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Abstract

The production rate of final state photons in hadronic Z9 decays is mea-
sured as a function of yee = M%/EZ,, the jet resolution parameter and
minimum mass of the photon-jet system. Good agreement with the theo-
retical expectation from an O(aa;) matrix element calculation is observed.
Comparing the measurement and the prediction for ye.:=0.06, where the
experimental systematic and statistical errors and the theoretical uncer-
tainties are small, and combining this measurement with our result for the
hadronjc width of the Z°, we derive partial widths of up and down type

quarks to be
T, =333+55+72MeV and Ty =358:£37£48 MeV

in agreement with the Standard Model expeciations. We compare our yield
with the QCD shower models including photon radiation. At low 4z JET-
SET underestimates the photon yield, and ARIADNE describes the pro-

duction rate well.

(To be submitted to Physics Letters B)
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1 Introduction

In this letter we present an analysis of final state photons emitted from quarks
[1] in multihadronic decays of the Z°. As discussed in detail in [2], the final state
radiation provides a way of disentangling the weak couplings of up and down type
quarks. Briefly, it exploits the fact that photons couple to the square of the charge
of the emitting fermion. As a result up type quarks are enriched in a theoretically
known ratio in events with a hard photon relative to the overall multihadron
sample. The observed cross sections allow one to infer the weak couplings.

An almost background-free signal of about 250 final state photons is observed.
After correcting the photon yield for detector effects and experimental cuts we
compare it to a matrix element calculation in O(aa,) of Kramer and Lampe [3]

as well as to the QCD shower programs JETSET [4] and ARIADNE [5], which
both include the generation of final state photons.

A first measurement exploiting this method, based on about 27,000 multi-
hadronic Z° decays, can be found in [6]. The current analysis is based on a sixfold
increase of data, together with smaller systematic uncertainties and an improved
theoretical calculation of the final state photon rate.

2 The OPAIL Detector

This analysis is based on an integrated luminosity of about 6.6 pb™" collected with
the OPAL detector {7] at LEP. The data were recorded at center-of-mass energies
E... between 88.28 and 94.28 GeV around the Z° pole.

The most important components of OPAL for this study are the main central
drift chamber and the barrel part of the electromagnetic calorimeter. The cen-
tral detector provides a measurement of the momenta of charged particles over
almost the entire solid angle in a magnetic field of 0.435 T. The electromagnetic
calorimeter covers the solid angle up to |cos 8| < 0.98, where 8 is the polar angle
with respect to the beam direction. Its barrel part (| cosé| < 0.82) is used for the
photon identification in this analysis and consists of 9440 lead-glass blocks of 24.6
radiation lengths, pointing towards the interaction region and each subtending an
angular region of approximately 40x40 mrad®. The presampler for electromagnetic
showers and the hadron calorimeter served as cross checks for the photon identifi-
cation. The presampler is located between the coil and the lead glass calorimeter.
It consists of a set of 16 double-planed chambers containing streamer-tubes with
both wire and cathode-strip readout. The hadron calorimeter, consisting of nine
planes of streamer-tube chambers within the iron return yoke of the magnet, is
located directly behind the electromagnetic calorimeter. In addition to measuring
hadron energies, it provides information on longitudinal shower development.



3 Selection of Events with Final State Photons

Multihadronic events are required to have at least five well measured tracks and
more than seven clusters in the electromagnetic calorimeter. An accepted track,
reconstructed from at least 20 hits in the main drift chamber, must have a min-
imum momentum transverse to the beam direction of 250 MeV, a reconstructed
distance of closest approach to the beam axis of less than 5 cm, and a longitu-
dinal displacement along the beam direction from the nominal interaction point
of less than 30 cm at the point of closest approach to the beam. A cluster in
the lead-glass calorimeter consists of at least one block and a total energy of
more than 100 MeV in the barrel region (| cos@ |< 0.82) and of at least two
adjacent blocks with a minimum total energy of 200 MeV in the endcap region
(0.82 <f cosf |< 0.98). The energy sum of all accepted clusters ¥ F;, must exceed
0.11.E,,. The energy deposition must be balanced along the beam direction so
that | ©(Fey - cos8) | /Esm < 0.65. These requirements were satisfied by 145,095
events. The acceptance for multihadronic events is estimated to be 0.975 with a
systematic uncertainty of 0.010 and a fraction of background from = pairs, and
two-photon processes of less than 0.003 [8]. To select events with energetic, iso-
lated photons we impose requirements on both the event topology and on the
response of the electromagnetic calorimeter, requirements that largely eliminate
the background due to neutral hadrons.

The multihadronic events are searched for isolated photon candidates of more
than 7.5 GeV energy within a fiducial region of | cos@ |< 0.72. The latter cut
is chosen to minimize the material in front of the lead glass and to retain a good
discrimination power against m° background. No tracks and no other electromag-
netic clusters were allowed within a cone of half-angle 15 degrees centered at the
photon direction.

