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ABSTRACT 

The production of photons in e+ e- - 1+ hadrons is investigated at three 
centre of mass energies around 14, 22 and 34 Ge V. On average, photons carry 25% 
of the total available energy, with a multiplicity similar to the charged multiplicity. 
The inclusive photon spectra are found to scale with the centre of mass energy as 
a function of the Feynman variable x. 11'"0 and 11 mesons are reconstructed from 
their decay photons. The slopes of the spectra are similar to that for charged 
pions and approximate scaling is observed for 1r0 production. The mean 1r0 and 11 
multiplicities are given. The observed photon yield can be fully accounted for by 
hadron decays and initial state radiation. However, up to one extra photon per 
event from other sources cannot be excluded. 
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1. INTRODUCTION 

The production of hadrons through the annihilation of energetic electrons 
and positrons is described as a process in which pointlike quark - antiquark pairs 
occasionally together with energetic bremsstrahlung gluons are produced initially. 
These partons then fragment into hadrons. In this type 9f reaction &nal state 
photons have the special feature that .lbey tan result from the decays of unstable 
hadrons or from radiative emission b'y' either the incoming- e± or the primary 
quarks. Quark bremsstrahlung in the quark gluon cascade is also a possible source 
of photons. Photons from this process could give insight into the fragmentation 
mechanism, provided they can be ldentifted. 

The present paper is concerned with a study of inclusive "'f spectra.as well 
as inclusive spectra of .-0 and q mesons which are ideo tiled by their two gamma 
decay modes. Furthermore we investigate the origin of the observed photons. The 
data for this analysis were taken with the JADE detector at PETRA at centre of 
mass energies of U GeV, 22.6 GeV and in the range between 29.9 and 38.7 Ge.Y, 

-with an average of Ji'!!:!! 34.4 GeV. The numbers of hadronic events recorded at 
the three energies were 2068, 2353 and 23926 ,respectively. f' 

' I! 
The detector,the trigrer system and the event selection criteria are described 

iD previous publications llJ. In Section 2 we refer only to those parts_ d the detector 
whieh are relevant for the present analysis, while most of this section is devoted 
to a description of two methods of reconstructiug p~otons in the JADE detector. 
JADE offers the possibility of using either energy tlusters in the lead glass arrays 
or the track information of e+ e- pairs resulting from photons which converte"d 
in the material surrounding the interaction point. Inclusive photon spectra as 
well as .-0 and q spectra" are discussed in Section 3, while Section 4: contains an 
investigation of photon sources and a summary of the results. 

2. PHOTON DETECTION IN JADE. 

The central tracking device of the JADE detector is a drift chamber of the jet 
chamber type operating in a pressurized Argon- Methane mixture at 4 bar j2J. The 
walls of the beam pipe and the pressure vessel present a thickness of 0.16 radiation 
lengths to a particle e·merging from the interaction point at an angle of 90° with 
respect to the beam direction. The electromagnetic shower detector surrounds the 
tracking chamber being mounted behind the magnet coil. It consists of an array 
of 2112 lead gl&9s blocks covering polar angles of I cos 91 < 0.84 {barrel) and 
0.89 ~I cos9l ~ 0.98 (end caps). The material preceeding the lead glass amounts 
to about one radiation length. After correcting for conversions and energy losses 
iD the material in front of the lead glass, an energy resolution for photons of 
11(E){E = O.rJ.If../E(GeV) + 0.015 is achieved in the barrel part of the detector 
for photon energies relevant to this paper. 
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a. Photon Detection in the Lead Glass Arrays. 

Photons which do not convert in the material in front of the tracking chamber 
are recognized by the energy they deposit in clusters of neighbouring lead glass 
bloch. A simple deftnltion demands an energy exceeding 45 MeV in at least one 
of the blocks belonJior to a. eluster and requires the cluster not to be connected 
with a eharced putiele track in the tentral drift chamber. Such a crude de&nition 
does aot dlsttnrulsh between tinrle photons, two or more photons with overlappin( 
showers, or etter~r deposited by ha.drons. I_n order to single out genuine photons 
in a multi • p•rticle environment 1 a. three dimensional shower profile is fitted to 
each cluster assumiar th&t the observed energy deposit is due to a single gamma 
ray emer«inr from the principal event veriex. The free parameters of the fit are 
the coordinaiO$ of the impact point of the photon on the surface of the lead glass 
coulters, whUe lllt phol_oa eaerrr Is oet to the cluster energy. The shower profile 
itstlt is described ~)' an energy dependent parameterisation of the longitudinal 

. ~enlO.,ment .of "* t!~tromarnetlc cascade in lead glass {SF6) and an energy 
-lad~pende,t lal~lllthllpe o! lhe shower, as surge•ted in Ref. 3. 

,¢ • l"·· 

\ <frhe pboloa ~ertt ls ulcul&ted by iummiag over all blocks belon«ing lo a 
elusl"f eorreclmr .lor enertr losses iD the material in front of the lead glass. For 
photob energies above 10 GeV the electromagnetic shower may extend into the 
IbiD ,Ws Uthl ~Uldt!$ Which are plaeed between the lead gl.,. and the photomul
tlpllor cathode . .la lheo.e ..... eortectlona .... applied lo &<count for the additional 
Oeteakav Urht produced iD the light guides. 

A eomparison between the expected energy deposition in a particular block 
of the duster and the observed energy allows a x 1 function to be de&ned: 

x' = f: (Ectli- Efh)' 
t=l ttl 

wbre the sum ex&ends over all blocks in a cluster. Ect is the observed cluster en
ergy, h is the energy fraction expect~d In block i, while EfiJ• denotes the observed 
block enercr, ITt corresponds to the error attributed to the energy measurement in 
block i. The value of x2 can be used to diatinguish between neutral clusters from 
aingle photons it.nd clustets of other origin. 

