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Abstract. We present high precision results from an anal-
ysis of all major 7 branching ratios, determined simulta-
neously in the same experiment. The results are based

on 6064 7 decays observed at 1/§=35 GeV, using the
CELLO detector at PETRA. The sum of the measured

exclusive branching ratios saturates the total t decay
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width. In a comparison with the topological branching
ratios measured recently by CELLO, the sums of the
respective exclusive branching ratios are found to satu-
rate the inclusive fractions. Qur results are in good gener-
al agreement with existing measurements. However, the
decay fractions for 1~ »n "z n"v,and n~ >~ 770y,
are larger than the present world averages. All measured
branching ratios are in good agreement with the expecta-
tions from a standard 7 lepton.

1 Introduction

Since the discovery of the 7 lepton by Perl et al. [1]
in 1975, its production and decay properties have been
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subject to intensive investigations. In the framework of
the standard theory of electroweak interactions [2] the
7 lepton and its associated neutrino v, are placed in a
third (“sequential”) lepton doublet in addition to the
electron and the muon doublets. With this assignment,
the 7 is produced in pairs in e* ¢~ annihilations via pho-
ton and Z° boson exchange. The weak t decays to purely
leptonic and semihadronic final states are mediated by
the W* bosons coupling to the weak charged lepton
and quark currents. The mass of the ¢ allows coupling
only to the first quark doublet, consisting of the u and
the Cabibbo-rotated d. quark fields.

7 production in e™ e~ interactions has been well stud-
ied and the experimental results concerning the cross
section and charge asymmetry are in good agreement
with standard theoretical expectations (see, e.g., [3] for
a recent compilation). The decays, on the other hand,
have so far not been completely understood. A major
part of the decay modes can be calculated reliably [4—6]
and these decays have indeed been observed with the
expected branching ratios (see [7-9] for recent reviews).
However, the sum of existing measurements of the indi-
vidual branching fractions combined with theoretical
constraints on unmeasured channels leaves room for
about 5% of so far unobserved decay modes [10]. With-
in the framework of the standard model, there seems
to be little hope to explain the discrepancy with expected
but so far unmeasured decay channels [11]. A compari-
son with measurements of the topological branching ra-
tios (denoted by BR;, BR;, BR; for decays into one,
three or five charged particles plus neutrals) shows that
the “missing” decay channels have to be attributed to
the one-prong decays. The comparison relies on data
to be combined from many different experiments. To
minimize the role of experimental bias or inadequately
estimated systematics [8], for a better understanding of
7 decays it is very desirable to determine both the inclu-
sive and exclusive decay modes in the same experiment.

In a high statistics experiment using the CELLO de-
tector at PETRA we have measured the topological and
all the major exclusive 7 decay fractions simultancously.
Our results for BR;, BR; and BR have been published
previously [12]. Here we give measurements of branch-
ing fractions of the major exclusive © decay modes, in-
cluding the previously poorly determined multiple 7°
decays [13]. Our measurements present a consistent pic-
ture of the t decay pattern in good agreement with con-
ventional expectations.

2 Experiment
2.1 Detector

The data presented here come from a high statistics ex-
periment at 35 GeV c.m. energy, in which 87pb~! were
collected with the CELLO detector. CELLO is a general
purpose magnetic detector, equipped with a fine grain
lead liquid argon electromagnetic calorimeter. Charged
particles are measured over 91% of the full solid angle
in a cylindrical detector made of interleaved drift and

proportional chambers inside a 1.37 magnetic field,
yielding a momentum resolution of ¢(p)/p=0.02p (p in
GeV/c) without and 0.01p with vertex constraint. Elec-
trons and photons are detected and identified in the bar-
rel part of the calorimeter (20 radiation lengths thick
at normal incidence) which covers a solid angle of 86%
of 4n. The calorimeter has both good energy (o(E)/

E=0.05 +0.1/]/E (E in GeV)) and angular (6 to 10 mrad)
resolution which is important for the reconstruction of
7%s especially in final states with high photon multiplici-
ties. Muons are detected outside the 80 cm thick iron
return yoke by large planar drift chambers covering 92%
of 47. The experiment was triggered by various combina-
tions of charged particle and calorimeter triggers, mak-
ing use of a fast track finding hardware [14] and of
the time structure of the liquid argon signal to suppress
background. Further details on the detector can be
found elsewhere [15].