To ensure an isolation of the photon with respect to the jets, a minimum mass
between the photon candidate and the jets were required. The jets were defined
according to [9], requiring that the minimum scaled pair mass y;;,

M2
Vi = Zz (1)

vis

be smaller than a specified y. ;. The same definition for jets is used in theoretical
calculations. In the jetfinder M3 = 2. E;- E; - (1 —cos a;;), E; ; being the energies
of jets i,) or the photon, «;; their opening angle, and E,i; = EE.q + E, the
visible energy. The hadronic energy YL Ej,q was calculated from the momentum
of the charged tracks and from the energies of the clusters in the electromagnetic
calorimeter. The following procedure was adopted to select events for various
values of y.,; between 0.005 and 0.2.

e in a first step the photon is excluded from the event, and the particles and
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clusters are grouped into jets according to some value of y.:. The photon
energy is included in E;;.

e in a second step the photon is combined with all jets to find the combination
with the minimum pair mass ¥y, ;. Events are retained if Min(yy jes) > Yeur
with the same value used to define jets. While the photon energy is, in
general, precisely reconstructed, a potential bias on y. ;o is due to double
counting of the energy of the charged particles in the tracking chamber and
the lead glass calorimeter. We correct for those using the method described
in [10]. In addition we correct globally for the energies of undetected neutri-
nos and of neutral hadrons that do not deposit their full energy in the lead
glass calorimeter:

EEh.a.d = C- (EEhad)memsursd (2)
where ¢ was empirically determined from well contained multihadronic events
to be

c=1.14 to yield < ZE} .y > = Eon.

After these cuts we retain 339 events for y.,, = 0.005.

Background to direct photons stems from neutral hadrons and particularly
from photons due to 7° decays. It is suppressed further by requiring the properties
of the electromagnetic cluster to be consistent with that expected from a single
photon. In a first step clusters were selected that consist of no more than 15
lead-glass blocks and have a width, defined by

W \/EE( <q5>) +(0;— < 6>)?)

; (3)

of less than 30 mrad. Here ¢; and &; are the polar and azimuthal angles of each
block i in the cluster and F; is the energy deposited in the block. < ¢ > and < § >
describe the centroid of the cluster, and the summation runs over all blocks in the
cluster. The corresponding distributions of the photon candidates are displayed
in figures la,b for y.,=0.005.

The final requirement is that sharing of energy among the blocks must be
consistent with that expected from a photon. For this purpose a cluster shape
variable

L~ (B = B

O =
3
Nytock o5

(4)
is calculated for each cluster, where E;*?, o; and £2** denote the expected energy,
its variation and the observed energy of block ¢, respectively. The summation
is over all blocks of the cluster. C is then required to be less than 1.5. The
distributions in C of the isolated clusters before the cuts on the cluster properties




Your || cand. Niad Nisg Nrsgr Acceptance 235

0.005 || 276 || 9.54+4.5 jj 13.3+1.3 || 253.2£17.3 || 0.286+0.009 | 885.5460.5

0.010 | 262 || 8.5£4.1 || 13.241.3 || 240.3£16.7 | 0.33840.010 | 710.54+49.4

0.020 | 233 | 5.54£2.7 || 12.6:£1.3 || 214.9£15.6 | 0.395+£0.012 | 543.84+39.5

0.040 § 181 | 4.5£2.0 || 11.3£1.1 || 165.6+13.6 || 0.491£0.018 || 335.94+ 27.6

0.060 | 149 | 1.8+1.5 || 10.1£1.0 || 137.14£12.3 || 0.53240.023 || 257.7+23.1

0.080 | 118 | 2.1£1.1 || 7.9+0.8 { 108.0£10.9 | 0.566£0.028 || 190.7419.3

6.100 97 2.3+1.2 |} 6.1+0.6 88.6+9.9 0.570x0.030 || 155.4+ 17.4

0.120 9 2.3+1.2 | 4.6%1.5 72.1£9.1 0.547£0.031 | 131.84+ 16.6

0.140 7l 2.4+13 || 4.1£1.2 64.5+8.6 0.541+£0.033 || 119.2x15.9

0.160 63 22+1.2 || 3.4£1.0 97.4+8.1 0.553£0.036 | 103.8+14.7

0.180 59 2.5+1.4 | 3.2+1.0 93.3£7.9 | 0.5474+ 0.037 | 97.4+14.4

0.200 59 2.6£1.4 ) 2.8+1.0 33.6£7.9 | 0.532% 0.038 | 100.8+14.8

Table 1: Background contribution and acceptance. The observed yield of
photon candidates (cand.), the background contributions, the acceptance
and the corrected number of events with final state photons (N§75) are
listed. Background from hadrons (Ni.4) and from initial state radiation
(Nisr) is considerd. The error on the acceptance is only statistical.

are displayed in figures 2a-c for the three energy intervals 7.5< Fg, <15, 15<
Eqn, <25, and E,,, >25 GeV with y,,,=0.005.

The numbers of observed events as a function of y.,; are listed in table 1. For
Yeue=0.005 these cuts leave 276 photon candidates in the sample.