The validity of the reconstruction procedure has been tested by comparing 
· experimentally observed cluster shapes with a Monte Carlo simulation of the exper~ 

iment In which the Lund four vector generator j4j including initial state radiation 
{&J was used to create hadronic ftnal states in e+ e- annihilation. The generated 
particles were then tracked through the detector eimulating all known features of 
the apparatus. Electromagnetic showers in the lead glass arrays were calculated 
with the help of the Monte Carlo code of Ref. 3, while hadronic showers were 
modelled aceording to an experimentally observed energy deposition pattern from 
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an exposure of a small array of blocks to a pion beam with momenta between 
0.5 and 3.5 GeV Jc [6]. In Fig. 1 we compare the expected and observed distri
bution of the variable x2 for neutral energy clusters, normalized to the number 
of blocks within the cluster. The agreement is good and cuts on the quantity x2 

are reproduced well enough by the simulation programs to be used for efficiency 
calculations. 

From Monte Carlo studies we infer that for a cut at·x 2 fDOF < 3, thiS method 
yields an average angular resolution of tre ~ tr"' ~ 20 mrad for photon energies 
around 1 GeV. At lower energies· the resolution deteriorates because the number 
of blocks belonging to the corresponding cluster decreases with photon energy and 
the block structure dominates the resolution. These numbers are comparable to 
the resolution obtained for electrons from Bhabha scattering of o-6 = 10,5 mrad 
and u• = 12.2 mrad [7[. 

The fitting algorithm for reconstructing photon directions was te3ted with 
Bhabha events by comparing the vector momenta obtained from a fit to the lead 
glass clusters with the directions measured in the central tracking chamber. The 
two methods give results which agree within the experimental errors. The energy 
calibration of the lead glass system is adjusted as to reproduce the beam energy in 
Bhabha scattering events,but there is only an indirect test of the energy assignment 
to low energy photons by comparing the experimentally observed 1r0 mass of 
mll'o = 135 ± 0.5 MeV with its table value {see Fig.ll). The good agreement 
indicates that the photon energies are properly taken into account. Also the 
width of the 1r

0 signal O"m = 17.1 ± 0.6 Mev/c2 agrees with the expectation which 
supports the correctness of the errors assigned to the measured quantities. 

The efficiency for observing a photon in multi-hadron events in the JADE 
detector depends on the spatial density distribution of the final state particles, 
the read out thresholds and on parameters in the reconstruction algorithm, like 
cuts in the quantity x2 , which allow us to adjust the cleanness of the photon 
sample. In previous publications [8] we have shown that the string model of 
Andersson et a!. [4J reproduces the observed particle distributions. The model also 
describes the inclusive photon spectra which are shown in Section 3. Thus for 
efficiency calculations the model of Ref. 4 is adopted. Typical efficiency curves for 
reconstructing photons from neutral energy clusters in the lead glass system are 
shown in Fig. 2. 

The shape of the efficiency curve re8ects the phenomenology of hadron pro
duction through e+ e- annihilation. Low energy photons are only weakly cor
related with the jet axis. They are emitted more isotropically and are thus less 
affected by an overlap with other particles and their detection efficiency is high. At 
intermediate energy photons appear preferentially inside jets and the reconstruc
tion efficiency is low due to overlap problems. At the upper end of the photon 
spectrum radiative photons dominate which are isolated and the detection proba,.. 
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bility increases. The decrease of th~; reconstruction efficiency with increa.~ing centre 
of mass energy can be attributed to the rising multiplicity and the tighter collima
tion of the hadron jets. Doth items are responsible for an increasing probability 
of overlap with other particles. 

Three sources of misidentified photons have been considered. The fraction of 
neutral hadrons,(K£ and n) interacting in the lead glass and simulating a photon 
has been estimated from the known K~ [9] and proton spectra [10]. Nuclear 
reactions of charged hadrous sometimes produce configurations which the cluster 
finding algorithm splits into two or more clusters. Not all of these are connected 
to the charged particle track and thus some are treated as photon candidates. The 
probability for such a confusion to occur is estimated from the observed cluster 
shapes in the pion beam eXposure of a test module. The third source of faked 
photons is due to tracks which are badly reconstructed in the central chamber and 
fail to extrapolate to the corresponding lead glass cluster. This type of background 
has been estimated from a visual scan of hadronic events. These effeets together 
may fake up to 0.9 photons per event at 34 GeV centre of mass energy and up to 
0.5 at 14 GeV, as summarised in Table 1. About 0.1 photons per event may be 
faked by nuclear interactions in the beam pipe or in the waH of the inner detector 
pressure vessel, which have a 1r0 in the final state. These photons are mainly of 
low energy and their contribution to the photon spectrum above 200 MeV has 
been neglegted. 

Table 1. 
Sources of background to photons observed in lead glass. 

!4GeV 22 GeV 34 GeV 
n~ake jevt n~ake fevt n~ake fevt 

Neutral hadrons (K~,n) 0.30 0.40 0.60 
Spread out hadronic showers 0.13 0.16 0.19 
Charged clusters ( no track ) 0.10 0.12 0.15 

Photons may be lost due to gaps between individual lead glass blocks which 
are not simulated in the Monte Carlo programs or by dead counters. The total 
loss rate due to these effects is independent of energy and amounts to 3%. 

