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Abstract

The branching fractions for the five-charged-particle decays of the 7 lep-
ton have been measured in ete™ annihilations using the CLEO II detec-
tor at CESR. Assuming all charged particles to be pions, the results are
B(3x~2x* > 0 neutrals ;) = (0.097 £ 0.005 £ 0.011)%, B(3x"2xty,) =
(0.077 £ 0.005 + 0.009)%, B(3x2x*x%,) = (0.019 + 0.004 £ 0.004)%, and
B(3x~2x+2x%;,) < 0.011% at the 90%CL. B(3x~2x*x%,) is measured for
the first time by exclusive x° reconstruction. The results are compared with
the predictions from PCAC and CVC assuming isospin invariance.
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The decay of the T lepton provides a test of the Standard Model prediction of the hadronic
weak current. The branching fraction into the five-pion final state can be calculated using
current algebra and the partially conserved-axial-current hypothesis (PCAC). [1] The six-
pion branching fraction is related to the e*e™ cross section for the production of six pions by
the conserved-vector-current hypothesis (CVC). A measurement of this branching fraction
tests the absolute prediction of CVC while the shape of the six-pion mass spectrum tests
CVC as a function of @ (= M2,). The branching fractions for the five-charged-particle final
states have been measured previously with limited statistics. [2] Presented in this Letter is a
new result on the inclusive five-charged-particle decay with the assumption that all charged
particles are pions. Also included are measurements of the exclusive branching fractions for
the decays (3] 7~ — 3x~2xty, and 7~ — 37~ 2x*x°, with much improved precision. The
first limit on the decay 7~ — 3x~2x+2x%, is also presented.

The data used in this analysis have been collected from e* e~ collisions at a center-of-mass
energy of v/ ~ 10.6 GeV using the CLEO II detector {4] at the Cornell Electron Storage
Ring (CESR). The total integrated luminosity of the sample is 1.70 fb~!, corresponding to
the production of 1.56 x 10° r¥7~ events. CLEO Il is a general purpose spectrometer with
excellent charged particle and electromagnetic energy detection.

Each 7~ candidate event is required to contain six charged tracks with zero net charge.
Each track must project back to the e*e™ interaction point and be in the central region
of the detector. The former requirement suppresses the “migration” background from 7
decays with a Ks — x*x~ or photon conversion. The K5 background is further reduced by
rejecting events containing a detached vertex with a x*x~ mass consistent with the nominal
Ks mass. [5] Photon candidates are required to have 2 minimum energy of 60 MeV in the
barrel region (|cos 6| < 0.80) and 100 MeV in the endcap region (0.80 < jcos 8] < 0.95)
and a lateral profile of energy deposition consistent with that expected for a photon. The
photon candidates must also be isolated from the charged tracks. The event is divided into
two hemispheres using the plane perpendicular to the thrust axis of the event [6]; there must
be one charged particle in one hemisphere recoiling against five charged particles in the other
(1 vs. 5 topology). The total momentum vector of the particles in each hemisphere must be
in the barrel region. The event is required to have a minimum shower energy of 0.15(/s.

The dominate sources of background are hadronic events and 7 migration events from
1~ — w wtr nn’v(n > 1) with a photon conversion or Dalitz decay. The migration
events are suppressed by requiring a minimum invariant mass of 40 MeV/c? for all pairs
of oppositely charged tracks in the 5-prong hemisphere, unless an electron candidate is
identified, in which case the pair mass cut is 150 MeV/c? on all combinations with this
track. The hadronic background is suppressed with several sclection criteria. The number
of photons in the 1-prong hemisphere is restricted to be two or fewer. For the case of two
photons, both must be in the barrel and have an invariant mass within 20 MeV/c? of the
nominal 7° mass. The total momentum of the particles in the 5-prong hemisphere is required
to be greater than :1,\/; The total invariant mass of the particles in each hemisphere must
satisfy M; < 1.2 and My < 1.7 GeV/c?®. The 5-prong hemisphere must have a positive
pseudo-neutrino mass-squared:

M =M+ M} -2M.E; >0 ,
where M, is the 7 mass and E; is the energy of the 5-prong system in the 7 rest frame,

3

assuming that the 7 has the full beam energy by ignoring initial state radiation and that
the 7 direction is given by the momentum vector of the 5-prong hemisphere. This cut
selects events with tau-like kinematics, suppressing both the hadronic background and the
T migration background from lower multiplicity decays where the 5-prong momentum is
not a good approximation of the r direction. These selection criteria yield a sample of 495
inclusive events.

