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Abstract

We use a data sample of 2.8 million produced r-pair events, obtained with
the CLEO II detector, to measure B(r~ — hA~h*h=(x%)v,), where h refers
to either a charged  or K. These branching fractions are measured with
samples of lepton-tagged and 3 vs. 3 events. We find B(t~ — h=h*h~v,) =
0.0951+0.0007+0.0020 and B(7~ — h~hth= 7%, ) = 0.0423+0.0006+0.0022.
We also measure B(r~ — wh™v,) = 0.0195 + 0.0007 + 0.0011.
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During the past few years, a consistent picture of tau decays has emerged, particularly
for decays to a single charged particle; however, discrepancies remain among measurements
with three charged particles in the final state. In particular, there is a large variation
among previous measurements of B(r — 3h*v,), where h refers to either a 7 or K; results
range from 0.06 to 0.10, with uncertainties less than 0.01 [1]. This decay is dominated by
T — 3rtwy,, proceeding predominantly through the a; resonance {1]. The branching fraction
of the charged a, is constrained by isospin to be the same (except for small phase-space
corrections) for the 37* and 7*27% decay modes. A precise test of the equivalence of these
two modes tests these expectations.

Though previous measurements of B(r — 3h*7%.) have been in reasonable agreement,
they are not very precise. Most of these used photon counting rather than 7° reconstruction
and thus are more sensitive to unexpected feed-across backgrounds, such as the recently
measured 7 — 3h27%, decay mode [2]. Since the 7 — 3h7%v, mode proceeds through the
vector current, e¥e~ — 4n data and the conserved-vector-current (CVC) hypothesis have
been used to predict a branching fraction for this decay {3] [4]. The fraction of the 47 state
which proceeds through wr also has been predicted with CVC [4].

We employ two methods to measure the branching fractions B(1 — 3k*v,) and B(1 —
3h%7x%.,), using tau pairs produced in the reaction ete™ — 7+77. In the first method, we
select a sample, denoted ¢-3h (£-3hx®), in which one 7 is required to decay via 7 — fvi
and the other via 7 — 3h*v, (1 — 3h*x%,). This method has the advantage that the
background from ¢g events (ete™ — ¢g, ¢ = udsc) is quite low. In the second approach, we
select events in which both 7’s decay to three charged tracks, with the samples denoted 3h-3h
and 3h-3h7°. The method for the 3h-3h analysis has not been used previously and is possible
only with a very large data sample. There are two main advantages: many systematic errors
are reduced by a factor of two since one measures the square of the branching fraction; and
the technique is independent of direct knowledge of any other 7 decay modes. We measure
B(r — 3h*7%,) with the 3h-3h7° sample, since the sample with 7°'s in both hemispheres
is small.

The data used in this analysis have been collected with the CLEO II detector (5], oper-
ating at a center-of-mass energy, E.m=10.6 GeV at the ete~ Cornell Electron Storage Ring.
The total integrated luminosity of the sample is 3.0 fb~!, corresponding to 2.8 x10® r-pairs.
CLEO Il is a general purpose spectrometer. Showers are reconstructed from energy de-
posited in a 7800-crystal CsI(T1) calorimeter, and charged particles are measured with three
cylindrical drift chambers inside a 1.5-T superconducting solenoidal magnet. Electrons are
identified from specific-ionization (dE/dz) information from the main drift chamber and
energy deposited in the calorimeter. Muons are identified with proportional-tube muon
chambers embedded in the magnet return iron.

Events are selected for the £-3h (3h-3h) analysis by requiring four (six) charged tracks.
The event is divided into hemispheres by the charged-particle thrust axis; leptons are re-
quired to be at least 90° from each of the 3-prong tracks. The net charge in each hemisphere
is required to be +1 and the total charge of the event must be zero. For each track, we
require the polar angle 6 to lie in the central region of the detector, | cos 8] < 0.81, and the
momentum to be greater than 0.05Ey, where Ey, is the beam energy. To suppress secondary
decays such as Ks — =7, we veto events if there are any tracks which miss the interac-
tion point by more than 15 mm in the plane normal to the beams. We reject events if an



identified electron, when paired with another track, is consistent with arising from a photon
conversion.

