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Abstract. The fraction of the total available energy 
carried by photons and the fraction carried by neutral 
particles of all types in e+e - multihadron final states 
have been measured at three centre-of-mass energies 
between 12 and 35 GeV. These fractions are approxi- 
mately 27 % and 37 % with no strong dependence on 
centre-of-mass energy and the event topology. The 
neutrino energy fraction is estimated to be less than 
10% at the 95% confidence level. 

In this paper we report on measurements of the 
fractional energy carried by gamma rays Q~, and by all 
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neutral particles ~u in the reaction e+e --~hadrons at 
centre of mass energies of 12 GeV, around 30 GeV and 
around 35 GeV. These energy fractions are relevant for 
the study of hadron production by e+e - annihilation 
because they provide information about the gross 
features of the final state and its production mecha- 
nism. A measurement of the difference QN -- Q~ provides 
a sensitive upper limit on the energy fraction carried 
away by neutrinos, which is predicted to be about 2 % 
for standard QCD models and which is estimated to lie 
between 18% and 28% for a model with liberated 
.integrally charged quarks [1]. 

The gamma ray energy fraction Q~ is essentially 
obtained from a measurement of the energy deposited 
in a photon detector about 125cm away from the 
point where electrons and positrons annihilate, where- 
as the neutral energy fraction ~N is given by the 
complement of the charged energy fraction 
~ON= 1--~charged" Charged particles are detected some 
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30cm from the interaction point by a tracking 
chamber. 

Through the decay of particles in the final state, the 
fractions ~ and ~o N depend on the distance from the 
interaction point at which the particles are detected. 
Thus they require careful definition. The procedure 
followed here will be first to attribute the energy of 
every observed charged particle to the charged particle 
energy and observed photon energies to the gamma 
ray energy of the final state. Then the energies of 
charged particles and of gamma rays from the decay of 
K ~ and.., particles will be subtracted from the charged 
particle and gamma ray energies respectively. This 
approach arises from practical considerations: the K ~ 
and A multiplicities and energy spectra can be esti- 
mated from available data and the corresponding 
corrections are small enough that their uncertainty 
does not dominate the systematic error of the final 
results. 

The experiment was carried out with the JADE 
detector at the e+e - colliding beam facility PETRA at 
DESY. Descriptions of the JADE detector have ap- 
peared in previous publications [2]. Charged particle 
trajectories are reconstructed in the central drift cham- 
ber (jet chamber), which covers 97 % of the full sphere. 
This drift chamber is in a solenoidal magnetic field of 
4.8kG. The momentum resolution is Ap/p= +2.2% 
p(GeV/c). Photons are detected by an array of lead 
glass counters surrounding the coil of the magnet and 
mounted on the two end caps of the iron yoke. The 
lead glass counters cover 90 % of the full solid angle. 
All counters were calibrated in a test beam, and the 
energy resolution of the individual counters was mea- 

sured to be AE/E=_+6%/~ up to E=6GeV.  
Particles emitted at a polar angle (0) of 90 ~ from the 
beam axis penetrate a total of 11 mm of aluminium 
and 10ram of plastic material before they reach the 
first sense wire of the drift chamber. The gas and the 
support structures of the jet chamber itself represent a 
total thickness of material corresponding to 0.04 ra- 
diation length. Particles reaching the lead glass pene- 
trate the aluminium magnet coil, which is 8 cm thick. 
Measured gamma ray energies are corrected for losses 
in this material. 

The data for the present analysis were taken at 

centre-of-mass energies of ]/-~=12GeV, around 
30GeV and around 35GeV. The 30 and 35GeV 
samples were not accumulated at fixed energies, but 
rather by collecting all events at a range of energies 
between 27.40 and 31.56GeV and between 33.0 and 
36.72 GeV. The trigger conditions and the criteria for 
the selection of events were the same as those pre- 
viously used by JADE in measuring the total cross 
section for single-photon annihilation to multihad- 

ronic final states. [2] The resulting sample is essen- 
tially free of two-photon process and z lepton back- 
ground. In order to minimize the loss of energy due to 
particles which escape down the beam pipe an ad- 
ditional acceptance cut is made for this analysis: 
Icos(0jet) ] <0.7. The sphericity axis [3] is taken to give 
the jet direction. 

The JADE detector is in principle capable of 

measuring directly the energy fraction ff~=~E~/]fs .  

