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We have observed the production of prompt muons in e+e - annihilation in the centre of mass energy range 33.0 GeV to 
35.8 GeV. The rate of such muons with momentu~t greater than 1.4 GeV was measured to be 0.069 -+ 0.024 per multipar- 
ticle event. When compared with currently accepted models, this rate is consistent with that expected from charm and bot- 
tom decays, but does not support the production also of a top quark of mass less than about 15 GeV. 
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e+e - annihilation at high energies is known to pro- 
duce hadrons containing u, d, s, c and b quarks. If  the 
heavier t quark exists, hadrons containing it (T's) should 
also be produced at sufficiently high energy. It is likely 
[1 ] that a T-hadron would have a branching ratio o f  
about 10% for decay into/~ + v + hadrons, where one 
of  the hadrons is a B (i.e. it contains a b quark). A B, 
produced directly in the e÷e - annihilation or from 
the decay of  a T, should have a similar branching ratio 
for decay into/2 + v + hadrons, with a charmed particle 
(C) amongst the hadrons. The C hadrons have an aver- 
age branching ratio of  about 10% [2] *1 for decays 
yielding a muon. If  the lifetimes of  these hadrons with 
new quantum numb ers are sufficiently short (~< 10-10 s), 
their production should lead to apparently direct muons 
in detectable numbers. In this paper we report a test 
for the production of  T's by this method. The data 
were taken by the JADE experiment from January to 
May 1980. During this period, PETRA ran mainly in 
the centre of  mass energy range 33.0 GeV to 35.8 GeV 
with an average of  35.1 GeV. The integrated luminosity 
in this energy range was ~ 1620 nb-1 .  

Muons are identified as penetrating tracks in the 
JADE muon filter, which is a segmented system with 
five layers of  absorber and drift chambers covering a 
solid angle of  92% of  4rr [3]. The main hadron-absorb- 
ing components are lead-glass shower counters, an iron 
return yoke and three layers of  iron-loaded concrete 
which, in total, present a minimum of  6 absorption 
lenghts of  material to particles originating from the 
interaction region. The segmented nature of  the filter 
allows the detection of  muons with momenta as low 
as 1 GeV with good efficiency, although in the results 
presented here, because of  uncertainties in the back- 
ground rate, the low momentum cut-off was set to 1.4 
GeV. The 618 single wire drift chambers (each 30 cm 
wide, maximum drift distance 15 cm, and 3.3 to 4.7 m 
long) have a total area of  approximately 800 m 2. Using 
cosmic muons, the average efficiency of  the chambers 
was measured to be greater than 96% per chamber. 

The selection of  multiparticle annihilation events 
from the data has been described in a previous publica- 
tion [3]. Cuts were applied to remove r + r  - events, 
and events of  the type e+e - -+ e+e - + anything. The 
resulting sample of  473 multiparticle events was studied 

* 1 Bacino et al. [ 2] have measured the semi-leptonic branching 
ratio for the D ÷ to be 22% and have given an upper limit of 
4% for the D O . 

for the presence of  penetrating tracks, both by a purely 
software analysis and by a visual scan. In the software 
analysis, tracks identified by the inner detector pattern 
recognition program [4] were extrapolated outwards 
through the muon filter as if they were muons. The 
conditions imposed on the quality of  the pattern recog- 
nition fits resulted in (11 -+ 2)% of  real tracks not being 
extrapolated. Muon chamber hits within three standard 
deviations of  an extrapolated track were associated 
with the track. The deviations of  hits from an extra- 
polated track were mainly due to multiple Coulomb 
scattering. The calculated range of  the track was re- 
quired to be consistent with the observed range. The 
×2 for the association of  the hits with the track was 
calculated using a full correlation error matrix, and 
left-right ambiguities were resolved by selecting the 
solution with the lowest X 2. 

Fig. 1 shows the X 2 probability distribution for the 
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Fig. 1. The x 2 probability distribution of the penetrating 
tracks with momentum greater than 1.4 GeV in the 473 multi- 
particle events. The inset shows the region 0.00 < P(X 2) 
< 0.10 in more detail. Events with P(X 2) < 0.01 have been 
rejected (see text). 
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Table 1 
Number of muons with momenta greater than 1.4 GeV in 473 
multiparticle events for x/s = 33.0-o 35.8 GeV. 

observed penetrating tracks 52 -+ 7.2 
estimated background 28.3 -+ 4.0 
prompt muon signal 23.7 -+ 8.2 
expected, c~ .20.5 + 1.2 
expected, c6 + bl~ 28.7 +- 1.7 
expected, c6 + bb + tt 55.2 -+ 3.3 

penetrating tracks with momentum greater than 1.4 
GeV in the sample of  473 multiparticle events. This 
distribution is flat, except for an accumulation below 
P(X 2) = I%. The tracks with probability less than 1% 
were rejected (such tracks are to be expected from K- 
mesons which decay to give muons at large angles with 
respect to the direction of the K), giving a final sample 
of 52 tracks (see table 1). The visual scan corroborated 
the software analysis. Of these 52 tracks, 25 were nega- 
tively charged and 27 were positively charged. In this 
sample of  473 multiparticle events, there were 5 events 
with two muons (which are included in the above re- 
sults). Four events have opposite sign muons, the other 
has two negative muons. 

