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Abstract. Results are presented on an investigation of
photons produced in multihadronic final states from
e’ e” annihilation at 35 GeV and 44 GeV center of mass
energies. Scaling violation between 14 and 44 GeV is
observed in inclusive photon spectra. Comparing inclu-
sive n° spectra with charged pion spectra it is found
that the average n° multiplicity exceeds the charged pion
multiplicity scaled by factor of 0.5 by (16+5)% and
(21+7)% at 35 and 44 GeV respectively. The excess can
be attributed to isospin violating decays of hadrons. The
n multiplicity is found to be <{n,)=0.64+0.09+0.06 at
35 GeV. With a significance of three standard deviations
a signal from quark bremsstrahlung is observed. The
measured charge asymmetry in hadronic final states, due
to the interference between initial and final state radia-
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tion, of A= —0.141+0.041 is in accord with QED expec-
tations. An interference effect in the azimuth angle distri-
bution of charged jets around the photon direction is
observed for the first time.

Introduction

Photons in hadronic events from e* ¢~ annihilation may
be associated with two different types of processes. They
can be decay products of mesons and baryons or be
emitted as bremsstrahlung photons by the incoming lep-
tons or final state quarks. The latter are called direct
photons and a study of their properties may be used
to test the current picture of hadron production in which
fractionally charged quarks are created in e e~ annihi-
lation and then fragment into hadrons [1]. The majority
of the observed photons are of hadronic origin and stem
from n° and #n decays. A reconstruction of the parent
particles allows a comparison with the inclusive spectra
of charged pions and kaons.

In a previous investigation the JADE collaboration
has studied the production of photons at lower energy
[2]. The present analysis is based on a high energy data
sample taken with the JADE detector at PETRA corre-
sponding to an integrated luminosity of 176 pb~' at an
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average center of mass energy of 1/.;:34.9 GeV and
43 pb~! at 43.8 GeV.

Photons are recorded in the JADE detector by a
fine grained array of lead glass counters [3] with angular
coverage up to |cos @ <0.98. Compared with the set
— up used in the previous analysis the photon detection
system has been improved by replacing some of the cen-
tral lead glass blocks (SF5) with a depth of 12 radiation
lengths by material with a shorter radiation length (SF6)
thus increasing the depth to 18 radiation lengths. This
means that the energy resolution could be maintained

at o(E,)/E,=0.04/]/ E,(GeV)+0.015 between 6 GeV and
the highest photon energy of 22.5 GeV. The method of
reconstructing photons by a fit of shower profiles to neu-
tral lead glass clusters is unchanged with respect to the
procedure followed in [2]. The angular resolution, og
=12 mrad, and ¢4=10mrad for photons coming from
the interaction point, also remained the same. For this
analysis only photons in the so called barrel region
|cos @] <0.76 were considered.

Inclusive photon spectra

The inclusive photon spectra at the two energies, cor-
rected for initial state radiation, are shown in Fig. 1 to-
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Fig. 1. Inclusive photon spectrum corrected for initial state radia-
tion

gether with previous JADE results at lower center of
mass energies [2]. A small scaling violation effect is ob-
served when the inclusive cross sections at 14 and
44 GeV are compared. A quantitative measure for this
effect is obtained by integrating the spectra in the interval
0.2<x<0.4, where x is the normalised photon energy
Xx=E,/Ey..n- The ratio of the integrals I(14 GeV)/

0.4
1(44 GeV)=16+0.3, where I()/s)= | sj—idx. This
0.2

can be compared with the Lund model [4] expectation
of 1.20 for this ratio. QCD based models attribute scale
violating effects to an increase of gluon emission with
increasing energy.

s 1}
The photon multiplicities <ny>=a | d%‘;dx are
10l Xmin

computed by integrating the measured inclusive spectra
and correcting for the unobserved x range by extrapolat-
ing to x =0 with a slope as predicted by the Lund model.
The results are summarized in Table 1 in which the first
and second errors are statistical and systematic respec-
tively.

The energy fractions p, carried by photons are com-
puted by integrating the measured spectra weighted
with  the normalized photon energy x:{p,>

1
= L { x~d—0dx. As shown in Table 2 photons carry
Orot 5 dX

about one quarter of the total center of mass energy.

Inclusive 7° and # spectra

The majority of photons observed in hadronic events
can be associated with n° decays. The inclusive z° spec-
tra are obtained by evaluating the n° contribution to
the two photon invariant mass spectra, which show a
clear signal centered at 135 MeV having a width of

o=172MeV, as indicated in Fig. 2a for |/s=35 GeV.