However in deriving this number from the raw 
measurements several corrections have to be applied. 
The most important is due to the fact that the energy 
clusters in the lead glass detector from photons and 
charged tracks, particularly in jet events, often overlap. 
Thus in general clusters cannot uniquely be attributed 
to charged particles or to photons. Therefore we have 
adopted the following procedure to determine ~ :  for 
each event an expectation value is computed for the 
total amount of Cerenkov light generated in the lead 
glass by all of the charged particles belonging to that 
event. The Cerenkov light due to charged particles, 
converted to an equivalent shower energy, is sub- 
tracted from the total energy measured in the lead 
glass arrays to obtain Q~. 

The Cerenkov light generated by hadrons at mo- 
menta of about 1.5 GeV/c and lower can be measured 
by the JADE detector itself, using multihadronic final 
states from one photon annihilation and two photon 
processes. Charged particle tracks are selected which 
are well separated from any other charged track or 
cluster in the lead glass. In these favourable cases the 
lead glass energy can confidently be associated with 
this single charged particle. If this energy, corrected for 
losses in the magnet coil and pressure vessel, is more 
than 80 % of the particle momentum, the particle is 
regard as an electron or positron and not considered 
further. In addition suitable cuts are made to reject 
particles with poorly measured momenta or directions 
and particles which are ejected from the beam pipe or 
inner wall of the pressure vessel. Many of the latter are 
protons too slow to give rise to Cerenkov light. 

Above approximately 1.5GeV/c particles tend to 
be near the axis of a jet and we no longer find a 
statistically useful sample of tracks and clusters which 
meet the criteria defined in the previous paragraph. At 
high momenta the data of Barber et al. [4] are used to 
obtain an expected pulse height for each track. These 
data are for pions of 1.8 to 3.9GeV/c momentum 
incident normally upon 40 cm thick lead glass coun- 
ters. The main uncertainties in our treatment of high 
energy hadron interactions in the lead glass arise in 
scaling from 40cm to other thicknesses of lead glass, 
from the assumption that non-pions make the same 
average pulse heights as pions of the same momenta, 
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and  f rom deta i led differences between the l ight guide 
conf igura t ions  of  J A D E  and  tha t  of  [4]*. 

Averaging  over  all events, the Cerenkov  light asso- 
c ia ted with charged  part icles  is equivalent  to between 
13 ~o and  16 % of the centre-of-mass  energy, decreasing 
slowly as this energy increases. This is between 1/2 and  
3/4 of  the l ight  due to g a m m a  rays. 

F igure  1 shows the d is t r ibut ions  of the g a m m a  ray  
energy fraction, correc ted  for charged  part ic le  contr i -  
bu t ions  as descr ibed above,  for the three centre-of-  
mass  energies. The g a m m a  ray  energy so c o m p u t e d  
can become negat ive for indiv idual  events because  the 
charged par t ic le  con t r ibu t ion  sub t rac ted  is only  an 
expec ta t ion  value, not  the ac tua l  energy loss by  char-  
ged part icles  for each event. 

Fu r the r  correc t ions  are app l ied  to the da t a  of Fig. 1 
for several  effects which are  es t imated  only in the mean  
over  all events, not  event by event. 1) Approx ima te ly  
14% of the pho tons  in the events selected for this 
analysis  conver t  before reaching the je t  chamber .  The 
resul t ing electrons and  pos i t rons  are  t rea ted  as had-  
rons  since they m a k e  tracks,  and  some fract ion of  their  
energy is sub t rac ted  f rom the to ta l  energy registered in 
the lead glass. The size of  this effect has been es t imated  
with M o n t e - C a r l o  s imula t ions  of  mu l t i had ron i c  final 
states [5]  including b remss t rah lung  f rom the init ial  e § 
and  e - .  2) Losses due to small  gaps in the lead  glass 
system were also ca lcula ted  with the same Monte -  
Car lo  p rogram.  3) A correc t ion  was made  for pho tons  
genera ted  by  nuclear  in terac t ions  in the mater ia l  be- 
fore the je t  chamber .  4) P ro tons  ejected f rom the same 
mate r ia l  with m o m e n t a  be low the Cerenkov  threshold  
require  a further correct ion.  They  were ini t ial ly t rea ted  
as pions,  so their  energy was incorrec t ly  sub t rac ted  
f rom the to ta l  energy recorded  in the lead  glass. 5) 
Es t imates  of the energy depos i ted  by in terac t ions  in 
the lead glass of the neut ra l  had rons  K ~ [61, n and fi 