2.2 Particle identification

One of the crucial properties of the detector in detecting
all 7 decay channels is its ability to identify electrons,
muons, hadrons and photons. Electrons are identified
by their characteristic shower pattern in the calorimeter,
with the total deposited energy matching the momentum
measured in the central detector. Muons are identified
by a hit in the muon chambers and a shower pattern
compatible with a minimum ionising particle. All other
charged particles are considered as hadrons (discrimina-
tion of charged pions from kaons is not possible with
CELLO). Photons are detected as electromagnetic show-
ers in the calorimeter without associated track in the
central detector. n%s were found either by a fit of two
photons to the n°-mass (with a probability cut P(x?)
>0.01) or by a single broad shower compatible with
overlapping photons. The distribution of the y* proba-
bilities for the fits to a 7° hypothesis from all photon-
photon combinations in the multiphoton final states is
shown in Fig. 1. Only combinations with P(x*)>0.01
were accepted (see above). The flatness of this distribu-
tion shows that the energy and angular errors of the
photons reconstructed from the calorimeter information
are reasonable well understood.

To determine accurately the various probabilities for
particle identification and misidentification, extensive
Monte Carlo simulations of the particle response in the
experiment have been carried out. The shower Monte
Carlo simulation is done by EGS [16] for electromagnet-
ic particles and by HETC [17] for badrons. The pre-
dicted probabilities for charged particles, which play an
important role in the measurement of the exclusive
branching ratios, were compared with experimental de-
terminations on reference samples taken from radiative
Bhabha events (electrons), from cosmic rays (muons), and
from the reaction yy — p°p° and from three-prong t de-
cays (charged hadrons). The comparison was done for
various momentum ranges. The results averaged over
all momenta are shown in Table 1. To investigate sys-
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Fig. 1. Distribution of the y* probabilities for the fits to a =° hy-
pothesis from all photon-photon combinations in the multiphoton
final states. Only the combinations with P(y?)>0.01 are shown

tematic effects, we varied the identification criteria within
reasonable limits. Good agreement between the results
for data and Monte Carlo is observed for all momenta
and all identification criteria. The systematic error due
to charged particle identification is limited by the refer-
ence data statistics (~ 9000 events for each particle type)
and is below 1%.

To demonstrate our ability to reconstruct z%s from
identified photons we show in Fig. 2 a comparison of
two photon invariant mass spectra for simulated and
real T decays into one charged particle and an arbritrary
number of photons (for the © event selection see Sect. 3
and [12]). A clear =° signal and good agreement between
experimental data and Monte Carlo predictions is ob-
served for all photon multiplicities. The predicted photon
detection efficiency is about 60% for E,<1 GeV and
about 80% for E,>1 GeV in events of this type.

Fig. 3a shows the invariant mass distribution of final
states consisting of one charged particle and two pho-
tons, where the photons fit well (P(x?)>0.01) to the
n°-mass. Such final states are expected to be dominated
by the decay 1 pv, p—nn’. We observe a clean p-
signal both in data and Monte Carlo. As a further exam-
ple of the combination of calorimetric and tracking infor-
mation and its proper reproduction by the Monte Carlo,
we show in Fig. 3b the invariant mass distributions of
final states from © decays leading to one charged particle
and one observed neutral shower without further re-
quirements. These final states are also expected to be
dominated by the decay t— pv, p - nr° where the n°
either has a large momentum so that the two decay pho-
tons are not separated, or decays asymmetrically with
a low energy photon undetected. The p mass peak is
well reproduced as is the accumulation at low masses
which originates from background due to radiative elec-
trons and misidentified photons close to a charged had-
ron (most likely fragments of the hadronic shower). Re-
quiring the charged particle to be a hadron and eliminat-
ing photons forming an opening angle less than 3° with
the charged particle leads to a p signal almost free of
background (Fig. 3¢). The small mass shift in this distri-
bution is due to the unobserved photon.
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Fig. 2a—c. Invariant mass of two photons in 7 decays with one
charged particle and a two observed photons, b three observed
photons, ¢ four or more observed photons. The data points and
the Monte Carlo predictions (histograms) are shown