Table 1. The number of photons per event with fractional energies
above x,;,

{(n,»

Vs Xpnin =0.01 Xpmin = 0.0

35 GeV 10.040.054+0.5 14.340.074+0.7
44 GeV 9.940.0940.5 1544014408

Table 2. The fraction of cms energy carried by photons with fractio-
nal energies above X,

Py

Vs Xpmin=0.01 Xenin=0.0

35 GeV 0.24340.008 +0.017 0.253£0.009 +0.018
44 Gev 0.2234+0.012+0.016 0.237+0.013+0017
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Fig. 2. a Two photon invariant mass spectrum with a Gaussian
fit to the =° signal (mass m=135440.5MeV, width
o=17.240.6 MeV) and a second order polynomial fit to the com-
binatorial background. b Two photon invariant mass spectrum
after the cuts described in the text with a Gaussian fit to the #
signal (mass m=556 +8 MeV, width 6 =45+9 MeV) and a straight
line fit to the combinatorial background

In order to keep the combinatorial background at a rea-
sonable level, only photons with an energy above E,
=200 MeV have been considered. In Fig. 3a and b the
inclusive cross sections for n° production are shown as
a function of the normalised pion energy for both center
of mass energies. The corresponding 7° multiplicities,
shown in Table 3, are calculated by integrating the mea-
sured spectra and using the Lund model to extrapolate
into the region which is not accessible to the experiment.

It is observed that the neutral pion spectra lie system-
atically above the charged pion spectra measured by
TASSO [5] after these have been scaled by a factor 1/2.
In the momentum range where both neutral and charged
pions can be observed the ratio of their spectra is mea-

Fig. 3. a Inclusive n° spectrum at [/;=35 GeV shown with a fit
to the TASSO [5] charged pion spectrum scaled by 1/2. b Inclusive

=° spectrum at ]/E: 44 GeV shown with a fit to the TASSO charged
pion spectrum scaled by 1/2
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Table 3. z° multiplicities

Vs (o)

64+0.1+04
7.0+0.25+045

35 GeV
44 GeV

sured to be:
do , ,
ZE(TC )

do ., do, _
E(n )+E(7T)

[/s=35 GeV: =1.16+0.05

for x<0.2

do , ,
25(”)

do, .. do, _
E(n )+E§(n )

for x<0.12.

[/s=44 GeV: =1.2140.07

The Lund model predicts a higher =° rate and attributes
it to isospin violating decays such as n — 37° or w — yn°.

The restricted x range accessible and the limited ac-
curacy of the measured n° spectra make it impossible
to observe the scale violating effects predicted by first
order QCD.

After removing all photons which contribute to the

n° signal in the two photon mass spectrum at ]/.;

=35 GeV and introducing additional cuts on the photon
quality, a signal is observed at the location of the %
meson, that is at m,,=(556+8) MeV with a width of
0=(45+9) MeV. The two photon mass spectrum, after
cuts, is shown in Fig. 2b. The # multiplicity extrapolated
over the entire kinematic range is n,=0.64+0.09+0.06
in agreement with an earlier JADE result [3]. The inclu-
sive cross section for  production is shown in Fig. 4.

Quark bremsstrahlung

A search was made for bremsstrahlung photons emitted

by the primary quarks at %z 35 GeV. In order to sup-
press the background, mainly due to photons coming
from =° decays, the following criteria were applied:

® The normalised photon energy was required to be
in the range 0.2 < x <0.8.

® The photons had to be isolated, that is the summed
charged and neutral energy in a cone with half opening
angle of 30° around the photon direction was required
to be less than 0.5 GeV.

® Two jet axes were reconstructed in each event. First
a Lorentz transformation into the hadronic rest system
was performed with the photon direction as boost axis
and the sphericity axis was determined. The hadrons
were then transformed back into the lab system resulting
in an event with two jet axes. The transverse momentum
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Fig. 4. Inclusive 5 spectrum at ]/5:35 GeV shown with the Lund
model prediction

of the hard photon was measured with respect to these
axes and only those photons having transverse momenta
larger than 3 GeV were accepted.

A total of 723 photons fulfill these criteria including 9
events with two isolated hard photons.

The observed spectrum is compared to Monte Carlo
calculations made using a program by Berends et al. [6]
which simulates e* e~ annihilation into quark pairs and
includes all QED effects up to order o>. Fractional quark
charges and constituent quark masses are used in the
calculations, while quark fragmentation was simulated
according to the Lund scheme. QCD corrections, which
take into account that bremsstrahlung photons may also
be emitted from inside the parton cascade in the frag-
mentation process, are expected to be much smaller than
25% [8] in the present analysis, mainly due to the strin-
gent isolation cuts for the energetic photon. The correc-
tions have been neglected.

