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Abstract. The photonic part of multihadronic e + e-  
annihilation events has been analyzed at a c.m. energy 
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of 34 GeV. The photonic energy fraction per event is 
determined to be f~=0.251_+0.003 (stat.)• (sy- 
ste.). The neutral and charged components of the 
events are analyzed separately revealing close simi- 
larity in thrust axis directions and momentum distri- 
butions in agreement with the hypothesis that most 
photons result from rc ~ decay, rc~ are reconstructed 
separately and used to determine the inclusive cross 
section. Comparing these cross sections with lower 
energy data from SPEAR we find some indication 
for scaling violation. 

0170-9739/82/0014/0189/$01.40 



190 H.J. Behrend et al.: Measurement of Inclusive ? and n ~ Spectra 

1. Introduction 

Most of our knowledge about e+e--annihilation 
into multihadronic final states at PETRA energies 
comes from the study of charged particles. In this 
paper we present results on global topological quan- 
tities based on an analysis of individual photons, 
and on a comparison between the photonic and 
charged components. We determine the inclusive 
production cross section of photons and n~ 

The data were taken with the CELLO [-1] de- 
tector at PETRA at an average center of mass (c.m.) 
energy of 34GeV. The data sample of 2441 events 
corresponds to an integrated luminosity of 
7.87pb -~. The trigger for the multihadronic final 
states and the event selection criteria have been de- 
scribed previously [2]. The neutral particle analysis 
uses the barrel liquid argon calorimeter which has a 
solid angle acceptance of 86% of 4~. Each of 16 
calorimeter modules samples the energy deposited 
by particles up to 17 times in depth leading to 
spatial measurements in 6 layers up to a maximum 
depth of 20 radiation length (Xo). Each layer con- 
sists of channels in three orientations [1]. We obtain 

an energy resolution of a(E)/E = 13 %/1~- (GeV) and 
an angular resolution of 4mrad. The jet-structure of 
the multihadronic final states causes a substantial 
overlap between clusters of deposited charge from 
different photons, and from photons and charged 
tracks. Therefore the actual resolution obtained in a 
multihadron event depends on the ?-energy and 
event topology and can vary by up to a factor of 2. 

2. Analysis Method 

The data were processed through the reconstruction 
programs for charged tracks in the inner detector 
and for showers in the barrel liquid argon calori- 
meter (Icos 01 <0.86). 

In the shower reconstruction program clusters in 
each of the six layers of the modules are recon- 
structed using the geometrical correlations between 
the three channel orientations and between neigh- 
bouring channels in depth. Two-dimensional clusters 
are formed and then linked to give three-dimen- 
sional showers. The topology determination - single 
or several overlapping photons - is done by scan- 
ning the two-dimensional clusters for structures in 

�9 the pulse height distribution and checking their spa- 
tial distribution. Monte-Carlo (MC) studies show 
that the efficiency and resolution for two photons 
separated by an angle larger than 130 mrad are simi- 
lar to those for single photons. At an angle of 
65 mrad the efficiency for separating two photons is 
still about 50 %. The energy and angular resolutions 

are, in this case, worse by up to a factor of two 
depending on the photon energies considered. 

Charged tracks as found in the inner detector are 
extrapolated into the liquid argon calorimeter and 
the extrapolated track position is used in the two- 
dimensional cluster reconstruction. Thus the final 
showers are separated into "charged showers" (sho- 
wers which are found to be linked to charged tracks) 
and "neutral showers" (showers for which no link is 
found to ckarged tracks). The efficiency of this link- 
ing procedure for tracks with momenta above 1 GeV 
was found to be 74 % in multihadronic events. The 
longitudinal development of the neutral showers is 
then used to distinguish photons from K~ neu- 
trons or charged particles where the link failed. For 
the selection of well measured photons the following 
criteria are used: 

- Photons that result from three or more overlap- 
ping showers are rejected. 
- -  Neutral showers are only accepted if more than 
20% uf the total charge is deposited in the second 
and third layer of the liquid argon calorimeter ex- 
tending from 3 to 8X 0. 
- Showers corresponding to an energy of less than 
3 GeV are only accepted if no charge is found in the 
sixth layer (> 16X0). 

A lower limit for the photon energy E~ = 100 MeV is 
imposed by the shower reconstruction program. 
These cuts were checked using the test data of the 
liquid argon calorimeter prototype module [3], 
Bhabha events and QED two photon events 
(e+e-~e+e-e+e-). The resulting efficiency due to 
these cuts for reconstructed photons is 0.91. The 
background due to misidentified n or K ~ or charged 
particles where the link failed is less than 3.5 %. 

Corrections for acceptance, reconstruction inef- 
ficiencies, losses due to the cuts described above and 
for radiative effects were determined by MC meth- 
ods. Multihadron events were generated assuming 
q~/ and q YTg production according to first order 
QCD [4] (q=u,d,s,c,b and G=0.19) with sub- 
sequent fragmentation [-5] (aq=0.30GeV/c). These 
events were passed through a detailed detector sim- 
ulation using the EGS and HETC codes [-6] for the 
simulation of charge deposition in the liquid argon. 
calorimeter and through the same reconstruction 
chain as the real data. 

