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Abstract 

Using a large sample of 530 000 T leptons collected by the Crystal Ball experiment at 

the e+e- storage ring DORIS-ll, we have searched forT decays to the 1J meson. No 7J 

signal is found in the inclusive analysis, T ----+1}X, of 1-prong decays, leading to the upper 

limits, BR(r--+ vr-1J)<0.3%, BR(T--+ vr-r0 f1)<0.9%, BR(r- __. v1r-11" 0
1!'

0 7J)<3.1%, 

BR(T--+ Vli'-1J1J)< 2.5% (95% CL). The decays, T--+ vr-'11 and,-----> V11'-1r01), are also 

not found in the exclusive analyses, while BR(r- ---t 1111'-11'
0

) = {22. 7 ± 0.9 ± 3.0)% and 

BR(T--+ vr-r0 r 0
) = (7.0±0.7±1.4)% are measured in accord with the expectations. 

The hadronic final state, 11'-r"1r0
, is reconstructed in T decays for the first time. The 

results are preliminary. 

Analy&i& pre&ented at 
the International Europhy&ic& Conference 

on High Energy Phy&ic&, 
Upp&ala, Sweden, June !!5-July 1, 1987. 
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1 Introduction 

Decays of the T lepton have been well understood both experimentally [2] and theoretic.ally, 

[3] except for channels with a charged particle and neutral mesons. It is notable that the 

inclusive measurements of the 1-prong branching ratio [4] (86.6±0.3%) are higher than the 

sum of all branching ratios measured or predicted for the exclusive channels belonging to this 

topology ( <80% at 90% CL). Some measurements [5,6] attribute this excess to the channels 

involving neutral mesons. Because T lepton decays to the 1J meson would contribute to 

the. 1-prong topology 70% of the time, [7] the existence of such decays at the few percent 

level could account for the missing 1-prong branching ratio. This is, however, not expeCted 

theoretically [8]. Nevertheless, the HRS collaboration recently claimed an observation of 

second class current decays, T- ---t J.-'11'-7}, with a branching ratio of (5.1± 1.5)% [9]. There was 

also evidence for an inclusive 7J signal, T ---t ryX, in the preliminary analysis of the Crystal Ball 

data presented. last year [10]. 
Presented here, is a final analysis of that Crystal Ball data. The 11 signal found previously 

is shown to come from the non-T background. A new inclusive analysis sets upper limits 

on the 7J production in T decays. Our measurement gives the most stringent limits on the . 

decays\ T- ---t VJI'-7} and T- ---t VJI'-11'
0 7). The inclusive analysis is cross-checked by exclusive 

analyses of the final states with one or two neutral mesons. Again, there is no evidence for 

T- ---t VJI'-11 and T- ---t VJI'-11'
0

7} decays, whereas the decays, T- ---t VJI'-1!' 0 and T- ---t VJI'-1!' 0 1!'0 , 

·are observed at the expected [3] rates. Since the decays, T- ---t V1!'-11'"11'", are reconstructed for 

the first time, we describe this analysis at some length. 

The Crystal Ball detector, with good photon detection and a large sample ofT decays, is an 

appropriate tool for studies ofT decays to final states with 7t
0

S and 11s which very often decay to 

11. The Crystal Ball detector consists of a spherical shell of Nal(Tl) crystals, which provides 

good energy resolution for electromagnetically showering particles, .6.Ef E = 2.7%/ \IE, over 

a large solid angle, 85% of 41l'. Charged particles are detected in a system of proportional 

tube chambers, with charge division readout installed inside the electromagnetic calorimeter. 

Momenta of charged particles are not measured as there is no magnetic field in the detector. 

