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e+e - annihilation into hadrons was studied at CM energies between 39.8 and 45.2 GeV and a search was made for new 
heavy quarks. No evidence was found for the existence of a narrow state excluding the possible existence of the lowest vec- 
tor toponium state in this mass range. A search for continuum production of heavy quarks led to lower mass limits for 
new quarks of 22.0 GeV (eQ = 2/3) and 21.0 GeV (eQ = 1/3). Quarks are found to be pointlike, the corresponding mass 
parameter being larger than 288 GeV. A fit of the QCD and the electroweak contributions to R = Otot/Cr~ z yielded sin20w 

^ ^ ~ + 0 . 2 3  
= U . .5U_0.07. 

Electron-posi t ron annihilation provides a straight- 
forward test of  the existence of new heavy quarks Q. 
They will show up as narrow vector bound states (QQ) 

leading to enhancements in the ratio R = Otot/Ouu of 
the total hadronic cross section to the p pair cross 
section (ouu - 4rra2/3s). Some 2 GeV above the 

lowest vector state QQ cont inuum production is ex- 
pected which, ignoring threshold factors, leads to an 
increase in R of AR = 3e 2 - (eo = quark charge) and 
to the appearance of "spherically" shaped events 
which are easily discernible from the dominant two- 
jet events. Previous searches conducted at PETRA up 
to CM energies W of  43 GeV have excluded the exis- 
tence of the top quark (eo = 2/3) for a mass below 
20.3 GeV where MQ is defined with respect to the 

threshold for cont inuum Q() production, Wthresh = 
2MQ [ 1 -5 ]*  1. These measurements have also ruled 
out the existence of an eQ = 1/3 quark for 7 < M Q  < 

19 CeV [4-61.  
In this letter we report on a search for heavy quarks 

up to CM energies of W = 45.2 GeV, the highest energy 
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so far reached in e+e-  storage rings. In addition to 
the information on heavy quarks the data on R allow 
a measurement of the electroweak interference con- 
tr ibution and of the weak mixing angle 0 w. 

The experiment was performed at the DESY e+e - 
storage ring PETRA with the TASSO detector. An 
energy scan was performed in steps of AW = 0.030 

GeV between W = 39.8 and 45.2 GeV, collecting at 
each step an integrated luminosity of ~ 60 nb -1 which 
would yield ~ 10 accepted multihadron events given 
an R value of 4. 

The measurements were done with an upgraded 
TASSO detector. A small high precision cylindrical 
drift chamber called the vertex detector was installed 
in summer of 1982 inside the existing tracking cham- 
bers. Compared to our previous setup the new thin 
beam pipe of 1.8 mm beryllium (0.6% rl) significantly 
reduced the amount of nuclear interactions and pho- 
ton conversions in front of the first track detection 
and improved the cleanliness of the multihadron 

events. Since, however, the tracking information from 
the vertex detector is not essential for and has not 
been included in the present work, we postpone a de- 
scription of it until  a future publication. 

A new forward detector was installed.in spring 
1982. It consists of two identical modules each of 
which has a trigger hodoscope of scintillation coun- 

ters, three layers of proportional tube chambers and a 
lead scintillator sandwich shower counter with a 
thickness of 21 rl covering scattering angles between 
28 and 118 mrad. For luminosity measurements there 
is an additional system of four pairs of precisely align- 
ed scintillation counters. The luminosity is measured 
via small angle Bhabha scattering in 8 identical arms 
each consisting of an acceptance defining counter 
( 4 2 - 5 4  mrad) and a somewhat larger counter on the 
opposite side of the interaction point, both being co- 
vered by the corresponding shower counters. The set- 
up is similar to that of  ref. [7]. 



Volume 138B, number 5,6 PHYSICS LETTERS 26 April 1984 

The data taking, analysis procedure and event se- 
lection have been described in ref. [3]. The e+e-  -+ 
multihadron events were detected in the central de- 
tector using the information on charged particles. In 
distinction to ref. [3] the trigger required at least 5 
charged tracks with polar angles Icos01 < 0.8 and 
minimum momenta perpendicular to the beam of Pxy 
> 0.32 GeV/c. 

