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Unified weak and electromagnetic interaction mod- 
els require that  the charge sum of  all leptons and quarks 
be zero. The existing experimental  evidence for charm 
and bot tom quarks as well as for three lepton pairs then 
predicts a doublet  partner for the b quark. It is called 
t ( top or t ruth)  and has charge 2/3. PETRA results have 
shown that the threshold for producing mesons which 
contain one t quark is above 31.6 GeV. c.m. energy 
[ 1 - 3 ] .  This, however, does not exclude the existence 
of  bound t t  states below 31.6 GeV, which would form 
narrow resonances. The gap between the threshold for 
t mesons and the lowest lying vector resonance is ex- 
pected to be of  the order of  2 GeV [4]. Therefore we 
have perfomred and energy scan for a possible t t  bound 
state in the region below 31.6 GeV, the highest ener- 
gy available at present. 

The step width and the luminosity per step were 
optimized to find a possible tt  resonance with a signi- 
ficance of  at least 2 standard deviations. For a 2/3 
charged quark and for an energy spread of  o w = 20 
MeV [5] a step width of  20 MeV in the c.m. energy 
W and a luminosity of  20 nb -1 per energy point is re- 
quired. The electronic width of  the bound state was 
assumed to be Pee = 5 keV, which is the experimental 
value for the J /~  resonance. 

The data were taken with the PLUTO detector. A 
detailed description of  the detector has been given in 
ref. [1]. The detector is sensitive to charged particles 
and photons. Charged particles are detected in 13 cy- 
lindrical proport ional  chambers operating in an axial 
magnetic field of  1.65 T. They cover 87% o f 4 n  sr. 
Photons are detected in lead scintillator shower coun- 
ters covering 94% of  the full solid angle. The lumino- 
sity is determined using Bhabha scatters observed in a 
small angle tagging system covering a region of  1 .3°<  0 
< 4 ° [6]. The small angle rate was found to be in agree- 
ment with the wide angle Bhabha rate measured in  the 
central detector. The total integrated luminosity for 
the complete scan was 1745 nb -1, the averaged lumi- 
nosity per point was 23 nb -1.  

The trigger conditions for hadronic events were: 
(i) at least 2 tracks from charged particles with an 

azimuthal-angle separation of  greater than 94 ° , or 
(ii) more than 6 GeV of  energy deposited in the 

shower counters. 
The selection criteria for hadronic events were: 

(i) more than 2 tracks have a common vertex at 
the interaction point;  

(ii) the total  observed energy is more than 1/3 of  
the c.m. energy; 

(rio after dividing each event into two hemispheres 
by a plane perpendicular to the sphericity axis the in- 
variant mass of  all particles in at least one hemisphere 
has to be larger than 2 GeV; 

(iv) the energy deposited in the small-angle 
tagging system is less than 2 GeV. 

To be accepted an event had to fulfill conditions 
(i) to (iv). Cut (iii) was introduced to remove QED 
events including r+r - .  

Applying these cuts we obtained 639 events with an 
estimated background of  24 events from beam-gas  
interactions and cosmic rays. The detection efficiency 
for hadronic events was calculated using a Monte Carlo 
program. The events were generated following the al- 
gorithm given by Field and Feynman [7], which had 
been modified to allow also for heavy quarks, hard 
gluon emission [8] and photon radiation in the initial 
state [9]. Monte Carlo events were processed by a vec- 
tector simulation program and finally analysed with 
the standard data processing routines. The detection 
efficiency after all cuts was 78%. The background con- 
tr ibution from the process e+e T M  -+ (e+e - + hadrons) 
was estimated using a Monte Carlo program [6] and 
found to be 10%. Acceptance-weighted radiative ef- 
fects were - 12%. 

The corrected total hadronic cross section norma- 
lized to the QED ~-pair cross section, R, is shown in 
fig. 1. The errors shown are statistical only, the syste- 
matic error, which reflects the uncertainties in the ef- 
ficiency, the background and the luminosity,  is 15%. 
The value of  R averaged over the scan region is R 
= 3.8 + 0.2. Combined with our previous values at 30.0 
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Fig. 1. Ratio R of the total hadronic cross section Crto t to a ~  
as a function of c.m. energy. 
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and 31.6 GeV [ 1 ] this yields a final average of 

R = 3.9 -+ 0.2 (statist.) -+0.5 (system.),  

for 30.0 < W < 31.6 GeV, W = c.m. energy. This result 
is in agreement with the expected value o fR  = NQ2(1 
+ as/Tr ) = 3.9, where the summation runs over the 
charges Q2 of the quarks u, d, s, c and b and a s is 
QCD coupling constant. The cutoff parameter for the 
coupling constant was taken to be 500 MeV. 

