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With the CLEO-II detector at the Cornell Electron Storage Ring, we have measured branching frac-
tions for tau lepton decay into one-prong final states with multiple z 's, BI,„„0,normalized to the branch-
ing fraction for tau decay into one charged particle and a single n We find B. »„o/8„0
=0.345 ~ 0.006 ~ 0.0 I 6, B„, o/B„„o=0.04 I +' 0.003 ~ 0.005, and B&4„0/B& o =0.006 ~ 0.002 ~ 0.002.
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The existing data for branching ratios of tau decays to
final states containing multiple z s are relatively impre-
cise [1]. Improved measurements are essential to help
resolve the long-standing "one-prong problem" in tau de-
cays [2,3], wherein exclusive modes fail to saturate the
inclusive one-charged-particle decay width. In this Let-
ter, we present precise measurements of the branching
fractions B&„,0= B(r—— h —nn v, ) for n =2 and 3, and
the first measurement of 8(r — h —4x v, ), where h-
represents a charged hadron (x —or K —). We normal-
ize these branching fractions to 8(r — h —x v, ), since
many systematic errors are common to both measure-
ments and will largely cancel in their ratio.

The data were recorded using the CLEO-II detector at
the Cornell Electron Storage Ring (CESR). CLEO-II is

a solenoidal-magnet spectrometer and electromagnetic
calorimeter [4]. Reconstruction of multiple n yy de-
cays is made possible by the high efficiency, excellent en-

ergy resolution, and fine segmentation of the calorimeter,
which consists of 7800 CsI(Tl) crystals located inside the
magnet. The data sample is obtained from e+e col-
lisions at a center-of-mass energy E, —10.6 GeV, with
an integrated luminosity of 670 pb ', corresponding to
—610000 produced z + z pairs.

To study multi-n z decays, we identify the decay of
the recoiling ("tag") r. In this Letter, we describe two
independent analyses: one using leptonic (evv, p vv) tags;
and one using three-prong (3h —[x ]v) tags. We select
events with 1-1 and 1-3 charged-track topologies and zero
net charge. The opening angle between the charged
tracks in the 1-1 topology must exceed 90; 1-3 events
are divided into two hemispheres by the plane perpendic-
ular to the highest momentum track. Only one track may
have more than 85% of the beam momentum, and at least
two tracks must project back to the e+e interaction
point. For leptonic (three-prong) tags, the total energy
deposited in the calorimeter must be less than 0.85E,
(0.75E, ), and the total visible energy E„,must exceed
0.2E, (0.3E,~ ), assuming all observed charged parti-
cles to be pions.

We identify electrons above 0.5 GeV/c using energy
measurements from the calorimeter and momentum and
specific ionization measurements from the tracking sys-
tem. Muons above 1.0 GeV/c are identified by projecting
tracks to hits in proportional tubes behind at least three
absorption lengths of iron. We reject QED backgrounds
to lepton tags by requiring the missing momentum to
point into the detector, the net transverse momentum of
the tracks to be above 200 MeV/c, and the ratio of the
vector to scalar sum of the charged-track momenta to
exceed 0.05.

For three-prong-tagged events, we reduce hadronic
(e+e qq) background by requiring that the three-
prong hemisphere contain no more than two photons (as
defined below), that the missing mass, [(E, —E„;,)—p„;,] ', be between 0.5 and 7.0 GeV/c, and that the
invariant mass of all detected particles in each hemi-

sphere be less than 1.7 GeV/c . The net momentum in

each hemisphere must also point into the barrel region
(defined below). We reject radiative Bhabha events with
converted photons by allowing no more than one
identified electron.

