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Abstract. Hadronic events from e* ¢ -annihilations
with a high energy isolated photon have been investi-
gated at C.M. energies between 14 GeV and 44 GeV.
A forward-backward asymmetry A4, of the positively
charged jet with respect to the incident positron direc-
tion has been found: 4,,= —0.3240.07, providing
evidence for photon bremsstrahlung from quarks. The
forward-backward asymmetry of all hadronic events
at C.M. energies between 30 GeV and 36 GeV has
been measured. The value, corrected for the limited
polar angle acceptance of the detector, is:
A= +0.02140.005.

1 Imtroduction

Direct photon emission from quarks is a powerful
tool to explore various properties of the quarks and
the hadronization mechanism [1-3]. If the photon
is e.g. radiated at very short quark distances it is a
signal from the time before fragmentation takes
places.

Because of the electromagnetic coupling of direct
photons to quarks, they can be used to probe the
electric charge of the quarks. The most commonly
used quark model assumes for the electric charges
of the quarks — 1/3 or 2/3 independent of their colour,
whereas the gluons are assumed to be neutral. Al-
though this model is in agreement with all experimen-
tal results it is not the only way to build a consistent
picture of the hadrons. There are competitive models,
first proposed by Han and Nambu, which assume
integer charged quarks, whose different colour states
have different electric charges [4].

To exclude one of the models one needs a process
with at least two photons coupling to the quarks,
and at least one of these photons has to be real [5].
Quark bremsstrahlung in e* e -annihilation fulfills
these conditions. Models with integer charged quarks
predict a cross section for this reaction which is higher
by a factor of ~1.75 than the predictions from models
assuming fractional charged quarks [5].

The detection of direct photon production is
rather complicated, in particular since photons in
et e -annihilation can be due to both radiation from
the incoming leptons and to a lesser extent from the
outgoing charged partons. If a photon is radiated
from the initial state, the hadronic state is an eigen-
state of the charge conjugation C with C= —1, where-
as photons emitted from quarks lead to a C=+1
state of the hadrons [3]. The interference of these
two contributions to the direct photon signal leads
to a negative asymmetry in the angular distribution
of the positive quark relative to the positive incoming

lepton [2]. This charge asymmetry provides therefore
evidence for quark bremsstrahlung. A measurement
of this charge asymmetry, performed with the TASSO
detector at the PETRA storage ring, is reported here.
The asymmetry is predicted to be maximum if the
photon is radiated with a high transverse momentum
relative to the jets as well as to the beam axis [3].
For the measurement of this asymmetry one must
select hadronic events with a high energy isolated
photon. The isolation of the photon from the jets
is essential to reject photons from copiously produced
n%’s, which appear in the jets.

2 The detector

A detailed description of the TASSO detector and
its lead liquid argon barrel calorimeter can be found
elsewhere [6-11]. Because the photon detection is
central to this analysis a short description of the bar-
rel lead liquid argon calorimeter is given below. The
barrel calorimeter modules are located above and be-
low the magnet coil. They cover 40% of solid angle
extending from 42° <0 <138° in polar angle in two
sections of azimuthal angle, namely 30°=<¢ <150°
and 210°<¢<330°. They consist of a system of
towers and strips. The towers are composed of 2 mm
thick lead plates of an area about 7x7 c¢cm? (front
towers) and about 14 x 14 cm? (back towers) stacked
so as to point at the interaction region. Four front
towers are followed by one back tower. The strips
are about 2 ¢cm wide and etched on copper clad epoxy
circuit board. They run orthogonal to the beam axis
(z=constant) and parallel to it (¢ =constant). The
first active layer of the calorimeter is at a distance
of 178 cm from the interaction point. The front towers
contain 6.1 radiation lengths of material, the back
towers 7.6 radiation lengths. There are 1.3 radiation
lengths of material before the first active layer of the
calorimeter. The towers provide a measurement of
the total energy of electromagnetic showers with a
resolution determined from electrons [97 with energy
1<E<5GeV

o5/E=(0.136/)/E)+003  (E in GeV).

The electronic threshold of the towers corresponds
to a energy deposit of about 18 MeV, which is much
lower than the threshold used in the trigger. The strips
provide a position resolution determined from elec-
trons [97] with energy 1 <E <5 GeV

o=(0.77/E+0.53)cm (E in GeV).

