJhn and Wagner  [ 5 ] the v~ helicity can be de te rmined  from a par i ty  violat ing term in the decay 
( 1 ) where the subsequent  strong decay is used to analyse the helicity. In the following we summar ize  the for- 
mulae  used in this analysis since ref. [ 5 ] contains some misprints .  We derive the formulae for the x -  decay but  
they hold also for the x + decay except for a change o f  sign in the par i ty  violat ing term. 

The ai- (1270)  is known to decay predominan t ly  via an S-wave p°n -  in termedia te  state into three pions: 

ai- --, pOrt- ~Tt+ni- n~-. (2)  

There  are two possibi l i t ies  to form a pO candida te  (Tt+;ti - and  n + ~ -  ) and the corresponding ampl i tudes  have to 
be added  coherently. The interference of  these two ampl i tudes  shows the par i ty  viola t ion which is sensitive to 
the helicity o f  the z neutr ino.  Fol lowing refs. [5,6 ] we use the isobar  model  for the a~ decay and require the 
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hadronic axial vector current to be conserved: QUJ u = 0. The lowest dimensional Born term for the three-pion 
current is then 

Ju=G(Q2)E(q,u-q+~ Q(ql-Q-~q+) Q~)B(s2)+(I*--,2) 1 , (3) 

where ql, q2, q+ and Q =  ql + q2 + q +  denote the four-momenta  o f  the pions hi-, n~-, n + and of  the three-pion 
system. From these vectors we construct the two-pion invariant masses s~,2 = (q:,~ + q+ ) a and s3 = (q~ + q2) 2. The 
Breit-Wigner amplitudes for the p resonances are defined as 

B(si)= (s i -m~ - im~r'p) - I  (4) 

The function G(Q2) describes the mass distribution of  the three-pion system, known to be dominated by the 
ai- resonance. In the three-pion rest frame the square of  the decay matrix element is given by 

co_ = ( m2-Q2)  l G( Q2)12 

,/ ) × ~ ' - 0 -  £ I~'JI2+lJI2-a~'AV~'~Im[B(s,)B*(sa)] SIS2S3 m2(y  2-m2)2 (5) 

The unit vectors/~ and ti are defined in the three-pion rest frame and denote the direction o f  the x momentum 
and the normal to the three-pion plane, respectively. The last term is the crucial interference term which has to 
be measured. Note that in ref. [ 5 ] the quoted sign o f  this term is wrong ~2. The interference term is proportional 
to the product  o f  the axial and vector coupling constants of  the charged weak current: 

YAV = 2gAgv/ (g2 + g2 ) , (6) 

with the sign convention 7AV= + 1 (gA=gv = + 1 ) for the standard model left-handed leptons and ?AV= -- 1 
(gA = --gv) for right-handed leptons. Since Im [B(Sl )B* (s2) ] ~ s~ -s2,  the expression/~.ti Im [B(s~ )B* (s2) ] does 
not change sign by interchanging hi- and n~-. This defines, despite o f  the two identical pions, a unique orienta- 
tion of  the three-pion plane. Equivalently, the orientation of  the plane can be defined by turning the slower o f  
the two negative pions into the direction of  the faster one: ti ( S l -  sz) ~ qs~ow × qfast. The matrix element squared 
( 5 ) yields an asymmetry of  the orientation of  the pion plane with respect to the t direction which is proportional 
to ?AV. 

The experimental determination o f  the asymmetry is complicated by the fact that the t direction p is not 
observable. Instead one can refer to the boost direction of  the three-pion system - Q. The t momentum is known 
to lie on a cone around - Q with opening angle 2~u, where ~ can be calculated from measurable quantities: 

cos ~ =  - 0.'/~= x(m2 + Q2) _ 2Q2 
( m 2 _ QZ)x/x z _ 4QZ /s , (7) 

where x/~ is the e + e -  center of  mass energy and x the normalized hadronic energy in the laboratory frame, 
x = E3J Eb . . . .  