3. Inclusive ? Production and Photonic Energy 

Figure 1 shows the resulting differential cross section 
for inclusive photon production. The error bars in- 
dicate the statistical errors only. An overall system- 
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Fig. 1. Inclusive cross section da/dE for photons. The error bars 
indicate statistical errors only. An overall systematic error of 14 
is not included 
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Fig. 2. Distribution of the fraction of total c.m. energy carried by 
photons in an event 

atic error of 14~o due to uncertainties in the overall 
normalization, calibration and MC correction has to 
be added. The average multiplicity of photons with 
an energy above 100 MeV is found to be 15.8_+1.0. 

Next we determine the fraction f~ of the total 
c.m. energy carried by photons. In order to minim- 
ize edge effects we selected events with a cut of 
Lcos 01 <0.82 on the angle of the thrust axis with the 
beam direction. In addition we requested more than 
6 ~  detected photonic energy in the event. The ob- 
served energy fraction was corrected for radiative 
effects in the detector, for misidentified or lost pho- 
tons and for acceptance cuts, yielding an average cor- 
rection factor of 1.30. This correction includes the geo- 
metrical acceptance correction of 1.53 (including 
events with initial state radiation), the correction due 
to the cuts applied for the photon selection of 1.09, 
the correction due to the conversion of photons in 
the beam pipe or the inner detector of 1.03 and the 
correction for initial state radiation of 0.76. The 
distribution of the corrected photonic energy frac- 
tion per event is shown in Fig. 2. The average is 
found to be 0.268 • It includes photons result- 
ing from ~~ from K ~ decays. From MC calcu- 
lations [4, 5] we estimate this contribution to f~ to 
be 0.017 +0.005, in agreement with a recent compar- 
ison with measurements [7]. Thus we finally get for 

the photonic energy fraction 

f~ =0.251 _+0.003 (slat.) +0.04 (syst.) (1) 

The systematic error is mostly determined by un- 
certainties in the MC simulation. 

As an independent check we have analyzed the 
same data using a calorimetric method without pho- 
ton reconstruction. Details of the method are de- 
scribed elsewhere [8]. We found f~=0.260_+0.004 
(stat.)• (syst.) in agreement with (1). The sys- 
tematic uncertainties attached to the two methods 
are of widely different origin. The average of the two 
methods yields f~=0.255___0.04. This measurement 
is in agreement with a recent measurement of 0.30 
• at a c.m. energy of 34.9 GeV by the JADE 
collaboration [7]. 

4. Comparison of the Photonic and Charged 
Components 

The topological characteristics of the neutral and 
charged components in the multihadronic events 
were analyzed using thrust and sphericity as vari- 
ables. A comparison of the thrust distributions for 
the charged and the neutral component is given in 
Fig. 3. The distributions are fully corrected. They are 
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Table 1. Average values for sphericity (S), thrust (T), average 
longitudinal ((Pc)) and average transverse momenta ((Pr}) for 
photons and charged particles at E = 34 GeV 

Photons Charged particles 

(S) 0.19 +_0.04 0.13 +0.04 
( T )  0.86 +0.03 0.89 +0.02 
((PL)> 0.54 _+0.09 [GeV/c] 1.48 • [GeV/c] 
((Pr)) 0.22_+0.09 [GeV/c] 0.46• [GeV/c] 

similar although the thrust distribution for photons 
peaks at a lower value and is somewhat broader 
than the corresponding distribution for charged par- 
ticles. These effects are reproduced in the MC gener- 
ated events and are mostly due to the decay of n o 
and r/ into photons. 

Figure 4 shows the MC-corrected distribution of 
the cosine of the angle c~ between the thrust axes 
determined independently from the neutral and the 
charged components alone. The peaking at small 
angles indicates that the neutral energy follows the 
charged energy closely. Large angular deviations 
were found to originate essentially from events 
where one of the jets is almost completely neutral or 
charged. It is therefore reasonable to form a com- 
mon thrust axis for an event using both charged 
particles and photons. 

In Figs. 5 and 6 we compare the MC corrected 
longitudinal (Pr) and transverse (Pr) momentum dis- 
tributions of the photons and charged particles re- 
lative to the common thrust axis determined from 
both the neutral and the charged components. The 
photons have roughly half the momentum of the 
charged particles. This indicates that most of them 
result from the decay of n o , if we assume the in- 
clusive n ~ production to be similar to the inclusive 
charged n production. In Table 1 the MC corrected 
mean values of some topological quantities for the 
charged particles and photons are summarized. 

5. Inc lus ive  n ~ P r o d u c t i o n  

From the measured photons we reconstructed n~ 
with momenta between 0.9 and 8 GeV/c. To supress 
the background further and to select well measured 
photons the following more stringent cuts have been 
applied in addition to the cuts described above: 

- Photons whose showers overlap clusters linked to 
charged tracks are rejected. 
- Two photons with overlapping showers are kept 
only if the double structure found in the recon- 
struction program is present in the second and third 
layer. These are the layers that have a fine lateral 
sampling. 
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Fig. 7. Distribution of the invariant mass combinations of all 
photon-pairs. The fit to the data using a gaussian plus a second 
order polynomial background is also displayed. The dotted line 
represents the background as found by method II 

- Photons whose showers do not extend in depth 
over at least three layers are rejected. 
- The minimum photon energy is 300 MeV. 