We suppress ¢¢ background and feed-across from other decay modes by vetoing events
with calorimeter showers which have energy greater than 100 MeV, are more than 30 cm from
the nearest hadronic charged track and have a lateral profile consistent with that of photons.
Events containing showers with energy greater than 800 MeV are rejected regardless of the
shower location and shape. For the ¢-3h (3h-3h) analysis, background from ¢¢ events is
reduced further by requiring 37 invariant masses to be less than 1.777 (1.50) GeV. We
remove contamination to the {-3h sample from radiative u-pair and Bhabha events with a
photon conversion by vetoing events for which the scalar sum of the momenta of the three
hadron tracks exceeds 0.95F,. To reject 2-photon background, we require that the polar
angle of the missing momentum satisfy | cos Onis| < 0.90(0.98) for the £-3h (3h-3h) sample,
and for the 3h-3h analysis we require the scalar sum of the momenta of the six tracks to be
at least 0.45F,.

The requirements for the 3h7°® analyses are the same except: we omit the last three
mentioned above, since QED backgrounds are insignificant; for the 3h-3hn° analysis we make
a 3w (47) mass cut of 1.5 (1.7) GeV; the energetic-shower veto is applied only after forming
7% candidates. These 7° candidates are formed from the two most energetic photons with
energy greater than 50 MeV and |cos 8| < 0.71. In Fig. 1 we show the normalized deviation
from the 7° mass for 7° candidates from the £-3h7° analysis. This quantity, in contrast
with m., itself, is independent of the energy of the photons. We select 7%’s and statistically
remove fake 7%s by using the signal and sideband regions indicated in the figure.
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FIG. 1. Normalized mass of ° candidates for the £-3hx? analysis. Points are data and his-
togram is MC. Signal and sideband regions are indicated by arrows.

Tagging leptons must satisfy: |cosd| < 0.71, p. > 0.10Ep and p, > 0.26E,. Muons
are required to penetrate at least 3 interaction lengths of iron and electrons to have dF/dz



within 20 of the expected value and Eq/p > 0.85, where Eg, is the energy of the calorimeter
shower matched to the track. The lepton-identification efficiency is measured with radiative
Bhabha and p-pair events. The hadron-misidentification probabilities are measured with
independent 7 data samples. Based on this, we determine that the final 3h (3h7?) sample
contains 0.35 + 0.03% (0.44 + 0.06%) fake tag electrons and 4.5 + 0.1% (4.4 & 0.3%) fake
muons.

To determine the efficiencies of the analyses and to estimate the amount of 7 feed-across
and non-7 backgrounds, we have generated samples of 7-pair, ¢g, and T(4S) using Monte
Carlo (MC) techniques. For 7-pairs we use the KORALB generator [6], for ¢§ events the Lund
generator [7], and for T(4S) events the CLEO QQ generator [8], which is appropriate for
threshold production. The GEANT code [9] is used to simulate the detector response.

We find agreement between data and MC for all variables which are used in the analyses.
The 37 masses for the two analyses are shown in Fig. 2, with MC histograms normalized to
the measured branching fractions.
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FIG. 2. The mass for 3h candidates, assuming ms = my, for (a) the ¢-3h analysis; and (b) the
3h-3h analysis (2 entries/event). We show data (points with error bars), signal plus background
MC (solid line) and background MC (dashed line). Arrows indicate the location of cuts.

In Table | we summarize information for each analysis: the number of data events (Na),
the fraction of 7 (f7) and non-7 ( 77) backgrounds and the efficiency (¢). Errors in the
backgrounds and efficiency include systematic errors as discussed below.

