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Using the ARGUS detector at the e*e~ storage ring DORIS 11, we have observed the decayt~ »n - n~n~n*xn™* 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 m(v,.) <35 MeV/c? at the 95% confidence level. The branching ratio for this decay channel is found to be

(0.064+0.023£0.01)%.

Leptons are believed to be elementary particles. For
the electron and muon, and their associated neutri-
nos, this is a well-tested hypothesis. However, for the
tau and tau-neutrino the experimental measure-
ments are considerably less stringent. In particular,
improved constraints on the mass of the tau-neutrino
would be welcome. Previous limits have been de-
rived from either (a) studies of the energy spectrum
of leptonic tau-decays [ 1], or the decays 1~ - ~v, #!
[2],and T~ >n~n~®n*v, [3,4], or (b) the invariant
mass distribution at the phase-space limit of the had-
rons in the decays 1 —»n-n-n*n°v, [5], 17—
K*K-n-v, [6], 1-»2n*3n~v, [7,8] and 77—
2t 3n %, {7]. The best limit [3] is 70 MeV/c?
at the 95% confidence level. In this paper we report a
new upper limit obtained from a study of the 57 in-
variant mass distribution in the decay 1t~ —
AT A A AL A VIR

The study was performed using the ARGUS detec-
tor at the electron~positron storage ring DORIS II.
Data were collected at centre-of-mass energies be-
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#I References in this paper to a specific charged state are to be
interpreted as also implying the charge conjugate state.
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tween 9.4 GeV and 10.6 GeV, and correspond, for
this analysis to an integrated luminosity of 197 pb—!.
The detector, its trigger and particle identification
capabilities are discussed in ref. [9]. A search was
made for tau-pair events, corresponding to the com-
bination of decays

ete-— tttT — ar nntnty,
= et vV, utv, v, ntv, or Ky,

. (1)

which leads to a final state with six charged particles
and no photons. A preselection of events was first
made using the following cuts:

— six charged particles originating from the main
vertex,

— total charge zero,

— transverse momentum of each charged particle,
pr>0.06 GeV/e,

- no photon with an energy E,>0.08 GeV detected
in the electromagnetic calorimeter. The tau-pairs are
produced back-to-back, and with sufficient boost so
that their decay products are typically in opposite
hemispheres. This characteristic 1 versus 5 topology
was selected by requiring the angle €, between one
prong and the remaining 5 pions satisfy
cosf,,<—-0.3,i=2,3,..,6.

These cuts reduce the event sample from about 2
million multihadron events to just 224 events. Back-
grounds still remain from two-photon and gg-inter-
actions, as well as from doubly radiative brems-
strahlung events where both photons converted. In
addition, some small fraction of events containing
other tau-decay modes, such as 1~ »n~n~n* nlv,,
also pass these cuts. A detailed study of events inside
and outside the normal vertex fiducial volume showed
the contributions from beam-gas and beam-wall
events to be negligible.

To reject the doubly radiative Bhabha events, the
following additional cuts were applied:

— invariant mass of opposite charged pairs, assumed
to be electrons, greater than 0.1 GeV/c?,

- opening angle between same-sign charged pairs to
cos . . <0.996.
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Fig. 1. Single-prong momentum versus 5& mass: (a) data, (b) g@ Monte Carlo, (c) t Monte Carlo and (d) yy Monte Carlo. The solid
line corresponds to the cut described in the text. Events above this line are rejected.

In fig. 1a the momentum of the single particle is
plotted versus the invariant mass of the five-prong,
for the selected events. Monte Carlo studies of qg
events (fig. 1b) and two-photon interactions (fig. 1d)
demonstrate that an appreciable amount of this
background is rejected by the cut indicated in fig. 1a,
while most of the tau-pair events pass this cut (fig.
Ic). In order to reject the remaining background
events we exploit the fact that for tau-decays the
missing momentum is large. Therefore the following
further cuts were applied:

— direction of the missing momentum of the event
must point into the barrel region to ensure a good de-
tection efficiency: cos 8( P, ) | <0.8,

- missing momentum must be larger than 1.7 GeV/c:
| Poiss| > 1.7 GeV/e.

These requirements effectively limit the total
transverse momentum of the detected particles to
Pr>1 GeV/c and eliminate two-photon, as well as
initial-state radiation events, both of which typically
have missing momentum along the beam tube.