A total of  1871 events passed the acceptance crite- 
ria. To compute the value o f  R corrections had to be 
made for beam gas and beam pipe scattering [(1.5 -+ 
0.7)%], 3"3' processes [(1.0 -+ 0.5)%] and r pair pro- 
duction [(0.5 -+ 0.4)%]. The contamination by events 
from Bhabha scattering was found to be negligible. 
The systematic uncertainty o f  the corrected number 
of  events was estimated to be 1.0%. 

The luminosity L was determined independently 
from small angle Bhabha scattering in the forward de- 
tector and from wide angle Bhabha scattering in the 
central detector. The systematic errors for the first 
and second measurements were estimated to be 3.4% 
and 5.3%, respectively. The two measurements agreed 
to better than 3%. The two measurements were aver- 
aged and gave a total integrated luminosity o f  10.2 
pb-1 .  The systematic error was estimated to be 2.9%. 

The value o f  R at a given CM energy Wwas deter- 
mined from the number o f  accepted events, Nmeas, 
the number of  background events, Nbg, the lumino- 
sity L and the acceptance A by 

R = (Lo~)-l(Nmeas - Nbg)/A o 

The acceptance A includes radiative effects [8]. It is 
computed by weighting with the spectrum of  photons 
radiated in the initial state (for details see ref. [3]). 
The acceptance was calculated generating Monte Carlo 
events [9,10] according to e+e - ~ qq, qqg using in- 
dependent jet [11] and string fragmentation [10], 
respectively, and employing two independent pro- 
grams to simulate the detector response. The frag- 
mentation parameters used have been determined 
in a previous c~ s analysis [12]. The generated events 
were followed through the detector and passed 
through the track reconstruction and acceptance 
programs used for the real data. The two simulation 
programs were found to give the same acceptance to 
within 4%. For the evaluation o f  R the two results 
were averaged leading to a systematic uncertainty o f  
3%. 

Adding in quadrature the systematic errors given 

above plus a 2.5% error to account for uncertainties 
in the radiative corrections, particularly for the higher 
order effects which have been neglected, the total sys- 
tematic error is 4.9%. It represents an overall normali- 
zation uncertainty. The systematic point-to-point er- 
ror for the data in the scan between 39.8 and 45.2 
GeV is estimated to be less than 2%. 

Narrow states. Fig. la presents the R values in 
steps of /x  W = 0.30 GeV as measured in the scan be- 
tween 39.8 and 45.2 GeV. Only statistical errors are 
given. The CM energy spread produced by quantum 
fluctuations o f  the beams is o w = -+0.040 GeV at W = 
42.5 GeV and rises proportional to W 2. No statistically 
significant structure in R is observed. The data are 
consistent with a constant R. Proceeding as in ref. 
[ 1] an upper limit on the cross section contribution 
o f  a narrow (P < 10 MeV) state o f  

f odW<30.OnbMeV (95%CL) ,  

was obtained. This limits the product o f  the leptonic 
width Pee and the hadronic branching ratio B h for a 
narrow vector state to 

Pee" Bh < 2.4 keV (95% CL).  

It excludes with 3.1 SD the presence o f  the lowest 
energy vector bound state Q(~ for charge 2/3 quarks 
for which Fee ~ 5 keV and B h ~ 0.7 is expected [ 13 ], 
while a charge 1/3 QQ state cannot be ruled out (Fee 
-~ 1.3 keV, B h ~ 0.7). 

Heavy quark continuum production. An average o f  
the scan data over wider W intervals yielded the fol- 
lowing R values,R = 4.08 -+ 0.12 -+ 0.20 (W = 3 9 . 8 -  
43.1 GeV) and R = 4.22 + 0.16 -+ 0.21 (W = -,3.2-45.2 
GeV). These R values are shown in fig. lb together 
with lower energy data from this and other experi- 
ments , z .  There is no evidence for a step in R between 
14 and 45.2 GeV. 