A possible resonance in this region would give a 
contribution to the total cross section of 

o H = (37r/W2)reePH / [(W - MR)2 + p2/41, 
with Y, Fee and 1-' u being the total, the electronic and 
the hadronic decay widths, M R the resonance mass and 
W the center of mass energy. The total decay width is 
assumed to be small compared to the spread of the 
e+e - c.m. energy. Therefore the expected resonance 
curve is represented by the gaussian energy distribution 
of the incoming particles (eric = 20 MeV at W = 30 GeV) 
folded with the energy spectrum of the radiated 
photons, which is of the form 1/k, where k is the 
photon energy. This spectrum is no longer of gaussian 
form, but can be approximated by a gaussian distribu- 

tion with a maximum value of e r --- 0.6 times the maxi- 
mum value for the unfolded distribution [9]. The in- 
tegral over the resonance curve including this correc- 
tion is given by 

A = f o .  dW-- (6rr2/M2)BHPeeer , 

where B H is the branching ratio into hadrons PH/I' .  
With these assumptions the observed cross section 

was fitted to the sum of the measured non-resonant 
cross section plus a gaussian of variance 0 2 and area 
A. The largest value for A was found at a mass o f M  R 
= 30.337 GeV/c 2 wi thA = 9.2 -+6.6 nb MeV, corre- 

sponding to an upper limit OfBHPee < 1.4 keV at a 
95% confidence level. 

The signal to continuum ratio can be improved by 
exploiting the expected differences in event topology. 
Continuum events of the class e+e-  ~ qq ~ hadrons 
have a two-jet structure with low sphericity, while 
events of the class e+e- -+ V -+ hadrons, where V is a 
q?t bound state, are expected to have a more isotropic 
decay structure with higher sphericities, especially if 
they decay via three vector gluons [10]. Twenty per- 
cent of the non-resonant events have a sphericity 

greater than 0.25, while Monte Carlo studies showed 
that this number would be 75% for direct quarkonium 
decays into three gluons. The normalized cross section 
for events with an observed sphericity greater than 
0.25, Rsp h, is shown in fig. 2. There is no significant in- 
dication for an excess of events especially not at the 
energy of 30.337 GeV, where the highest value for 

BHFee was found. 
For the lowest lying 3S 1 tI state with a quark charge 

of 2/3 one expects an electronic decay width of Fee 
5 keV. This value is obtained from the empirical 

rule 1-'ee/Q 2 = constant, where Q is the charge of the 
underlying quark. If we assume a value for B H of 
0 .75 ,1 ,  we obtain an upper limit Pee < 2.0 keV at a 
95% confidence level. This limit clearly excludes the 
existence of a 3S 1 tt state in the scanned energy region. 
If we in addition combine our results with those of the 
TASSO collaboration [2], the limits are reduced to 

BHI~ee < 1.1 keV or I~ee < 1.4 keV at a 95% confiden- 
ce level. 

No strong conclusions can be drawn on the existen- 

ce of bound states formed by 1/3 charged quarks, 

where we expect Pee(Q = 1/3) = 1Fee(Q = 2/3) ~ 1.3 
keV. 

We conclude that the result for the hadronic cross 
section is in agreement with the expected value for 
five excited quark flavours. The existence of a narrow 

,1 If the three-gluon decay width is half the total decay width 
and if for the vacuum polarisation contribution the lep- 
tonic decay width divided by the hadronic decay width is 
I~Q~/3 r.Q~t, where Q~ are the charges of the leptons e, tt 
and r and Qq are the charges of the quarks u, d, s, c and b, 
the total hadronic decay width is 7~%. 
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Fig. 2. Ratio Rsp h of the hadronic cross section for events 
with a sphericity greater than 0.25 as a function of c.m. ener- 
gY. 
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qC: t 1 - -  resonance with a 2/3-charged quark in the re- 

gion from 29.9 GeV to 31.6 GeV center of  mass ener- 

gy can be excluded. 
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