The resulting invariant mass spectrum of the 5
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 5t mass spectrum after all cuts. The solid curve
corresponds to the expected shape of a pure phase-space decay
with m(v.) =0 MeV/c2. The dashed curve corresponds to the ex-
pected shape of a pure phase-space decay with m(v,) =70 MeV/c2
Underneath, the mass and error on mass for every event are
shown. The t- mass is indicated by the solid line.

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

ete” — etey

+,—

€€

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:

+a—

€

vyete~

t 3n*t3n~, 3x*3n~n’, 2nt 20, 2nAC .
K*2rn*3n-K?, 2rn+2n~ KK

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

In addition, the contribution of the decay 1~ —
n-n n*n’v,, where the n° 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~ —qq interactions were studied using
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the Lund fragmentation model as an event generator
[10]. As can be seen in fig. 1b, not all of the gg-events
are removed by the cut indicated by the full line. After
all requirements described above, 3 out of 2Xx 10°
generated events survived. The five-prong mass of the
events is m(5n)>2.3 GeV/c?, 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 | event [11].

The upper limit of the tau-neutrino was deter-
mined by a maximum likelihood method, which con-
sidered the mass resolution of each event, the
expected mass distribution of the 5 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 convolution 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-
tribution with a typical width of about 20 MeV/c? (fig.
2). Both a simple phase-space model, and a phase-
space distribution weighted by a weak matrix ele-
ment [13], were used to describe the 5w invariant
mass distribution (fig. 2). However, the result does
not depend on which model is used, because the limit
is more sensitive to the shift in the kinematical
threshold due to a finite tau-neutrino mass than to
the actual shape of the distribution. By this means,
we find an upper limit on the tau-neutrino mass of 25
MeV/c? at the 95% confidence level. Possible sources
of systematic error are added in quadrature, includ-
ing underestimation of the mass resolution, uncer-
tainty in the momentum scale and uncertainty in the
tau-mass [14,15]. To consider uncertainties of the
background simulation we decided to remove the
event with the highest St mass from the sample ana-
lysed and hence arrive at a conservative upper limit
of 35 MeV/c? at 95% confidence level, well below the
best existing bound of 70 MeV/c? [3].

In addition, we have used the sample to determine
the Dbranching ratio for the decay 17—
n-n-n-ntntv,. For this measurement, further
background contribution from the decays

1~ -3t 3n nv,;andt” -K* Kov,

must be considered. These backgrounds have been
determined by a Monte Carlo calculation, using the
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measured branching ratios [ 16,6] for these channels

[11],tobe 1 £ 1 and 0.14 £ 0.14 events, respectively.
The branching ratio for the decay 1~ —

n-n-n-ntn T v, isthen given by

"~ 2N,.Br(1~ >single prong) €nayed €cut

Br (2)
where N is the observed number of 5t decays after
subtraction of background and N, is the number of
tau-pairs produced. The branching ratio for one-prong
tau-decays, Br(t ~ —single prong), includes a correc-
tion for the feeddown of single-prong tau-decays con-
taining n%s. Using average branching ratios given in
ref. [15], this has been determined to be
(48.9%1.4)%. The efficiency, €pyeq, accounting for
the loss of events introduced by noise in the calorim-
eter due to the requirement that there be no photon
with E,>0.08 GeV, has been determined from an
analysis of cosmic-ray eventsto be (91.6 £ 1.0)%. The
efficiency for the combination of decays in eq. (1) to
pass all selection cuts, €., was determined to be
(9.1£0.634+0.9)%. Using these values, we find a
branching ratio of

Br(t"-»n " n n ntntv,)
=(0.064+0.02310.01)% .

This in good agreement with the present world aver-
sage [15] (0.07£0.03)%.

In summary we have obtained an improved upper
limit of m(v,) <35 MeV/c? at the 95% confidence
level. In comparing limits on the tau- and ¢lectron-
neutrino masses, one can use the following proposed
relation [17]:

m(v.)/m(ve) = m*(t)/m?(e) , (3)

with the implication that present attempts to deter-
mine the tau-neutrino mass already reach about the
same sensitivity to new physics as that derived from
electron-neutrino-mass experiments [ 18]. Using this
model, this new limit of 35 MeV/c? corresponds to
an electron-neutrino-mass upper limit of about 3
eV/c?, well below the existing limit of 18 eV/c? [18].
The measured branching ratio, (0.064%+0.023
10.01)%, agrees with the value determined by other
groups [15].
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