For the 3h-3h (3h-3h7°) analysis, we estimate the amount of q§ background from MC,
scaled by 1.240.2 (1.1 £0.1) to agree with data in regions where ¢ background dominates.
We estimate 2-photon background from distributions sensitive to this background and T(4S5)
background from MC and find that both are negligible. For the lepton-tag analysis, we find
that q¢ backgrounds are small, as is evident from the region above m, in Fig. 2a, and all
other non-tau backgrounds are negligible.



TABLE I. Summary of the numbers of observed events, background fractions and efficiencies.

Sample Ny (%) R (%) (%)

e-3h 18815 7.5+02 02+£0.2 200+04
p-3h 13985 12.8+0.2 03+03 144103
3h-3h 4877 168+13 65+1.3 1481+04
e-3hn° 3227 45+04 031+03 79x03
p-3hr® 2335 103+04 07£07 56+02
3h-3hn® 1681 13.6+0.6 123+14 54406

The largest backgrounds are from feed-across of other r decays, which we calculate
with our measured branching fractions and those from a recent review {11]. Feed-across is
dominated by modes with an extra 7% 3Ax° and 3h27°, depending on analysis and tag
method. Uncertainties in f; are estimated by comparing MC and data in regions where
feed-across background is large. The lepton-fake contributions are included in the feed-

across background.
We calculate branching fractions from

N - -R)

Banro) = 20, L e B,
32 _ Nd(l_ gq—_—fl;r)
3h — o Le
B 0=Nd(1_ :q__be)
3hr 20},-[:653},

(€ — 3h(x®))
(3h — 3h)
(3h — 3hn0),

where o, is the radiatively-corrected 7-pair cross section and £ the integrated luminosity.
We determine o,, and C, each with a precision of 1%, by using, respectively, KORALB, and

events from the processes ete”

— ete™, ete™ — yv and ete” — ptu~ [10]. For the

leptonic branching fractions, B,, we use world averages from Ref. [12]. Branching fraction

results are given in Table II.

TABLE II. Summary of branching fraction measurements.

Sample B(t — 3h*v,) B(r — 3h*7%;)

e-tag 0.0951 + 0.0008 + 0.0029 0.0424 £ 0.0008 £ 0.0021
p-tag 0.0948 + 0.0008 + 0.0031 0.0417 £ 0.0010 % 0.0021
3-3 0.0952 + 0.0009 + 0.0021 0.0439 £ 0.0017 £ 0.0033

Combined 0.0951 + 0.0007 + 0.0020

0.0423 + 0.0006 £ 0.0022

We have considered many contributions to the systematic errors, as summarized in Ta-
ble I1I. Uncertainty in the absolute tracking efficiency is estimated by studying a sample of
events with a lepton and at least two additional tracks. These are predominantly €-3h(m®)
events. We successfully reconstruct the fourth track in 97% of the events, but the recon-
struction efficiency is larger in the MC than in the data by 0.4 £ 0.2%. We correct for
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this difference, though we conservatively assign a systematic error of 0.4%/track, since the
origin of the difference is not fully understood. The 7-background systematic error includes
uncertainty in the branching fractions of feed-across modes and also the Knn and KK~
signal since ¢ i1s ~15% larger for these modes. Uncertainty in ¢ is determined by varying all
selection criteria and adding in quadrature estimates of the individual variations. The un-
certainty in 7° reconstruction efficiency is found by variation of the 7 criteria and includes
uncertainty in the probability for photon-conversions.

TABLE III. Fractional systematic errors for the measured B’s (%).