Systematic errors due to photon detection efficiency
were investigated by varying the photon identification
cuts over a wide range. The p-signal is not sensitive to
this variation and we conclude that the contribution to
the systematic error in the exclusive branching ratios,
originating from photon identification, is below 1%.
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Table 1. The particle identification matrix #,,; (i, j=e, u, h) for data and Monte Carlo averaged
over all momenta. #,_,; is the probability (in %) that a particle of type i is identified as particle
of type j. Quoted errors are purely statistical. The tracking efficiency is not included
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3 Event selection and background estimation

7 pair candidates are selected with a series of cuts taking
advantage of the special topology and kinematics of the
7 pair final state. Only the most important cuts will be
given here, further details of the selection procedure have
been published previously [12, 18]. Using all charged
and neutral particles in an event the sphericity axis is
determined and divides the event in two hemispheres.
The particles in each hemisphere in turn are used to
construct individual “jet” axes. The angles used below
are defined with respect to these two jet axes. A cut
in the acollinearity angle (0.5°<a,.,;<50°) removes a
large part of Bhabha, y pair, cosmic ray, two photon
and radiative 1 pair events. The remaining background
from two photon collisions and Bhabha events is re-
moved by rejecting events with two identified electrons
or muons, and by a cut in the acoplanarity angle (0°
<lacop<40°) and the total energy in the central barrel

calorimeter (0.05 ]/g <E<0.75 ]/5). Multihadronic events
are almost completely eliminated by restricting the maxi-
mum number of charged particles to 10 and limiting
the invariant mass of all charged and neutral particles
in cach hemisphere of a candidate event to less than
2.7 GeV/c?. Finally, cosmic ray events are efficiently re-
moved by demanding a minimum opening angle of 0.5°
in the Rz-projection between the tracks in the wire
chamber. To retain as many v decays as possible loose
selection cuts were first chosen, and the selected events
(4756) were subjected to a visual scan. After this scan,
3032 events survived. As can be seen from Table 2, the
bulk of the rejected events were QED events (with elec-
trons or photons pointing to cracks between the calorim-
eter segments), or multihadronic and two-photon in-
duced events with unreconstructed tracks at small angles
with the colliding beams. Furthermore 29 beam-gas
events and 190 cosmics were identified, which are not
contained in the table. To check the scanning procedure,
a Monte Carlo sample of equivalent statistical signifi-

Fig. 3a—c. Invariant mass distribution of: a one charged particle
and two photons forming a #° b one charged particle and one
photon without further requirements, ¢ one charged particle and
one photon, where identified electrons and low energy photons
close to the charged particle (most likely fragments of the hadronic
shower) are removed. The data points and the Monte Carlo predic-
tions (histograms) are shown
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Table 2. Numbers of events classified by visual scan for 4 sets of increasingly tighter selection
cuts (e.g. variation of the maximal energy in the calorimeter from 0.75 ]/; in 4 roughly equid-

istant steps down to 0.50]/§, see also [12]). The final analysis is based on cut set {. The
classification is: good 7 pairs {t7), possible 7 pairs (1 (7)), QED events (ee(y ...), pu(y)), multihad-
ronic events (gg), two-photon induced events (yy) and unclear events{?). The Monte Carlo
events for the various physics channels are calculated using the known cross section at ]/;
=35 GeV and with the same integrated luminosity as the data. The Monte Carlo numbers

are thus absolute predictions

Reaction Cut set 1 Cut set 2 Cut set 3

Cut set 4

MC MC MC

Data

MC Data

T 3077 2665 2337
() 52 50 35 40 29
ee(y..) 1000 991 477 433 275
1y 70 60 52 32 42
9 112 97 71 81 54
¥y 267 214 194 171
? 51 53 33 40 27

2272

2073 2017
35 11 33

225 151 145

17 37 13
68 48 62

156 160 142

34 20 31

cance to the data, containing both t pair events and
background, was generated using a full simulation of
the detector, was processed through the same reconstruc-
tion and selection programs as the data and was subse-
quently scanned.