An observable quanti ty is the expectation value of  the orientation o f  the three-pion plane with respect to - 
as a function o f x  and Q2: 

fd  LIPS(Q;  q~, q2, q+ ) o9:~ ( - ~ - J i )  sgn(s~ - s 2 )  a(x, Q2) = < - Q - t ~  sgn(sl -sz)> = 
f d LIPS(Q;  q~, qz, q+ ) to:~ 

~'~ -T-YAV COS q / A ( Q  2 ) . ( 8 )  

~2 The sign of the parity violating term in (5) has also been agreed on by Kiihn [7]. 
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The " - "  sign applies for the x- ,  the " + "  sign for x +. The x dependence is contained in cos ~u; the asymmetry 
function A (Q2) is calculable: 

3Q 2 fdSl ds2 Im[B(s,)B(s2) l x/[s, s2 s3 -m2(Q2-m2)2] /Q2  sgn ( s l - s2 )  
A ( Q 2 ) -  rn~ + 2Q 2 fdsl ds2 ( - J u J  *u) (9) 

Eqs. (8) and (9) indicate that the determination of 7AV depends on assumptions about the hadronic current. 
Feindt [ 8 ] has shown that the amplitude (3) does not correspond to an S-wave transition but is a Q2 dependent 
mixture of S- and D-waves. However, the asymmetry A (Q2) obtained for a pure S-wave matrix element does 
not differ severely from that predicted by Kiihn and Wagner. For a pure D-wave matrix element, on the other 
hand, one finds an asymmetry with reversed sign. A D-wave admixture to the S-wave matrix element shows 
strong influence on the expected asymmetry. For the current value on the D/S amplitude ratio of - 0.14_ 0.03 
(corresponding to a relative branching ratio of 2.2%) given by Isgur et al. [ 9] using our former analysis [ I 0] 
Feindt estimated a change in the value ofA (Q2) between - 3 0 %  and + 15% depending on Q2. 

In the following we describe the measurement of the expectation values (8) in the x decay into three charged 
pions ( 1 ) and the determination of the vector-axial vector interference constant YAV- 

The data were taken with the ARGUS detector at the e+e - storage ring DORIS II at DESY at center-of-mass 
energies between 9.4 and 10.6 GeV. The analysed sample corresponds to an integrated luminosity of 264 p b -  
which yields about 261000 produced T+z - pairs. The ARGUS detector is a 4n magnetic spectrometer described 
in detail elsewhere [ 11 ]. For this study photons were identified as neutral energy deposits in the electromagnetic 
calorimeter with energies larger than 80 MeV. Charged particle identification was made on the basis of specific 
ionisation in the drift chamber (dE/dx)  and time-of-flight (TOF) measurements. This information was used 
to calculate, for all charged tracks, a likelihood ratio for each particle hypothesis (e, ~t, n, K, p). All particle 
hypotheses with a likelihood ratio larger than 1% were accepted. 

The event selection follows our previous analysis of  the same final state [ 10 ]. Here we give only a summary 
of the cuts. We searched for z -  decays into three charged pions according to reaction ( 1 ) in the 1-3-prong 
topology allowing the ~+ to decay into e+veg~, ~t+v~9~, n+9~, K+9~ or p+9~. The selected events were required to 
have 
- exactly four charged particles with total charge zero originating from the interaction region; 
- a scalar momentum sum in the range 2.7 GeV/c~< YT= ~ Ipil ~< 0.92x/s; 
- one particle separated by an opening angle of  more than 90° from each of the other three particles and by 
more than 120 ° from the momentum sum of the other three particles; 

- the polar angle of  the isolated particle satisfying the condition: l cos 0~ I ~< 0.75; 
- either no photon with Er~> 80 MeV or exactly one reconstructed n °, which in combination with the isolated 
charged particle forms a p+ candidate with mass between 0.54 and 1.0 GeV/c  2 and with an opening angle 
between the n + and n ° of  less than 53°; 
- the opening angle between oppositely charged particles on the three-prong side larger than 7.25 °; 
- the shower counter energies deposited on the one-prong and on the three-prong side both smaller than 0.4x/~; 
- all particles on the three-prong side in agreement with the pion hypothesis, the single-prong with either the 
electron, muon, pion or kaon hypothesis; 
- cos ~u> 0.2. 