Additional systematic errors of± 5 % affect the low energy part of the photon 
spectrum between 100 and 300 MeV due to uncertainties in the energy dependent 
acceptance. The photon spectrum above 2500 MeV is distorted by overlapping 
photons from energetic 1r0 's, introducing an error of± 8% on the number of single 
photons. The low energy part of the inclusive photon spectrum is more affected 
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by backgrounds than the intermediate energy regime. Thus for investigations of 
properties of the inclusive photon spectrum photons below 200 MeV have been 
ignored, while for the reconstruction of 11'0 and q mesons the threshold has been 
lowered to 100 MeV, because faked photons contribute mainly to the combinatorial 
background and not to the signal. 

b. Photon Detection by a Pair Spectrometer Approach. 

The second method of observing photons in the JADE detector employs the 
material between the interaction point and the sensitive elements of the central 
tracking chamber as a converter target allowing a photon to be reconstructed from 
the measured e+ e- tracks. 

The converting material consists mainly of aluminium from the beam pipe 
at a radius of 12.3 em and the inner wall of the pressure vessel at a radius of 
16.5 em. In the 4: em gap between the two tubes there is the plastic scintillator 
of the be&rn pipe counters and a thermal insulation wrapped around the beam 
pipe. Thus a total thickness of 16 % of a radiation length with a corresponding 
conversion probability of about 12 % has to be traversed by a photon emerging 
from the interaction point at 90° with respect to the beam direction. 

Candidate photon conversion points are reconstructed from two oppositely 
charged tracks in the central detector which extrapolate, within So- of the measure
ment errors, to a common vertex inside the material surrounding the interaction 
point or inside the drift chamber. In order to distinguish photon conversions from 
secondary interactions, decays of long- lived particles, or vertices faked by nearby 
particles, two additional constraints were imposed. The vector sum of the two 
particles comprising a secondary vertex has to point to the event vertex within 
errors and the invariant mass of the pair has to be less than about 30 MeV (slightly 
depending on the track momenta). 

All pairs passing the latter two cuts are treated as converted photons. In order 
to improve the momentum resolution a 6t is made by constraining the origin of 
the photon to the event vertex and forcing the invariant mass of the electron 
positron pair to be zero. The energy resolution of reconstructed photons after the 
constrained fit is determined mainly by the momentum resolution of the detector 
and by bremsstrahlung losses of the conversion electrons in the converter itself, 
for which only global corrections can be applied. The expected energy resolution 
for photons reconstructed from e+ e- pairs and photons observed in the_ lead 
glass arrays is compared in Fig. 3. It -is observed that for energies below about 
700 MeV the energy resolution of the pair spectrometer approach is superior to 
a measurement in the lead glass array, although in the former case the resolution 
deteriorates with decreasing energy because of multiple scattering. 
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As in the case of photons observed in the lead glass arrays, the reconstruction 
efficiency shown in Fig. 4 was calculated with the help of Monte Carlo programs. 
The efficiency quickly deteriorates for photon energies below 200 MeV because 
the pattern recognition probability for track finding below 50 MeV is reduced. In 
addition low energy tracks are contaminated with secondary particles emerging 
from the walls of the beam pipe as well as by knock on electrons and only after 
severe cuts can they be used for reconstructinr secondary vertices. The detection 
efficiency contains an uncertainty of about ± 6 %, resulting from the error on the 
converter thickness introduced by measurement errors on the production angle 9. 
An additional systematic error of ± 12 % takes into account deficiencies of the 
Monte Carlo simulation of converted photons in the JADE detector, especially for 
the simulation of electron tracks below about 100 MeV. 

The background contamination in the 1 - sample reconstructed by the pair 
spectrometer method is on the avarage 10% mainly due to misidentified hadronic 
interactions . In estimating this number the observed mass spectrum associated 
with conversion pairs has been extrapolated into the region of the mass cut i. e. 
below 30 MeV. Another input·to the back(l'ound estimate employed a measure
ment of the specific ionisation of the particles emerging from the conversion vertex. 
Such a dE/dx measurement applies only to a restricted sample with especially well 
measured tracks. In this sample the background cont&rnination is only of the order 
of 5%. 

The validity of the pair spectrometer approach and the error estimates have 
been tested by comparing the observed position and width of the ;q-0 signal re
constructed from converted photons with Monte Carlo predictions. Also here the 
agreement is satisfactory. 

The two independent methods of detecting photons with JADE by a) observ
ing neutral energy clusters in the lead glass arrays and b) using the detector as 
a pair spectrometer are complementary to the extent that at energies below 700 
MeV the latter approach provides the better momentum resolution. Furthermore 
both methods have different systematic errors and thus allow for cross checks. 

3. INCLUSIVE SPECTRA, 

The investigation of inclusive momentum distributions of charged particles 
as well as of photons in e+ e- annihilation events is important for understanding 
the fragmentation of quarks and gluons into hadrons. But not all photons are of 
hadronic origin and at energies exceeding about half the beam energy a substantial 
contribution to the photon yield can be attributed to initial state radiation of the 
incoming electron and positron. For a physics analysis , however , these two 
sources of photons have to be separat~d. 
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a. Inclusive Photon Spectra. 

For the analysis of inclusive photon production we consider only photons 
with energies above 200 MeV in order to keep the background low. The photon 
spectrum !'.t 34 GeV centre of mass energy after acceptance corrections is shown in 
Fig. 5, together with the expectation of the Lund model and a calculation of initial 
state radiation according to Ref. 5. In general the model reproduces the measured 
data well except that in the range of 0.2 < x < 0.3 the data lie systematically 
below the model prediction. This discrepancy is, however, small and does not 
affect efficiency calculations which use the Lund four vector generator. Above 
X"=0.5 the photon spectrum is dominated by radiative photons and the agreeinent 
between prediction and observation is reasonable. It supports the correctness 
of the approximations made to calculate the high energy part of the radiative 
corrections. 