Evidence for the presence of quark bremsstrahlung
is obtained by comparing the data to computations with
and without quark bremsstrahlung. As demonstrated in
Fig. 5 the agreement between the observed and the com-
puted spectra is better when quark bremsstrahlung is
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Fig. 5. Observed direct photon spectrum shown with the spectra
from the Monte Carlo simulations with and without final state
radiation

included in the calculations, and the difference between
the expected number of photons including final state
bremsstrahlung and the observed number is 38 +-40. The
number of photons which can be attributed to quark
bremsstrahlung is 128 +41. The 9 events with two iso-
lated photons are probably due to the fourth order QED
process et e” — ggyy. Of the remaining photons about
21% are background from hadron decays and 79% from
initial state radiation.

The presence of quark bremsstrahlung is corrobo-
rated by the observation of a charge asymmetry of the
final state jets with respect to the incident positron direc-
tion. The origin of this asymmetry is due to the interfer-
ence of two amplitudes with opposite charge conjugation
quantum numbers which contribute to the process
e*e” > qgy. The final state qg system has C= —1 if
the photon is radiated by the incoming leptons and
C= +1 if the final state quarks radiate. In order to deter-
mine the asymmetry experimentally, quark directions are
approximated by a corresponding jet axis, while the sign
of the quark charge is inferred from the jet charges w.

The jet axes are determined in the rest system of
the final state hadrons, which is related to the laboratory
system through a Lorentz boost in the direction of the
bremsstrahlung photon. In this system two back to back
jets fix the sphericity axis and the corresponding jet di-
rections in the laboratory system are obtained by revers-
ing the Lorentz boost. Jet charges w are calculated by
summing all charges in one jet weighted by the longitudi-
nal particle momenta with respect to the sphericity axis:

w=Y g <p—'L)a

L
i pjet

5

The jet with the larger value w in one event is taken
to be positively charged. The value of a is optimised
to measure quark charges. With the choice a=0.5 the
sign of the quark charge associated with a particular
jet is correctly reproduced in 69% of the cases according
to Monte Carlo calculations based on the Lund model.
Only events where both jets contain at least two charged
particles and both jet axes have |cos @, <0.90 are kept.
The latter requirement reduces charge determination dif-
ficulties connected with particle losses in the beam pipe.

The angular distribution of the positively charged
jet with respect to the beam axis is shown in Fig. 6.
An asymmetry of A= —0.141+0.041 is observed, which
agrees well with the asymmetry of Ayc= —0.1221+0.014
predicted by QED from the interference of initial and
final state radiation and including detector effects.

The charge asymmetry in the polar angle distribution
has been seen also by other experiments [9]. Another
manifestation of interference phenomena is, however, ob-
served for the first time in the azimuth angie distribution
of positively charged jets around the photon direction,
which was predicted by Cudell, Halzen and Herzog [7].
The azimuth angle @ is measured between the incident
positron direction and the axis of the positively charged
jet in the plane perpendicular to the photon direction
(see Fig. 7). The measured azimuth angle distribution is
shown in Fig. 8 together with two Monte Carlo simula-
tions with and without final state radiation. Due to the
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Fig. 6. Angular distribution of positively charged jets. The angle
O, is measured between the jet axis and the incident positron
direction
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Fig. 7. Definition of the azimuth angle @
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100 b I JaDE g Table 4. Inclusive photon spectrum at ]/E: 35 GeV
- MC without interference x <x> sda/dx Lstat. L syst. ['ub GCVZJ