A further description of the Crystal Ball detector has been published in detail elsewhere [11]. 
The data were Collected at the DORIS-II storage ring at DESY in e+e- center-of-mass 

energy range from 9.4 GeV to 10.6 GeV. The data sample used corresponds to an integrated 

luminosity of 256 pb-1 and (534±22)·103 T leptons produced. The luminosity is measured 

using large angle Bhabha scattering events with accuracy of better than 3%. The number of 

T leptons is obtained using the radiatively corrected QED cross section fore+ e- ---t T+T- and 

the measured luminosity [12]. Additional contributions to the T sample come from the 'T(1S) 

and 'T(2S) resonance decays. It. is calculated from the measured numbers of the resonances 

produced in our data and their leptonic branching ratios, B,..w 

2 Data Selection 

Events e+e- ---t T+T- are selected in a 1-1-prong topology. The first T lepton decays to a 

charged prong and photons, whereas the second T decays to an isolated charged prong which 

is not accompanied by any photons. The latter, called the "tagging prong," gets its main 

1 In this paper, T- is used symbolically for the both charged states. 
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contributions from the well known decay modes, T -+ ve-v.,, ,.- -+ VJl-v"' and r -+ v1r-, 

which add up to almost half of all T decays. The most important event selection criteria are 
listed below: 

• Two charged tracks are found in the wire chambers with an opening angle of at least 
90°. 

• At most, ten separated energy clusters are detected in the calorimeter (selects low 
multiplicity events). 

• A cut on the second Fox-Wolfram moment is made, [13] H2>0.45 to select a jet-jet 
topology. 

• Large energy flow transverse to the beam directions is required [14], Er>l.5 GeV to 
suppress beam-gas and two-photon events. 

• No energy cluster above 85% of the beam energy is allowed, which suppresses radiative 
Bhabha events. 

• The total momentum vector of the neutral energy is calculated. The charged track closer 
to the neutral momentum vector is considered a charged-7t candidate associated with 
production of neutral mesons. The pseudo invariant mass of the charged-7t candidate 
and of the neutral system may not be larger than the T mass. This mass is obtained 
from calorimeter measurements. 

At this point, the data selection splits into the inclusive and exclusive analyses which will be 
described separately. 

3 Inclusive Analysis of T-+'T/X 

A neutral energy cluster with a transverse energy spread in the calorimeter consistent with a 
single electromagnetic shower is classified as a photon. In the inclusive analysis, all photons 
with an energy above 50 MeV are combined into pairs in the search for an TJ-+ 77 signal. 
Photons from the reconstructed 7t0 decays are not used in the Tf search. The distribution of 
the invariant mass of ')'')'-pairs, Mn, from the selected events is plotted in Fig. 1. There is no 
peak observed at the Tf mass. A shape of the expected 11 signal is obtained from the Monte 
Carlo simulation of various T decays to TJ. It is represented by a Gaussian, with a width of 
26 MeV, modified by a power-law tail on the low-mass side. A fit of the 71 peak on a smooth 
polynomial background gives ( -10±23) TJ counts. A detection efficiency strongly depends 
upon a photon multiplicity in the T decay, decreasing rapidly due to the increased overlap 
probability. This is demonstrated in Fig. 1 by plotting sizes of the expected signals for the 
different r -4 71 channels, assuming a branching ratio of 5%. Thus, we present an upper limit 
for each channel independently, 

BR(r-~v,--,) <0.3% (95% CL), 
BR(r-~v,--,-o,) <0.9% (95% CL), 
BR(r--+v1r-7r0 1r0 TJ)<3.1% (95% CL), 
BR(r-~v,--,.) <2.5% (95% CL). 
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Figure 1: Inclusive distribution of two-photon invariant masses in 1-prong T decays. Sizes 
of the expected 'r} signals for 5% branching ratio of various T decay modes are shown by the 
solid curves. 
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In the efficiency calc,ulation, the above decays have been simulated by phase space models. 

A systematic uncertainty of 20% in the branching ratio calculations is folded into the upper 

limits. The systematic error includes uncertainties in the number ofT leptons produced and 

in the efficiency calculation. It is dominated by fluctuations of the Monte Carlo data. 

Our event sample in the inclusive analysis contains unknown contamination of the non-T 

background. A subtraction of the background would only improve the upper limits, therefore, 

it. is not necessary. 