The probability that an extrapolated muon track of 
momentum greater than 1.4 GeV was correctly identi- 
fied by the aboveprocedure was calculated to be (92 
-+ 2)% for tracks within the muon filter solid angle. 
Taking account of this selection efficiency, the muon 
filter solid angle (92%), the efficiency of the inner de- 
tector pattern recognition program (97%) [4] and the 
selection of tracks found by this program [(89 + 2)%], 
the overall efficiency for the detection of a muon with 
momentum greater than 1.4 GeV is (73 -+ 3)%. 

In addition to the muonic decays of short-lived parti- 
cles, penetrating tracks may result from three processes: 

(1) The decays rr -~/a and K ~/1 can occur before 
the hadron is absorbed. These are important because. 
of the large flight path from the interaction point to 
the first substantial absorber (~  1.5 m) and are the 
dominant sources of background below 5 GeV. 

(2) There is a non-zero probability that a hadron 
"sneaks through" by not interacting absorptively with 
nuclei. 

(3) Secondary particles, produced when a hadron 
undergoes a nuclear interaction, may penetrate the 
absorber, giving muon chamber hits which appear to 
be associated with the track of the original hadron. 

The probability that a hadron will contaminate the final 
sample in this way is estimated to be 1% for a hadron 
with momentum greater than 5 GeV and negligible 
below 5 GeV [5]. 

Background from cosmic ray muons is negligible in 
multiparticle events because of the short sensitive time 
for track detection and because each track is required 
to originate from the interaction point. 

The background from these processes was estimated 
using the extrapolation procedure employed in the 
search for penetrating tracks. Every track, whether 
associated with hits in the muon chambers or not, was 
assigned a probability of simulating a penetrating track 
due to the processes 1 -3  above. It was assumed that 
70% of the tracks were pions, 20% were kaons and 10% 
were protons [6] ; the result is not sensitive to these 
proportions. The momentum spread and angular distri- 
bution of muons resulting from 7r and K decay was 
taken into account. This method of estimating the 
background is independent of  the efficiency of the 
inner detector and of the solid angle of the muon filter, 
and takes account of the jet configurations of multi- 
particle events. The background processes 1,2 and 3 
above account for 79.3%, 10.3% and 10.4%, respec- 
tively, of the total estimated background given in table 1. 

Table 1 shows that, after background subtraction, 
there remains a prompt muon signal with a statistical 
significance of 3 standard deviations. After accounting 
for the overall detection efficiency, the fraction of 
prompt muons above 1.4 GeV is 0.069 -+ 0.024 muons 
per multiparticle annihilation event (the number of 
prompt muons actually observed in the JADE detector, 
uncorrected for efficiencies, was 0.050 + 0.017 per 
event). 

In order to assess the significance of the observed 
muon signal, the results have been compared with the 
prediction of a theoretical model. Hadronic events 
were generated using a Monte Carlo program [7] and 
the expected muon spectrum was determined from the 
decays of  C, B and T particles. The top quark was as- 
sumed to have a charge of ~-e and a mass of  15 GeV, 
giving a threshold for naked top production of ~30.4 
GeV. No threshold factor was included. For each of 
the heavy quarks, a fragmentation functionf(z) = con- 
stant was assumed [8]. It was also assumed that the 
top quark decays predominantly to bottom, and bot- 
tom predominantly to charm. T and B mesons were 
given an average branching ratio of 10% for muonic 

279 



Volume 99B, number 3 PHYSICS LETTERS 19 February 1981 

decay, while for charmed particle muonic decays, the 
branching ratios [2] *l were taken to be 4% for neutral 
mesons and 22% for charged mesons. The process T 

r + v + hadrons was included, with a branching ratio 
of  9% [7] ; the branching ratio for r ~ / ~ w  was taken 
to be 18%. The decay B ~ r + v + hadrons was neglected, 
since the branching ratio is estimated to be only 3% [7]. 

The predictions in table 1 were obtained by normal- 
ising to the observed number of  multiparticle events, 
thus making them independent of  the overall JADE 
detector trigger efficiency. Also, they were scaled down 
by the overall muon detection efficiency. Within the 
framework of  the theoretical model, our measurements 
are consistent with the muon production expected 
from charm and bot tom decays but are more than 3 
standard deviations below that expected with produc. 
tion of  a top quark. Other PETRA experiments [9,10] 
have reached similar conclusions at energies up to x/s 
= 31.6 GeV. The presently observed number of  dimuon 
events is insufficient to test for the production of  heavy 
quark flavours. 
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