The remaining background in the sample of 3032
7 pair candidates has been determined by Monte Carlo
and amounts to a total of 7%, dominated by radiative
Bhabha events (2.5%) and the two-photon channels
ete”»eTe u u",ete 1 17 (3.5%). The background
from residual multihadronic events (0.5%) was deter-
mined from Monte Carlo events e e” —hadrons. By
comparison with multihadronic events from the same
experiment, restricting one of the two jets to z-like topo-
logies (X3 charged particles, invariant mass
<3 GeV/c?), it was verified that the Monte Carlo invar-
iant mass distributions are correct. In addition, we esti-
mated from our experimental multihadron data an upper
limit (90% C.L.) of 30 multihadronic background events
in the multiprong 1 sample, which corresponds to 1%
and is consistent with the Monte Carlo prediction.

To demonstrate the overall small background, distri-
butions of the invariant masses for one-prongs (with at
least one additional photon) and three-prongs (with any
number of photons) in the 7 pair events are shown in
Fig. 4 for the data and the  Monte Carlo. The invariant
masses are calculated from the charged particles and the
photons in each hemisphere separately. The © Monte
Carlo describes the observed distributions well.

The systematical uncertanties of the selection proce-
dure were studied by varying the selection criteria. The
cuts for the minimal acoplanarity angle and the maximal
calorimeter energy were tightened in 4 steps (see [12]
for further details). The result of this study is shown
in Table 2, where the numbers of t pair candidates and
the various backgrounds are given for the 4 sets of selec-
tion cuts. In all cases good agreement is found between
data and predictions, thus verifying both the Monte Car-
lo simulations and the scanning procedure in detail.

LS s S AN LA S S B R S R A A AR D SN B B B S S N SR B B |
a) o

160

T— 1charged particle +
120 - > 1 photon n
¢ dafa

80 I IMC

events/30 [Me\//c2]

40

PG TN T N T T T U TS YT W N S T W

0 0.5 1.0 15 2.0 25
Mass [GeV/cz]

LI I S R S B B B N S S S B N N BN B SRt S B SR S BN B B

100 | + G

T = + ]
<’ | -
E 80 i T — 3 charged particle +
= + > 0 phofons 7
60 - )
P L ¢ data -
[
£ Lor e )
2 F )

N T T S T T YT 0 Y T S M G SR . )

0 0.5 1.0 15 2.0 25
Mass [Ge\//czil

Fig. 4a, b. Invariant mass of the visible particles in t decay.
Charged particles and photons are used. The data points and the
Monte Carlo predictions (histograms) are shown. a Invariant mass
of one-prong decays with at least one additional photon, b invariant
mass of three-prong decays with any number of photons
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4 Analysis and results
4.1 Major exclusive Tt decay modes

The branching ratios for the individual decay channels
were determined in the following steps:

1. Classification of the t decays into seven classes which
largely correspond to the exclusive decay channels

2. Determination of a set of probabilities P, for each -
candidate to belong to one of the seven classes

3. Determination of the branching ratio of each class
independently

4. Determination of the branching ratios of all classes
simultaneously

5. Investigation of systematic uncertainties.

The t decays are classified according to the main decay
channels predicted by the standard model (see Table 3).
The first two classes are the two leptonic decay modes,
classes 3, 4 and 5 include all semihadronic decay modes
with one charged particle and respectively zero, two, and
more than two photons in the final state; class 6 is the
three-prong decay mode without additional photons and
class 7 includes all other multiprong decay modes. The
classification is complete in the sense that all ¢ decays
expected from the standard model can be assigned to
one of the classes.

For each observed 7 decay a set of probabilities P(i
=1, 2, ...,7) has been determined, giving the probabili-
ties to assign the decay to one of the classes i, using
particle identification, the number of charged and neutral
particles, and kinematic quantities such as particle mo-
menta and invariant masses, As examples for such distri-
butions used, we show in Fig. 5 the measured charged
particle momentum spectra and the respective Monte
Carlo predictions for the first four classes. Details on
the method can be found elsewhere [19].

The probabilities P have been used in two ways to
identify the t decay channels, ie. to attribute a given
7 candidate to a specific class i:

1. The largest of the P. was used to assign the decay
to class i, thus forcing each t decay into one of the seven
classes.

2. Thresholds B** were introduced for each class and
the largest element P had to satisfy the condition P> P
in order to assign the decay to class i. With this method
a certain number of = candidates, depending on the value
chosen for B, were discarded.

