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Abstract 

Several properties of the T lepton have been measured precisely in e+e- ~n

nihilation by the CLEO II experiment at the Cornell Electron Storage Ring 
(CESR). This includes the, mass and the branching ratios into electron and 
one charged particle plus multiple 1r°'s. The implication of these results on 
the I-prong decay problem w!ll be discussed. 

INTRODUCTION 

The, lepton has been the subject of in
tense investigation in recent years due to the 
perplexing problem in the decay into one
charged-particle final states [1] • In the compar
ison of the measured inclusive and the sum 
of the measured exclusive decay branching ra
tios, a few percent of the decays are unac
counted for. In addition, there is a discrep
ancy in the lifetime that may be related to 
the problem. The measured lifetime is some
what longer than that expected from the mea
sured leptonic branching ratio assuming lep
ton universality[2]. Since the lifetime depends 
on the , mass to the fifth power, a more pre
cise measurement of the mass may elucidate 
the problem. With a large data sample and 
an electromagnetic calorimeter with excellent 
energy resolution, the CLEO II detector is in 
an unique position to investigate the problems. 
In this paper, we present new and precise mea
surements 6f the , mass and the branching 

• Representing the CLEO II Collabc:Clti ')n 

ratios into electron and one charged particle 
plus multiple 1r°'s. 

DETECTOR 

The CLEO II detector is a general pur
pose spectrometer with excellent charged par
ticle and shower energy detection[3]. Charged 
particles are measured with three cylindrical 
drift chambers between 5 cm and 95 cm from 
the e+e- interaction point, with a total of 67 
layers. This is surrounded by a scintillation 
time-of-flight system and a CsI(TI) calorime
ter with 7800 crystals. These detector sys
tems are installed inside a 1.5 T superconduct
ing solenoidal magnet, surrounded by a pro
portional tube muon chamber with iron ab
sorbers. The momentum resolution is 1.2% 
for a 5 Ge V charged particle and the energy 
resolution is 1.5% for a 5 Ge V shower. 

The data sample was collected around the 
T energy region at the Cornell Electron S tor
age Ring (CESR). The total integrated lumi
nosity of the data used in the analyses varies 
from 0.67 to 1.43 jb- 1, corresponding to 0.6
1.3 x 106 

,-"',- produced.
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rMASR 

The r mass is extracted by measuring 
the minimum kinematically allowed r mass in 
r+r- candidate events. For a given r mass, 
the r direction must lie on a cone around the 
observed decay product if the energy of the 
r is known. In a r+r- event, ignoring ini
tial and final state radiation, the two cones 
(one inverted) must intersect at two lines. If 
a smaller tau mass is assumed, the cone an
gle decreases; eventually, the two cones just 
touch. This corresponds to the minimum kine
matically allowed r mass. 

In order to reconstruct the events, both 
r's are required to decay hadronically: _one 
charged particle[4] with up to two 1r°'S~- The 
1r°'s are assigned to the nearest charged parti
cle according to the angle. Events with both 
r's decaying into one charged particle with no 
1r0 are rejected to suppress two-photon back
ground. If one of the charged particles is iden
tified as an electron or muon, it is also rejected. 
A total of ~ 29) 000 events passed all cuts. 

The minimum mass distribution for the 
data is shown in Fig. 1. The distribution 
drops off sharply at the r mass as expected. 
The presence of events above the r mass is 
mainly due to initial and final state radiation, 
missed 1r0 , particle misidentification etc. The 
mass spectra from the data and Monte Carlo 
are fitted with an arctangent curve near the 
edge with a polynomial background. The re
sult of the fit is shown in Fig. 1. Also shown 
is the fit to a Monte Carlo sample generated 
with Mr = 1784.1 MeV /c2

• The shape of 
the Monte Carlo spectrum is very similar to 
the data. The result of the fit to the data is 
Mr = 1776.6 ± 0.9 MeV /c2

• 

The absolute energy and momentum scales 
of the detector are calibrated using K s ~ 
1r+1r-, DO ~ K-1r+, D+ ~ K-1r+1r+, A ~ 

P+1r-, 'lj; ~ J1.+ J1.-, and 1r0 ~ II' These 
and other major source of systematir. errors 

Table 1. Systematic errors in Mr. 