Photons are formed from clusters of crystal hits in the
barrel (~coso~ & 0.80) and end cap (0.80 & ~coso~ & 0.95)
regions of the calorimeter, where 0 is the angle with
respect to the beam axis. We ignore clusters due to
charged-particle interactions. For lepton tags, we also ig-
nore those lying within 20 of the lepton s initial direc-
tion. We form x 's using only barrel photons with energy
E~& 60 MeV. For lepton-tagged z h —4z v, decays,
we also use those with 30 & E~& 60 MeV to improve the
acceptance. In the three-prong analysis, we use photons
in the signal (one-prong) hemisphere only; for lepton
tags, the angle between paired photons may be as large as
135', but the z momentum must lie in the charged had-
ron hemisphere, and at least one photon must have
E~) 80 MeV. These requirements minimize confusion
from photons associated with the tag tau, and from low-
energy clusters arising from beam-related processes unre-
lated to the tau pair.

To suppress contamination from other tau decays, the
energy of any unused barrel photon may not exceed 100
(60) MeV in the lepton- (three-prong-) tagged analysis.
Since we do not form z 's from endcap photons (because
of poorer resolution and larger backgrounds), we veto
events with appreciable energy deposition there.

In Fig. 1 we demonstrate the reconstruction of multiple
x 's by plotting the invariant mass of one pair of photons
versus that of a second pair. In the 3- and 4-z cases, the
remaining photon pair(s) must reconstruct to the
mass, and plots from corresponding sideband regions have
been subtracted to account for incorrect pairings of the
remaining photons.

To extract the numbers of signal events, for each z
multiplicity hypothesis we select that combination of

candidates with the smallest nz chi-square, g„o
=g,". =~(m; —m 0) /cr, . Here m; is the effective mass of

the two photons forming the ith n candidate, and a . is
the uncertainty on m; (typically 6-8 MeV/c ) based on
measured angular and energy resolutions of the calorime-
ter. In Fig. 2(a) we plot m» for lepton-tagged events
with two photons after this selection; we define the signal
region to be ~m» —m 0~ &4o . In Figs. 2(b)-2(d) we
plot the reduced g„o for the 2-, 3-, and 4-z lepton-
tagged data (points) and Monte Carlo (solid) samples,
with arrows indicating locations of cuts [5]. The numbers
of events in each sample are given in Table I. The
x —(n~ ) invariant mass spectra for events from all tags
are shown in Fig. 3.

The final samples contain background from several
sources. We evaluate the contamination from events in
which unrelated photons form a x (f 0), from the tails of
the g distributions [6]. After accounting for f 0, residual
hadronic background (fq) in the lepton-tagged sample is
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TABLE I. Numbers of events, background fractions, relative detection efficiencies, and
branching ratios for the n-n candidate samples in the electron, muon, and three-prong-tagged
analyses. Errors are statistical only.

Mode

(x) Tag Events

Backgrounds (%)

f.o f» f.

Relative
efficiency

(%) a(r- x)
B(r h —rrov)

h —z'v
3h

h —3z'v

h —4z v

e

p
3h
e

p
3h

h —2nov p
3h

8935
7470
8511
1639
1434
1561
111
100
95
9
12
4

2.2 ~ 0. 1

2.3 ~ 0. 1

2.0+ 0. 1

4. 1 ~0.3
3.7 ~ 0.3
2.9+ 0.2
11+ 2
11~2
14+ 2
14+ 6
15+ 6
45~27

& 0. 1

& 0. 1

2.6 + 0. 1

& 0.4'
& 1.0

5. 1 ~ 0.4
&6
&6

22&3
&10
&10
&45

43&
4.6 ~
34&
3.6 ~
4.4 +
3.0 +

12.4 ~
1 1.4 +
6.6+
5.7 ~
4.3 +

6~

0. 1 100
0.2 100
0.2 100
0.2 53.8+ 0.8
0.3 53.3 ~ 0.8
0.2 51.2 ~ 0.7
1.7 25.4 w 0.9
1.7 27.0 ~ 1.0
1.2 19.5 ~ 0.8
3.2 16.8+ 1.1

2.3 18.9 ~ 1.3
6 6.3 ~ 0.9

1

1

1

0.336 ~ 0.011
0.356 ~ 0.012
0.347+ 0.011
0.041+ 0.004
0.042 w 0.005
0.039 ~ 0.007
0.005 ~ 0.002
0.007 ~ 0.003(0.012(90% C.L.)