The first report on the stat. us of our inclusive analysis was communicated to the Berkeley 

Conference, 1986 !tO]. A significant Tf peak was observed in the inclusive M..,'"~ distribution in 

the event sample biased towards r+ T- pairs. Selection criteria were, however, different than 

described here. The topological constraints were looser, (no multiplicity cut, no cut on the 

angle between the charged particles, no cut on H2, etc). Instead, a loose electron identification 

cut was applied on one of the two charged tracks. The electron cut was designed to tag r+r

events on T- ---t ve-ve decays, but still accepting some contribution from charged pions in 

r- ---+ vtr- and r- ---t vp- decays. Luminosity was half of that used in the analysis described 

here. 
Background studies, based on the Monte Carlo simulations of rr-processes and e+ e- an

nihilation to hadrons, show that our sample was predominantly due to r+r- decays. Some 

distributions, such as energy distributions of "electrons," agreed with the Monte Carlo simula

tion of r+T- events. Therefore, the signal was presented as preliminary evidence forT decays 

to 11· However, due to the incomplete background studies (see [10]), the branching ratio was 

not calculated and an analysis was not published while awaiting more detailed checks. In 

fact, further investigations have shown serious inconsistencies between behavior of the 17 sig

nal and the Monte Carlo simulations of various r decays to 11· Examples are given below. The 

distribution of the cosine of the angle between the two charged prongs, cos{ charged, charged}, 

is plotted in Fig. 2(a). A characteristic peak for r+r- pairs at back-to-hack charged tracks 

is observed. Unfortunately, the 17 signal itself does not reproduce this pattern as shown in 

Fig. 2(b). Crosses correspond to the distribution (normalized to 1) of the 17 signal in the 

data. The background under the 17 peak is subtracted by fitting M-r'"l distributions for each 

bin of the cos(charged,charged} independently. The histograms represent the distributions 

of 17s coming from r decays simulated with various Monte Carlo models. The Monte Carlo 

signals are strongly peaked for back-to-hack charged tracks, whereas the 17 signal in the data 

has a flat distribution. Moreover, the events containing the 1J signal in the data have a rather 

high sphericity, rather than a jet-jet- topology (Fig. 3), and seem to be associated "\\-ith higher 

multiplicities than expected from the Monte Carlo simulation of r decays to 1] (Fig. 4). After 

more stringent topological cuts (like those described in section 2) are added to the old event 

selection the 17 signal disappears completely while the detection efficiency for r decays to 11 

decreases only by about 20 %. We conclude that the 11 signal observed in the old analysis docs 

not stem from any of the simulated r- 'I] decays, which cover all relevant known possibilities. 

It appears, therefore, that the _observed signal was due- to a nou-r decay background. 
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4 Exclusive Analyses 

In order t.o demonstrate our ability to correctly measure a branching ratio of T decaying 

to neutral mesons, we han· performed two exclusive analyses of the final states with one 

or two neutral mesons. The previously well measured !4] T decays to the p(770) resonance, 

T ----> vp-- p- ·---t 1r-1r~, are observed here with high statistics. T decays to the a 1(1270) 

resonance. T- ---tva~, ot ~) (3n)-, measured previously ~4] in the three charged pion mode, 

,..- JT+ 1!"-, are reconstructed here for the first time in the hadronic final state, 7r-7r0 7r 0
• At the 

same time, final states with the 17 meson are not observed. 

To maintain the maximal correspondence between the inclusive and the exclusive analyses, 

the selection criteria used in the inclusive analysis are applied with no further retuning in 

the exclusive analyses. The only exception is a lower cut on photon energy (K, > 20 MeV 

instead of> 50 tleV). The cut used in the inclusive search for 'I]S has to be lowered for efficient 

reconstruction of 7r
0

S which have a lower mass. An independent Crystal Ball Collaboration 

analysis of T decays to neutral mesons dedicated to the optimal reconstruction of various 

exclusive final states has been presented elsewhere [15]. 

In the inclusive analysis, we try to reconstruct only the TJ mesons and not the other decay 

products, in order to be sensitive to any possible production mechanism. Therefore, the 

number and types of the neutral energy clusters are not constrained to a certain pattern. 

In contrast, in the exclusive analysis, a final state is identified by reconstruction of all the 

particles (except the v, of course). Thus, the number and type of all neutral energy clusters 

in the event are defined. 

4.1 Exclusive Analysis of'T----4V1r-h0
, h0 = 7r

0 or 11• 

To study the decays T---+ v1l'-1!' 0 and T---+ v1l'-1J, events with exactly two charged and two 

neutral energy clusters are selected. The neutral energy clusters must be of a single photon 

type. The direction of the two-photon system must be within 90° of the charged-1!' direction. 