In the quark-par ton  model pair production o f  
heavy quarks in the continuum contributes RQ = 3e~ 
X/3(3 -/32)/2 where/3 is the quark velocity,/32 = 1 - 
4M~/W 2. QCD effects are expected to increase the 
contribution near threshold [14] so that the asymp- 
totic expression RQ = 3e~ may give a better estimate. 
For a top quark the asymptotic contribution is 4/3 
raising R to a value above 5. No such increase is seen 
in the data. 

*2 Cited in ref. [5 ]. 
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Fig. 1. (a) The ratio R = atot/Opp measured in the scanning 
mode between 39.8 and 45.2 GeV. (b) The ratio R = atot/Opu 
as measured by this and other experiments (cited in ref. [5 ]). 
Only statistical errors are shown. 
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In order to derive a lower limit Wth for the t t  
threshold from our data we adopted the following 
procedure. Various W regions Wth ~ W ~ Wma x were 
considered where Wth increases in steps o f  0.4 GeV 
from 39.8 to 45 GeV and Wma x = 45.2 GeV is the 
maximum CM energy achieved in this experiment. 
For each W region the average R, called R(Wth , Wmax) 
was determined. The data points in fig. 2a show the 
measured R(Wth, Wmax) values as a function o f  Wth. 
Fig. 2a also shows the average R for the region 14 
W < 38 GeV (full line) and the R expected for Wth 
W < Wma x assuming that Wth is equal to the t t  
threshold. 

The expected R values were derived for the two 
possibilities o f  the t t  contribution considered above: 
(a) it is given by the asymptotic value; (b) it is modi- 
fied by the threshold factor. From the expected R 
value and the luminosity collected in a given (lYth , 
Wmax) interval the expected number o f  events and its 
statistical uncertainty were calculated. The shaded 

bands shown in fig. 2a show the predictions for 
R(Wth, Wmax) calculated under the assumptions (a) 
and (b), respectively. The upper curve o f  each band 
represents the predicted value, the lower line repre- 
sents the 95% confidence lower limit. We fred that a 
t t  threshold below 44.8 GeV for assumption (a) and 
below 42.4 GeV for assumption (b) is excluded at 
95% confidence, leadint to lower limits for the quark 
masses of  22.4 GeV and 21.2 GeV, respectively. 

The sensitivity to heavy quark production can be 
greatly improved by considering also event shapes. 
Event shapes were studied in terms of  sphericity (S) 

3 1 and aplanarity (+4) which are defined by S = g ( - Q3) 
and A = -~ Q1, where Q1 and Q3 are respectively, the 
smallest and largest normalized eigenvalues o f  the mo- 
mentum tensor [15] 

N 

Mc, ~ = ~ Pio~P~ 
] 

(a, (3 = x ,  y ,  z)  for all N charged tracks. 
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Fig. 2. (a) The ratio R = atot/Og/a averaged over the interval Wth < W < Wma x as a funct ion o f  Wth. Note,  the measured data are 
shown wi thout  error bars. The shaded bands show the predictions if  a t t  contr ibut ion is included. The upper curve o f  each band 
shows the predicted value, the lower curve shows the 95% confidence lower limit. (b) The observed (uncorrected) sphericity dis- 
t r ibut ion for CM energies between 43.1 and 45.2 GeV. The solid curve shows the QCD prediction for the five known quarks.  The 
dashed curve shows the  prediction if a ~ contr ibut ion o f R t -  f = 4/3  is included assuming a top mass o f  20 eGV. (c) The observed 
(uncorrected) aplanarity distribution. The curves have the  same meaning as in fig. 2b. (d) The number  o f  events with aplanarity 
A > 0.13 in the interval (Wth, Wmax).  The shaded bands show the expectat ion for the  tt- contr ibut ion evaluated for the  two dif- 
ferent assumptions  given in the  text .  The upper curve for each shaded band shows the predicted value, the lower curve shows the 
95% confidence lower limit. 