The calibration has been carried out with electrons
from Bhabha scattering (e¥ e~ —e™ e”) events. The
detection efficiency for a single photon has been deter-



mined from EGS Monte Carlo studies [12] to be
50% at 0.055 GeV rising to >90% above 0.160 GeV.
The procedure to combine energy deposits in towers
and strips into clusters and the conditions to accept
a cluster as produced by a photon have been de-
scribed recently [11].

3 Analysis

The process to be investigated is, on the parton level,
et e —qgy.

The photon can come from initial state or final state
bremsstrahlung. The presence of final state (quark-)-
bremsstrahlung will show itself by a forward-back-
ward asymmetry of the positively charged quark w.r.t.
the incoming positron direction. We therefore have
to select hadronic events with a direct photon, to re-
construct the direction of the quarks by their jet axis
and to identify the sign of the charge of the quark
from its fragmentation products.

3.1 The event selection

The data were taken between 1981 and 1986. The
beam energies varied from 7 GeV up to 23.2 GeV.
The integrated luminosity is 205 pb™*, with 175 pb~!
taken at beam energies around 17.5 GeV.

In addition to the standard cuts used at TASSO
to select multihadron events [13, 14] at least one pho-
ton candidate with energy E, in the barrel calorimeter
is required with:

0.15 Epeum < E,<0.80 E,,,,.

From about 63000 multihadron events, 6438 were
found which satisfied this criterion.

To select candidates for fully reconstructed had-
ronic events with an isolated hard photon coming
from either initial or final state bremsstrahlung the
following conditions are required:

1. [cos O,,,|<0.87, where @, is the angle between the
beam and the jet axis (defined below).

2. py>2.0 GeV/c, where pr is the transverse momen-
tum of the photon relative to the nearest jet axis.

3. The sum of the momenta of all charged tracks in
a cone of 30° half opening angle around the photon
direction has to be smaller than 500 MeV/c. This iso-
lation cut reduces the fraction of non direct photons,
produced in a third jet.

4. There is no other photon in the calorimeter, which
together with the candidate can form a =° with an
invariant mass in the range: 100 MeV/c*> <m,, <180
MeV/c2.
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5. The width of the photon shower, as determined
by the strips of the liquid argon calorimater, has to
agree with the width produced by a single photon
[11]. This discriminates against showers from =° de-
cays, where the angle between the two photons is
so small that they hit the same front tower and will
creatc one cluster. However, the mean dispersion of
the distribution of the fired strips weighted by their
energy is significantly larger for overlapping showers
than the dispersion created by a single photon of the
same energy, providing a means of discrimination.

These cuts are chosen as a result of extensive stud-
ies with a Monte Carlo program, that simulates the
detector in great detail. The events were generated
for the processe® e™ —»ggand e e — gg4g according
to first order QCD [15] using Field Feynmann frag-
mentation functions [16]. Initial state radiative effects
are included [17]. The response of the calorimeter
is simulated with the help of EGS [12]. The shower
development of hadrons has also been simulated [18,
19]. After the event generation and detector simula-
tion all events were reconstructed and analysed with
the same programs as the data. Since the contribution
from quark bremsstrahlung is very small, the event
reduction due to the cuts 1-5 is well described by
this simulation. Averaged over two methods to recon-
struct the jets, as described below, we find that 97%
of the events from data and 97.5% of the events from
the simulation are rejected by the conditions 1-5.

3.2 The reconstruction of the quark axes

To determine the axes of the primary quarks two
methods are used.

Both assume that the events are two jet events
and that the photon candidate is a direct photon from
initial or final state bremsstrahlung.

Method 1. In the first method the photon four vector
is used to boost all charged tracks into the gqg C.M.
system, in which the sphericity axis is determined and
used as quark axis. After calculating the jet charge
as described in the next section the jet axis is boosted
back into the laboratory system under the assumption
of massless quarks. For jet momentum, used for the
charge estimation, we take the beam momentum min-
us half of the photon momentum for both jets.