TABLE II. Relative probabilities of detecting the modes un-
der study. Errors are statistical only. Decay modes with small
branching ratios are not shown.

Input
decay
mode h —x'v

Relative efficiency (%)
for detection as

h —2+v h —3z v h —4x'v

and background contributions listed in Table I. Since the
ratios of the multi-z branching fractions enter explicitly
in the estimate of f„we iterate until consistency is

reached [11]. The final column of Table I lists the result-
ing ratios of branching fractions.

The dominant source of systematic uncertainty in both
leptonic- and three-prong-tagged analyses is the nz-
finding e%ciency. The uncertainty in this eSciency arises
from possible deficiencies in the Monte Carlo simulation
of photon and hadronic interactions in the calorimeter.
The modeling of the calorimeter response to photons is
studied using well-measured physical processes such as
Bhabha scattering. We determine the overall uncertainty
by varying the energy, angle, and multiplicity require-
ments imposed on photons. We also check the z -finding
eSciency by performing a semi-inclusive analysis of
BI,2 o/Bi, o (Bi,3 o/Bl, o) in which we compare the Monte
Carlo and data energy spectra of unused photons in

events in which one (two) rr 's have been reconstructed.
We estimate z reconstruction uncertainties of 4.1%,
8.1%, and 30% for the 2-, 3-, and 4-z results.

The error due to the z signal extraction method is es-

timated by comparing results from n-dimensional side-
band subtractions and the g method, and also by consid-
ering all z combinations instead of only the "best" one.
Uncertainties in modeling the trigger efficiency are in-
ferred from the data, comparing parallel trigger streams
with difterent energy and tracking requirements. Sys-
tematic errors in the hadronic background subtraction are
obtained from studies of (hadron-dominated) 3-3 topolo-

gy events selected with the same criteria as the 1-3
events. The z background subtraction is studied by vary-
ing the input branching ratios used in the z Monte Carlo
simulation over a range permitted by existing data [1].
For BI,3 o/Bl„o, significant contributions to the systematic
error arise from signal extraction (5.5%) and r back-
ground (5.0%).

The results from the diferent tags are averaged,
weighted by statistical and independent systematic errors
added in quadrature. Errors due to signal extraction, x
reconstruction, and f, are common errors, and we add
them in quadrature with the independent systematic
errors. We obtain B&2 o/Bh o =0.345+ 0.006 ~ 0.016,
B1,3 o/Bi„o =0.041+ 0.003 ~ 0.005, and Bi,4 o//BI, o

=0.006 ~ 0.002 ~0.002, where the first error is statisti-
cal and the second systematic.

Using the world-average value [1] of Bl, o = (23.8
~0.8)%, we infer absolute branching fractions:

Bi,2,o = (8.2 1 + 0. 1 5 ~ 0.38 +.0.28 )%,

Bi,3 o = (0.98 +' 0.07 ~ 0.12 ~ 0.03)%,
and

h —v

h —2z'v
h —3x'v
h —4z v

0.1+ 0. 1

100
11.4 ~ 0.4
1.2 ~ 0.3

& 0.2

& 0. 1

0.4 ~ 0.2
100

17.8 ~ 1.2
4.0+.0.7

& 0.3
& 0.3

0.5 ~ 0.3
100

28.0 ~ 4.0

& 0.4
& 0.4
& 0.4

1.1 ~ 0.7
100

Bi,4 o = (0. 1 5 ~ 0.04 ~ 0.05 +' 0.01 )%,
where the last uncertainty reflects that of 8& o. These re-
sults are consistent with (and more precise than) present
world averages. They are all lower than the world aver-
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ages, however, supporting the existence of the "one-prong
problem" [12]. In particular, the r h —2x v, result is

markedly lower than that from several recent experiments
[13,14]. The branching fractions for the h —3x v and
h —4x v modes are consistent with theoretical expecta-
tions from CVC (conserved-vector-current hypothesis)
and isospin [3,15].
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