Energy ±0.30% ±1.2 

Momentum ±0.i0% ±0.8 

Beam Energy ±0.03% ±0.1 

Cuts and Fit ±0.5 

Mv"/' < 35 MeV/c2 +0.9 

N
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Figure 1. (a) The minimum mass spectra of 
the data and Monte Carlo (!:::.). The 
lines show the fit discussed in the 
text. (b) an expanded view of (a). 

are summarized in Table 1. Also shown is 
the effect of a £IT of 35 MeV / c2 • Combining 
these systematic errors in quadrature yields 
Mr = 1776.6±0.9±1.5~g:8 MeV/c2

• The result 
is significantly smaller the world average[2] but 
consistent with the recent results from BES[5] 
and ARGUS{6]. 

Electron Branching Ratio 

The branching ratio for r- -I> e-vevr is 
measured[7] using e vs. e events, 
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where flee is the number of e vs. e events ob
served after correcting for the background, f 

is the detection efficiency, 0' is the cross sec
tion, and L is luminosity. This measurement 
has the advantage that the systematic errors 
on the acceptance, cross section, and lumi
nosity are halved. The analysis takes advan
tage of the large data set and the hennetic 
CsI calorimeter and uses stringent selection 
criteria to suppress Bhabha and two-photon 
backgrounds. The suppression is achieved 
by requiring the acoplanarity angle between 
the two charged tracks to be in the range, 
0.15 < e< 1.50. The Bhabha contamination 
is further eliminated by rejecting any event 
that contains a photon with energy ~eater 
than t"V 500 MeV. The two-photon background 
is further reduced by requiring the transverse 
momentum of events to be greater than 22% 
of the beam energy and the momentum of 
both tracks must be greater than 10% of the 
beam energy. The momentum of both tracks 
and the missing momentum of the events must 
point into the central region of the detector. 
The electron candidate is defined as a particle 
with shower energy to momentum ratio in the 
range, 0.85 < E/P < 1.10, and specific ion
ization no more than two standard deviations 
below that expected for an electron. 

A total of 3970 events satisfies the selec
tion criteria. The detection efficiency includes 
three components: acceptance, f4 = (11.17 ± 
0.07±0.15)%, electron identification efficiency, 
€e = (95.76 ± 0.10 ± 0.32)%, and trigger ef
ficiency, ft = (99.00 ± 0.13 ± 0.22)%, where 
the first error is statistical and the second sys
tematic. The two latter efficiencies are very 
high. The major lost of the acceptance is due 
to the requirement on the transverse momen
tum of the event and the momentum on the 
individual track. The systematic error in the 
acceptance includes two components, a rela
tive ±1.0% uncertainty in detector modeling 
and a ±0.8% uncertainty for simulation of tau 

decay. Decay radiation causes a relative effi
ciency reduction of '" 10%, mostly due to the 
softening of the electron momentum spectrum. 
Both the electron identification and trigger ef
ficiencies have been measured from the data 
using radiative Bhabhas. 

The backgrounds in the events are small 
and have been calculated using Monte Carlo. 
The backgrounds from the two-photon pro
cesses, e+e-e+e-, and e+e-r+r-, are esti
mated to be leeee = (0.62 ± 0.16 ± 0.31)% 
and leeTT = (0.38 ± 0.09 ± 0.19)%. The 
migration background from other r decay is 
ITT -:- (0.63±0.15±0.32)%. The Bhabha con
tamination is estimated to be lee = (0.0:!:"8:g)%. 

The luminosity has been measured using 
two independent processes, e+e- --+ e+e- and 
e+e- --+ ", in which the cross sections can 
be precisely calculated. From a comparison of 
two luminosity measurements, the error on the 
average luminosity is estimated to be ±1.5%. 

After correcting for the detection efficiency 
and backgrounds, the result on the electron 
branching ratio is Be = (17.49±0.14±0.22)%. 
The systematic error also includes the uncer
tainty in the r production cross section, es
timated to '" ±1% (relative). The precision 
of this measurement is comparable with the 
world average[2] of all other experiments com
bined but the measured value is somewhat 
lower than the world average. The branching 
ratio is significantly lower than the prediction 
from lepton universality, Be = (18.68±0.37)%, 
based on the current world average of the 
lifetime[2] and T mass[8]. 

The excellent calorimeter also allows for 
the search for decay radiation. Figure 2 shows 
the photon energy spectrum observed in the 
data. The Monte Carlo calculation without 
the decay radiation severely underestimates 
the number of photons observed. The spec
trum is well reproduced by the Monte Carlo 
with decay radiation. Decay radiation ac
counts for '" 42% of the photons with €i1ergy
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Figure 2. 	The energy spectrum of the highest 
energy photon in e vs. e events, 
nonnalized to the beam energy. 
The upper histogram shows the 

Monte Carlo prediction with decay 
radiation. The hashed histogram 
shows the prediction without the 
radiation. 

