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We have observed e+e - hadrons at C.M. energies of 13 GeV and 17 GeV at PETRA using the TASSO detector. We find 
R(13 GeV) = 5.6 -+ 0.7 and R(17 GeV) = 4.0 ± 0.7. The additional systematic uncertainty is 20%. Comparing reclusive 
charged hadron spectra we observe scahng between 5 GeV and 17 GeV for x = P/Pbeam > 0.2, however the 13 GeV cross 
section is above the 17 GeV cross section for smaller x This may be due to copious bb production. The events become in- 
creasingly jet like at high energies as evidenced by a shrinking sphericity distribution wath increasing energy. 

For footnotes, see next page. 
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We report  results on hadron product ion in e+e - an- 
nihilation at C.M. energies of  13 GeV and 17 GeV. The 
results were obtained at the DESY e+e - colliding ring 
PETRA using the TASSO detector.  

Fig. 1 shows a side view of  the TASSO detector.  It 
consists of a large magnetic solenoid, 440 cm long and 
with a radius of  135 cm producing a field of  about 0.5 
tesla parallel to the beam axis. The field of  the sole- 
noid is compensated by two coils placed symmetrical-  
ly with respect to the central magnet. The solenoid is 
filled with tracking chambers and will be surrounded 
by detector  elements to measure the energy and posi- 
tion of  photons and to identify charged particles. 
Only the inner part,  used in the experiment reported 
here, will be discussed in more detail. A luminosity 
monitor ,  which measures small angle Bhabha scatter- 
ing, consists of  8 counter telescopes mounted  sym- 
metrically with respect to the beam line and interac- 
tion point.  The mean scattering angle accepted is 45 
mrad. 

A particle, emerging from the interaction region, 
traverses the beam pipe and one of  four scintillation 

counters whmh form a cylinder around the pipe, before 
entering a low mass cyhndrical proport ional  chamber, 
a drift chamber, and a set of  time of  flight counters. 

The proport ional  chamber is 140 cm long with inner 
and outer radii of  18 and 28.6 cm. It is made of  con- 
centric Styrofoam shells each 1.6 cm thick forming 4 
active gaps each of  1.4 cm. Each gap has 480 anode 
wires mounted parallel to the axis with the correspond- 
ing wire of  each of  the 4 gaps posit ioned at the same 
azimuthal angle. Each gap has 120 inner and 120 outer 
cathode strips forming helices having opposite sense of  
rotat ion and an average pitch of  36.5 ° . The strips were 
made by etching copper coated Kapton film with 
width and spacing proport ional  to the radius, the aver- 
age width is 0.8 cm. The chamber uses "magic" gas, 
viz. ~ 7 5 %  Argon, 25% Isobutane, 0.25% Freon and a 
small amount  of  Methylal (1/4 of  the Argon is bubbled 
through Methylal at 2°C). The efficiency of  the anode 
wires was 97%. 

The drift chamber has a sensitive length of  323 cm 
with inner and outer radii of  36.6 and 122.2 cm respec- 
tively. The chamber volume is divided into 6 gaps using 

Fig. 1. Side view of the TASSO detector. 
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aluminized Rohacell cylinders. The entire chamber has 
15 layers, 9 with the sense wires parallel to the axis 
(zero-degree layers) and 6 with the sense wires 
oriented at an angle of  approximately +4 ° to the axis 
(stereo layers). The layers are spaced 6.1 cm apart. 
There xs a total of  2340 drift cells, each with radial and 
azimuthal dimensions of  1.2 cm and 3.2 cm, respec- 
tively. Argon and Methane mixed in a ratio of  9 : 1 
was used. The chamber was found to be 96% efficient 
per layer including electronic failures; excluding elec- 
tronic failures the efficiency was 99%. 

A set of  48 inner time of  flight scintillation coun- 
ters TOF is mounted in the free space between the 
drift chamber and the coil at a radius of 132 cm. Each 
scintillator (390 × 17 × 2 cm 3) is viewed from both 
ends by RCA 8575 photomultipliers. 