The invariant mass of these two photons is plotted in Fig. 5. A prominent 1!'0 peak due to 

T---+ l-11!'-1!' 0 events is observed. There is no enhancement seen at the TJ mass. To calculate 

the corresponding branching ratio (upper limit), the spectrum is fitted with the 1!'0 (TJ) line 

shape on a smooth polynomial background. 

The fitted number ofT- ---t v-rr-TJ decays is 2±12 events. This corresponds to the 95% 

upper limit, BR(T- ---t V7r-1J)<0.5%. A systematic error of 20% is included. The decays 

T- ---t V1l'-TJ have been simulated with b:o different models, a phase space decay and a a 0 (980) 

resonance production. No difference in the detection efficiency is observed. The upper limit 

obtained in the inclusive analysis is slightly better than the exclusive result. The selection 

efficiency is lower in the exclusive approach because events with spurious photons, produced 

by interaction of the charged hadrons in the calorimeter, are rejected. 

We observe 887±33 T- --+ V1f-1f
0 events, with an estimated feed-down from higher mul

tiplicity T decays to 1l' 0
S of 13±3 events. This corresponds to a branching ratio of (23.4± 

0.9±3.0)%, where the first error is statistical, and the second is systematic. Charged pions 

cannot be distinguished from charged kaons in our detector, thus the value given includes a 

contribution from T- ---t vK-7r0 decays which is expected to be (0.7±0.1)%. The efficiency 

calculation assumes that all T- ---t v1l'-7f0 decays proceed via produdion of the p resonance, 

which is well supported by other experiments (16]. The branching ratio obtained (kaon con-
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tribution sUbtracted), BR(T- --ti/IT-11°)=(22.7±0.9±3.0)%. agrees very well with the world 
average [4\ BR( ,- ----> viT-7r

0 )=(22.1.:::::: 1.1 )o/c .. 

The above result is obtained using two separated photons to reconstruct t.he r.'·. Vi.'hen 
the rr~ is fast enough. the two photons merge in the calorimeter and only one energy cluster 
is observed. An invariant mass of the overlapping showers can, nevertheless, be calculated. 
Here, we use a t-echnique similar to that used in some calorin1etric experiments where the 
mass of a jet is calculated without disentangling t.he individual particles in the jet. The mass 
of the shower is calculated from its transverse energy spread in the calorimeter. Energies 
and directions of the individual photons are not disentangled. Ewuls with two charged 
particles and only one neutral energy cluster instead of two. as described pre,·iously, han
been selected. The shower mass squared. for these neutral energy clusters is plotted in Fig. 6 
(points with error bars). A peak at the JT

0 mass is observed. A second peak observed at 

zero is due to the single photon showers. The histogram corresponds to the l\lonte Carlo 
simulation ofT- --t vp- decays, where the ~1onte Carlo distribution has been scaled to the 
number of expected T- ·-t vp- decays in the data assuming the nominal 22.1% branching 
ratio. The data coincides well in shape and magnitude of th<":' 1r"" peak with the Monte Carlo 

distribution. demonstrating that T- -.>V?T 7.
0 decays can he <vrrectly measured using merged 

11 

rc's as well. The single-photon pE'ak is larger in the data than expect('d from T- ~; vr.-rr 0 

decays with one photon from the Jr
0 decay missing the calorimeter. The excess comes from 

the t:~t:- --• Jl_._fL-1 background ;vhich is not. suppressed by the cuts described in section 2. 

This kind of background can, however, be easily rejected by a cut on the shower mass as the 

r." and the single-photon peaks are well resolved (see Fig. 6). 
The best result. on BR( T- _____, vp-) can be obtained combining the data with merged and 

open Ir
0 s from p decays. Such an analysis of our data, yielding the most precise value of the 

. above branching ratio from a single experiment, is presented in ref.[l5]. 

4.2 Exclusive Analysis ofT--+ V1r-7r 0 h0
, h0 = 7r0 or 11· 

The shower mass technique. described in the previous section. proves very useful in recon
struction of the higher multiplicity channels. ,- ----t V1T-1T

0
11"

0 and,- ----t V1T-1T
0 1]. Although they 

can be detected with events with four separated photons, the detection efficiency is higher 
for the topology with one 1r"' open and the other one merged. 