The last cut reduces the background from q~l and two-photon events. Although 35% of all ai- candidates are 
rejected by this cut, the result of  the analysis is not affected since according to (8) events around cos ~u= 0 do 
not contribute to the asymmetry. 

After these cuts a sample of 3899 x+x - candidates remains which includes 18% background from the following 
sources: 
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- other  x decay modes,  in par t icular  x -  --,n+n-n-n°v~: ( 15.90 + 0.60 + 5.80)%, 
- e+e - annihi la t ion  into hadrons:  (0.72 + 0.13 )%, 
- Bhabha scattering with conver ted  photons:  ( 1.00 + 0.16) %, 
- two-photon reactions: (0.15 + 0.06) %. 

The big systematic  error  on the background from other  tau decay modes  is due to the uncer ta inty  o f  their  
branching ratios. 

The methods  to obta in  these cont r ibut ions  and the influence of  the background on the asymmet ry  measure-  
ment  will be descr ibed below. Fig. l a  shows the three-pion mass  d is t r ibut ion  o f  the selected events where 3887 
events are x candida tes  with m3~ < rn~. The mass d is t r ibu t ion  of  unlike-sign pion pair  combina t ions  (fig. l b )  
shows a clear 9 peak with a combina tor ia l  background which is approximate ly  descr ibed by the like-sign com- 
binat ions.  As shown in our earl ier  analysis [ 10 ] both  the three-pion and two-pion mass spectra are in good 
agreement  with an a~ dominance  in the three-pion final state. 

We now proceed to de te rmine  the par i ty  violat ing asymmet ry  for the selected x candidates .  The expectat ion 
value (8)  as a function o f x  and Q2 is exper imenta l ly  de te rmined  by 
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Fig. 1. ( a )  Three-pion mass distribution for the decay 
x-~n+n-n-v, .  (b) Two-pion mass distribution: Full points: 
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n 
a . . . .  (x, Q2) = n i~=1 - Qi'~i sgn(s, -s2)i ,  (10) 

where the sum runs over all events in an (x, QZ) bin of size Ax=  0.1 and AQZ= 0.165 GeW/c  4. The statistical 
errors of a . . . .  (xj, Qz) are determined as usual from the variance around the mean value. In each (x, Q2) bin 
we determine (cos q/), the average of cos ~u. By averaging over x, the Q2 dependence of the asymmetry is 

A . . . .  ( Q 2 ) :  ~ 1 a . . . .  (xj, Q 2) / ~ 1 (11)  
j=,~ (cos~,) /J=,w~" 

This expression is a weighted average over the x bins for a given Q2 bin. The weights wj are obtained from the 
variances of a . . . .  (x j, Q z) and cos q/in each x bin. The measured asymmetries A . . . .  (Q2) are plotted in figs. 2a 
and 2b for x- and x + decays respectively. The average asymmetries in the interval 0.7 < Q2 < 2.0 GeV2/c 4 are 

(A . . . .  ( x - ) ) = - 0 . 0 6 2 + 0 . 0 2 0 ,  (A . . . .  ( x+ ) )  =0.060+0.019.  

In both cases the experimentally determined asymmetries differ from zero by more than three standard devia- 
tions with signs as expected for standard left-handed v,. 

The measured asymmetries have to be corrected for the dilution due to the background. The corrections were 
determined for each background channel separately from appropriate data samples. 

( 1 ) Other x decay modes, in particular x---.n+n-n-n°v,: The absolute contribution was determined from 
Monte Carlo simulations taking the right composition of subresonances into account. To determine the asym- 
metry for this background channel we used a data sample of 1463 reconstructed x- decays into n+n-n-n°v ,  
where the n o was seen in the detector. The averaged asymmetry determined from the three charged pions yielded 
0.010 + 0.006 whereby z + (0.009 + 0.0075 ) and x- ( - 0.012 + 0.010) decays were combined with a reversed 
sign for the x- asymmetry. 