4 Efficiency and Background Contributions to
the Photon Sample

The efficiency of the photon selection is determined from a sample of unambiguous
photons in radiative lepton-pair and in ete™ — v [11] events recorded during the
same running period. This reference sample consists of 210 photons. The efficiency
for photon identification is 89.8+2.7% and includes losses due to conversions before
and inside the chamber (5.7+£2.2%) and due to the requirements on the cluster
shape (5.0£1.6%). The cluster shapes observed in these events are also shown
in figures 2a-c and are seen to agree very well with the photon candidates in the
multihadronic events. Also shown are results of the simulation of photons which
reproduce well the observed spectrum of the reference sample.

In the following the remaining background from narrow neutral jets in the
observed candidate events, surviving the cuts described above, will be considered.



The contamination is estimated by several independent methods. By assuming
isospin symmetry, the background estimate used in this analysis is obtained from
the number of narrow charged jets. Cross checks are performed by using the
different distributions in C' of genuine photons, of 7%’s and of other hadronic
contributions to the isolated clusters and by studying the response in the hadron
calorimeter and the barrel presampler. These cross checks yield results consistent
with the estimates given below.

Multihadronic Z° decays as generated with the models of [4] and [12], inter-
faced with a detailed simulation of the OPAL detector, serve as a tool for under-
standing which kind of fragmentation background might contribute to the selected
sample. Within about 200,000 generated events only 7°’s are found to produce
isolated clusters surviving all requirements. We also find that other particles can
produce isolated clusters that may resemble those of genuine photons, although
they are in most cases much broader. These particles include K?’s, neutrons, and
decays of high momentum particles like n or K*© — K°z°, yielding overlapping
showers in the lead glass calorimeter. These backgrounds were studied with ded-
icated single particle Monte Carlo samples. The Monte Carlo studies provided
guidance but the background is determined from the data itself.

Two background contributions, single as well as unresolvable pairs of neutral
particles, are estimated using charged particles. The same topological require-
ments used to select photon candidates are applied to the charged particles. This
procedure has been applied for several values of y., between 0.005 and 0.2.

e For the first background source, 7°’s and single neutral stable particles, sin-
gle charged particles are considered. For yq,: = 0.005 (0.06), 44 (6) isolated
tracks are retained. To ensure reliable measurement, strict criteria are ap-
plied, leading to a track finding efficiency of 0.93+0.01, obtained from muon
and electron pair events. To translate the yield of isolated charged parti-
cles into the vield of isolated neutral clusters several corrections are applied.
Isospin symmetry implies njo=1/2 n,z, anzl/Q MK &y Nneytron= Ty, Where
at least the first two relations are experimentally supported (for a review see
[14]). The efficiencies to reject 7°’s using the cluster shape are determined
with a detailed simulation of the OPAL detector to be 0.65, 0.40, and 0.20
in the respective energy intervals 7.5< Ey, <15 GeV, 15< Ey, <23 GeV,
E.., >25 GeV. The lead glass response to 7%’s, obtained from a simulation,
is shown in figures 2a-c. The corresponding efficiency to reject K7's is found
to be 0.986+0.005 and for neutrons to be, 0.993+0.005. Using in addition
the relative fractions of pions, kaons, and protons for particle energies above
7.5 GeV, which are nearly independent of the center-of-mass energy [15],
leads to an estimated background from single isolated neutral particles of
8.5+1.2 and 1.540.5 (statistical errors) events for y., of 0.005 and 0.06.
Most of the isolated charged tracks have energies somewhat above 7.5 GeV.
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Uncertainties in these corrections stem mainly from the measured ratio of
neutral over charged pions, and from the 7% fraction in the stable charged
particle yield and are about 25% and 10%. A total systematic error of 50%
will be assigned to this background source.

o As a second kind of hadronic background the overlap of two particles in one
cluster is considered. Because of the many possible contributions and be-
cause of the lack of precise measurements of resonance production at large
£ = 2 - Epyaf/E.m and of the rate of very narrow jets, the estimate is less
certain. In a first step we study the conditions that lead this kind of back-
ground to produce electromagnetic clusters resembling those accepted as
photon candidates. To this end we sirmulated 300-500 single decays each of
K* — K?7% and K% — #%°. Of those, we reject 98.6% and 84%. All
retained particle combinations had a decay opening angle of less than 40
mrads. In a second step the background from overlapping neutral particles
1s estimated by searching for two charged particles within 40 mrads ! which,
when combined, satisfy the kinematic requirements imposed on the isolated
photons. Apart from ten particle combinations consistent with ete™ - pairs
from photon conversions, four to twelve isolated charged particle combina-
tions were found depending on the y.,. Invoking isospin symmetry, and
applying corrections for experimental distortions and for the rejection effi-
ciency of their neutral counter-parts due to the cluster shape, one estimates
a background of up to one neutral cluster. To take into account the un-
certainty in the precise nature of the two overlapping particles and in the
experimental corrections, a systematic uncertainty of £100% was assigned
to this contribution.

