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Using the solenoidal magnetic detector PLUTO, we have measured the total cross section for e÷e - annihilation into 
hadrons. Results are presented for center of mass energies between 3.6 and 4.8 GeV, and in the regions of the J/~0(3.1) 
and ~ (3.7) resonances. We also present results for the 2 prong cross section in the energy range 3.6 to 4.8 GeV. 

We present measurements of  the total  cross section 
for e+e - annihilatign into hadrons at CMS energies 
between 3.6 and 4.8 GeV, and in the regions of  the 
J/ if(3.1)  and tk(3.7) resonances. We also present the 
cross section for the process e+e -  -~ 2 prongs + unseen 
neutrals at CMS energies between 3.6 and 4.8 GeV. 
Data were taken with the magnetic detector  PLUTO 
at the e+e - storage ring DORIS. 

The total  cross section for hadron produc t ion  
through one photon  amaihilation (or the ratio R = 

(Oe+e-_}hadrons)/(Oe+e-__}/~+t~-)) provides fundamental  
reformation on the structure of  hadrons. For  example 
in the quark parton model  the quant i ty  R is directly 
related to the number of  charged partons, provided 
that the CMS energy is large enough. In particular 
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R = 2 in the SU(3) model  with co lou r ,  

R = 10/3 in the SU(4) charm model with colour. 

Recently data on R have been published for the CMS 
energy range 3 . 8 4 . 6  GeV [1]. The data show not  only 
that R is large but  also that  there is at least one reso- 
nacne and most probably more in this energy region. 
The strong threshold effect seen in the data around 
4.0 GeV is widely assumed to be due to the onset of  
charmed particle product ion [2]. 

With the present generation of  e+e - experiments 
the accuracy with which the absolute value of  R can 
be measured is l imited by systematic errors. The 
authors of  ref. [ 1 ] quote systematic errors o f  the order 
of 15% i.e. of  the order of  one unit in R at the energies 
in question. In view of  the importance of  R we consider 
it essential that the measurements be repeated by  a 
detector  with a different trigger system and high de- 
tection efficiency (hence a different systematic error). 
For  the present experiment we estimate the systematic 
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Fig. 1. Average detection efftclency per event (e) versus CMS energy. (The symbols ~ ~ represent data taken at different times). 

error to be 12%. We are making further studies of  the 
systematic error by taking data with different trigger 
conditions and by changing the physical assumptions 
entering the Monte Carlo simulation. 

The two prong cross section is interesting for the 
following reasons. By studymg prong cross sections in 
addition to the total cross section one may hope to 
learn something about the decay mechanisms of  the 
resonances produced in 4 - 4 . 5  GeV energy region. It 
has also been speculated that if a heavy lepton exists 
with mass near 2.0 GeV/c 2 [3] then its dominant de- 
cay modes are into channels with one charged particle 
[4]. The dominant decays of  the pair of  heavy leptons 
produced m e+e T M  annihilation would then produce 
a sizeable effect m the 2 prong channel. 

The PLUTO detector detector has been described 
in detad elsewhere [5]. We review briefly the features 
important for the total cross section measurements. 
The superconducting coil procedures a 2T magnetic 
field parallel to the beam axis, with a useable magnetic 
volume of  1.4 m diameter × 1.05 m length. Inside the 
coil there are 14 cylindrical propertional wire chambers 
and two lead converters, a 2 mm converter at radius 
37.5 cm and a 9 mm converter at radius 59.4 cm. The 
detector is triggered by a logic combination of  signals 
from the proportional wire chambers. Track elements 
are recognized in groups of  chambers inside and outside 
the lead converters. Events are accepted by the trigger 

if they satisfy at least one of  the following conditions: 
(i) at least two tracks inside the inner lead cylinder, 

with their aztmuthal angles not belonging to two ad- 
jacent 45 ° sectors 

(ii) at least three track elements outside one of  the 
lead converters, with at least two of  them not be- 
longing to adjacent 45 ° sectors 

(iii) two track elements outside the outer lead con- 
verter, if they are coplanar within -+13.5 °. 

The trigger solid angle is 86% of  4rr and the trans- 
verse momentum cut-off for tracks recognized by the 
trigger is 240 MeV/c. The luminosity is monitored by 
small angle (130 mrad) e~ scattering. 

Hadronic events were selected by the following 
criteria 

i) at least two tracks from the interaction region 
ii) for two prong events the copianarity angle A~ 

(difference between the azimuthal angles) must be less 
than 150 ° 

iil) for three prong events, at least two of  the A~b's 
between pairs of  tracks must be less than 150 °. 