A statistically significant comparison of the spectra obtained from photons 
recorded in the lead glass and from photons which are reconstructed from pairs is 
only possible using the large data sample at 34 Ge V. The result of the comparison 
is shown in Fig. 6, where the photon yields after acceptance corrections and 
radiative corrections are dispbeyed as a function of the photon energy. The errors 
in this plot are statistical only. Within these errors both spectra agree , although 
the data points from lead glass photons lie systematically below those derived from 
pairs by about 15 %. This difference which is within the quoted systematic errors 
is probably due to an underestimate of the vertex finding efficiency and of the 
conversion probability. 

For further analysis, only photons observed in the lead glass arrays were used 
because of their smaller statistical and systematic errors. In Fig. 7 a,b,c the inclu
sive photon spectra sdo-Jdx, after acceptance corrections and radiative corrections, 
are shown, while Fig. 8 contains a combined plot of JADE and CELLO data [11] at 
centre of mass energies of 34, 22 and U GeV. The cross sections measured by the 
two experiments &.gree within errors and there is no indication of scaling violation. 
The latter statement can be quantified by evaluating the integral /0°.~~ s(do-jdz) dot 
at the three centre of mass energies. We obtain 0.11±0.02, 0.10±0.03 and 
0.13±0.03 Jlb GeV 2 as integrated cross sections for 34, 22 and 14 GeV respec~ 
tively. Assuming the Lund model as a guideline, the expected difference between 
the inclusive photon cross __ sections at 34 GeV and 14 GeV at a normalised photon 
energy x=0.5 is less than a factor of two and is thus too small to be established 
by the present experiment with its limited statistical accuracy. An observation of 
a significant scaling violation would require higher statistics preferably at higher 
energy to increase the lever arm. 

The photon spectra may be compared with the charged pion spectra at the 
same centre of mass energy. At 34 GeV we compare (Fig.9) the photon spectrum 
of the present analysis with the charged pion spectrum published by TASSO [10]. 

g 

~~ 

The diffrence in slope of the two spectra is clearly visible, the photon spectrum 
being softer. A measure of this difference is inferred by comparing fits to the 
invariant cross section E/41rp"J da'fdp, as a function of the particle energy E, to 
the sum of three exponentials 

' E du 
41rp2 dp ::: 2.: Ame-BmE 

m=l 

Such a fit is published by the TASSO group in Ref. 10 for charged pions. The 
1 spectrum can also be described by a superposition of three exponentials with a. 
x 2 of 29 for 30 degrees of freedom. The slope parameters Bm for. charged pions 
and photons are compared in Table 2 indicating that the photon spectrum drops 
about twice as fast as the pion spectrum as a function of energy, while in both 
cases the relative magnitude of the coefficients Ai is of the order of A 1 : A2 :As "'= 

1 : 0.1 : 0.001. This observation is a consequence of the fact that the majority 
of the photon stems from 1r0 decays. The errors on the parameters Bm quoted 
for the photon spectrum correspond to 68% confidence level in a 6 dimensional 
parameter space and include systematic effects. 

Table 2. 
Slope Parameters Bm for 34 GeV em Energy 

"f spectrum 1r± spectrum 
JADE TASSO 

B, 7.97 ± 1.76 4.97 ± 0.46 
B, 2.34 ± 0.28 1.51 ± 0.21 
B, 0.71 ± 0.05 0.50± 0.08 

The spectra at lower centre of mass energy are also well fitted by a super
position of three exponentials, while only two exponentials are insufficient for a 
satisfactory description of the data. Although TASSO has published only fits with 
two exponentials to the charged pion spectrum, the slope parameters B 1 and B2 
may be compared, because the contribution of the third exponential is small. Also 
here we find that the slopes describing the 1 spectra are two to three times larger 
than the corresponding parameters for the charged pion spectra. 
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b. Photon Multiplicitr. 

The photon multiplici~y is obtained by an integration over the entire photon 
spectrum. 

1 1' < n-, >= - (du7 fd•)d• 
O'tot o 

The integral extends down to x=0. 1 into an energy range which is not ac
cessible to the experiment. The low energy part of the integral has thus been es
timated with the help of the Lund model normalising the model prediction to the 
total number of events. The extrapolation factors vary between 1.43 at 34 GeV 
and 1.47 at U GeV and a systematic error of 10% has been attributed to the 
extrapolation. At 34 GeV the photon multiplicity corrected for acceptance and 
radiative effects is 13. 7±0.4±0.7 if only photons seen. in the lead glass arrays are 
used and 15.5±0.6±1.1 for photons which are reconstructed from pairs. The pho
ton multiplicities together with the fractions of other particles are summarised in 
Table 3. It is observed that the photon multiplicity increases at the same rate 88 
the pion or total ehtlrged multiplicity with increasing centre of mass energy, and 
photons appear to be a.s abundant as charged particles. 

TableS. 
Particle multiplicities as a function of em energy 

Type l4GcV 22GeV 34 GeV 

7 8.5 ± 0.6 ± 0.5 11.4 ±O.T ± 0.1 13.7 ± 0.4 ±O.T 
r• 4.7±0.2±0.2 5.5 ± 0.4 ± 0.3 6.1 ± 0.1 ± 0.3 
r+ + r- 1.2±0.6 10.0±0.7 10.3 ± 0.4 
cbarg. 9.08 ±0.05 11.22 ± 0.01 13.48 ±0.03 

c. Energy Fraction Carried by Photons. 

Ref. 