Events with exactly two charged and three neutral energy clusters are selected. The two 

neutral energy clusters must resemble separated photons. and the third becomes a merged-
7r0 candidate. Both neutral mesons, reconstructed either from the two separated or merged 

photons, must have directions contained in the hemisphere along the charged-IT direction. In 
addition, at least. one must. be closer than 40c to the charged-IT direction. These cuts suppress 

a feed-down from TT pairs with both TS decaying to ps, therefore producing events with two 
charged tracks and two 7r

0
S. 

The invariant mass of the two phot.ons, M'r'n is plotted against the shower mass squared 
of the third neutral energy cluster (Fig. 7). Clear clustering of 7r

0
7r

0 events is obserYed. After 
a cut on the shower mass, the events are projected onto the .1.\I.,..., axis (Fig. 8). A prominent 
7r

0 peak due to ,- ~f V1T-7T
0

7T
0 decays is observed on a low background. There is no signal 

frmn ,- --; V7T-1T 0 7] decays. 

There is only one event at the 7] mass in the JU-," distribution (Fig. 8). It corresponds to 
the upper limit. BR(T- -tv7r-7r

0 J?_k3.2o/c at 95o/c CL. 

The fit of a 7r
0 signal on a smooth background (Fig. 8) gives 150±13 7r

0
7r

0 events. A feed
down from double,- ---->vp- decays estimated by the l\:lonte Carlo simulation is (4.2±2.1)% 
of the total sample. A feed-down from the higher multiplicity T decays to JT

0 s, e.g .. T 

VTi"- r. 0
11"

0
1T

0
• is below 1 S:~ of all signal events. After the background is subtracted. a branching 

ratio of (7.0±0.7.::::::1.4)S:{ is obt.ained 2 forT- ----t 1/71"-71"
0

11"
0 decays. Additional data with four 

sf'parated photons only slightly improves the statistics of the T- ·-.>l/71"-7r
0

7r
0 e...-ents (see [15]). 

To further check the analysis. we apply cuts on the energy deposition by the tagging 
charged prong. in an attempt to select a subsample of ,·- V1T-7T

0
1T

0 events tagged by 
different deca:.' modes of the second T in the event, namely T ----t vr. vE, T -) vp-V11 and 
T ~• 1/71" 

• The first subsample is obtained with {"Ut.s on the transverse energy deposition by the 
tagging prong designed to identify ele-ctrons. 

2 The prdiminar:r number. BR(T- -•urr-rr 0;r
0 )=(6.6±0.7±l.i) %. reported at the International Europhysics 

Conference on High f:nergy Physics. \Jppsala, Sweden, June 25-July 1. 1987, has changed to (7.0±0.7±1.4)% 
after an innease in .\Ionte Carlo statistics used in the efficiency cakulation. 
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• The second subsample corresponds to the tagging prong which leaves a minimum ion~ 

izing pattern in the calorimeter, characteristic of muons and charged pions which do 

not interact. in the detector. 

• All tagging prongs which do not pass either the electron or the minimum ionizing cuts 

are classified as the third category. Electrons failing stringent identification criteria and 

c-harged pions interact.ing in the Nal crystals give the main contributions here. 

There is a good 7r-7r
0

7r
0 signal in all three subsamples (Fig. 9). The results for BR(r- ---... 

v7r-7f
0

7r
0

) obtained from these three statistically independent subsamples are listed in Table 1. 

They agree ,.,·ell, showing that there is no large systematic error in the background subtraction 

and in the determination of the tagging efficiencies. 

Table 1: BR( T- ---... V7f-7r
0

7r
0

) obtained with different tags. The errors are statistical only, 

where fluctuations of the experimental data and oft.he Monte Carlo data used in the efficiency 

calculation have been added in quadrature. Estimated contributions from the main 7 decay 

modes are given in percent of all tags. Remaining contributions come from the other r decays. 