The sphericity measures the degree of  collimation o f  
the final state particles into two jets while aplanarity 
represents the deviation from a planar event shape. 
Pair production of  the five quarks u, d, s, c, b leads to 
collinear events (S ~ 0, A ~ 0), single hard wide angle 
gluon emission produces non-collinear planar events 

(S > 0 ,A ~ 0) while pair production o f  a heavy 
quark near threshold results predominantly in noncol- 
linear nonplanar events. 

For the following analysis events with hard photon 
production in the initial state were suppressed by re- 
quiring [cOS0n] > 0.2 where O n is the angle between 
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the normal to the event plane and the beam direction. 
To ensure large acceptance for particles, only events 
were considered with [cos 0s[ < 0.7 where 0 s is the 
angle between the sphericity axis and the beam direc- 
tion. Figs. 2b, 2c show the observed (i.e. uncorrected) 
distributions of  S and A for all data from W = 43.2 to 
45.2 GeV. The solid curves show the prediction o f  a 
QCD string model [10,12] summing over the five 
known quarks and including second order terms in a s. 
(QED radiative effects and detector effects were 
taken into account). They represent the data well. 
The dashed-dot ted curves show the QCD prediction 
if a top mass ofMQ = 20 GeV is assumed and a top 
quark contribution ofRt~ = 4/3 is added. The t t  final 
states were treated as in ref. [16]. The data show no 
evidence for such a t t  contribution. 

A similar analysis as above was performed to deter- 
mine a lower limit for a possible t i  threshold from 
the aplanarity distribution. Fig. 2d presents the pre- 
dicted number o f  events with A > 0.13 in the interval 
(I4"th , Wmax) which should be observed if t t  produc- 
tion is present. The two bands show the predictions 
according to assumptions (a) and (b), respectively, 
and ignoring possible contributions from the known 
five quarks. The upper curve o f  each band represents 
the predicted value, the lower line the 95% confidence 
lower limit. The predictions have to be compared 
with the one event observed between 43.2 and 45.2 
GeV. We conclude from fig. 2d that a t t  threshold be- 
low 44.8 GeV for assumption (a) and below 44.0 
GeV for assumption (b) is excluded at 95% confidence 
leading to lower limits for the quark masses of  22.4 
GeV and 22.0 GeV, respectively. The data presented 
in fig. 2d can also be used to set limits on the thresh- 
old o f  a possible charge 1/3 quark. Under the assump- 
tion that the topology o f  the hadronic final states is 
similar to that expected for t t  production the expect- 
ed contribution is a factor of  four smaller than for t 
quarks. We find the following lower mass limits for 
eo  = 1/3 quarks at 95% confidence: 22.0 GeV for as- 
sumption (a) and 21.0 GeV for assumption (b). 

Quark structure. The high-energy data on R can be 
used to test whether quarks are point-like, provided 
the quark-par ton  picture is correct. In terms of  the 
quark magnetic form factor GM, R is given by [ 17] 

R/R 0 = IGM(S)I 2 , 

with the ansatz GM(S ) = (1 -- s/M2) -1 . Treating R 0 as 
a free parameter and correcting for the weak contri- 

bution (using the standard theory and sin20 w = 
0.229, see below) the data for W ~> 14 GeV yield M >  
288 GeV (95% CL). If quarks are composites o f  three 
subquarks GM may have a dipole behaviour, G M = 
(1 - s /M2)  -2. For this case the fit gives M o > 408 
GeV (95% CL). The result can also be expressed in 
terms of  the cut-off parameters, GM(S) = 1 Z~s/(s - A  2) 
which yields A+ = M >  288 GeV and A_ > 372 GeV. 

Comparison with weak contributions. The second 
order QCD prediction for R is given by [18] 

R = 3 ~ e 2 [1 + as/~ + C2(%/1021, 

where C 2 = 1.39 in the MS scheme. We used for the 
strong coupling a s = 0.17 at W = 34.5 GeV. The energy 
dependence of  a s was described in terms of  the QCD 
parameter A using the second order formula [18]. 