TASSO(tOJ 
TASSO(Uj 

The average energy fraction carried by photons in hadronic events is computed 
by integrating the photon spectrum weighted with the normalised -'1 momentum 

"· 
1 1' < p, >= ;;:- •(du7 fd•)d• 

~tot 0 

Also here the Lund model hM been used- to estimate the contribution to the 
integral in the region Dot accessible to the experiment. The measured photon 
energy fractions are summarised in Table 4. In a previous publication j18J a 
calorimetric IQ.ethod was described to assess P•p in which the photon energy was 
calculated from the total observed energy in the lead giMs system by -subtracting 
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the energy deposit due to hadrons. Because of systematic errors in the hadronic 
energy deposition this method is less accurate than a direct computation from the 
measured photon spectrum. Both methods which are independent of each other 
give consistent results within errors. 

Comparing the present data with previous measurements [13, U] leads to 
the conclusion that the photon energy fraction is about 1/' of the total energy 
available and is constant between 5 GeV and 34 GeV which may be read offFig.lO. 

Table 4. 
Photon energy fractions as a function of em energy 

E,m(GeV) 

u. 
22. 
34. 

c . .-0 Spectra 

< p, > (%) 

25.1±2.1±1-f 
U.9±2.2±H 
24.3 ± 1.7± 1.6 

In forming all two- photon mass combinations for photons with energies above 
0.1 GeV, a plot of the invariant masses versus the number of combinations exhibits 
II. peak all he poallion of the r 0 mass with m,o "' 135± 0.5 MeV /c' and width 
lt., ·= 17.1 ± Q.6 MeV/c' above a smooth background as shown in Fig.11. The 

· j-0 yield is ded.ueed ft6m the observed ~wo photon mass spectrum by fitting a 
p_olynomial bMkgrQund plus a Gaussian resolution function to the data points. 
The detection efficiency for 1r0 's at the three centre of mass energies ill displayed 
in Fig. 12 as a function of the r 0 momentum. The loss of efficiency above 1.6 
Ge V /c can be attributed to the bl~ck structure of the counter array, whereas 
at low energy the acceptance drops due to the cut on the photon energy. The 
variation of the reconstruction probability with centre of mass energy reBects the 
single photon detection efficiency of Fig.2. Inside jets the fraction of r 0 mesons 
which are foul,ld by the analysis programs is as high as 28% at U GeV centre of 
mass energy. 

The scaling cross sections for inclusive • 0 production at the three centre of 
mass energies are plotted in Fig. 13 together with previously published data of the 
CELLO collaboration lllJ. No scaling violation is observable. Earlier data of the 
TASSO group refto16 which are based on a considerably smaller data. sample agree 
within errors with the cross sections of the present evaluation. A comparison with 
the charged pion spectrum of the TASSO group scaled by a factor of two is shown 
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in Fig.l4. At 34 GeV the two cross sections agree wiih each other reasonably well 
in the range of overlap. 

Integrating the inclusive 11'0 spectra, with au extrapolation over the small 
energy range which is not observed in this e)):periment, neutral pion fractions are 
obtained which are listed in Table 3. They match the charged pion multiplicities 
divided by two, as expected from the dose similarity of the differential energy 
spectra. 

d. '1 - Spectra 

The measurement of inclusive '1 production through the decay '1 -t Tt at 
34 GeV centre of mass energy has been described in a previous publication [16] 
and only the main features of the analysis will be repeated here. For the present 
paper the analysis has been repeated with a data sample which is 30 % bigger 
and with efficiency calculations based on a Monte Carlo event sample which was 
increased by a factor of three. 

An analysis of 1J production is only sensible with the large data sample avail~ 
able at 34 Ge V centre of mass energy. An q signaljs observed in the two photon 
mass spectrum after removing photons which contribute to the 11'0 peak, restrict
ing the sum of the two 1 energies E"f1 + E"f2 > 0.7 GeV, and requiring that both 
photons lie in the same hemisphere of the event.Here the event hemispheres are 
defined by the two sides of a plane through the event vertex which is perpendicular 
to the sphericity axis. The '1 signal is centered around m11 = 575 ± 13 MeV /c2 

with a resolution of 17m=64 ± 16 MeV/ c2 , as shown in Fig. 15. The cross sec
tions for inclusive 11 production are given in the tables of the appendix. They agree 
within errors with the values given in the earlier publication although it should 
be noted, that the new analysis yields a cross section at < x >= 0.047 which is 
about one standard deviation lower. By integrating the '1 spectrum an average 
number of < n11 > = 0.64 ± 0.15 per event is obtained. Comparing the q yield 
with the production of 11"± in Fig. 16leads to the conclusion that the slopes of the 
two spectra are very similar. 

In the paper o.f Ref. 16, an attempt was made to relate the '1 abundance to the 
emission of energetic gluons. Although the '1 fraction seetn5 to rise more rapidly 
with increasing event sphericity than the 11'0 fraction, no statistically significant 
signal has been observed for an enhancement of the '1 yield in planar or spherical 
events. The increase in statistics for the present analysis is not sufficient to go 
beyond the previous conclusions. 
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4. A STUDY OF PHOTO:'/ SOURCES. 