During the experiment PETRA operated with two 
bunches of  e + and two bunches of  e -  with about 1 
mA (2 mA) in each bunch at 13 GeV (17 GeV) C.M. 
energy resulting in a typical luminosity of  2 × 1029 
cm -2  s -1 (5 × 1029 cm -2  s -1 )  at the beginning of  a 
fill. 

The data were collected using the following trigger' 
A coincidence between a beam pick up signal, any 
beam pipe counter, and any TOF counter gated infor- 
mation from six of  the nine zero degree layers of  the 
drift chamber into a hardwired logic unit. The unit 
searched for tracks and determined their momenta 
transverse to the beam within 4/~s. Events with more 
than a preselected number of  tracks having transverse 
momenta above a chosen value were accepted. The 
trigger demanded either two tracks coplanar with the 
beam axis or at least three ~racks. The transverse mo- 
mentum of these tracks with respect to the beam axis 
was required to exceed 320 MeV/c. The resulting trig- 
ger rate, after removing the cosmic ray events by an 
on-line software cut, was roughly 1 Hz. 

The luminosity was determined from independent 
measurements of  the Bhabha cross section at small and 
at large scattering angles. From the luminosity monitor 
we obtained an integrated luminosity of  31.0 nb -1 at 
13 GeV and 39.2 nb -1 at 17 GeV. Pairs with scatter- 
mg angles between 36.9 ° and 143.1 ° (ee and ~/J pairs) 
were measured using the central detector. The angular 
distribution agreed with QED. The resulting luminos- 
ity was (29.6 + 3.0) nb -1 and (39.2 -+ 3.5) nb -1 at 13 
GeV and 17 GeV respectively (statishcal error only). 
The two measurements are in good agreement and we 

use the average value of  30.3 nb -1 at 13 GeV and 
39.2 nb -1 at 17 GeV with an estimated systematic un- 
certainty of no more than 10%. 

Roughly 650000 triggers were collected. The multi- 
hadron events were selected from these events using 
the following two step analysis: 

At least 3 tracks were required in the projected (r, 
~)-plane * a with at least two of the three fully recon- 
structed in 3 dimensions. The three tracks should have 
d ~ 2.5 cm and the two tracks [z[ < 10 cm, where d is 
the distance of  closest approach to the origin in the 
(r, 4) plane, and z is the z coordinate at the point of  
closest approach to the z axis. A total of  143 events at 
13 GeV and 168 events at 17 GeV passed these criteria. 

In the second step these events were examined and 
required to satisfy the following criteria: 

(1) The sum of  the absolute values of  the momenta 
must be at least 3.0 GeV/c (4.0 GeV/c at 17 GeV). 
The sum of the absolute values of  the momenta trans- 
verse to the beam axis must be at least 2.5 GeV/c (3.0 
GeV/c at 17 GeV). 

(2) At least one charged track must be in each of  the 
2 hemispheres oriented along the beam direction. 

(3) The excess of  positively charged particles must 
be less than three. 

To be considered, a charged particle must have had 
a transverse momentum above 100 MeV/c and reached 
at least the sixth zero-degree layer in the drift cham- 
ber. This imposes an angular cut of  Icos 0[ ~< 0.87. 

A total of  78 events at 13 GeV and 42 events at 17 
GeV remmned. To estimate the background from 
beam-gas  interactions the whole analysis was repeated 
wath IzJ ~ 30 cm. This analysis resulted in 6 additional 
events at 13 GeV and in 3 additional events at 17 GeV. 
After subtraction we are left with 75 events at 13 GeV 
and 40.5 events at 17 GeV. 

These events may arise either from one-photon an- 
nihilation or from two-photon processes. The number 
of  events expected both from the hadronlike [ l ] and 
the pointlike [2] contribution to the two photon ef- 
fect have been estimated and found to be less than 1 
event together for the cuts used at both energies. In 
the following discussion we assume that all the events 
result from the annihilation process. 