The weak neutral current contribution was cal- 
culated in the Glashow-Weinberg-Salam (GWS) 
theory [19]. The expression was given in ref. [20] 
and can be found e.g. in ref. [3] , a .  In the GWS 
theory sin20w is the only free parameter. It deter- 
mines the weak neutral current vector couplings of  

1 electrons and quarks, g~q = + ~ - 2Q sinZ0w (the 
minus sign applies to electrons and quarks with 
charge Q = - 1 / 3 ,  the plus sign to quarks with Q = 
2/3), and the Z 0 mass (M z = 74.6 GeV/sin 20w) 
and therefore the neutral current propagator. 

We performed two types o f  fits to determine the 
weak contribution, (a) the g~q and M z were ex- 
pressed in terms of  sin20 w ; (b) the g~q  were ex- 
pressed in terms of  sin20 W while M z was taken to 
be 95 GeV, a value consistent with the measurement 
of  ref. [21]. Both fits yielded the same result, sin20w 
= n ~n+0.23 *4 for x2/DOF = 10.7/16. The value for ,a.Jv_0.07 
sin20w agrees well with our result obtained from 
e+e - scattering for purely leptonic reactions (e+e - -+ 
e+e - , / l+ / l - ) s in20w = 0.27 + 0.07 [22] and with the 
values obtained by other e+e-  experiments * s. It 

,3 The cross section expression given in ref. (3) contains 
two misprints. The correct expressions for a~rV, and oqa 
read: 

aqvv = 1 (3t3 - 133) [(4nc~2/s)e~ + (4 e q GFc~/x/~)eqgvg v Re (x) 

+ (G~/2zr) (g e2 +ge2)gq2s IX]2 ] , 

oq a = 133(G~/21r) (gev2 +ge2)gq2slxl2. 

,4 The result is rather insensitive to the value of a s. 
#s For a review see ref. [24]. 
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Fig 3 The ratio R = Otot/Ota The errors shown include the • " ~2' 
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(QPM). The full line and the dashed-dotted lines represent 
the QCD plus electroweak predictions for sin20w = 0.23 and 
0.40, assuming a s (s = 1000 GeV 2) = 0.18. 

also agrees with the value obtained from neutrino 
scattering, sin20 w = 0.23 -+ 0.01 [25]. We conclude 
that the data in R are consistent with the GWS pre- 
dictions for the quark weak neutral current couplings 

(see fig. 3). 
In summary, measurements of R have been present- 

ed for CM energies between 39.8 and 45.2 GeV. No 
evidence has been found for the existence of a nar- 
row (<  10 MeV) state in this energy range• The 95% 
CL upper limit on the cross section contribution from 
such a state is fo dig < 30.0 nb MeV. The correspond- 
ing upper limit for the partial width times hadronic 

branching ratio is PeeBh < 2.4 keV (95% CL). This 
is considerably lower than the value of 3.5 keV ex- 
pected for the lowest vector toponium state• From 
the measured R values and the observed event topo- 
logies lower limits have been derived for the thresh- 
old of top quark continuum production. At 95% con- 
fidence the threshold is above W = 44.0 GeV. The cor- 

responding limit for pair production of  charge 1/3 
quarks is 42.0 GeV. This leads to lower mass limits 
of 22.0 GeV for top quarks and of 21.0 GeV for 
charge 1/3 quarks• Quarks have been found to be 
pointlike down to distances of  7 × 10 -17 cm, the 
mass parameter being larger than 288 GeV. The pre- 
vious lower limits have been 186 GeV (ref. [3]) and 
239 GeV (ref. [26]), respectiveyl. The comparison 

of  the R values for W/> 14 GeV with the predictions 
of second order QCD and of the GWS theory for the 
weak neutral current yielded sin20w = 0 30 +0.23 

• - . 7 7  • 

The analysis reported here has been made possible 
by the indefatigable efforts of the machine group to 
push PETRA to its maximum energy. We thank the 
DESY directorate for the support of the experiment. 
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