As already mentioned in the previous chapter, the maJority of photons are 
associated with 11'0 decays. A quantitative evaluation of the known 7 sources and 
a comparison with the obsfrved photon spectrum allows limits to be set on new 
sonrces. 

a. New Particle Search in e+ e- - 1 +X 

The photon spectra of Fig. 7 do not exhibit any obvious structure which could 
be attributed to monoenergetic photon lines. These may result from reactions of 
the type e+e- -. 1 +X, where X is a neutral particle of mass m:z:. In order to set 
limits on the presence of gamma lines the spectra E/(411'p2 ) ·dl7jdp have been fitted 
to a superposition of three exponentials as described in Section 3. The residuals 
were then fitt_yd to Gaussians with an energy dependent width corresponding to 
the observed photon energy resolution. None of the Gaussians was statistically 
significant and upper limits are given for the production of X-particles. The photon 
detection efficiency was assumed to be the same as in multi-hadron events, which 
is conservative especially in the case of X being a scalar or pseudo scalar where 
the efficiency should be higher. The maximum Gaussian which is compatible with 
the data at 14 GeV occurs at a photon energy of E 7 =1.05 GeV corresponding to 
a mass m:z: = 12.9 Ge V with a cross section of n < 8.6 · w-2 nb at 95% C.L. At 
22 GeV the maximum occurs at E"f = 3.7 GeV corresponding to m:z: = 11.9 GeV 
with 17 < 3.2 · 10-3 nb at 95 % confidence level. The 34 GeV data sample which 
consists of events taken at variou~ centre of mass energies has a major input at 
Ecm = 34.6 GeV. At this energy a maximum of 17 < 2.7 · 10-3 nb is obtained 
at E"f = 5.9 GeV corresponding to ma: = 28.0 GeV. This analysis does not show 
evidence for the production of a new particle especially a scalar X. Furthermore 
the mass values at which the maximum Gaussians occur are not correlated. 

b. Photon Sources. 

In order to study the sources which contribute to the observed photon spec~ 
trum in more detail, the 1 spectrum due to 11'0 and q decays has been computed 
by folding the measured 1r0 and q spectra with the appropriate decay kinemat
ics. From Fig.l7 ,where we compare the measured photon spectrum with the one 
originating from 11'0 and '1 decays, it -is inferred that almost all photons can be 
attributed to these sources. 

A limit on the number of photons not accounted for by known decay processes 
is obtained by subtracting the number of photons due to 11'0 and '1 decays from 
the measured photon multiplicity. The remainder, which is listed in Column 2 of 
Table 5, still contains photons from hadron decays a.s there are w , q1 and charm 
decays. We have used the Lund model to estimate their contribution. The residual 
photon multiplicity which appears in the last column of Table 5 is compatible with 
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tero'. Due to experimental aud theoretical uncertainties there could be room for 
at most one add:tional photon per event from other sources. 

E,m 
34. 
22. 
H. 

Table&. 
Origin of Photons 

#7 per event after subtracting known '7 sources 

remove 1ro, fl - "11 

0.65 ± 1.1 
0.35 ± 1.1 

-0.81 ± 1.0 

remove hadron decays into 1 

0.35 ± 1.1 
0.15 ± 1.1 

-1.00 ± 1.0 

c. Direct Photons from Quark Bremsstrahlung. 

One photon source of interest is related to the emission of bremsstrahlung 
photons by quarks. In this case, bremsstrahlung emlssion is competing with the 
quark fragmentation, and the 1 spectrum could serve as a probe for quark momen
tum distributions in the quark gluon cascade. These photons are difficult to isolate 
experimentally, because they are mixed with photons from initial state radiation 
oi decay processes. In an angular region far from the beam li.ne and the jet axis, 
high energy photons from quark bremsstrahlung might po.98ibly be obServed. {1 'T} 

We have looked for a signal of bremsstrahlung photons ott primary quarks at 
U GeV centre of mass energy by selecting isolated photons, with no other particle 
in a cone with a half opening angle of 20° 1 a transverse momentum with respect 
to the jet axes of PT ?: 2 GeV, and an energy between 2 and 8 GeV. In order 
to reduce the contribution from initial state radiation, the angle with respect to 
the beam direction was required to exceed 40.5°. After subtracting the number 
of photons expected from initial state radiation and hadron decays, we are left 
with an small excess of 56± 22 photons. The kinematic region is chosen such that 
QCD corrections j17j to the direct photon emission are small and bremsstrahlung 
by the primary quarks dominates. Thus the observed number of photons can be 
compared to an estimate of (1±6, which is based on an adaptation to fractionally 
charged quarks of the Q.E.D. order a 3 p+IJ-1 cross section given by Berends and 
Kleiss in Ref. 18. 

The photon energy spectrum for all the photons which pass the above cuts is 
shown in Fig. 18. The dashed line shows the expectation for initial state radiation 
and hadron decays only; the solid line is this contribution plus that from the tlnal 
state radiation and interference terms. It should be noted that 12 out of the 270 
photons in Fig. 18 come from events where two photons pass all of the cuts. The 
Monte Carlo studies which only include Q.E.D. up to order a3 indicate that we 
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should not see any event with two photons which pass our cuts, so. these 6 events 
with two high PT lsolated photons are possible evidence for the Q.E.D. order at. 
process e+e- -+ q7i'1'1· 

In addition to increasing the number of photons observed in e+e- annihila
tions, tlnal state radiation should also induce a charge asymmetry at the quark 
production level, due to interference between initial and tlnal state radiation [19J. 
If one can determine the Signs of the initial quark charges from their fragmentation 
products,_it Sh01J,Id f>e possible to measure this asymmetry with &large enough data 
sample. we 'enhaneed ·anal state radiatiofJ photons by using the cuts described 
in .the previous paragraph, and used a standard method of assigning charges to 
jets. This method, which was also used by the MAC experiment [20J for their 
study of this interference effect, was to sum up all charges in a jet for tracks with 
p > 250 MeV a.nd assign the sign of the sum to the sign of the parent quark charge. 
We plot the quark charge sign times cos a of the jet for I cos 9! '$ 0.9 in Fig. 19. 
After subtraction of the decay contributions calculated by Monte Carlo programs, 
an average asymmetry A = -0.06 ± 0.07 remains. The Monte Carlo calculations 
on the basis of the a3 11111 cross section indicate that, with a probability of assign~ 
ing the quark·charge correctly of 0.66 ± 0.06 we should expect an asymmetry of 
-0.1,±0.05, with the largest contribution to the error of the expected asymmetry 
coming from the uncertainty in the quark charge assignment. The systematic dif
ferences between the data and the QED labelled angular dlstribution of Fig. 19 as 
well as the differences showing up in the energy spectrum of Fig. 18 could be due 
to neglegting soft radiatiVe corrections which are estimated to be of the order of 
20% according to R.et. 21. Our measurement ls consistent with zero asymmetry, 
but it is clear that we need a. much larger data sample to confirm or refute the 
existence of this asymuietry. 