~:1 We use a right handed coordinate system centered on the 
interaction point wath the z-direction along the positron 
dtrectlon and positive y pointing upwards. 
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To determine the total cross section for hadron pro- 
duction the contribution from r-pair production was 
subtracted, and the acceptance for multthadron events 
was evaluated. 

r-pair production will mainly populate low multipli- 
cities [3] ,  approximately one half of the r cross sec- 
tion was removed by demanding a charged multiplicity 
of 3 or more m the trigger. The bulk of  the remaining 
contribution is rejected by removing 4 prong events 
with total charge 0 hawng one track in one hemisphere 
and the other tracks in the opposite hemisphere. A to- 
tal of two events at 13 GeV and one event at 17 GeV 
were rejected, compared to estimates of 3 and 2.5 
events respectwely. Higher multiplicities (>  4) result- 
hag from r decay will contribute less than 1 event at 
each energy and are neglected. 

The detection efficiency was determined by a 
Monte Carlo computation using alet  model [4,5] for 
the production process and propagating the events 
through the detector mchiding the trigger and the cuts 
discussed above. The principal features of  the data are 
consistent with the predictions from the jet model as 
discussed below. The computation yielded a detection 
efficiency of  e = 0.77 at 13 GeV and 0.78 at 17 GeV. 
Radiative corrections required reducing the observed 
cross sections by 8% for both 13 and 17 GeV. The final 
values for R,  the total hadronic cross section in units 
of  the point-hke muon pair production cross section, 
are 

R ( 1 3 G e V ) = 5 . 6 + - 0 . 7  and R ( 1 7 G e V ) = 4 . 0 + - 0 . 7  

(statistical errors only). Changing the cuts led to values 
for R in good agreement with the values listed above 
and we estimate that our overall systematic uncertainty 
including the luminosity measurement, the two-photon 
process, r-pair production, and detection efficiency is 
no more than 20%. The relative systematic error for the 
2 energies is less than 10%. These values for R are in 
reasonable agreement with the values reported by the 
PLUTO [6] and MARK J [7] Collaborations. 

The naive quark model predicts R = 3.7 for energies 
well above b threshold. The value for R at 17 GeV is 
in agreement with this prediction; there is a hint that 
the R value at 13 GeV is higher. 

In the quark model the single particle incluswe 
cross section (s//3) da/dx E should scale [8] as a func- 
tion of  C.M. energy. Here/3 is the velocity of  the par- 
ticle, x E = 2Eh/W , and s = W 2, the C.M. energy 

I00 

l 0  

E" 

t . 0  
c l  

t n  1 

I I I i I I I 

½:~}~ o 5GeV DASP 
× 13GeV ],this exp 

{ ~ .17GeV J 

0 1  i I L ~ L I 
0 02 Oz., 06 08 

X = P/PBeam 

Fig. 2. The cross section s da/dx summed over all charged 
hadrons versus x = P/Pbeam at 13 GeV and 17 GeV. The data 
axe compared with the cross section measured by the DASP 
Collaboration [9] at 5 GeV. 

squared. Since the particle mass is not  determined, we 
used the quantity sda/dx with x = P/Pbeam" The inclu- 
sive cross sections were determined by using the detec- 
tion efficiency computed with the jet model [4,5]. 
The data were corrected for losses due to decay in 
flight and absorption, assuming the particles to be 
pions. The decay corrections are less than 9% and the 
absorption leads to a correction on the average of 4%. 
A correction was applied for the beam-gas  contribu- 
tion. The radiatwe corrections led to an overall reduc- 
tion by 8%. The reclusive cross sections measured at 
13 and 17 GeV are plotted in fig. 2. Also shown are 
the data measured by the DASP collaboration [9] at 
5 GeV. 

The data are consistent with scaling for x >~ 0.2 
and C.M. energies between 5.0 GeV and 17 GeV, in 
agreement with the quark model predictions. The cross 
section at 13 GeV and 17 GeV are well above the data 
at 5 GeV for x < 0.2. Such a violation of  scahng is ex- 
pected and it gives rise to the increase in multiplicity 
with s. However, at small x (x ~< 0.2) the cross section 
at 13 GeV is about 40% above the cross section at 17 
GeV, which is 2 standard deviations, including a sys- 
tematic uncertainty of  10% in the relative normaliza- 
tion. This excess at small x is surprising since from the 
energy dependence one expects an effect in the oppo- 
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site direction. This and the large R value observed at 
13 GeV is reminiscent of  the behaviour seen above 
charm threshold in the 4 GeV region, and it might indi- 
cate copious bb production. 