Method 2. The idea of the second method is to look
for clusters of charged tracks as preliminary quark
axes, combining all charged tracks in a cone of 50°
half opening angle around the fastest one into the
first cluster. This procedure is repeated with the re-
maining next fastest track until the fastest remaining
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particle has a momentum below 1 GeV/c. Events with
less than two clusters are rejected. The directions of
the first two clusters and the photon energy are the
inputs for a fit of the angles between the jets and
the photon, using the equations of energy and mo-
mentum conservation as a constraint and assuming
the partons to be massless. The outputs of the fit
are two angles and the photon energy. The directions
and the energies of the two jets arc then determined,
up to a rotation around the photon direction. This
rotation will be performed in such a way that the
angular difference in space between the preliminary
and final direction of the first jet is a minimum. If
the event has more than two clusters, the first one
(belonging to the highest energy jet) is successively
taken in combination with all others, and the fit with
the smallest x? is used. If the best y* exceeds 4 the
event is rejected.

Figure 1a, b shows Monte Carlo predictions of
the angular difference in space between the true and
the reconstructed quark axes. For these plots we used
all events that fulfill the conditions 1-3 as described
above. Events where the photon comes from brems-
strahlung and those where it comes from other
sources (background) are plotted separately. Both
methods lead to similar results and in both cases the
quarks axes are significantly better reconstructed if
the photon is caused by bremsstrahlung as assumed
in the algorithms. Because each event has two true
and two reconstructed jets, the assignment between
them is made in such a way that the sum of the angu-
lar differences between the true and the reconstructed
jets is a minimum. For more than 80% of the jets
the angular difference in space between the true and
the reconstructed jet direction is smaller than 15°.
Only less than 1% of the reconstructed jets have an
angular difference above 90°.

3.3 Reconstruction of the qark charge

To decide which one of the two jets contains the posi-
tively charged quark a jet charge Q; is determined
as suggested first by Field and Feynman [16].

QJ=ZQix?

where the sum runs over the charges g; of all charged
particles of the jet with weights x{ where x; is the
ratio of the momentum carried by the i'® particle and
the reconstructed jet momentum. The jet with the
larger charge is defined as the positive one. This pro-
cedure is motivated by the idea that the charge of
the primary parton should be carried by the fastest
particles of the jet. Some experimental evidence for
this idea has been found [20-24].

Monte Carlo studies showed that, independent of
the fragmentation model used [16, 25, 26], the choice
of a=0.5 lies at the maximum in the probability p
to correctly identify the hemisphere of the positively
charged quark though the probability varies only
slowly for 0<a=<1. This probability differs for the
different flavours, with a maximum for the u-quark.
Furthermore p depends on the polar angle of the jet
axis. If the jet axis lies near the beam axis p decreases
by loss of particles due to the limited acceptance of
the detector. In the case of a jet axis perpendicular
to the beam, p becomes small, because very small
errors in the direction of the jet axis can lead to a
wrong assignment of the axis to the hemisphere (Figs.
2 and 3). Averaging over all these effects, we found
a value of p=0.701+0.04 for the mean probability to
identify correctly the hemisphere of the positively
charged quark of those events that fulfill the condi-
tions 1-3 and have a real bremsstrahlung photon.
This value of p is obtained from Monte Carlo studies
using the fragmentation model of Field and Feynman
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[16] as well as from the Lund string fragmentation
model [25, 26] and for both algorithms used to esti-
mate the jet axes. To demonstrate that our Monte
Carlo simulations describe the jets, their charges and
the correlations of the charges correctly, Figs. 4a, b
shows the distributions of the product Q;, - Q;, of the
two jet charges from the Monte Carlo simulation in
comparison with the jets of all 6438 multihadron
events with a hard photon. The distributions agree
over three orders of magnitude.