After all these cuts, 12.4% of all photons were 
left, the most severe cut being the photon energy 
cut. Figure 7 shows the distribution of the invariant 
mass combinations myy of all remaining 7-pairs. A 
clear n o peak is seen. A fit to the data using a 
gaussian plus a background term given by a second 
order polynomial yields a width of the 7z~ of a 
=23 _+ 5 MeV/c 2. 

For the further analysis of the inclusive n o cross 
section, two different methods were applied. In the 
first method the Z 2 corresponding to the n o hy- 
pothesis were calculated for all two photon com- 
binations. First the two photons with the lowest Z 2 
were selected, then from the remaining photons the 
two with the lowest Z 2 were found. This procedure 
has been repeated until Z 2 was unacceptably large. 
For the selected photons, a regrouping into all pos- 
sible pair combinations was tried through all per- 
mutations and the permutation yielding the lowest 
overall Z z was kept. Finally a ~o candidate was kept 
only if m~ was in the range 6 0 < m ~ < 2 1 0 M e V / c  2. 
Depending on the 7z~ this yields an 
overall acceptance of 5 % to 8 %. 

This selection method has been tested using MC 
generated events, that have been passed through the 
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same analysis chain as the real events. For zc ~ mom- 
enta above 1.2GeV/c the background* is substan- 
tially larger (37 %). Figure 8 shows the distribution 
of the invariant mass combinations of photon pairs 
which are assigned to zc~ selected by the method 
described above and all the mass combinations of 
the unassigned photons. 

In the second method, the s ~ cross section has 
been obtained using a simple background subtrac- 
tion. All possible combinations of y-pairs were bird- 
ned according to the momentum of the pair. For  
each momentum bin the background was estimated 
by forming pairs with y's coming from different 
events. The correlation of the gammas due to the jet 
structure was taken into account by rotating each 
event so that the sphericity axes coincide. The back- 
ground for each n ~ momentum bin thus determined 
was normalized using the mass spectrum above the 
n ~ mass (270<m~<450MeV/c2) .  The s ~ mass in- 
terval was 60<m~<21OMeV/c 2. The dotted curve 
in Fig. 7 shows this normalized background distribu- 
tion for all ?-pairs. The s ~ cross sections from the 
two methods were in good agreement and therefore 
the average of both methods was used. Figures 9a, b 
show the inclusive s o cross section. The error bars 
include (added in quadrature) the statistical errors, 

* Contaminat ion  is on the average 14%. For momen ta  below 
1,2 GeV/c the background 
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Fig. 9a Inclusive cross sections (s/fl)da/dx for s ~ production at 
Ecm =34GeV.  In addition zc ~ inclusive data from lower energies 
[10] and the same energy [9] are shown, b Compar ison  of the 
inclusive cross sections s da/dx for ~0 production with one half of 
the inclusive cross section for ~z -+ [-12] and all charged particles 
[11] at the same energy 



H.J. Behrend et al.: Measurement of Inclusive y and ~c ~ Spectra 195 

the errors due to the background subtraction (vary- 
ing from 3 ~o to 15 ~o), and all systematic errors due 
to the absolute normalization (5 ~o), calibration (6 ~o) 
and MC simulation (typically about 15 ~). 

In Fig. 9a we compare our inclusive ~z ~ cross 
sections with those fi'om TASSO [9] at 14 and 
34GeV and with those from SPEAR [10] at lower 
energies. For x<0.15 our values are somewhat high- 
er than the TASSO values at the same energy. For 
x >0.15 we observe good agreement with TASSO both 
at 14 and 34 GeV. In this x-range the PETRA data 
at 14 and 34GeV are lower than the corresponding 
data from SPEAR at ~ 6 GeV, indicating some scal- 
ing violations which is expected from QCD. Better 
data in the high x-range are clearly important to 
confirm this effect. 

Figure9b shows our r~~ in comparison 
with the inclusive charged hadron cross sections de- 
termined from the same data [11]. In addition the 
inclusive cross section for charged 7z's at the same 
energy from TASSO [12] are shown. Although the 
z~~ appears to be somewhat softer than the 
~+--spectrum, the data are in agreement for x>0.15. 
For x<0.15 the ~~ are somewhat higher than 
the rc+-data, but not inconsistent within the large 
errors. 

Conclusions 

Comparing the photonic and charged components 
in multihadronic events at a c.m. energy of 34GeV 
we determined the photonic energy fraction from 
reconstructed photons to f~ = 0.251_+ 0.003 (stat.) 
+_0.04 (syst.). The thrust distribution as determined 

separately from photons and charged particles are 
similar. The longitudinal and transverse momentum 
distributions of photons and charged particles in- 
dicate that the dominant source of photons is the 
rc~ From the measurement of the in- 
clusive ~~ section we found some indication of 
scaling violation going from SPEAR to PETRA 
energies. 
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