Source 3h 3hn
e-tag p-tag 3-3 e-tag p-tag 3-37°
Luminosity 1.0 1.0 05 1.0 1.0 1.0

Tau cross section 1.0 1.0 05 1.0 1.0 1.0
Tracking efficiency 1.6 16 12 16 1.6 1.2
Non-7 backgrounds 0.6 04 07 04 08 2.0

7 backgrounds 02 02 08 04 04 0.8
Efficiency 2.2 22 13 33 33 5.6
MC statistics 0.4 05 04 10 1.2 1.5
Lepton ID 02 08 - 02 08 -

Tag B 0.5 0.5 - 0.5 0.5 2.3
79 reconstruction - - - 30 30 3.0
Total 3.1 33 22 50 5.2 7.1

To determine the combined results, shown in Table II, we form a weighted average,
where the weights are calculated from the statistical and systematic errors, taking into
account correlations. The correlated systematic errors are typically somewhat larger than the
uncorrelated errors. The weights are 0.24 (0.76) for the combined ¢-3h (3h-3h) measurement
and 0.88 (0.12) for the £-3h7w° (3h-3hx°) analysis.

We also explore the spectral function [13] and the ww component of the 3hx? final state,
where interference with the prm components is relatively unimportant. In Fig. 3a, we plot
the mass of the two 7+ 7~ 7° combinations for the ¢-3hx® sample. The solid curve is a fit to
the data with a MC signal shape and a quadratic background function. From the fit result of
9223 + 74 signal events, we find the fraction of all 3hx°® decays which come from an wh final
state to be 0.412+0.014+0.015. The systematic error comprises 2% from uncertainties in the
spectral function and 3% from variations of the fitting method, including uncertainties in the
Breit-Wigner shape used in KORALB. Most other systematic errors cancel in this ratio. Using
the ¢-3h7° result for B(r — 3h%*7%,) from Table II and accounting for B(w — ntn—x0)
[1], we find B(r — whv,) = 0.0195 & 0.0007 £ 0.0011. This result is in agreement with,
but considerably more precise than, previous measurements [1], and also in agreement with
the CVC prediction, 0.0179 + 0.0014 [4]. In Fig. 3b, for the 3hx® final state and the wh
component, we show data histograms of the spectral function

‘I'rl8 1 Bah,ro 1 ij_V_

T

= 12r|[V|? F(m) B. Ndm'’

v(m)
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FIG. 3. (a) Invariant mass of #*r~ 7% combinations (2 entries/event) with the fit (solid his-
togram) to a MC w signal shape and quadratic background function (dashed curve). (b) Calculated
spectral function for the 3hx? final state (open squares) along with the wm component (open cir-
cles). The corresponding spectral functions derived from low-energy ete™ data are shown with
solid and dashed histograms, respectively.

where m is the 41 mass, F(m) = m - (m? — m?)}(m? + 2m?), the quark-mixing matrix
element V.4 is taken from Ref. 1], and dN/dm is the background- and efficiency-corrected
mass distribution for the data. Also shown in this figure are the spectral functions derived
from ete~ — 4 data (see Ref. [4]). The agreement between our measurements and this
ete~ data is good, as expected from CVC, except above 1.4 GeV for the wh component.
The CVC data in this region are dominated by measurements from the DM2 collaboration

[14].

In conclusion, we have measured

B(r — 3h*v.) = 0.0951 % 0.0007 + 0.0020
B(r — 3h*n%v,) = 0.0423 + 0.0006 + 0.0022.

The measurement for the 3k decay is larger, by 4.0 standard deviations, than that in a recent
ARGUS publication {15], but in agreement with recent reports from LEP [16]. Subtracting
the K7 and K K7 modes {11} from this result yields 0.0891 + 0.0024, in good agreement
with the world average for 7 — 727%,, 0.0909 + 0.0014. Our measurement for the 3hx®
decay is more precise and smaller than previous measurements but in good agreement with
the CVC prediction, 0.042 + 0.003 [4]. Since our data indicate that decays with more
than 27%’s are negligible, we determine the total 3-prong branching fraction to be B3 =
0.1422 + 0.0010 + 0.0037, by combining these 3k and 3hn° measurements with the CLEO
measurement for the + — 3h¥27%, decay [2]. All results in this paper exclude contributions
from known decay modes involving K® mesons and assume that decays not included in
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Ref. {11] are negligible. This value of Bj is in good agreement with other recent measurements
and the world average, B; = 0.1432 £ 0.0027 [1].
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