Other hadronic background contributions not accounted for by the charged
particle estimate are electromagnetic decays like  — ~v~. From simulation studies
it is found that for cluster energies between 10 and 50 GeV, 0.98040.006 of these
decays are rejected. As a result these contributions in the selected isolated clusters
are negligible. In total a background of 9.5+4.5 (1.8+1.5) is estimated from the
analysis of charged particle jets for a y., of 0.005 (0.06). The background is listed
for various y.u¢ in the third column of table 1.

Additional background to the final state photons is due to initial state photons.
On the Z° peak these are strongly suppressed, but 26.9% of the data for this
analysis were collected slightly off the peak. At these energies the fraction of
initial state photons is significantly increased. Taking the energy dependence into
account, the number of initial state photons as expected by using the Monte Carlo

1This requirement is imposed in the plane transverse to the beam direction only. To take
into account the worse resolution along the beam direction, the total opening angle has to be
smaller than 170 mrad.



generator of [16] combined with the JETSET model to simulate the hadronic event
structure is 13.3+1.3 (10.141.0) for 7, = 0.003, (0.06) and is listed in column 4
of table 1.

5 Correction Procedure

For comparison with theoretical calculations, we need the yield of final state pho-
tons with just the cut on y applied. We therefore correct our data for the topo-
logical cuts on the minimum energy and isolation, and also for biases from the
fragmentation, and for detector effects using the JETSET and ARIADNE shower
models and a detailed simulation of the OPAL detector [13].

We distinguish two kinds of corrections to the yield. The first correction (c;)
accounts for the fraction of events lost when changing the selection from just the
Yeus applied to the final partons in the shower programs to a selection combining
the yeue, energy and isolation requirement after the partons have fragmented. For
low values of y.;, this correction can be substantial and depends on the proper
description of photon radiation in the simulation in a kinematical region that
cannot be tested experimentally. However, since y « E, - (1 — cosa)} with a
being the angle between the photon and the closest jet, this correction is less
important for larger y..:’s. The losses due to the energy and isolation cut are
52% for ye.:=0.005 and about 15% for y..:=0.06. At the higher yc.:, the losses are
almost completely due to the isolation cut. The second correction (c;) is due to the
detector performance alone. For small y.,; the correction c; is slightly increasing
and saturates at ¢; ~ 1.10 for y > 0.04 and is mainly due to the isolation cone. An
additional correction of 1.43 for the restricted angular range of accepted photons
has to be applied.

In estimating the systematic uncertainties of these corrections we distinguish
between two sources, the modelling of photon emission in multihadronic events
and the simulation of the detector response. The various contributions to the
systematic error are listed in table 2.

Since we cannot compare the photon yield predicted from the simulations at
lower energies and smaller isolation cones with the data, we assign a systematic
uncertainty 8¢t (y..:) to the correction according to the following prescription:
if f(yeu) is the fraction of 'true’ photons retained for a ye. but having an en-

ergy smaller than 7.5 GeV or additional particles in the isolation cone, we assign
6C€$tr

T {(Yous) = 0.25 - F(yeus). This leads to a systematic uncertainty of 13% at
Yeut=0.005 and 4.5% for y., >0.04. A way to estimate if the assigned uncertainty
is appropriate is to compare the two Monte Carlo generators JETSET [4] and
ARIADNE [5], which include final state photons. The correction factors ¢; agree

within 5% although the absolute photon yields predicted by the two generators



Yeus energy/isolation | photon identification || jet reconstruction
0.005 13.0 2.7 1.0
0.010 11.0 2.7 1.1
0.020 8.0 2.7 1.5
0.040 4.5 2.7 2.0
0.060 4.5 2.7 2.9
> 0.080 4.5 2.7 2.7

Table 2: Contributions to systematic uncertainties of corrections (%)
Listed are the assigned contributions in percent to the systematic error
of the yield of events with final state photon radiation. The contributions
to ¢; come from the fraction of events lost due to the energy cut and the
isolation criterium (column 2). The contributions to ¢, come from the
photon identification (column 3) and from distortions in the measurement
of the angle and direction of the jets (column 4).

differ by about 40%.

We further investigate the systematic uncertainty due to potential misrepresen-
tations of the jet properties by smearing the reconstructed energies and directions
and by rescaling the jet energies. From consistency checks between simulation
and data we find that the energy and angular resolution of jets are well described
by the Monte Carlo. Moreover, even if we change the energy resolution by an
additional 15% of the jet energy, or the resolution of the direction by 15 degrees
we find only a negligible effect on the final yield. However, we cannot exclude a
systematic shift of the energy by £6%. Such a deviation leads to changes of up
to £2.7% which we account for in the systematic error. Its dependence on ¥, is
listed in table 2.

6 The Cross Section of Final State Photon Ra-
diation

Applying the corrections ¢; and c;, we obtain the corrected numbers of events
with final state photons listed in table 1. We convert these numbers into fraction
of all multihadronic events as a function of y.,,. The results are listed in table 3
and are shown in figure 3.