The general idea of the anmalysis is to determine the
branching ratios of the ¢t decay channels with method
1 and to verify with method 2 that we observed them
all. For decays not contained in the seven classes above
we expect low P, values for all classes. A potentially in-
complete model for the t decay (e.g. the standard model
we have chosen) could therefore be identified: As the
threshold values P in method 2 are increased, the
number of discarded 7’s in the data would become larger
than expected from the underlying Monte Carlo model
and the resulting exclusive branching ratios would no
longer sum up to 100%.

The branching ratios BR; are defined as N/N,,, where
the true numbers N, of t decays in class i (for the full
solid angle) are related to the observed numbers n; by
a transition matrix ¢, ;, according to the relation

m—ni=>y &.;N;. (1)

n? is the number of non-t background events in class
i and the matrix elements ¢;.; give the probability that
class j is identified as class i, i.e. the diagonal elements
¢; . ; are the efficiencies to detect class i. The total number
of = decays N, was taken from the analysis of the topo-
logical branching ratios [12] and is therefore indepen-

Table 3. Assignment of observed © decays to the seven classes (see text). n/n? denote the numbers of selected 7 decays/non-t background
events for class i. Numbers are given separately for the two methods of assignment: a) “max B’ the decay is assigned to the class
of maximum probability b) “ P> B*"”; the maximum probability also has to exceed the threshold B, For the latter method a “garbage”
class (no decay channel assigned) is filled. ¢) same as b) but with the hard selection cut set 4 (see Table 2). The branching ratios for
each class using the above methods are also given with their statistical errors

a) b) <)

(cut set 1) (cut set 1) (cut set 4)
Decay mode Class ny/n? BR;[%] n,/nf BR;[%]

max P max P P> P P> peut P>pe P>p
Tevy 1 634/ 40 18.6+0.9 659/ 37 18.4+1.0 447/11 18.3+1.0
T Uy 2 606/ 38 179409 534/ 35 178110 339/ 4 17.5+1.0
T—hy 3 1531/193 126412 653/ 82 120+14 396/ 9 12.0+15
T—h+2yv 4 1185/ 84 22.8+1.6 917/ 77 230418 641/ 9 24.1+19
Tkt >2yv 5 967/ 29 142413 828/ 13 143+14 575/ 3 137415
T-3hv 6 714/ 20 94412 550/ 10 84+13 352/ 4 90+1.3
153(5)h

+2=10)yv 7 377/ 25 59+1.2 153/ 15 63+1.7 109/ 4 6.3+1.9

rest 1770/159 1175726
Sum 6064/429 101.44-3.2 4294/269 100.24-3.6 4043/70 101.0+£3.9
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dent of this analysis. For both methods we have deter-
mined the matrix elements ¢;.; and the numbers of back-
ground events n?, using the full Monte Carlo with input
branching ratios taken from our measurements after iter-
ation.

In a first step the branching ratios were determined
for each class separately using the following relation

ni_n?:é:i*i]\]i—i_gi@r(]\]tot_z\]i) (2)
as a special case of (1), where ¢; ., is the total probability
to find a v decay from any other class in class i. Table 3
shows the number n; and n? of events contained in each
class for method 1, and for method 2 using the tightest
threshold values B®. The distributions of the weights
P depend on the decay channel considered and so do
the thresholds B™: They were chosen between 0.2 and
0.55 for the classes containing one charged hadron and
an arbitrary number of photons, and between 0.5 and
0.95 for the other classes [19]. For both methods the
event sample has been selected according to the standard
cut set 1. In addition, we show the numbers of observed
decays in the various classes for method 2, using the
tight selection cut set 4 (see also Table 2). For each meth-
od the resulting branching ratios are also listed. Within
the statistical errors the results for the individual classes
for all three determinations are in good agreement. Fur-
thermore, the sum of the branching ratios calculated with
method 2, treating each decay channel independently,
saturates to 100% within the errors, suggesting that the
7 decay classes considered in this analysis are complete.