A subset of events in which the irack in the 1-prong hemisphere is identified as a lepton
is selected from this inclusive sample. This subset has smaller hadronic contamination than
the 1-prong tag sample and-thereby provides a verification of the background calculation.
An electron candidate must have an energy deposition in the calorimeter consistent with
the measured momentum and a specific ionization in the drift chamber consistent with that
expected for an electron. A muon candidate must penetrate more than three absorption
lengths of iron.

Candidates for the three exclusive decay modes are identified from the inclusive sample
according to the photon information in the 5-prong hemisphere. For 5 decay candidates,
no photons are allowed. For 5xx° (2x°), there must be two {four) photons in the barrel
and no photons in the endcap. In the case of one (three) photon(s), an additional lower
quality photon with an energy above 30 MeV is sought. If more than one low quality photon
is found, the photon with the best combination of energy and isolation from the charged
tracks is used. This increases the detection efficiency while minimizing the dependence on
the modeling of hadronic interactions. The mass spectra of the candidates for two exclusive
decays are shown in Fig. 1(a) and 1(c). An excess of events above the hadronic background
for My < M, is observed. This excess is greatly enhanced for the events selected with a
lepton tag as shown in Fig. 1{b) and 1(d). The invariant mass spectrum of the two photons
from the 5xx° candidates is shown in Fig. 2. A x° signal is evident, corresponding to the
first direct observation of the 5xx° decay. The number of x° candidates is extracted by
fitting this mass spectrum with a Gaussian plus a second order polynomial background.
The mass and width are constrained to the Monte Carlo expectations. No 5x2x° events are
observed with two exclusive 77 pairs having an invariant mass within 20 MeV/c* (~ 30)
of the nominal x° mass. [7] The number of events in each decay mode, together with the
hadronic background calculated from the data, v migration predicted from Monte Carlo,
and resulting branching fractions are shown in Table I.

The hadronic background is calculated empirically using a sample of 1 vs. § hadronic
events obtained from the data. The hadronic sample is selected using the criteria described
above, except that 1.7 < M, < 2.5 GeV/c? and, to increase statistics, the number of photons
is allowed to be as large as six. A few percent correction to the hadronic sample is made
to account for contamination from 7 decays. Assuming that M; and M; are not strongly
correlated, the Ms thus obtained should reproduce the hadronic background component in
the 7 sample. The hadronic mass spectra are superimposed in Fig. 1, normalized to the same
number of events for Mg > 2.0 GeV/c?. The general shape of the background spectrum is
reproduced.

The detection efficiency and migration background are calculated using a Monte Carlo
technique. The KORALB program is used to generate pairs according to the standard
electroweak theory, including a® radiative corrections. [8] The GEANT program [9] is used
to simulate the detector response. The five-pion mass spectrum has been adjusted to fit the



data. The six-pion spectrum is extracted from the e*e™ cross section into six pions using
CVC. [8] No intermediate resonance is assumed in the decay processes.

The branching fractions for the decays are extracted from the data by normalizing to
the luminosity £ and cross section o,

B= N —Npiy— Ny
2Lo B¢

where N, Ny, and N4 are the number of events in the data, migration from other r decays,
and hadronic background, respectively. B, = (85.82 £ 0.25)% (2] is the branching fraction
of the 1-prong tag and e is the detection efficiency.

The systematic errors in the measurements are summarized in Table 1I. The systematic
error from the uncertainty in the photon detection efficiencies is estimated by varying the
photon selection criteria. This estimate has been checked [11] by performing similar analyses
on other decay modes, 7£2x°, 3x%, 3x*x?, and x¥w. Another indication of the reliability of
the efficiency calculation is that the two exclusive branching fractions do not oversaturate
the inclusive measurement. The systematic error in the tracking efficiency has been investi-
gated by relaxing the track quality requirements and by comparing the observed momentum
spectrum of the tracks with the Monte Catlo. Potential biases in the hadronic background
estimate due to possible correlations in the total invariant masses of the two hemispheres
have been investigated by varying the requirements on M; and the 1-prong photon multiplic-
ity. The hadronic background has also been estimated using continaum Monte Carlo events
{12] and 3 vs. 5 events from the data. All results are consistent within the statistical errors.
The consistency of the branching fractions between the 1-prong and lepton tags indicates
the validity of the hadronic background calculation. The systematic error in the modeling of
the five- and six-pion decays is estimated by comparing the observed x*x~ mass spectrum
with the Monte Carlo expectation. The systematic error in the migration background due
to the uncertainties in T decay branching fractions is estimated by changing the branching
fractions within the reasonable ranges allowed by their uncertainties. [2] Also included in
Table II is the systematic error in the luminosity (13] and cross section and the uncertainty in
the detection efficiency due to limited Monte Carlo statistics. The final branching fractions
from the 1-prong tag, with the systematic errors added in quadrature, are:

B(3x~2x* > 0 neutrals »,) = (0.097 £ 0.005 + 0.011)%,

B(3n~2x*u,) = (0.077 £ 0.005 + 0.009)%,

B(3n2x*x%,) = (0.019 + 0.004 + 0.004)%,
B(3x2x*2x°,) < 0.011% @ 90%CL,

where the first error is statistical and the second is systematic. These measurements are
consistent with the world averages, [2] but the inclusive branching fraction is significantly
smaller than the recent result from OPAL. [14] Combining B(3x~2xtw,) with our results
[11,15] for B(x~4x°,) and B(2x~x*2x°v,) yields the total five-pion branching fraction of
(0.65 + 0.06 + 0.08)%. This is somewhat smaller than the prediction from PCAC of ~ 1%.
[1] The measurement of B(3x~2x*x%;,) is consistent with the prediction [16] from isospin
invariance and CVC, B(3r~2r*x%,) > (0.03 £ 0.01)%, based on the e*e™ cross section
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for six-pion production measured by M3N. [17) However, it is significantly smaller than the
prediction [16]) of B(3x~2x*x%;) > (0.07 £ 0.01)% based on the measurement by v72.
[18] The CVC prediction of the 5xx° mass spectrum (Fig. 3), based on combining the two
measurements, is independent of the absolute normalization and reproduces the data.

In conclusion, the branching fractions for the 5-prong decays of the 7 lepton have been
measured. The 5xx° branching fraction is measured for the first time by exclusive x° recon-
struction. The sum of B(3x~2x*y,) and B(3x~2x*x%v,) saturates the inclusive branching
fraction and the first limit on 5x2x° has been set. The results are consistent with the world
averages [2] and are significantly more precise than other experiments.

We gratefully acknowledge the effort of the CESR staff in providing us with excellent
luminosity and running conditions. This work was supported by the National Science Foun-
dation, the U.S. Dept. of Energy, the Heisenberg Foundation, the SSC Fellowship program
of TNRLC, and the A.P. Sloan Foundation.
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FIG. 1. The mass spectra of the (a) 5 and (c) 5xx° candidates selected with the 1-prong tag.
The M, cut, which suppresses the hadronic background by ~ 50%, has been removed because it
is unphysical for Mg > M,. The histograms show the hadronic background, normalized for Mg >
2.0 GeV/c3. The invariant mass of the photon pair forming the x° must be within 20 MeV/c? of
the nominal x° mass. (b) and (d) are the corresponding spectra selected with the lepton tags.
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FIG. 2. The invariant mass spectrum of the two photons of the 5xx? candidates. The curve
shows a fit to the data (see text). The hatched histogram shows the hadronic background.
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FIG. 3. The mass spectra of the 5xx° candidates selected with the 1-prong tag together with
the CVC prediction (histogram). The background contamination has been subtracted.

TABLES

TABLE I. Summary of the signal, background, detection efficiency, and branching fraction for
each decay mode. All errors are statistical only. The upper limit is at the 90%CL.

Inclusive 5x 5xx® 5x2x°

Tag 1-prong Lepton 1-prong Lepton 1-prong Lepton 1-prong
Data 495 +22 159+13 335418 105+10 38%7 149142 0
ete” — ¢f 6018 511 2616 3+1 7+3 08+03 -
Migration 1643 7+2 14+2 8+1 - - -

(%) 161402 143403 142402 127103 59402 54102 0940.1
B(107%) 074+05 90+08 7.7+05 67107 19104 23107 <10

TABLE II. Summary of systematic errors in percent (relative). The migration of 5x2x° into
sxx® corresponds to a 68% upper limit.

Inclusive 5% Sxx® 5w2x°
¢ (photon) 5 7 15 20
e (tracking) 7.5 7.5 7.5 7.5
€ (stat) 12 1.5 3.0 10
Background (stat) 2.0 2.1 10.8 -
ete= — gg (sys) 43 2.7 6.9 -
Decay model 40 4.0 4.0 -
Migration (sys) 14 1.6 + -
C 1.0 1.0 1.0 1.0
o 1.0 1.0 1.0 1.0
Total 11 12 22 24
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