4 Background

After the cuts 1-5 there remain 205 events with 206
isolated photons from method 1 and 165 events with
one photon each from method 2. These photons are
mostly caused by bremsstrahlung, but there is a back-
ground mainly due to overlapping showers from high
energetic n° decays. To estimate the fraction of events
where the photon is caused by bremsstrahlung a pro-
cedure is used, which is nearly independent of the
event generator and the fragmentation scheme. It de-
pends on the possibility to distinguish electromagnet-
ic showers caused by single photons from those
caused by background. Therefore it needs a precise
simulation of the calorimeter. Starting with simulated
events passing the cuts 1-3 on the event topology,
the probability to accept a single photon by applying
the cuts 4 and 5 is determined in addition to the
probability to accept a cluster, which is not caused
by a single photon. With these two probabilities and
the reduction rate due to the cuts 4 and 5 in the

Part of the Jets
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data, the real number of single photons in the data
is evaluated [27]. Averaging over both methods of
estimating the jet axes it is found that in (81.0+3.3
(stat.) £ 6.6 (syst.))% of the events the photon is caused
by bremsstrahlung. About one half of the remaining
background comes from undetected =° decays, the
rest is shared by photons from # decays and by clus-
ters from other background particles.

5 Results
5.1 Asymmetry

The events passing the cuts 1-5 show a strong for-
ward-backward asymmetry A, of the positive jet.
With

NF—NB
A,=—t""8 1
7 N+ Ng @)

Part of the positive Jets
03 T —

} gita

"L Simulation —

-1.0 -0.5 0.0 0.5 1.0
cos(®)

Part of the positive Jets
0.35 T T

b)

|

0.15 F .

0.30
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020 |

00 - :
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cos(®)

Fig. 5a, b. Angular distribution of the positive jet. The dotted distri-
bution is predicted by a Monte Carlo simulation that contains only
initial state radiation. a Quark axes calculated with the sphericity
axis in the gg center of mass system (method 1). b Quark axes
from a fit in the laboratory system (method 2)

Ny =number of positive jets with an angle
< /2 relative to the incident positron momentum

Ny =number of positive jets with an angle
>mn/2 relative to the incident positron momentum

we find: A4,=—0.301+0.067 (method 1, 205 events)
and A,= —0.333+0.073 (method 2, 165 events).

Figure 5a, b shows the measured angular distribu-
tion of the positive jet in comparison with a Monte
Carlo prediction that includes only initial state radia-
tion.

Averaging both results one gets for the measured
asymmetry:

APATA = —0.3240.07 (stat.).

Under the assumption of a symmetrically distrib-
uted background, the ‘background corrected’ asym-
metry is:

APATA — - 0.394-0.09 (stat.)+0.03 (syst.).

aqy

5.2 Systematic effects

Z° exchange in the quark pair production is expected
to create also a genuine charge asymmetry, but the
effect is small because the annihilation energy is di-
minished by initial state radiation and because the
contributions to the asymmetry from charge 2/3 and
—1/3 quarks have opposite signs. As a systematic
check of this effect and of our charge identification
algorithm the very small positive asymmetry of all
multihadron events caused by the electro-weak inter-
ference was measured, as reported below. We found
that the electroweak contribution to the asymmetry
due to the interference of initial and final state brems-
strahlung is below 3% and can be neglected here.

The programs that reconstruct the tracks and the
direction of the positive jet are symmetric with respect
to the particle charges and should not cause any
asymmetry. In order to check this, a sample of simu-
lated events containing no electromagnetic nor elec-
troweak interference has been analysed with the same
programs. The found asymmetry is: A)¢= +0.018
+0.065, which is compatible with zero as expected.

To check for asymmetries of the detector itself
u-pair events and low energetic two-photon events
were investigated. No effect was seen [28].

5.3 Comparison with theoretical predictions

To compare the results with theoretical predictions
we used a Monte Carlo program by Berends et al.
[29, 30] that simulates the process e* e~ — qgy. This
program includes initial and final state radiation as
well as their interference, but it assumes massless
quarks and does not contain any QCD corrections.



Because of the enormous amount of CPU-time that
is necessary to simulate the calorimeter with EGS,
the events generated with this program were only
passed through the inner detector simulation. The
asymmetry from these events, which fulfill the condi-
tions 1-3 as described above and where the photon
is known to be from bremsstrahlung, is determined
in the same way as for the data. We found:

AMC = —0.15340.011 (stat.).

qaqy

This value has to be compared with the ‘background
corrected’ asymmetry A,,,. There is a difference be-
tween the measured and expected value of the asym-
metry of about 2.4 standard deviations, which could
be caused by fluctuation of the asymmetry itself or
by a fluctuation of the probability to detect the posi-
tive jet correctly. Although it is expected that QCD
effects do not influence the asymmetry significantly
[3], there is no simulation program available yet to
study these effects. The asymmetry of the positive
quark at the parton level, predicted by the Monte
Carlo program used, is for these cvents
—0.35740.010 (stat.).