* In order to account for the difference between 40cm and the 
actual thickness the JADE lead glass system presents to particles - 
about 34cm on average for the tracks involved in this analysis we 
assume that, for each given energy, the average quantity of Cerenkov 
light created by pions is proportional to the thickness of lead glass 
lying in their path. We use the same assumption at lower energies for 
which JADE data are available on hadron interactions in the lead 
glass. For each of the well-isolated clusters defined in the text the 
energy loss by the incident particle is normalized to the total 
thickness of lead glass in the particle's path. The effective "dE/dx" so 
obtained is fitted as a functmn of particle momentum and used m the 
0, analysis to obtain an expectation value for the quantity of 
Cerenkov light generated by each charged particle track. The 
systematic errors for these approximations are large. They are 
estimated as follows : the path lengths in the lead glass barrel of high 
momentum particles coming from the interaction region vary from 
30 cm to 42 cm, with an average of 34 cm. We take the half width of 
this range divided by the mean, 6/34, to be a reasonable estimate of 
the (1~) relative systematic error on the computed amounts of 
Cerenkov light generated by hadrons for all momenta 
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Fig. 1. The distribution of gamma ray energy fraction event by event 
for three centre-of-mass energies, computed under the approxi- 
mations described in the text 

[7]  are also subtracted.  6) The extra  energy released by  
the ann ih i l a t ion  of p's is accounted  for [7]*. A visual  
scan of  a small  sample  of the da t a  at  each energy has 
been made  to search for and  to es t imate  the size of  all 
effects not  s imula ted  by the M o n t e - C a r l o  calculat ions  
or  otherwise taken  into account .  Each of the indiv idual  
correct ions  3)-7) changes the final result  for the mean  
energy carr ied by g a m m a  rays by at  most  2% of the 
centre-of-mass energy. Add ing  these together,  with 
a p p r o p r i a t e  signs and  es t imated  uncertaint ies ,  we ob-  
tain net correc t ions  to the g a m m a  ray  energy of  
-2 .3%_+2.4%,  -1 .6%_+1.5%,  and  -0 .7%+1.57 /o  of  
the centre-of-mass  energy at  12, 30, and  3 5 G e V  
respectively. 

F ina l ly  the mean  energy per event of  g a m m a  rays  
f rom rc~ or ig inat ing  in the s t range part ic le  decays 
K ~ 1 7 6  ~ [67 and  A(71)~n(~)~ ~ [8] is sub t rac ted  f rom 
the mean  to ta l  energy of all photons .  The K ~ cor-  
rect ion is es t imated at  - 1.1%_+ 0.6 % of the centre-of-  
mass  energy at  1 2 G e V  and  -1 .2%_+0 .6% at the 

* The effect of neutron interactions in the lead glass is estimated 
from the data of [4]. For antinucleon annihilation we assume that 
the total available energy is divided equally among ~+, ~- and 7z ~ 
All the energy of the ~r~ and one half the energy of the charged 
plons is estimated to be seen, with the charged pion contribution 
given a t00 % relative uncertainty 
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Table 1. The corrected gamma  ray, neutral particle and neutrino 
energy fractions 

~/2(GeV) o, ~o N Neutrino 

12.00 All events 0.25 +0.04 0.37-t-0.04 000+0 .06  
Planar 0.21 ,+005 0.32 +_0.05 - 0 0 1  +_0.07 

30.30 All events 028-+0.03 0.36_+0.04 -003-+0 .05  
Planar 0.28_+003 0.36_+0.04 -0,03_+0 06 

3489 All events 0.30_+0.03 038_+004 -0.02_+0 05 
Planar 032_+0.03 0.41-+0.04 -0.02_+ 0,06 

higher energies. The A correction is negligible ( < 0.1%) 
everywhere. 

The corrected mean fractional photon energies Q~ 
are listed in Table 1. The indicated uncertainties are 
predominantly systematic and are mainly due to un- 
certainties in the treatment of nuclear interactions by 
pions in the lead glass. 