---
contribution from . BR(r ---t VJT-1r0 7r0

) 

tag T --. ve-ve T ---tVJ.L i/ll T - ~v~ in% 

electron 88% 2% 2% 6.8 ± 1.5 
-

minimum ionizing 0% 76% 21% 6.3 ± 1.3 

other 50% 10% 32% 7.7 ± 2.1 
--· 

Since the momentum of the charged-1r is not measured, the invariant mass of the 37r system 

c-annot be reconstructed. Therefore, we cannot look directly for the a 1 ( 1270) resonance 

structure, which is observed in the three-charged-1r decay mode of 7 [17]. However, we 

calculate a pseudo-mass of the hadronic system ignoring a difference between the visible 

and the true charged pion energy. The distribution of the pseudo-mass in the data can be 

c-ompared with Monte Carlo simulations of,----... V7r-7r
0

7r
0 decays proceeding via a 1(1270) 

resonance or phase space production. The comparison is shown in Fig. 10. The data are 

clearly inconsistent with phase spac-e decay and agree very well with a 1(1270) resonance 

production. 

This analysis yields the first reconstruction of 7----... V7r-7r
0

7r0 events, where the both 7r0
S 

are identified. The feed-down from other 7 decays is very small in contrast with earlier 

attempts to measure BR(r- ____, V7r--rr
0 tr

0
) indiredly, i.e., without 7r

0 identification. Results 

for the BR(r- ---... v7r-7r
0

1t
0

) from indirect measurements [5,18,19] are inconsistent among 

themselves. Our direct measurement provides a value in between these indirect results. 

The obtained branching ratio for 7- ---... V1t-7r
0

7r
0 dec-ays, (7.0 ±- 0. 7 ± 1.4)%, agrees very 

well with t.he measured branching ratio for r- ---... v1r-1r+1r-, (6.6±0.6)% [4]. In fac-t, this is 

expect.ed [3] from isospin symmetry and a 1 (1270) dominance of the 37r production established 

by the 3-prong data [17]. 
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Figure 9: Invariant mass distributions of the two photons in the event samples with two 

charged and three neutral tracks after the merged 7f
0 has been identified by the shower mass 

tt·chnique. The 7r
0 peaks correspond to the 7- ----tl/7r-7r

0
1t

0 signals. 

(a) Events with the tagging prong passing the elect.ron identification cuts. 

(b) Events with the tagging prong passing the minimum ionizing cut. 

(c) Events with the tagging prong failing the electron and minimum ionizing cuts. 
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Figure 10: The pseudo-invariant-mass of the 1r-1r0 1r0 system in the reconstructed 
r- --->V7r-7r 0 7r 0 events (full points). 

(a) Compared to the distribution of the Monte Carlo evehts with the invariant 

three-pion-mass generated according to the phase space (open points). 
(b) Compared to the distribution of the Monte Carlo events with the invariant 

three-pion-mass generated according to the a 1(1270) resonance excitation (open points). 

The Monte Carlo distributions are scaled to the data assuming BR( r----> V71"-7r01r0 )=7 .0%. 
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5 Summary and Conclusions 

We have searched for 1] production in r decays. Contrary to earlier reports [lOL there is no 

evidence for such production in the inclusive analysis of 1-prong r decays. This is confirmed 
for the lowest multiplicity decay modes, r- -> V7r-1J and T- ---t V1r-1r

01J, in the exclusive 

analyses, where we also demonstrate our ability to correctly measure branching ratios of the 
decays, r--> V1!"-1!" 0 and r-----> vrr-Jr0

1r
0

• 

Our limit on the second class current decay, BR(r- ---t l/7r-ry)<0.3% (95% CL), is more 

than an order of magnitude smaller than the branching ratio previously claimed. 

We also do not find any other r to Tf decays. The upper limits are set, which imply that 
any 1J production in r decays will not explain the unaccounted topological 1-prong branching 
ratio Of the T lepton. This has been predicted earlier on theoretical grounds [8]. In theory, the 

decay, T- --->V7r-7r 0 1], is expected to have the highest branching ratio among all T decays to 1] 

[21]. We obtain the limit on this decay, <0.9% (95% CL), which is well above the predicted 

branching ratio, 0.2~0.3% [8,21] . 
In the exclusive analysis, we measure the r----> V11'-7r

0
• A branching ratio agrees with the 

earlier measurements. The first reconstruction ofT- ---> V7r-7r 0 7r 0 events is presented. The 

corresponding branching ratio agrees very well with the expectation from T- ---> v7r-7r+7r

measurements, isospin symmetry, and a 1(1270) dominance of the 37r production. Therefore, 

the anomaly in 1-prong r decays remains an unsolved puzzle. 
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