The yield decreases by about a factor of ten for an increase of y..; from 0.005
to 0.2. At these high y., values the photon and the jets are mostly in different
hemispheres, and a further increase of y.,: has only a marginal effect on the frac-
tion. It should be noted that the results for the various y.,,’s are correlated. The



uncertainty in ¢; at very low ye leads to a large systematic error which decreases
rapidly with increasing ye:. For ¥ >0.04 the statistical error dominates.

In table 3 and figures 3a,c we also display the expectations from the O(aa,)
calculation of Kramer and Lampe [3] and the two QCD shower models JETSET
[4] and ARIADNE [5].

Kramer and Lampe have calculated the cross sections ¢y, jor for n < 3 as
a function of y., between 0.01 and 0.20. The calculation is basically the same
as for the n-jet rates in overall multihadronic events [21] which has been used in
QCD studies. Their result is expressed as

(2% =y + jets)(Yeus) & Brign(Yeut) (5)

where the coefficients ¢, describe the production rate of multihadronic events with
1 jets plus a photon. The values g; and g4 are tree level results. The value g2 for
two jet events includes O(e,) higher order QCD corrections, calculated as in {21].
The coefficients g, and g depend explicitly on the strong coupling constant a,. It
should be noted that since the jet rates are only given in first order a,, the result
only depends on the ratio of Agg and the renormalization scale p? = f - EZ ..
Therefore no explicit variation of the scale will be considered. Variations of a;
affect both the absolute yield and the jet multiplicity of events with final state
photons, an effect that is taken into account in the systematic error. As discussed
in [20] the calculation is close to the recombination scheme adopted in this analysis
to define jets.

Both QCD shower models [4, 5] have been extensively tested using the overall
multihadronic sample. They give a very good account of the overall event structure
and the single particle distributions over a large range of c.m. energies. They
are based, however on several assumptions and do not give rigorous predictions.
For our comparison we adopt the default parametrizations with parameter values
optimized in [17]. We can thus interpret the results for the final state photon
bremsstrahlung as a new kind of test of the underlying model. A more detailed
comparison will be presented in [18].

Uncertainties in the predictions of the matrix element calculation arise from
the limited order of the QCD corrections considered, while uncertainties in the
shower models come from the modelling of gluon and photon emission.

The uncertainty of the matrix element calculation is determined by the un-
certainty of o;. We base the estimate of this uncertainty on the results obtained
from fits to the jet rates in the overall multihadronic events [19] and on the jet
rates observed in the multihadronic events with final state photoms. Using a
theoretical calculation in O(e?) yields af?(Mz0)=0.118£0.009 for the jet rates.
Since the theoretical calculation for the events with final state photons is only of
O(c,) this value is not directly applicable to the photon yield. Instead we fit the



overall observed jet rate with the first order part of the calculation [21] and find
aV=0.17740.013. Another determination of e, uses the measured ratio of two
jet events over the sum of two and three jet events in events with final state pho-
tons. We find ratios of 0.72£0.05 (y.,+=0.02} and 0.91£0.05 (y.,:=0.04), which
correspond to a{!)=0.2540.07. Since the cross sections for events with three jets
plus a photon are only calculated at the tree level, this ratio is likely to yield
too large an «,. Based on these considerations we define the theoretical expecta-
tion conservatively to be the average of the theoretical predictions of the extreme
cases (a,=0.118 and ,=0.253). We assign half of the difference as the theoretical
uncertainty.

The procedure for defining events with final state photons used in the theo-
retical calculation is not identical to that used in the measurement, as described
in section 3. Kramer and Lampe apply the y..: algorithm to all partons and the
photon. In addition their calculation of O(a,) allows for at most three partons,
while experimentally only hadrons can be measured. In the absence of a differ-
ential distribution for ¢gy(g) we estimate how these differences change the cross
section of final state photon events by using the model of an Abelian strong in-
teraction as implemented in {4]. We exclude contributions from ggqg and treat
one of the gluons as a photon. We expect the topologies of the Abelian events
should be very similar to those of ¢4vy(g} events. We find for y.,; <0.06 the yield
of final state photon events to be reduced by less than 6%. But for large y; the
reduction is large (38% for y..:=0.2). The different procedures affect the two and
three jet rates only marginally, whereas the difference in the one jet rate can be
substantial: at y.,;=0.2 only 41.7% of the one jet events are retained with the
procedure of Kramer and Lampe.

The predictions of the shower models are uncertain because of ambiguities in
the parametrizations and the treatment of the kinematics of parton splitting. For
this analysis we adopt the default parametrizations with parameters optimized
to describe the overall event shape [17]. As the only uncertainty we consider
the variation of the QCD scale parameter A (see discussion in [2]). Its possible
variations are taken from fits to the three jet rate yielding £30 MeV for both
JETSET and ARIADNE.