With the completeness of the decay channels thus
established, a likelihood method fitting all channels si-
multanéously was performed. Assuming Poisson statis-
tics for the observed number of events #; the following
expression was minimised:

322 {Z & j Nt BR;—(n;—n}) ln(z & j BR))}. (3)

As above, the branching ratios BR; are defined as the
ratios N,/N,,, where the N; are the corrected numbers
of 7 decays in class i (see (1)). The full transition matrix
g .; of relation (1) used in the fit is shown in Table 4.
The simultaneous fit of all = decays has the advantage
that the results, as we checked, are independent of the
input branching ratios used in the Monte Carlo simula-
tion and that the errors are minimized. The likelihood
fit was done for both methods 1 and 2 of classifying
the observed © decays. The results obtained with method
2 for different thresholds P always agreed with those
of method 1. Table 5 shows the resulting branching ra-
tios for the seven classes, together with their statistical
and systematic errors.

Fig. 5a—d. Measured (points) and simulated (histogram) momentum
distributions of final state charged particles in one-prong t decays
(classes 1 to 4 of Table 3): a Electrons assumed to come from
T—¢¥vy, b muons assumed to come from 7— u¥vv, ¢ hadrons as-
sumed to come from z— n(K)v, d pions assumed to come from
T—>pV
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Table 4. Transition matrix & ._;, giving the efficiencies for assigning a t decay in class j to class i. The matrix elements are given in
% and include the acceptance correction. The quoted errors are due to the Monte Carlo statistics

1 2 3 4 5 6 7
1 2045+0.22 0.38+0.01 5.76 +0.06 1.13+0.01 0.38+0.01 0.11+0.01 0.05+0.01
2 0.16+0.01 18.55+0.19 7.554+0.08 1.12+0.01 0.4140.01 0.09+0.01 0.06+0.01
3 0.49+0.06 0.53+0.08 28.334+0.35 2.92+0.03 0.85+0.01 0.12+0.01 0.11+0.01
4 0.35+0.01 0.25+0.01 7.574+0.01 19.76 +0.16 9.13+0.07 0.85+0.01 0.49 +0.01
5 0.28 +0.01 0.11+0.01 3.16+0.04 10.27 £0.11 23.13+0.25 0.87 +£0.01 1.6240.02
6 0.00+0.01 0.00+40.01 0.07+0.01 0.07+0.01 0.08+0.01 32.18+042 6.23+0.08
7 0.00+0.01 0.00+0.01 0.0340.01 0.08 +£0.01 0.314+0.04 18.12+0.27 219114031

Table 5. Measurements of the exclusive branching ratios in % for the seven classes using the likelihood method (see text). The individual
branching ratios within the classes 3, 4, 5 and 6 have been determined by subtracting the expected strange particle contributions. The
errors quoted are statistical and systematic. The branching ratios for the seven classes are added up to yield the sum for this experiment.
For comparison, the world averages from a recent compilation [20] are also given. The theoretical expectations are based on the standard
model and are normalised using measurements of the ¢ lifetime (see, e.g., [7])

Decay channel Class this experiment world av. theor. expect.
T evy 1 184 +0.8+04 175404 189+0.5
T UVY 2 17.7 +0.8+04 178 +04 184
t—hadron v 3 12.3 +0.94+0.5

Ty 11.1 4+0.940.5 10.8 +0.6 114
7—Kv 0.7 +£02 0.74
t-»hadron+2yv 4 226 +1.540.7

T py 222 +1.540.7 223 +1.1 232
7> Knv 14 +£03 1.2
7 —hadron+ >2yv 5 140 412406

121’y 100 +1.5+1.1 7.5 +£09 9.0
t-on=3n%y 32 +1.0+10 30427 1.2
7 -3 hadrons v 6 9.0 +0.740.3

o371V 87 +0.7+0.3 6.8 +0.6 9.0
7—3(5) hadrons + = 1(0) yv 7 5.8 +0.7£02

t-3n=17"v 5.6 +0.7+0.3 44 +1.6 5.0
152207y 0.16--0.14 0.124+0.03

t—>K1£1rv 0.22+0.14 0.2
KKy 0.6
t—KKnv 0.2240.15 0.2
T 57y 0.06+0.02 02
67y 0.0540.02 0.2
Sum 99.8 +26+12 92.8 +3.6 100.0