CONCLUSION 

At the three centre of mass energies, U, 22 and 34 GeV inclusive gamma spec
tra have been measured in hadronic tlnal states produced by e+e- annihilation 
processes. They do not exhibit any floe structure and it is found that for normal
ized 1 energies :t = E'l/Ecm > 0.025 the cross sections du'l /dx is within errors 
independent of the centre of mass energy and no scaling violation is observed. The 
photon multiplicity ls seen to rise at the same rate with increasing energy as the 
multiplicity of charged particles, and photons carry a constant fraction of about 
25% of the total energy between 5 and 34 GeV centre of mass energy. 

n-0 mesons have been reconstructed from their decay photons and their spec-
trum is found to have the same features as the charged pion spectrum, indicating 
that the sources for the two species are essentially the same. The mean number 
of r 0 per event corresponds to half the number of charged pions. 
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It is observed that at 34 Ge V centre of mass energy q mesons are produced 
with an abundance of 0.64±0.15 q 's per hadronic event. The slope of the inclusive 
q spectrum is found to be similar to that for pions. No significant dependence of 
the 'I production on event shape has been found. 

The majority of final state photons after subtracting initial state r~iation can 
be attributed to :71'

0 decays with smaller contributions from '1 and other hadronic 
decays. Additional photons are limited to less than about one extra photon per 
event. In particular bremsstrahlung emission from the primary quarks has been 
searched. The presently available data sample does not, however, allow a statisti
cally significant confirmation of this effect. 
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FIGURE CAPTIONS. 

FIG. I 
x2 ~distribution for a fit to neutral lead glass glass clusters in multi~hadron events 
comparing data and a Monte Carlo simulation. 

FIG. 2 
Photon detection efficiency as a function of photon energy at three centre of mass 
energies. 

FIG. 3 
Energy resolution for lead glass photons and photons reconstructed from e+ e
pairs. 

FIG. 4 
R~onstruction efficiency for photons seen as e+ e- pairs. 

FIG. 5 
Photon spectrum at 34 GeV centre of mass energy before radiative correction. 

FIG. 6 
Comparison of photon spectra from lead glass photons and photons reconstructed 
from pairs at 34 GeV centre of mass energy. 

FIG. 7 
Photon spectra at a) 14 GeV, b) 22 .GeV, c) 34 GeV centre of mass energy. 

FIG.8 
Scaling cross section at three centre of mass energies. 

FIG. 9 
Inclusive photon spectrum and a ftt to the charged pion spectrum (TASSO) at 
34 GeV. 

FIG.IO 
Energy fraction carried by photons in hadronic annihilation events. 
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FIG. 11 
Two 1 invariant mass spectrum in the range of the tr0 mass with a Gaussian plus 
a polynomial background fitted to the data. Insert: 1!'0 signal after background 
subtraction. 

FIG. 12 
Reconstruction efficiency for 1r0 in hadronic annihilation events. 

FIG. 13 
Scaling cross section for 1r0 production at three centre of mass energies. 

FIG. 14 
1r0 and 1r± spectra at 34 Ge V centre of mass energy. 

FIG. 15 
Two photon invariant mass spectrum after removal of photons forming a rr0 with 
E'l'1 , E'l'2 > 300 MeV. Insert: '1 signal after background subtraction. 

FIG. 16 
Inclusive q production rate and inclusive 11'± cross section. The curves are a 
TASSO fit to the 1r± spectrum and the same fit scaled down drawn through the 
q points. 

FIG. 17 
Photon spectrum reconstructed from 1r0 a.nd '1 production. The hatched area 
reflects the experimental uncertainty in reconstrucing the "{· spectrum from mea
sured 1r0 and '1 spectra. 

FIG. 18 
Photon spectrum after cuts described in the text to enrich quark bremsstrahlung 
photons. 

FIG. 19 
cos e of the jet axis w.r.t. the beam multiplied with the sign of the reconstructed 
quark charge for events of the quark bremsstrahlung enriched sample. The QED 
labelled curve is a.n adaptation of the JJJJ'Y cross section to quarks. 
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s du/dx (ll b GtV~) 

103. ± 1.1 ± 9.0 
56.3 ± 0.8 ± 3.9 
37.7 ± 0.7 ± 0.3 
24.7±0.6±0.3 
19.2±0.6±0.3 
14.0±0.5±0.3 
10.9±0.5±0.3 
9.4 ± 0.5 ± 0.3 
6.4±0.4±0.3 
5.7 ± 0.4 ± 0.3 
4.8 ± 0.4 ± 0.3 
3.3 ± 0.3 ± 0.3 
2.8 ± 0.3 ± 0.3 
1.9±0.2±0.3 
}.8 ± 0.2 ± 0.3 
2.2 ± 0.3 ± 0.3 
1.8 ± 0.2 ± 0.3 
1.0 ± 0.1 ± 0.3 

s do-/dx (f.' b Ge V2) 