For the comparison of the data with the shower models we neglect the error
§c™™, since these programs were used to determine the corrections. Within the
limited statistical and systematic uncertainties of the data we draw the following
conclusions on the validity of the various predictions (see figs. 3a-c).

e The matrix element calculation is in very good agreement with the data for
Yeur < 0.12 but is one to two standard deviations below the data at high yc..
(figure 3a). Note that data at different values of y.,; are correlated. No pre-
diction 1s given for y..; <0.02 since the two jet rate is negative for a,=0.25.
As can be seen from figure 3b, at low y.,; <0.02, the three jet rate is large.
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At Yo >0.14 the one jet rate becomes prominent. Also shown in this figure
are the expectations from the matrix element calculation. As can be seen,
the theoretical two jet rate is in very good agreement with the measured rate
for all y... However, the theoretical calculation underestimates the one-jet
rate significantly.

If we correct the yield according to the results of our analysis of the Abelian
matrix element, a much better agreement between data and theory is found.
As stated before, the change of the expecied cross section is small for small
Your <0.06 but significant for higher y.s. Both for the total rate and for
the individual jet rates the agreement between data and theory improves
considerably, e.g. at y.,;=0.2 the expected photon yield increases from 0.28
to 0.45.

o JETSET underestimates the photon yield at very low y.y: by 30% with a sig-
nificance of about three standard deviations. It agrees better for ye: >0.06
with an expectation that is 10% lower at one standard deviation (figure 3c).

e ARIJADNE reproduces the data well at low y.,; but tends to overestimate
the measured yield for yeye >0.04 by about 25%. The significance of this
discrepancy is about one to two standard deviations (figure 3c).

7 The Electroweak Couplings of Up and Down
Type Quarks

We use our measurement to determine the weak couplings of up and down type
quarks. The method is discussed in detail in [2]. In brief, since final state photons
couple to the square of the quark charge, the relative fractions of the quark species
in multihadronic events with final state photons is different from those in the
overall sample. The partial width of the Z° into a photon and jets is given by [3]

T(Z% - v+ jets)(y?ut) = g%ng(ycuz) Bcg + 8¢ (6)
and the total hadronic width by
[(Z° —qq) = h-(1+ ?Wi+ 1.42(%1)2) [3-cs + 2-¢4 (7)
where
3. Gr My (®)

. 24 - 7/2

i1



Yout || (NVygy/Npaa) - 10° ME JETSET | ARIADNE
0.005 || 5.9540.4440.77 4.67+0.07 | 6.1540.03
0.010 | 4.78%0.36+0.53 3.76+£0.06 || 4.884+0.02
0.020 || 3.664:0.28£0.29 | 3.00+0.55 | 2.85+0.06 || 3.67+0.01
0.040 i 2.3240.21+0.10 |} 2.160.19 || 1.99+0.04 | 2.58+0.01
0.060 | 1.72+0.174£0.08 | 1.61£0.08 | 1.53£0.03 | 1.984+0.01
0.080 |} 1.284+0.14+£0.06 | 1.22+0.04 | 1.1940.03 | 1.57+0.01
0.100 || 1.0440.13£0.05 | 0.9440.02 | 0.9740.02 | 1.29+0.01
0.120 | 0.894+0.1240.04 | 0.73£0.01 || 0.82:+0.01 1.11
0.140 | 0.8040.11£0.04 | 0.58+0.01 || 0.70+0.01 1.00
0.160 | 0.70£0.10£0.03 || 0.4540.01 || 0.624+0.01 0.90
0.180 | 0.64+0.10+0.03 0.36 0.5740.01 0.83
0.200 | 0.6740.10+0.03 0.28 0.5440.01 0.80
Table 3: Photon selection for various y..:. The corrected fraction of

events with final state photons over the total number of hadronic events
is listed. The first error combines the statistical and systematic uncer-
tainty of ¢, added in quadrature, the second is due to the energy and
isolation cut. Also shown are the predictions from the matrix element
calculation {3] (ME) and the parton shower Monte Carlos JETSET [4]
and ARTADNE [5]. The error on the matrix element prediction reflects
the uncertainty of «,. The uncertainties assigned to the JETSET and
ARIADNE predictions are only due to variations of the QCD scale pa-
rameter A. Note that the second error of the data is not relevant for the
comparison of the JETSET and ARIADNE prediction to the data.
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Here Gy is the Fermi coupling constant at the muon mass, Mz the mass of the
Z9% «, the strong and « the electromagnetic coupling constant. The

¢ = v + a (9)

are the weak couplings of down and up type quarks to the Z°, a; and v; denote
the axial and vector couplings defined by

v = 2-13‘55—4-Q5-sin29W and af’ = 2-I3; (10)

with IX, @, and fw the third weak isospin of the left component, the charge of the
quarks and the weak mixing angle respectively. For formulae 7 and 8 we assumed
the couplings of the various up, respectively down type quarks to be the same.
This condition can be relaxed such that 3 - ¢; and 2 - ¢, can be replaced by the
sum of the couplings of all up and down type quarks.