The neutral energy fraction ~N, i.e. the fractional 
energy carried away by photons, K~ and A's long- 
lived neutral hadrons and neutrinos, has been obtained 
by calculating the complement to the charged energy 
fraction : 

E~ h 

~N= 1 i 

The charged energy is calculated from the measured 
momenta by assuming as a first approximation that all 
particles have the pion mass. Figure 2 shows the 
distributions, for the three different centre-of-mass 
energies, of the neutral energy fraction computed in 
this approximation. There are no negative entries in 
Fig. 2. (In a small number of cases ~r~ is initially 
computed to be negative due to errors in the measured 
momenta of charged particles. These negative values 
are set to zero. Not doing so changes QN by only 0.8 % 
of the centre-of-mass energy.) 

As with the gamma ray fraction several corrections 
are applied to ~o N only in the mean rather than event by 
event. The Monte Carlo simulation mentioned above 
has been used to correct for geometrical acceptance 
losses, for losses due to the finite two-track resolution 
of the jet chamber and for e+e - pairs from photon 
conversion, which should not be introduced in the 
charged particle energy. Because the Monte Cffrlo 
meson jets include a realistic number of kaons, the 
effect of attributing the pion mass to kaons is also 
corrected for. Proton and antiproton mass effects are 
estimated from the available data [7] on p and 
production. They require a correction of -1 .4% 
_+ 0.7 % to the final neutral energy fraction at 12 GeV in 
the centre-of-mass, and -0.5%_+0.3% at higher en- 
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Fig. 2. The distributions of neutral energy fraction event by event for 
three centre-of-mass energies, computed under the approximations 
described in the text 

ergies. Nuclear interactions of charged particles in the 
material before the jet chamber release rc~ and neut- 
rons and cause an overestimate of ~o N. At the same time 
these interactions give rise to an effect in the opposite 
direction when low energy protons are ejected. The 
kinetic energy of such protons belongs to the charged 
particle energy, since it originally comes from charged 
hadrons. However the protons were counted as having 
the total energy of pions with the same momenta. This 
significant and uncertain effect requires correction of 
~o~ by +2.3N__2.3N at 12GeV in the centre-of-mass 
and by + 1.5 % +_ 1.5 N at higher energies. A visual scan 
of a small sample of the events at each energy has been 
made in search of effects not otherwise accounted for. 
This scan leads to a correction to ~N of + 2.3 % +_ 1.2 % 
at 35GeV centre-of-mass energy and to smaller 
changes at the lower energies. The scan corrections are 
mainly due to charged particles ejected backwards into 
the jet chamber by nuclear interactions in the lead 
glass. Finally the computed neutral energy fraction is 
increased by 3.1N_+1.2N at 12GeV and by 3.3% 
_+ 1.3 % at the higher centre-of-mass energies in order 
to account for the charged decays of the neutral 
strange particles K ~ and A I-6, 8]. 

The corrected mean neutral energy fractions for the 
three centre-of-mass energies are listed in Table 1. The 
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Fig. 3. The corrected mean gamma ray and neutral energy fractions 
versus centre-of-mass energy 

Table 2. The gamma  ray and neutral pamcle  energy fractions 
without correcnon for strange pamcle  decay compared to a model 
calculatmn 

] /s(GeV) ~o, Qu 

12.00 Data  0.26 _+ 0.04 0.33 _+ 0.04 
Monte Carlo 0.28 + 0 01 0.36 _+ 0.01 

30.30 Data  0.29 _+ 0.03 0.32 +_ 0.03 
Monte Carlo 0.29 _+ 0.00 0 38 + 0 00 

34.89 Data  031 _+0.03 0.35_+004 
Monte Carlo 0.29 + 0  00 0 37 _+0 00 

indicated uncertainties are mainly systematic. They are 
largely due to momentum measurement errors for the 
highest energy tracks and to the various effects of 
nuclear interactions in the material between the jet 
chamber and the beam axis. 

The energy fractions Q~ and QN are plotted in Fig. 3 

as a function of the centre-of-mass energy ]/~. Both 
fractions are independent, within experimental errors, 
of the centre-of-mass energy. 

It is of interest to determine ~ and ~N for the 
subclass of planar events alone. These events are 
believed to be due to gluon bremsstrahlung and the 
relative energy fractions may be different for quark and 
gluon fragments. Planar events are defined by the 
criteria Q2-Q1 >0.07 and Q1 <0.06, where the quan- 

tities () are the eigenvalues of the normalized sphericity 
tensor ordered Q1 < Q2 < Q3 (For details see [3].) 