Varying all independent input parameters (g;.;, 1y Comparing the input and output branching ratios of
and N, within their uncertainties and refitting the  a Monte Carlo test sample, we verified that the whole
branching ratios, we get a spread of results which deter-  analysis chain is free of bias. Since in all comparisons
mines their systematic errors. The systematic errors on  of the Monte Carlo predictions with the data we observe
the transition matrix elements receive contributions from  agreement within statistics, the systematic errors on the

uncertainties of the following quantities and procedures: n? are conservatively assumed to be equal to the statisti-
cal one. Varying the different cuts involved in the selec-

— selection, trigger and scan efficiencies tion of the 7 final states over a wide range as described

— particle identification above, we observe consistent results for the branching

— photon detection efficiency ratios, well within the statistical uncertainties (see also

— 1 decay identification (estimated by comparing differ- Table 3).

ent methods to determine the P) With the known branching ratios for the t into

— choice of threshold values B®** (estimated by variation) strange particles, the Cabibbo-allowed decays of the
— unknown input branching ratios in the Monte Carlo can be extracted from the classes 3 and 4 (see Table 5).
simulation (estimated by variation). Using the present world averages [20] BR(z — Kv)



=(0.7+0.2)% and BR(t - K*v)=(1.410.3)% their con-
tributions can be subtracted to yield the exclusive
branching ratios for t—=nv and 7— pv. Similarly, the
K* contribution was subtracted in class 6 to obtain the
branching ratios for t—3zv. To obtain the branching
ratio for T — 37> 17°%v we subtracted from the branching
ratio for class 7 the contribution due to T —57(=0)n%v
which was determined to be (0.16+0.14)% in [12]. The
systematic errors for the branching ratios of the Cabbi-
bo-allowed decays entered in Table 5 contain the uncer-
tainties on the various subtractions.

4.2 Multi-r°© decay modes

In a further step the branching ratios of the decay modes
ton27% and 1—>7n=37n°v were determined. As al-
ready demonstrated in Fig. 1 the CELLO calorimeter
allows us to reconstruct 7%s even in final states with
high photon multiplicity. For each decay candidate with
two or more observed photons we determined the
number of n° either by mass reconstruction or by identi-
fying overlapping showers as described in Sect. 2. A de-
cay candidate was assigned to the 2z° decay if there
was one charged particle and either 2 photons not form-
ing a n° or 3 photons forming one or two n%s, or 4
photons with two pairs forming n%s. All other decay
candidates with =3 photons were attributed to the
>37° decay. These assignments result in 333
“2r%-candidates” and 72 “ =3 n’-candidates”. In each
of these samples substantial background from the other
multi-z® 1 decay channels (feed-up and feed-down) is
expected: The signal to background ratios are 1.5:1.0
and 1.1:1.0, respectively. Branching ratios are deter-
mined using a transition matrix and a likelihood function
in analogy to (1) and (3). The results with their statistical
and systematic errors are also shown in Table 5. To ob-
tain the branching fraction for the decay t—>n2n°v a
small (0.2%) contribution from t — K*v was subtracted.
Figure 6a shows the invariant mass of the hadronic sys-
tem from the decay t — n2n°v and the expectation based
on an A, resonant hadronic state with mass and width
typical for determinations from 7 decay [7]. The agree-
ment with the Monte Carlo model [21] which was also
used for the three charged pion state (Fig. 6b) is satisfac-
tory.

A method similar to the one described above was
used to estimate the systematic errors due to uncertain-
ties on the selection, the trigger and scan efficiencies,
the photon detection and #° reconstruction. To estimate
the systematic errors we determined the branching ratios
from different types of subsamples (taking, e.g., only the
two-photon final states as “2n°-candidates”). In addi-
tion, the influence of the poorly known invariant mass
distribution of the n3=° final state on the acceptance
calculations was checked by computing the branching
ratios assuming only low (<0.9 GeV/c?) or only high
(> 1.3 GeV/c?) invariant masses, respectively. No signifi-
cant influence was found. The sum of the branching ra-
tios for the two multi-n® decay modes is in good agree-
ment with the branching ratio of class 5. Since the two
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Fig. 6a, b. Invariant mass distributions of a one charged particle
and all observed photons for the final state classified as © —r27°v,
b three charged particles without photons classified as t—37zv.
The data points and the expectations from the Monte Carlo (histo-
grams), based on A; dominance for the 3 pion system (see text),
are shown. Note that in case a the peak is shifted towards lower
masses due to unobserved photons lost in regions of reduced accep-
tance

were obtained by very different analysis methods this
agreement is a further check on the correctness of the
efficiency calculations based on our Monte Carlo mod-
els.