Adopting our measurements of the total hadronic Z° width and of the final
state photon yield we can solve these two equations for the weak couplings ¢4 and
Cy-

Since both JETSET and ARIADNE rely on model assumptions, we prefer to
base our determination on the matrix element calculation of [3]. To minimize the
systematic and statistical error we use y.,;=0.06. For this value the uncertainties
from our energy and isolation cuts are small, and the statistical precision is ad-
equate. Also, the theoretical uncertainties are small; variations of a, contribute
only a 5% uncertainty. For this y.,: almost 90% of the events are two jet events.
The contributions from one and three jet events are only 7.3+1.6 % and 3.4£1.1
%. We thus avoid a large influence from the unknown higher order corrections for
these rates and the different procedures to define the events with final state pho-
tons. The residual uncertainty was taken into account by assigning a systematic
error to the theoretical calculation. It consists of a 6.1% uncertainty on the total
cross section which is the difference of the two procedures using the Abelian matrix
element, and a 2% error to take into account higher order corrections in the one
jet cross section. This is 50% of the theoretical one jet contribution. Since both
effects are expected to increase the theoretical expectation we add these uncer-
tainties linearly, i.e. the final theoretical error will be £8.1%. Using the measured
values of Theg = 1739417 MeV [8] and (Nyzy/Nhea) = (1.72£0.1740.08)-10-2
along with the prediction from the matrix element calculation (Nygy/Nuad)meE =
(1.6140.15)-107%, which assumes standard model couplings, we find

3-ca + 2-¢, = 6.75£0.02 (11)

and
3-¢; + 8¢, = 145£134+1.7 (12)
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as displayed in figure 4a. The first error is statistical, the second systematic.
These two equations can be solved for the weak couplings of up and down type
quarks separately. We find

¢, = 1.20+0.21 £0.28 (13)

¢g = 1.394+0.14 £0.19 (14)

As already indicated by the coincidence of the measured and expected photon
yield, these values are in very good agreement with the standard model values of
¢y = 1.48 and ¢, = 1.15 for sin? 8w = 0.23. We can convert this measurement

into branching fractions of up and down type quarks using F; = rl,:id = o
vielding
F, = 0.191 £0.031 £0.040 , F; = 0.206 £0.021 £0.028 (15)

or

T, = 333455472 (MeV), Ty = 358 £37+£48 (MeV) (16)

In fig.4b we display the one standard deviation contour for the correlation of
Iy and I'z. Since 6T4q4/T kg is much smaller than 6 N,g,/N,;,, the ellipse appears
as a diagonal bar. Also indicated is the standard model value which is in good
agreement with our measured values.

8 Summary and Discussion

We have compared our yield of final state photons in multihadronic events with the
theoretical predictions from an O(aw,) matrix element calculation and the parton
shower models JETSET and ARIADNE. We find good agreement with the matrix
element prediction. A difference in the one jet rate seems to be due to the different
procedures of defining final state photon events in the theoretical calculation and
the experiment. There are indications that JETSET underestimates the photon
yield at low y.., whereas ARIADNE reproduces the measurement well in general.

We use our measurement to determine the partial widths of up and down type
quarks. Our values of 333491 MeV and 358+61 MeV are in in good agreement
with the standard model expectations of 296 and 382 MeV with uncertainties of
about +4 MeV depending on the top and the Higgs mass. Our measurement is
also in very good agreement with the values obtained from combining the results
obtained by the LEP experiments for individually identified bottom [26, 22, 23],
and charm quarks [22, 23, 24, 25] yielding I'; = 369 £ 31 MeV and I'. = 322 & 53
MeV. Errors in the measurements due to uncertainties in decay branching ratios
have been treated as common errors in obtaining a LEP average. They contribute
the major part of the final uncertainties. As pointed out in [2], the errors from the
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measurement using final state photons are almost completely uncorrelated from
those of individually tagged flavours.

9 Acknowledgement

This work has profited largely from the theoretical advice of G.Kramer, B.Lampe,
L.Lénnblad, T.Sjéstrand and P.Zerwas. We gratefully acknowledge the many dis-
cussions and their helpful suggestions. We are particularly indebted to G.Kramer
and B.Lampe and to L.Lonnblad for allowing us to use their calculation and the
ARIADNE program before publication.

It is a pleasure to thank the SL Division for the efficient operation of the LEP
accelerator, the precise information on the absolute energy, and their continuing
close cooperation with our experimental group. In addition to the support staff
at our own institutions we are pleased to acknowledge the following :
Department of Energy, USA
National Science Foundation, USA
Science and Engineering Research Council, UK
Natural Sciences and Engineering Research Council,Canada
Israeli Ministry of Science
Minerva Gesellschaft
The Japanese Ministry of Education, Science and Culture (the Monbusho) and a
grant under the Monbusho International Science Research Program.

American Israeli Bi-national Science Foundation.

Direction des Sciences de la Matiere du Commissariat a I'Energie Atomique,
France.

The Bundesministerium fiir Forschung und Technologie, FRG.

and The A.P. Sloan Foundation.