The cuts ii) and iii) are required to separate the ha- 
dronic events from the QED processes e~ ~ ~t~ and 
e e  ---~ e e .  

The background from beam-gas interactions and 
cosmic ray events is subtracted using the distribution 
of  reconstructed event vertices along the beam direc- 
tion. The distribution of  the hadronic events is centered 
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Fig. 2 The ratio R = Ohad/O~t ~ (allowing for radiative correcnons)  versus CMS energy 

about the interaction point with FWHM of 20 mm, 
the background is flat. The fraction subtracted is 
5-10% of the signal. A more detailed description of 
the subtraction procedure is given in ref. [6]. 

The contamination due to events from the two" 
photon process is expected to be small at the energies 
at which data was taken. At our energies the dominant 
23, process is eE~ ~££  with only the ££ being seen m 
the detector. Calculations [7] show that the number of 
events with the 2 tracks having a coplanarity angle less 
than 150 ° is very small. 

In order to determine the true number of events 
from the observed number we must use a Monte Carlo 
simulation to correct for the unobserved partxcles. 
Monte Carlo events are generated according to lsotroplc 
phase space and then the produced tracks are followed 
through the detector including a simulation of the pho- 
ton conversion process. This last point is important 
because certain two prong events can be triggered by 
the presence of a converted photon (e.g. those with 
an opening angle less than 45 ° plus a photon shower). 
The Monte Carlo simulation is controlled by two pa- 
rameters, the average charged multiphcity and the 
fraction of neutral to charged energy. Initially the 
charged and neutral multiplicities are chosen from in- 
dependent Poisson distributions. As starting value for 

the charged multiplicity we have taken the observed 
results of SLAC-LBL [8], about 4 at the energies in 
question. The fraction of neutral particles included is 
chosen to make the rauo of neutral to total energy 
0.5 on average. 

We have checked that these parameters are reason- 
able by comparing the simulated and real data, for 
example the seen multiplicity distribution and the mo- 
mentum spectrum for three or more charged particles. 
The calculation of the true number of events from 
the seen multiplicity distribution follows standard pro- 
cedure [9]. (Further details are given In ref. [6]). For 
multiprongs our event detection efficiency is of the 
order of 95% and for two prongs we find an efficiency 
of the order of 45%. In fig. 1 we show a plot of the 
average efficiency (e) (averaged over all prong classes) 
versus energy. (e~ is a slowly rising function of energy, 
70% at 3.1 GeV and 80% above 4 GeV. 

For the normalisatlon of the observed cross section, 
the beam luminosity is continuously monitored by small 
angle Bhabha scattering. An external monitor system was 
employed. Four identical telescopes, each equipped 
with three plastic scintillation counters and a lead-scin- 
nllator sandwich shower counter, were arranged symme- 
trically around the beam pipe outside the magnenc field 
region of the solenoid. The average scattering angle is 
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Fig. 3. The ratio R2p r = a2pr/Out z for eE~ 2 prongs (with radiative corrections applied) versus CMS energy. The curve indicates 
the contribution to R2p r for a heavy lepton of 2.0 GeV mass. 

130 mr, and about 2 msr sohd angle are covered by 
each telescope. 

From known uncertainties in the geometry of  the 
monitor ,  and from the tails observed in the pulse-height 
distributions of  the shower detectors,  we estimate an 
uncertainty of  +5% in the absolute determination of  
the luminosity.  

We have checked the reliability of  the moni tor  by 
measuring the QED processes e~ ~ /a~  and wide angle 
Bhabha scattering e~ ~ e~ seen in the detector.  The bt 
pair reaction has been used to check the absolute norma- 
lisation. We can identify muons over 51% of  4zr sohd 
angle with a It momentum cut-off of  about 1 GeV/c. 
From the data at 3.6 GeV CMS energy we have, after 
background subtraction, 604 -+ 37 events classified as 
e~ ~ / a~  (2 prong collinear events with at least one 
track identified as a muon).  From QED we expect  
603 +-- 12 events in agreement with the data. We have 
allowed for a 5% radiative correction to the measured 
integrated luminosity,  and an 11% radiative correction 
to eE ~ #~ [ 10]. To check the relative normalisation 
we have compared the rate for the wide angle Bhabhas 
with the moni tor  rate. The ratio of  the rates is a con- 
stant with respect to the CMS energy. 