> 100 MeV. Others sources for the photons 
are bremsstrahlung (,....., 41%) in the detector 
material, initial/final state radiation (,....., 15%), 
and other r decay background (,....., 2%). The 
excess of events without decay radiation is 
238 ± 26 ± 19. This is the first direct observa
tion of decay radiation in r decay. 

h-1l"0 Branching Ratio 

The branching ratio for r- --+ h-1l"°ll.,. is 
measured using h+1l"° vs. h -1l"0 events. As in 
the case of the Be measurement, many of the 
systematic errors are halved. Each event is 
required to be in the central region (barrel) of 
the detector, Icos 01 < 0.71. The acolinearity 
angle of the two charged tracks must be less 
than 90°. To suppress two-photon and Bhabha 
backgrounds, the momentum of each charged 
track must be greater than 10% of the beam 
energy and the momentum of at least one track 
must be less than 85% of the beam energy. 
The total visible energy of the events must be 
greater than 40% of the center-of-mass energy 
and the transverse momentum of the events 
must be greater than 200 MeV/c. 

The nO candidates are reconstructed from 
the photons in the barrel. The invariant mass 
of each nO candidate must be within four stan
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Figure 3. 	 (a) The two-photon invariant mass 
distribution, in unit of Sn = 
(1Tl..n - m1ro)/un , of one photon 
pair vs. the other in the data. 

(b) The two-photon invariant 	mass 
distribution for all photon pairs. 
The histogram shows the Monte 

Carlo prediction. 
~. 

dard deviations of the nominal mass, ISn = 

(mn - m1ro)/un l < 4. The photon energy is 
required to be greater than 40 MeV and the 
1l"0 momentum is required to be greater than 
10% of the beam energy. Events with unused 
photons are rejected: barrel photons with en
ergy greater than 100 Me V or endcap photons 
(0.71 < Icos 01 < 0.95) with energy greater 
than 200 MeV. 

A total of 6835 events pass the selection 
criteria. The two-photon invariant mass distri
bution, in unit of Sn, of the events is shown 
in Fig. 3. A clear enhancement at 1l"0 - 1l"0 

mass is observed. The signal is extracted by 
performing a two-dimensional fit, allowing for 
1l"°11 and IIII backgrounds. 

The detection efficiency is estimated to be 
e = (6.92±0.08)% using Monte Carlo. A small 
correction has been applied to account for the 
imperfection in the Monte Carlo simulation. 
The correction is extracted from the data and 
includes tracking, trigger, and unused photon 
veto efficiencies. The systematic error in the 
detection efficiency has been inYestigated by 
comparing kinematic distributions of the data 
with the Monte Carlo, and by varying the cuts 
used to select the events. From these studies, 
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the systematic error is estimated to be ±3% 
(relative). 

The dominant background is the migra
tion background from other T decays. The 
major source of the migration background is 
T- -+ 1r-21r°vT • The Monte Carlo estimates 
that the total migration background to be 
ITT = (14.0 ± 0.3 ± 0.5)%. The systematic er
ror is due to the uncertainty in the branching 
ratios for the migration background. An ad
dition error of ±1.0% is assigned to ITT to ac
count for the uncertainty in the relative detec
tion efficiencies for the various decay modes. 
The hadronic background is estimated to be 
Iqq = (0.25 ± 0.14)% and the background 
from e+e- -+ e+e-T+T- is estimated- to be 
lee-rr = (0.11 ± 0.05)%. 

After correcting for the detection efficiency 
and background contamination, the result on 
the branching ratio is Bh7ro = (24.83 ± 0.15 ± 
0.53)%. The systematic error includes the rel
ative uncertainty of ±1.5% in the luminosity 
and ±1.6% in the T production cross section. 
The measured branching ratio is consistent 
with the world average[2], but with better pre
cision. After correcting[2] for T- -+ K*- VT -+ 

K-1r°vn the branching ratio for T- -+ 1r-1r°VT 

is B7r7ro = (24.35 ± 0.55)%. Normalizing to 
the world average value for Be (including the 
CLEO result presented in this paper) yields 
B7r~1Be = 1.38 ± 0.03. This is in excellent 
agreement with the prediction from CVC[9], 
B7r~1Be = 1.33±0.07, after correcting for the 
new T mass[8]. 

h-n7r° Branching Ratios 

The branching ratios for T- -+ h-n1r°vT , 

for n = 2, 3, and 4, have been measured by 
normalizing to the branching ratio for T- -+ 

h-7r°vT • This has the advantage that many 
systematic errors cancel in the ratios. The de
cay candidates are selected using two differ
ent tags: the e and tL tags and the 3-prong 

tag. 8ince some of the systematic errors asso
ciated with the different tags are very differ
ent, this allows a powerful cross check of the 
measurements. The lepton tags have negligi
ble hadronic background in comparison with 
the 3-prong tag. However, 3-prong tag has a 
robust trigger due to the higher multiplicity. 