5.4 Comparison with other experiments

The MAC [31] and JADE [32] collaborations and
Gold in his thesis at Mark II [33] also searched for
this asymmetry. Because of the very complicated de-
pendencies of this asymmetry on the polar angle and
the experimental cuts used, one can only compare
the measured asymmetries with their Monte Carlo
predictions. For all measurements the Monte Carlo
program from Berends et al. was used [29, 30]. The
results are summarized in Table 1. Because all other
experiments did not correct for their remaining back-
ground, one has to compare them with our measured
asymmetry A,. For the comparison of the Monte Car-
lo predictions we added to our Monte Carlo predic-
tion of 4,,, a symmetrically distributed background
of 19% as determined from the data, which leads to
AYC=—0.12+0.015.

Only the result from [33], where the analysis was
performed with similar cuts and a comparable

Table 1. Comparison of the measured and predicted asymmetries
of different experiments

Experiment Measured Predicted
asymmetry asymmetry
MAC —0.123 £0.035 —0.117+0.026
JADE —0.06 +0.07 —0.14 +0.05
M.S. Gold (Mark II) —0.246 +£0.055 —0.231+0.06
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number of events, can be directly compared, and is
consistent with our results within the errors.

5.5 The cross section

For the determination of the cross section only data
are used with 15 GeV < E, ., < 18 GeV. The integrat-
ed liminosity of this event sample is 175 pb™ 1. All
other cuts have been applied as described. In addition
a correction for inefficiencies in the liquid argon calo-
rimeter was applied (factor 1.05+0.03). The back-
ground is calculated as described above. Note that
the Monte Carlo calculation used for the background
subtraction does not include final state bremsstrah-
lung. The excess number of photons in the data com-
pared to this Monte Carlo is 38.6+13.1 (stat.)-
+11.5 (syst.), which we attribute to final state brems-
strahlung. Figure 6 shows the acceptance corrected
cross section for the reaction e™ e~ — ¢ gy. The predic-
tion of a simulation program including also final state
bremsstrahlung according to [29, 30] overestimates
the cross section slightly. The contribution from ini-
tial state radiation predicted by this program is also
plotted. It has been shown that QCD effects, which
are not included in this program, should lower the
cross section by ~25% [3]. The cross section from
the Monte Carlo [29, 30], decreased by 25%, de-
scribes the data reasonably. Models with integer
charged quarks predict a cross section for quark

do/dzinbl
T T T T T T I 1 T T T 1 T
¢ Data
01001 TL.  MCY; initial state radiation only d
r —— MC2; final state radiation included b
[ e MC2; final state radiation switched off B
——— MC2; integer charged quarks {see text)

[ ——— MC2; QCD carrections applied (see text)
00501 =
0010
0005(-

| lcos{8iyNi <07

L I VRN U SR ENUY SO N MY N
0 02 04 06 08
z=Ev /Ebeam

Fig. 6. Cross section do/dx for the reaction e* e~ —¢gy. The indi-
cated errors are statistical only
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Table 2. Systematic errors on the cross section

%= F,/Epeam 0.15-020 02003  03-05 0508
Source of error dojo [Y]

Efficiency 50 50 5.0 5.0
Background 16.8 11.0 6.3 7.4
Acceptance 20.0 20.0 20.0 20.0
Luminosity 3.6 3.6 3.6 3.6

A 2
1/2(i) 268 236 21.9 22

(72

bremsstrahlung, which is higher by a factor of ~1.75
than the cross section predicted by models assuming
fractional charged quarks [5]. Multiplying the final
state component of the cross section from simulation
program [29, 30] by 1.75 leads to a clear overestimate
of the cross section. The plot contains the statistical
errors only and the systematic errors are of the order
of 25%. In Table 2 the contributions to the systematic
error are summarized. The final error is estimated
by adding all contributions in quadrature.