Having determined the true numbers of  events N 
and integrated luminosity we calculate the total  cross 
section Oto t = N/Lt where Lt is the integrated luminosity 

(in nb - 1 )  as measured by  the small angle Bhabha scatter. 
ing monitor.  

To obtain the true cross section for the two narrow 
resonances we apphed radiatwe corrections following 
standard procecures [ 11 ]. The observed excitation 
curves have been fitted with the mass, area, and ma- 
chine energy resolution as free parameters, after allow- 
ing for radiative correction of  the monitor  [ 12]. The 
results for the integrated resonance cross section are, 
including systematic errors, 

fo 9700 + 1200 nb MeV at J /~(3 .1)  
tdEcm = 3060 + 400 nb MeV at qJ(3.7) 

For  the nonresonant cross section the radiative cor- 
rection consists of  three terms, i) the momtor  correc- 
tion, ii) the J/qJ(3.1) and ~(3.7)  radiative tails and 
finally iii) the correction from the integral over the 

cross section for E c m <  2Ebeam [11,13] .  The results 
for R = Ohad/Ouu after allowing for radiative corrections, 
are shown in fig. 2. R has a value of  2.5 at 3.6 GeV, it 
rises steeply in the vicinity of  4.0 GeV to reach a value 
of  the order of  5. Between 4 and 4.4 GeV the ratio R 
shows further structure, ranging in value between 4 and 
5. Above 4.4 GeV R drops again to a value of  the order 
of 4. Our data indicate a peak at 4.4 GeV and a more 
complicated structure in the 4 - 4 . 2  region. The struc- 
ture between 4 - 4 . 2  GeV is to be seen in both 2 prongs 
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and multiprongs, in comparison the 4.4 GeV effect is 

stronger in the 2 prongs. 
In order to ensure that this structure is really due 

to the total cross section, and not simulated by rapid 
changes m event characteristics, we have investigated 
the energy dependence of the average observed energy 
for events with ~> 3 charged particles, and the average 
observed multiplicity. Neither one shows any structure. 

At present we estimate systematic errors m the 
overall normahsation of the order of 12%, mainly from 
the trigger and Monte Carlo unfold. 

In fig. 3 we show the quantity R2p r = O2prong/Ola ~ 
for the process e+e - -+ 2prongs + neutrals. The 2 prong 
cross section follows the structure seen m the total 
cross section fairly well. The steep rise at 4.0 GeV and 
the bump at 4.4 GeV are common to both data. 

Our results for R = Ohad/Ouu agree with those of the 
SLAC-LBL group within systematic errors. We find 
our cross sections to be 10-15% lower than those of 
SLAC-LBL on the narrow J/ff resonances [14] and at 
higher energies [15]. In fact the agreement on the 
energy dependence and structure of the total cross 
sect:on between 3.6 and 4.8 GeV CMS energy is very 
good. We emphasize once more that the accuracy with 
which R can be measured is limited by systematic 
errors, which amount to almost one unit  in R in the 
above energy range. Thxs uncertainty must be borne 
in mind when any attempt is made to draw theoreti- 
cal references from the measured value of R. 

We now turn our attention to the results for the 
2 prong cross section. As shown in the previous section 
the 2 prong cross section follows the structure seen m 
the total cross section. There is no a priori reason to 
expect such a result. That xt does so is cons:stent with 
the fact, mentioned in the previous section, that the 
average multiplicity shows no striking energy depen- 
dence. This observation has also been made by the 
SLAC-LBL group [ 1 ]. Our data show that the new 
states responsxble for the rise m R above 4 GeV also 
contribute strongly to two prong final states. 

However at energies above 4 GeV the e+e - 2 prong 
cross section could be complicated by the addition of 
a contribution from a heavy lepton. The anomalous 
e/~ events seen by the SLAC-LBL group have been in- 
terpreted as being due to the existence of a heavy lepton 
vclth a mass in the range 1 .8 -2  GeV [3]. The standard 
models for the decays of such heavy leptons [4] indi- 
cate that their contribution to the cross section for 

e+e - annihilation into hadrons (as presently defined) 
will be mostly m the 2 prong channel. To show how 
large this effect could be we have plotted in fig. 3 the 
expectahon for a point like heavy lepton of mass 
2 GeV/c 2 with probability for a pair to decay mto 

2 prongs in the range 60 -80% [4]. We can see from 
the figure that at the highest energies (4.8 GeV) the 
heavy lepton would account for almost half of the 
two prong cross section. 
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