The candidates are required to have 1-1 
or 1-3 . topology. The 1-3 topology is defined 
by the plane perpendicular to the highest mo
mentum track. The acolinearity angle of the 
two tracks in 1-1 events must be less than 90° 
in order to suppress two-photon background. 
The total energy of the events must be greater 
than ('"'oJ 25% of the beam energy and the total 
shower energy must be less than ('"'oJ 80% of the 
beam energy. 

The electron tag is identified by comparing 
the shower energy deposition in the calorime
ter with the momentum measured in the drift 
chambers and from specific ionization in the 
drift chambers. The minimum electron mo
mentum allowed is 0.5 Ge VIc. The muon tag 
is identified by requiring the track to traverse 
at least three absorption length of iron. The 
minimum muon momentum requirement is 1.0 
GeVIc. QED backgrounds in the leptonic tags 
are suppressed by the requiring the net miss
ing momentum to point into the detector and 
the transverse momentum of the events to be 
greater than 200 MeV Ic. In the 3-prong tag, 
the i~variant mass of all the detected parti
cles in each hemisphere must be less than 1.7 
GeV/c2 • The hadronic events are further re
duced by the requirement on the missing mass 
of the events, 0.5 < [(Eern - EVis)2 - P'!s]~ < 
7.5 Ge V Ic2 . There should be no more than 
two photons in the 3-prong hemisphere. Ra
diative Bhabha events with converted photons 
are rejected by allowing no more than one elec
tron in each event. 

The 1r0 candidates are reconstructed from 
the photons in the barrel region (I cos 01 < 
0.80) of the calorimeter. The minimum pho
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ton energy allowed is 60 MeV. For the lepton 
tags, photons within 20° of the lepton direc
tion are ignored. In addition, one of the pho
tons in each 11"0 candidate must have an energy 
greater than 80 MeV and the opening angle of 
the two photons must be less than 135°. The 
momentum vector of each 11"0 candidate must 
lie within 90° of the charged track. The en
ergy of any unused photon is required to be 
less than 100 MeV. In order to increase the 
detection efficiency for r- -+ h-411"°vT" the 
minimum photon energy requirement is low
ered from 60 to 30 MeV for this decay. For 
the 3-prong tag, the I-prong hemisphere is re
quired to contain an even number of photons 
and events with unused photons are reJected 
(60 MeV in the barrel and 100 MeV in the 
endcap, 0.80 < Icos 81 < 0.95). 

The n1l"° candidate is selected based on the 
combination with lowest reduced chi-square: 

1 n (m' _17'l..,ro)2 
X

2 =-L: n 2 
n '=1 0', 

where m~ is the mass of the ith 71"0 candidate. 
The resolution for the mass, 0'" is typically 
between 6 to 8 MeV / c2• The two-photon in
variant mass spectrum for r- -+ h-7I"°vT' is 
shown in Fig. 4(a), for the lepton tags. A 
clear 11"0 signal with very little background is 
observed. A four standard deviation cut on 
the mass is used to defined the normalization 
sample. In Fig. 4(b-d), the X2 for the other 
three 71"0 multiplicities are shown, also with a 
lepton tag. An enhancement at zero X2 is ob
served for all three photon multiplicities. The 
number of events for each tag are summarized 
in Table 2. The invariant mass spectra of the 
7I"-n1l"° candidates from all tags are shown in 
Fig. 5. There are few events with mass above 
the r mass. 

The backh:·:.)unds are small and have been 
calculated usir.:r both Monte Carlo and data. 
The backgrour. ! In) from two unrelated pho
tons forming (.! -.: "-':lndidate is estimated frorn 
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Figure 4. (a) The two-photon mass spectrum 
of the 171"° candidates for lepton tags. 
(b-d) The X2distribution for the 

2, 3, and 4 71"0 candidates for lepton 
tags. The histograms show the 

Monte Carlo expectations. 
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Figure 5. (a) The 1I"-n7l"° invariant mass 
sRectrum for the 1, 2, 3, and 4 
71" candidates. The hatched histo
grams shows the hadronic back
ground expectation. Only the lep
ton tag is shown in (d). 
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Table 2. Numbers of events, backgrounds, detection efficiencies, and branching ratios 
for the n1r° candidates in the various tags. 