4.3 Discussion

All the exclusive branching ratios determined in this
analysis are compared in Table 5 with the existing world
averages and theoretical expectations based on the stan-
dard model [10] and measurements of the 7 lifetime (see
[7] for a recent review). In almost all cases our results
are the most precise determinations by a single experi-
ment.

In general our results are in good agreement with
the existing world averages. The branching ratios t~
—>n " n v, and 1~ —»n n°x°v, measured in this ex-
periment are larger than previous values. Whereas in
our experiment the sum of the multi-z® decay modes
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of (13.442.0)% saturates within errors the measured
branching ratio of class 5 (t - hadron+ >2y) the sum
of (10.5+2.8)% of the existing world averages for the
same exclusive decay modes does not nearly saturate
the semi-inclusive branching ratio for ¢ — hadron+ =2
hadron® v of (16.3 +1.3)% given in [20]. A similar situa-
tion can be noticed for the sum of all branching ratios.
Whereas the sum of the existing branching ratio mea-
surements fails to saturate the total 7 decay rate by about
2 standard deviations, the same sum measured in our
experiment adds up to (99.8 2.6 +1.2)% and thus leaves
little room for yet undetected or unconventional decay
modes. Likewise our previously published inclusive one-
prong branching ratio BR,=(84.94+0.440.3)% is in
agreement with the sum of exclusive one prong branch-
ing ratios measured in this experiment, namely BR;
=(85.0+24+1.2)%.

The agreement between our data and the theoretical
expectations is good. It should be noted, however, that
the predictions for BR(z — 3nv) are quite uncertain. The
values assumed here come from a particular model based
on a pure A, resonance [21] and have been chosen to
saturate the theoretical branching ratios. Our measure-
ments support this model. In particular, the ratio of
BR (1 > 72n°v)/BR (1 — 37v) is predicted to be equal to
unity, based on the assumption of a pure 4; resonance.
We find for this ratio the value 1.154+0.24. It should
be noted also that isopin symmetry requires this ratio
to be less or equal to one. A possible small contribution
of the decay ©— nnn®v (the branching fraction of which
is below 0.7% [20]) to the decay t — n2x°v is still under
investigation.

Our measurements can be used to test several predic-
tions of the standard model. As can be seen from Table 5,
the branching ratio T —» evv agrees well with the expecta-
tion based on the lifetime measurements (note that an-
other recent measurement of the electronic branching
ratio [22] is somewhat lower than the expectation). Uni-
versality also predicts the ratio of BR(z— uvv)/
BR(t — evv) to be 0.973 [4, 10], in very good agreement
with our measured value of 0.962 4 0.067. Based on the
CVC hypothesis and the measured cross sections
R(ete” —»2n*2n7) and R(e*e” —»ntn~22% [4,10],
the ratio BR(t —» 737°v)/BR(t — 37 =°v) is predicted to
be 0.21. We find for this ratio the value 0.574+0.26, in
fair agreement with the expectation. However, it should
be noted that our value for BR(z — z37°v) may contain
contributions from final states with more than 37%s and,
possibly, also from the decay channels t »nn=17°v.

5 Conclusions

Using data at 35 GeV centre of mass energy correspond-
ing to an integrated luminosity of 87 pb~1! collected with
the CELLO detector at PETRA, we have measured all
the major exclusive branching ratios of the 7 lepton si-
multaneously.

In almost every case our results are the most precise
determinations by a single experiment, mostly agreeing
well with the world average values. For the decay modes

1" s ntn v, and 17 »n n°n°v,, however, we ob-
serve branching ratios larger than the present world av-
erages. Whereas the sum of the previously existing
branching ratio measurements {averaged from many dif-
ferent experiments) fails to saturate the total ¢ decay
rate, our results add up to (99.8+2.64+1.2)% and thus
leave little room for undetected decay modes, in particu-
lar those of an unconventional kind. The sum of all the
exclusive one-prong branching ratios is also in very good
agreement with the corresponding inclusive branching
ratio recently published by CELLO [12].

All the measured exclusive branching ratios given
here are in agreement with the expectations from the
standard model.
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