0.02-0.03 0.025 664 +032 +44
0.03-0.04 0.035 412 +£027 23

80 + T — MC with interference - 0.01-0.02 0.015 138.8 1041 i76

4 jets

T i : } 0.04-0.05 0.045 284 +024 +13
60 i l . j T : T 7 0.05-0.06 0.055 189  +£020 1085
T —_— Jﬁ eakd 006007 0065 138 +0.17 +062
n‘( | ] ] ‘ 0.07-0.08 0075 104 4016 +047
I Toee Y | 0.08-0.09 0.085 8.61 +0.15 +0.39
oo - . 0.09-0.10  0.095 660 +0.13  +043
o IR 0.10-0.11  0.105 549 1012 044
I Ll 0.11-0.12 0.115 447 +011 4036
20 b | i 0.120.13 0125 333 0097 +0.27
1 0.13-0.14 0.135 282 +0.090 +0.23
0.14-0.15 0.145 233 +0.081 +0.19
: 0.15-0.16 0.155 207 +0076 +0.17
S S 0.16-0.17  0.165 170 +0.068 +0.14
0 30 60 90 120 150 180 0.17-0.18 0.175 143 +0.061 +0.11
10 0.18-0.19  0.185 131 40059 +0.10
Fig. 8. Mcasured & distribution of the positively charged jets shown 0.19-020  0.195 110  +0.054 +0.09
with the distributions from the Monte Carlo simulations with and 0.20-0.22 0.21 0967 +0.037 +0.08
without interference of initial and final state radiation 0.22-0.24 0.23 0.673 +0.029 +0.05
0.24-0.26 0.25 0.564 +0.028 +0.045
0.26-0.28 0.27 0418 +0.022 +0.033
0.28-0.30 0.29 0.295 +0.018 +0.024
0.30-0.32 0.31 0.253 +0.016 +0.020
0.32-0.34 0.33 0.200 +£0.014 +0.016
. L 0.34-0.36 0.35 0.171 +0.012 +0.014
cuts on the photon and jet polar angles the & distribu- 036-038 037 0.137 +0010 +0.011
tion is not flat when the interference effect is neglected 0.38-040 039 0.107 +0.008 +0.009
in the simulation. An acceptable description of the mea- 040-045 0425 0.0732+0.0047 +0.0060
sured distribution is obtained only when the interference ~ 045-030 0475 0.0486 +0.0032 +0.0040

; ; ; ; : 2 0.50-0.55 0.525 0.0305 £0.0022 +0.0035
is taken into account in the simulation. The y* values 0.55-0.60 0575 0017 $0.0014 +0.0030

and the corresponding x> probabilities P for the two  geo.065  0.625 0011 £0.0010 +0.0029

simulations with respect to the data are: 0.65-0.70  0.675 0.0063 + 0.00047 +0.0022

with interference: x> =12.1 for 11 degrees of freedom, 0.70-0.80  0.75 0.0031 £:0.00019 +0.0015
P=0.36
without interference: 2 =23.6 for 11 degrees of freedom, Table 5. Inclusive photon spectrum at |/s =44 GeV
P=0.015. x € sdo/dx +stat.  +syst. [ub GeV?]

The measured asymmetries confirm the assumption that
ﬁna1 state bremsstrahlung has been observed with a cross 002003 0025 636 1082 146
section which is expected for a process where pointlike 003-004 0035 389 1070 +28
. NN . o .03-0. ; 9 o +2.
charged constituents are primarily produced in an e e 0.04-0.05  0.045 259 1061 +19
annihilation process. Although the data presented agree 0.05-006  0.055 168 4050 +1.2
with calculations of final state bremsstrahlung effects as-  0.06-007  0.065 126  +046  £092

0.01-0.02 0.015 1213 +1.1 +8.8

suming fractionally charged quarks, these measurements 88;:883 gg;g %g ig-;’f% iggé

d 1 1 th i .08-0. ! 25 +0. +0.
. i)oljlot exlude all models with integrally charged quarks 009-010  0.09% 564 1034 1045
: 0.10-0.11 0.105 499 4032 4040
0.11-0.12 0.115 391 +£0.29 +0.31

0.12-0.13 0.125 353 +028 +0.28
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Table 6. Inclusive ° spectrum at 1/3:35 GeV Table 9. Cross section for the process e e”—¢qgy with |cos @,
<0.76 at |/s=35 GeV

Eo[GeV] <x> s/B-dao/dx +stat. +syst. [ub GeV?]

x (x> do/dx +stat. +syst. [pb]
0.2-0.4 0.0171 42.3 +19 +3.1
0.4-0.6 00286 313 13 £17 0203 025 179 +16 +14
0.6-0.8 0.0400 22,6 +0.62 +1.0 0304 035 133 +12 +1.1
0.8-1.0 00514 174 +045 +0.61 0405 045 89 +10 +07
1.0-1.2 0.0629 12.5 4+0.35 +£045 05-06 055 7.4 I 0.85 I 0.6
1.2-14 0.0743 8.76 +0.30 +0.30 0607 065 69 +076+06
1.4-1.6 0.0857 7.39 40.24 +0.27 07-08 075 73 I 0.71 ; 0.6
1.6-1.8 0.0971 5.26 +0.22 +0.23 - —
1.8-2.0 0.109 4.77 +0.24 +0.22
2.0-24 0.126 3.99 +0.18 +0.21
24-28 0.149 2.90 +027 +0.24
2.8-3.2 0.171 1.83 +0.24 +0.25
3240 0.206 1.47 +0.27 +0.28
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