It has been conjectured that hadron production in 
e+e - annihilation proceeds by quark pair production 
with the quarks fragmenting into two roughly collinear 
jets ofhadrons.  Data [10] at lower energies from 
SPEAR and DORIS support this picture. We have com- 
pared our data with predictions based on the model, to 
see if these features persist in the energy range acces- 
sible at PETRA. 

Several variables, which can be used to characterize 
the production process have been proposed. Here we 
evaluate the data using sphericity [ 11 ] and thrust 
[12] defined as follows: 
Sphericity 

3 Z(Pl)2 
S = 7 rain 

y(p0 2 

Here p~ is the momentum of a particle and p~ is its 
transverse component with respect to a given axis. S 
approaches 1 for an isotropic event and 0 for a jet like 
event. Thrust [13] 

~lpi[ 
T= m a x - -  

y~lpil ' 

where p~ is the momentum component along a given 
axas. Both sums are taken over all observed particles. 
T is a measure of  the maximum directed momentum. 
It approaches ½ for an isotropic event and 1 for a jet 
like event. 

The normalized sphericity distributions ( I /N)  d N /  
dS have been plotted in fig. 3 for 13 GeV and 17 GeV 
separately. The distributions peak at low S and shrink 
with increasing C.M. energy as expected for jet like 
events. The difference in shape of  the distributions at 
13 and 17 GeV may be due to the larger fraction of  
small x particles observed at 13 GeV in the inclusive 
distribution. 

At 13 GeV the mean value of  the sphericity is 0.24 
+ 0.02 compared to 0.19 -+ 0.03 at 17 GeV. These val- 
ues are in agreement with the values obtained by 
PLUTO [6] at the same energies and they are smaller 
than the value of  0.27 -+ 0.01 found [13] at 9.4 GeV. 
We therefore conclude that the events become more 
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Flg. 3. The sphermlty distributions ( l / N )  dN/dS of the data 
at 13 GeV and 17 GeV The distributions are normalized to 
the total number of events N observed at each energy 

jet-like with increasing energy. The mean thrust values 
are 0.85 -+ 0.0l and 0.87 -+ 0.01 at 13 GeV and 17 
GeV respectively, compared to 0.824 -+ 0.005 at 9.4 
CeV [131. 

A feature of  the jet picture is that the transverse 
momentum with respect to the jet axis is constant or 
grows only slowly with energy, whereas the longitudi- 
nal momentum will increase more rapidly with energy. 
We have determined the average values (pl> and (pl)> 
defined with respect to the sphericity jet axis. We find 
(p±) = 0.31 -+ 0.01 GeV/c at 13 GeV and 0.34 -+ 0.01 
GeV/¢ at 17 GeV. The average value of the longitudi- 
nal momentum with respect to the axis increases from 
0.68 -+ 0.05 GeV/c at 13 GeV to 0.92 -+ 0.05 GeV/c at 
17 GeV. 

The simple jet picture with spin 1/2 quarks predicts 
that the angular distribution of  the jet axis should be 
proportional to 1 + cos20. The angular distribution of  
the jet axis (defined by sphericity) has been plotted in 
fig. 4 for the data obtained at 13 GeV and 17 GeV 
combined. A maximum likelihood fit of  the form 1 
+ a cos20 yielded a = 1.7 -+ 0.7, consistent with 1 
+ cos20. 
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Fig. 4. The angular dlstributxon of the sphenmty axis for the 
13 GeV and 17 GeV data summed Plotted xs the number of 
events versus cos 0. The sohd line is a best fit to the data of 
the form 1 + a cos20 with a = 1.7 -+ 0.7. 

We have presented  measurements  o f  R ,  the single 

part icle inclusive spectra, spherici ty distr ibutions,  and 

the je t  axis angular dis t r ibut ion at 13 and 17 GeV 
C.M. energy.  These results are in general agreement  

wi th  the expec ta t ions  o f  a q u a r k - p a r t o n  je t  picture.  

However ,  the inclusive spectra show more  low-x par- 
tlcles at 13 GeV than at 17 GeV.  This plus the differ- 

ence in R indicate that  different  physical  processes 

may  be involved at the two energies. 
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