6 The inclusive electroweak asymmetry

The cross section for fermion pair production in the
standard model has the following form [34-37]:

do o’
dQ 4s
A=Q%3-20Q,vv,Re(y)+ (0> +a*)(0*+aP) |y
B=4(—Q aa;Re(y)+2vav,a;|x?)
1 s
T 4sin?20, s—MZ+iM,I,’

[A(1+cos? @)+ B cos @]

x 2

The index f marks the outgoing fermions of the final
state, @ is the angle between the electron and the
outgoing fermion, v and a are the vector and axial
vector coupling constants, M, and I}, denote the mass
and width of the Z° @, is the Weinberg angle and
0 is the electric charge.

A measurement of the inclusive charge asymmetry
in all hadronic events does not distinguish between
quarks and antiquarks, therefore the contributions
from the positive charged # and ¢ quarks and from
the negative charged d, s and b quark partly cancel.

This measurement is useful as a check for instru-
mental asymmetries and for the charge identification
algorithm. Since the majority of these events do not
have a hard bremsstrahlung photon, one expects no
measurable contribution of the asymmetry from the
interference of initial and final state bremsstrahlung.

Part of the Jets

0.150 LB ¥ T T T
0.126 r b
0.100 ~ b
Data
0.075 L + Simulation __
— Fit to the data, A = +0.021 + 0.005
»»»»» Fit to the simulation, A = +0.011 + 0.004
R Fit to the data, A = 0.0
0.050 U S R R I N |

-0.8 -068 -04 -02 0.0 0.2 0.4 0.6 0.8
cos(®)
Fig. 7. Angular distribution of the positive jet for all multihadron

events. The distribution is corrected for acceptance and radiative
effects

We used hadronic events with 15 GeV<E,,,,
<18 GeV. The sphericity axis has been used as a
quark axis. For the polar angle of the sphericity axis
we required: [cos @g,|<0.7 and the value of the
sphericity had to lie below 0.25, to reject three jet
events. These conditions are fulfilled by 33458 events.
Using a maximum likelihood fit with the function:

fcos @)= C@E (1 +cos® @)+ A cos @)
C : Normalisation

A Asymmetry

as predicted by the standard model, the inclusive elec-
troweak asymmetry is measured to be:

ADe . =+0.0214+0.005 (Data)

which is somewhat larger than predicted by a Monte
Carlo simulation using the Lund 4.3 geneator and
the standard model [25, 26] (Fig. 7) including QCD
corrections up to the order «? and assuming massive
quarks with m,=m;=0.3 GeV/c?, m,=0.5 GeV/c?,
m,=15 GeV/c? and m,=50 GeV/jc?: AT =
+0.011 4 0.004. On the parton level the Monte Carlo
program predicts for these events according to the
standard model an asymmetry of the positively
charged quark of: 435, = +0.024 +0.004.

The difference between the data and the prediction
becomes smaller if one uses a jet charge determination
requiring the reconstructed charges of the jets to have
opposite sign. This reduces the data sample to 18992
events and the asymmetry becomes Agr.,, = 4-0.026
+0.007 which has to be compared with Ay =
+0.0184+0.006 from the simulation. A similar mea-
surement was presented by the MAC collaboration



[38]. They found: Agw.. = +0.028+0.005 in agree-
ment with their Monte Carlo prediction of +0.022.
Also in a thesis at the JADE collaboration a similar

value was reported [397].

7 Conclusion

In hadronic events from e” e -annihilation with an
isolated high energy photon a significant forward-
backward asymmetry A, of the positively charged jet
with respect to the incident positron direction has
been found: 4,= —0.32+0.07, providing evidence for
photon bremsstrahlung from quarks.

The cross section for emission of high energy pho-
tons in the reaction e* ¢~ — g7y is in agreement with
theoretical predictions assuming fractional charged
quarks if quark bremsstrahlung is included. A final
exclusion of models with integer charged quarks is
not possible, but they are disfavoured by this mea-
surement.

As a check of the charge identification algorithm
the inclusive forward-backward asymmetry of all had-
ronic events at C.M. energies between 30 GeV and
36 GeV has been measured and found to be compati-
ble with theoretical expectations. Corrected for the
limited acceptance of the detector we found:
A=+0.021+0.005.
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