(2) One-photon annihilation into hadrons: The absolute contribution was determined from Monte Carlo 
simulations normalized to the background above the x mass (1.8 < m3n < 3.0 GeV/c2). The final data sample 
contains 28 qCl events which have an negligible effect on the asymmetry. 

(3) Bhabha scattering with converted photons: This background contribution was studied from data itself 
using events with reconstructed converted photons. An average asymmetry of (9 + 4) × 10- 5 was obtained. 

(4) Two-photon reactions: The rejection of two-photon events was studied by Monte Carlo simulation. From 
the analysis of this background channel we find only six events, which do not contribute to the asymmetry. 

Since the background contributions are found to have vanishing or very small asymmetries, the corrections 
tend to increase the measured asymmetry. Fig. 2c shows the combined background corrected asymmetry A exp 
for x + and x- as a function of Q2. The x- asymmetry enters here with a reversed sign. The combined average 
asymmetry is (A exp) = 0.063 + 0.0155. This measurement establishes parity violation (independent of any 
model) in the x decay ( 1 ) with a significance of four standard deviations. 

In order to determine YAV quantitatively we write according to (8) 

AeXp(Q 2) = YAvA e~(Q 2 ) . (12) 

A exp (QZ) is the observed asymmetry corrected for background. A err(Q2) is the acceptance corrected asymmetry 
function corresponding to A ( Q z ) in ( 9 ) and is obtained by evaluating the integrals in (9) over the acceptance 
volume. The integration is done by Monte Carlo methods including a full simulation of the detector and the 
selection efficiencies. The event generator treated the decays of the z + and x- without correlations. For the 
three-prong decay the matrix element (5) was used, which also contains the asymmetry term. Fig. 3 shows that 
the Q2 dependence of the asymmetry obtained at the generator level is within the statistical uncertainties the 
same as that obtained after including acceptance effects. The Monte Carlo procedure was extensively tested. In 
particular, it was made sure that the derived asymmetry function is proportional to the parameter ?AV chosen 
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Fig. 3. Acceptance corrected asymmetry function Acff(Q 2) 
(crosses). The solid line shows the asymmetry function A ( Q2 ) 
as predicted by Kfihn and Wagner which was used as input for 
the detector simulation. 

for the event generation. From these studies and from the experimental tests in connection with the background 
determination we conclude that detector effects cannot fake an asymmetry. A fit of  ( 12 ) to the distribution in 
fig. 2c yields 7AV = 1.14 + 0.34. This is consistent with the value 7AV= + 1 expected for pure V - A  coupling at the 
leptonic x--v~ vertex. In the Kfihn-Wagner  model with only gA and gv as coupling constants our result deter- 
mines the v~ helicity to be, at least preferentially, negative. Note that even an assumed finite v~ mass of  35 MeV/  
c 2 which corresponds to the best experimental 95% CL upper limit [ 12] yields less than 0.75% admixture of  
right-handed v~ in the V - A  interaction. 

The systematic error o f  YAv is completely dominated by the theoretical uncertainties arising from the not-well- 
known D-wave contribution to the ai- ~pOn-  decay. Following Feindt we estimate the theoretical uncertainty 
for 7AV to be -15o~ ÷ 3o~ depending on the relative sign between S- and D-wave. Our result on YAV is 

2gAgv = 1 . 1 4 + 0  "14+0"34 )'AV-- g2 v + g 2  --' -0.17 • 

This uncertainty will be substantially decreased by a partial wave analysis o f  the three-pion final state. 
In summary,  we have for the first time measured parity violation in x decays using the decay T- ~a i -  ( 1270)vs. 

We found the v~ to be a left-handed particle and the 9~ to be right-handed both with a significance o f  more than 
three standard deviations, the combined significance being four standard deviations. The measured value for 
the product  of  the axial and vector coupling constants, YAV= 1.14 + 0.34_+°134, is in good agreement with the V - A  
theory. This result supports e-lx-X lepton universality. 
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