Mode Tag Events Backgrounds (%) Relative B(,- --i> X) 
(X) In Iqq IT Eff.(%) B(,- --i> h-1r°vT) 

e 8935 2.2 0.1 < 0.1 4.3 ± 0.1 100 1 
h-1r°vT JL 7470 2.3±0.1 < 0.1 4.6± 0.2 100 1 

3h 8511 2.0 ± 0.1 2.6 ± 0.1 3.4± 0.2 100 1 

e 1639 4.1 ± 0.3 < 0.4 3.6 ± 0.2 53.8± 0.8 0.336 ± 0.011 
h-21r°vT JL 1434 3.7± 0.3 < 1.0 4.4± 0.3 53.3±0.8 0.356 ± 0.012 

3h 1561 2.9± 0.2 5.1 ± 0.4 3.0 ± 0.2 51.2 ± 0.7 0.347 ± 0.011 

e 111 11 ±2 <6 12.4 ± 1.7 25.4± 0.9 0.041 ± 0.004 
h-31r°vT JL 100 11 ±2 <6 11.4 ± 1.7 27.0 ± 1.0 0.042 ± 0.005 

3h 95 14±2 22±3 6.6 ± 1.2 19.5 ± 0.8 0.039 ± 0.007 

e 9 14±6 < 10 5.7± 3.2 16.8 ± 1.1 0.005 ± 0.002 
h-41r°vT JL 12 15±6 < 10 4.3 ± 2.3 18.9 ± 1.3 0.007 ± 0.003 

3h 4 45±27 < 45 6±6 6.3±0.9 < 0.012(90%CL) 

the tail of the X2 distributions. The hadronic 
background (Iqq) in the lepton tag is calcu
lated using Monte Carlo and in the 3-prong 
tag, the background is estimated from the 
data. The migration background from other 
1r0 multiplicities is estimated using the Monte 
Carlo. 

The dominant source of systematic error is 
the n1r° finding efficiency. This has been esti
mated by varying the cuts on photon energy, 
angle, and multiplicity and by comparing the 
branching ratios with the results obtained in a 
semi-inclusive analysis of the energy spectrum 
of the unused photons. The signal extrac
tion technique is investigated by comparing 
the results with n-dimensional side-band sub
traction technique. The hadronic background 
estimate is studied using hadronic events of 
3-3 topology from the data. 

After correcting for the backgrounds 
and detection efficiencies, the final results 
are B h2T(O/ B h7ro = 0.345 ± 0.006 ± 0.016, 
B h3T(O/BhT(o = 0.041 ± 0.003 ± 0.005, and 

BM1ro/Bh7ro= 0.006±0.002±0.002, where the 
first error is statistical and the second system
atic. 

Using the world average of Bhwo = (23.8 ± 
0.8)%, the absolute branching ratios are 

B h21rO - (8.21 ± 0.15 ± 0.38 ± 0.28)% 

B h31rO - (0.98 ± 0.07 0.12 ± 0.03)% 

Bh4wO - (0.15 ± 0.04 ± 0.05 ± 0.01)% 

These results are more precise than, but con
sistent with, the current world averages. The 
resul ts on B h31r0 and B h4wO represent the first 
measurement of these decays by exclusive re
construction. These two measurements are 
consistent with the theoretical expectation 
from CVC and isospin[l]. 

CONCLUSIONS 

In conclusion, the, mass and the branch
ing ratios into electron and one charged parti
cle plus multiple 1r°'S have been measured pre
cisely by the CLEO II experiment. The results
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are consistent W: th the world averages and the 
precision of the branching ratio measurements 
is comparable or better than the world aver
ages of all other experiments. The measured 
branching ratios into e and h7r° are some
what lower than the results from ALEPH[ll]. 
However, the measured branching ratios into 
h27r° and h37r° are significantly below the 
"quasi-exclusive" branching ratios measured 
by ALEPH and more consistent with their 
"exclusive" measurements. The sum of the 
four measured branching ratios is 51.5%,f"V 

compared with 55.2% for the ALEPH's f"V 

"quasi-exclusive" results and f"V 54.8% for the 
"exclusive" results. Our measured precise sum 
is 4% below ALEPH which observed no 1I"W 

prong problem. This difference is significant 
in comparison with the 5-7% "missing 1f"V 

prong". This difference needs to be satisfac
tory resolved if we think we understand the T 

lepton. 
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