10i.±0.7±7.1 
51.3 ± 1.6 ± 3.5 
34.6 ± 1.4 ± 1.6 
27.5 ± 1.3 ± 1.3 
20.5 ± 1.2 ± 0.9 
14.7 ± 1.0 ± 0.7 
10.9 ± 0.9 ± 0..5 
8.3 ± 0.8 ± 0.4 
7.7 ± 0.8 ± 0.3 

API'ENDlX 

Table Al 

Inclusive 1 spectrum at< .[i > = 34.4 GeV 

« > s dufdx {~ b GeV2
) 

0.195 1.2 ± 0.2 ± 0.1 
0.210 0.83 ± 0.1 ± 0.07 
0.230 0.74 ± 0.09 ± 0.06 
0.250 0.48 ± 0.07 ± 0.04 
0.270 0.57 ± 0.09 ± 0.05 
0.290 0.44 ± 0.07 ± 0.04 
0.310 0.34 ± 0.06 ± 0.03 
0.330 0.23 ± 0.04 ± 0.02 
0.350 0.16 ± 0.03 ± 0.01 
0.370 0.22 ± 0.05 ± O.Q2 
0.390 0.18 ± 0.05 ± 0.02 
0.425 0.10 ± 0.02 ± 0.01 
0.475 0.049 ± 0.01 ± 0.004 
0.525 0.036 ± 0.008 ± 0.003 
0.575 0.024 ± 0.006 ± 0.002 
0.650 0.010 ± 0.002 ± 0.001 
0.750 0.004 ± 0.001 ± 0.0004 
0.850 0.0013 ± 0.0003 ± 0.0001 

Table A:i 

lnclusivt "f ~pectrum at 22.6 GeV 

< x.> 

0.110 
0.130 
0.150 
0.170 
0.190 
0.22& 
0.32.S 
0.5 
0.8 

:\ - 1 

a du/dx (~ b GtV~) 

.S.35 ± o . .s ± 0.2 
4.1 ± 0.4 ± 0.15 
2.8 ± 0.4 ± 0.10 
1.6 ± 0.3 ± 0.04 
1.13 ± 0.2 ± 0.03 
0.76±0.1±0.06 
0.30±0.03±0.03 
0.06 ± 0.01 ± 0.005 
0.004 ± 0.001 ± 0.0004 



< <> 
0.026 
0.036 
0.046 
0.056 
o.oe5 
0.075 
0.085 
0.096 
0.11 

<•> 

0.017 
0.029 
0.011 
0.052 
0.081 
0.075 
0.087 

<•> 
0.027 
O.OH 
0.082 
0.089 

Table AS 

Inclusive 1 spectrum at H ~V 

1 d(J/dx (.u b Ge¥2) <•> s d(J/dx (.u b GeV') 

11.6 ± 3.7 ± 3.0 0.130 4.6±0.1±0.2 
31.7±1.2±2.2 0.150 2.9 ± 0.3 ± 0.1 
24.0 ± 0.9 ± 1.0 0.170 2.6±0.3±0.1 
17.2±0.9±0.8 0.190 1.9 ±0.3 ±0.09 
12.8 ± 0.7 ± 0.8 0.226 1.15 :i: 0.1 :t:0.06 
u.o±o.7±o..s 0.326 0.36 ± 0.03 ± 0.02 
9.35 :i: 0.7:1:0.4 0.5 0.08 :1: 0.01 :i: 0.008 
7.0 ± 0.6:1:0.3 0.8 0.006 :i: 0.001 ± 0.0006 
5.8 :i: 0.1 :i: 0.3 

Table A' 

Inclusive l1' 0 •pectrnm at < .,Ji > = 31.1 Ge V 

•I' Mldx (p b GoY') 

37.8 ± 3.1 ± 8.9 
24.6 * 1.2 ± 2.1 
16.5 :i: 1.0 ± 1.2 
13.1 ± 0.8::1: 0.6 
10.4 ± 0.7 ± 0.5 
8.1 :1: 0.6 ± 0.31 
(1.66 ± 0.57 ± 0.39 

s//1 d(J/dx (.u b GeV2
} 

22.9 ± 6.3 ± 5.1 
16.9 ± 2.1 ± 1.8 
9.6 ± 1.4 ± 0.8 
6.1 ± 0.6 ± 0.4 

<x> •/' doldx (P b G•Y') 

0.009 6.77 ± 0.66 ± 0.26 
0.110 6.18::1:0.73 :i: 0.18 
0.128 4.36::1:0.66 ± 0.32 
0.151 3.51 ± 1.06± 0.16 
0.171 2.66 :i: l.t2 ::1: 0.30 
0.209 1.87 ± 1.25 ± 0.30 

Table A3 

Inclusive ~0•pectrum at 22.6 ~V 

<•> 
0.124 
0.178 
0.285 

A - 2 

s/!1 du/dx (.u b GeV2 ) 

5.28 ± 0.70 ± 0.22 
2.22 ± O.H ± 0.11 
0.92 ± 0.65 * 0.37 

<•> 
0.043 
0.011 
0.100 
0.142 

•/' do/d• (• b a.V') 
17.1 ±3.2±2.3 
0.1%1.1 ±0.9 
8.2 %0.8±0.3 
3.1 ± 0.3 ± 0.2 

Table A8 

Inclusive • 0spectrum at H GeV 

< » 
O.ID9 
0.285 
0.456 

Tablt Af 

•I' do/dx (p b GoY') 

2.0 ± 0.2 ± 0.07 
1.3 ± 0.2 ± 0.03 
0.37 ± 0.3 ±0.10 

lncbuive If •pectnun at < Y, > = 31.4 ~ V 

< x > •/' do/d• (• b a.V') 
0.047 
0.011 
0.181 

2.81 * 1.16 ± 1.6 
1.21±0.11±0.3 
0.23 ± 0.07 ± 0.01 

A - 3 