References

[1] T.F.Walsh and P.Zerwas, Phys.Lett. B44 (1973), 195; S.J.Brodsky,
C.E.Carlson, and R.Suaya, Phys.Rev.D14 (1976), 2264; K.Koller, T.F.Walsh,
and P.Zerwas, Z.Physik C2 (1979), 197

[2] P.Mattig and W.Zeuner, CERN-PPE 90-144 to be published in Z.Phys. C

[3] G.Kramer and B.Lampe, private communication

[4] T.Sjéstrand, Comp. Phys. Comm 39 (1986), 347; JETSET, Version 7.2

15



[5] L.Lonnblad, ARIADNE3.2 and private communication
(6] OPAL - Collaboration, M.Z.Akrawy et al., Phys.Lett. B2/6 (1990) 285
[7] OPAL - Collaboration, K. Ahmet et al. CERN-PPE 90-114

[8] OPAL - Collaboration, M.Z.Akrawy et al., Phys.Lett 2318 {1989) 530; OPAL
- Collaboration, G.Alexander et al., CERN-PPE/91-67

9] JADE - Collaboration, W.Bartel et al., Z.Phys. €37 (1986) 23; JADE - Col-
laboration, S.Bethke et al., Phys.Lett. B123 (1988) 235

[10] OPAL - Collaboration, M.Z.Akrawy et al., Phys.Lett. B253 (1991), 511;

[11] OPAL - Collaboration, M.Z.Akrawy et al., Phys. Lett. 2418 (1990) 133;
OPAL - Collaboration, M.Z.Akrawy et al., Phys.Lett. B257 (1991), 531;

[12] G.Marchesini and B.R.Webber, Nucl.Phys. B310 (1988), 461; HERWIG, Ver-
sion 3.2

[13] R.Brun et al., GEANT3 User’s Guide, CERN DD/EE/84-1 (1989); J.Allison
et al., Comp.Phys.Comm. 47 (1987) 55

[14] P.Mattig, Phys.Rep. 177 (1989) 141

[15] TPC - Collaboration, H.Aihara et al., Phys.Rev.Lett 61 (1988) 1263; TASSO
- Collaboration, W.Braunschweig et al. Z.Phys C42 1989) 189

[16] F.A.Berends, R. Kleiss, 5.Jadach, Nucl.Phys. B202 (1982), 63

[17] OPAL - Collaboration, M.Z.Akrawy et al., Z.Phys. C47 (1990) 505
[18] OPAL - Collaboration, G.Alexander et al., paper in preparation
[19] OPAL - Collaboration, M.Z.Akrawy et al., Z.Phys. C49 (1991) 375
[20] G.Kramer and N.Magnusson, Z.Phys C49 (1991) 301

21] G.Kramer and B.Lampe, Fortschr. Phys. 37 (1989) 161

[22] ALEPH Collaboration, D.Decamp et al., Phys.Lett. 2{4{B (1990), 551
[23] OPAL Collaboration, M.Z.Akrawy et al., CERN-PPE/91-48

[24] DELPHI Collaboration, P.Abreu et al., CERN-PPE/90-123

[25] OPAL Collaboration, G.Alexander et al., CERN-PPE/91-63

[26] L3 Collaboration, B.Adeva et al., L3 Preprint 27-1991

16



10 Figure Captions

Figure 1: Comparison of cluster properties of candidate photons in multihadronic
events (points with error bars) with those of photons of the reference sample of
ete”™ — vv and {t]7v (dotted area); (a) number of lead glass blocks per cluster
{b) cluster width W in radians.

Figure 2: Cluster shape distribution of candidates in hadronic events (points
with error bars), in the reference sample (dotted area), expected from the sim-
ulation of photons (thick curve) and expected from the simulation of 7%’s (thin
curve). The distributions are normalized to the number of photon candidates with
C<l.5. (a) 7.5< E, <15 GeV, (b) 16< £, < 25 GeV, (¢) E, > 25 GeV.

Figure 3: Observed fraction of multihadronic events with final state radiation
of all multihadronic events as a function of y,: and comparison to theoretical
predictions (a) Matrix element calculation of Kramer and Lampe [3]. The shaded
area indicates the theoretical uncertainty due to a,. (b) Yields per 1000 multi-
hadronic Z° decays for one, two and three jets and a photon. The bands show the
expectation of the matrix element calculation [3]. (c) QCD shower models JET-
SET [4] (thick curve) and ARIADNE [5] (thin curve). In this case the assigned

errors due to the energy and isolation cut are neglected.

Figure 4: (a) Correlation of couplings of up and down type quarks. Shown are
the relations obtained within one standard deviation from the measured hadronic
width and from the photon yield compared to the prediction of the matrix element
calculation [3]. Also indicated is the standard model expectation. (b) Correlation
plot T'y vs. Ty as obtained from this measurement. Displayed is the one standard
deviation contour (narrow bar). Also shown are the partial widths of the Z° into
charm and bottom quarks, combined from all LEP experiments. The standard
model value is indicated.
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