The values of Q~ and ~o N for planar events are listed 
in Table 1 along with the corresponding values for the 
full set of events. The fractions ~o~ and QN for the planar 
events are not significantly different from those for the 
full sample. 

An additional indication that gluon fragments do 
not differ greatly from quark fragments in terms of the 
relative amounts of gamma ray or charged particle 
energy carried by their decay products can be obtained 
by reconstructing three jets within the planar events. 
The method of Ellis and Karliner [9] is then used to 
assign particles to the three jets. The three jets are 
labelled "slim" (quark), "quark" and "gluon" by crite- 
ria which depend upon their relative directions [-10]. 
For  the 35 GeV data we present the observed ratios of 
gamma ray energy to charged particle energy se- 
parately for the three jets. We cannot obtain the 
fractions ~ and ~N for the individual jets because the 
total energies of the jets, including the energies of 
unobserved o, KLS, neutrons and neutrinos, are un- 
known. The average ratios of gamma ray to charged 
particle energy are 0.47+_0.01, 0.46+_0.01, and 
0.44_+0.02 for the "slim", "quark" and "gluon" jets 
respectively. Differences in acceptance for the three jets 
are small and have not been accounted for. Thus only 
statistical errors are presented. 

It is interesting to compare the charged and gamma 
ray energy fractions extracted from the data with those 
given by the model of [5]. Since the model does not 
include the production of baryons, we remove the 
corrections to ~ and ~N due to A decay and also, for 
reasons of convenience, the corrections due to K ~ 
decay, e~ and ~N then refer to a time after A's and K~ 
have decayed. Table 2 shows these quantities, with 
statistical and systematic errors, compared to the 
Monte Carlo simulation of [5]. The errors on the 
Monte Carlo results are statistical only. The agreement 
between the model and the data is good. 

A theoretical upper bound on ~o N of 0.77 has been 
obtained [11] under the assumption that multihadron 
final states consist only of pions and are isospin 
eigenstates with eigenvalue 0 or 1. Lower bounds, 
based on the same assumption, are only available for 
the mean multiplicity of rc~ [12]. For  isospin 0 the 
upper and lower limits coincide and the multiplicity 
must average just 1/3 the total number of pions. For 
isospin 1 the analogous fraction is bounded from 
below by a limit which tends to 1/5 as the number of 
pions becomes large. The limit is lower for finite 
numbers. If we make the hypothesis that all pions have 
the same mean energy and neglect low multiplicity 
final states, we thus obtain a lower limit on ~N of 20 %. 
Our data on QN are within these bounds. 
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The high energy data of this experiment may be 
compared to measurements performed at SPEAR by 
the SLAC-LBL collaboration [13] and the Crystal 
Ball experiment [14]. Early data from SPEAR seemed 
to indicate that ON was rising with energy. It now 
appears that this 'energy crisis' is not real. The observ- 
ed fraction can be reproduced by a plausible model of 
multihadron final states consistent with the existing 
data but not verified in detail [13]. The more recent 
data from the Crystal Ball experiment indicate that the 
observed neutral energy fraction is about 0.3 between 4 
and 5.2 GeV. This indicates practically constant neutral 
fractions from charm threshold up to 35 GeV. 

The difference cr N -  0~ provides an upper limit on 
the amount of energy carried by neutrinos. For  the 
purpose of estimating the neutrino energy fraction we 
remove the K ~ and A corrections explained above 
because they introduce a correlation of errors on 0r 
and 0N. Instead we take the neutral and gamma ray 
energy fractions at a time after the K~ and A's have 
decayed. The result is that 7.6_+5.7, 3.2_+4.8, and 
4.1 _+4.8% of the centre-of-mass energy is carried by 
neutrinos and long-lived neutral hadrons at 12, 30, and 
35 GeV, respectively. Then using the available data on 
K ~ [6] and n, g [7] production we derive the neutrino 
energy fractions given in Table 1. From these numbers 
one obtains a 95 % C.L. upper limit of about 10 % on 
the fraction of energy carried away by neutrinos. This 
upper limit strongly disfavours the Pati-Salam model 
[1], which predicts that multihadronic final states are 
produced in e+e - collisions via free quarks of unit 
charge which decay into hadrons and neutrinos, giving 
rise to a neutrino energy fraction between 18 % and 
28 %. The observed number however is in accord with 
models assuming confined quarks. The model of [5] 
for instance assumes a neutrino energy fraction of 
about 2 %. 
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