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Abstract

From the observed yield and properties of isolated encrgetic photons in the reaction
e~ — Z% — hadrons + v measured with the OPAL detector at LEP, evidence for final
state radiation from primary quarks is obtained. Combined with the measurement of the
total hadronic width of the Z° the observed rate allows the extraciion of the electrow

et

eak
coupling constants of up and down type quarks:
2 2 _ 2 2
1}1!3 + "’1,’:1 = 1.24 & .44 a‘nd V2/3 + a?m = .72 + (.64
No evidence for additional photon production from anomalous decays of the Z° or from

decays of new particles is found. This measurement limits the contribution to the total

Z? width from such sonrces to be less than 8.2 MeV at the 95% conflidence level.
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1 Introduction

This paper presents a measurcment of isolated, energelic photon production in the reaction

ete™ — Z° — hadrons + v. In multihadronic evenls, prompt, high encrgy photons are
expected lo arise from initial and final state bremsstrahlung.

In this analysis the yield and properties of isolated photons are found to be consistent
with the expectation for final state photon radiation from quarks. The measurement is used
to determine the weak couplings of up and down type quarks and to search for Z° decays
beyond the Standard Model. The amount of final state radiation should be proportional to
the squares of the electric charges of the produced quarks [1]. Thus, a sclection of events with
final state radiation will enrich the proportion of charge 2/3 quarks. In conjunction with the
measured hadronic width, the rate of final state radiation allows the determination of the
electroweak couplings of up and down type quarks [2].

Events with isolated, encrgetic photons may also indicate new processes, such as new
particle production or anomalons decays of the 7% PExamples of new parlicles with this
signature are a fourth generation, charge 1/3 quark that is lighter than the third generation
top quark [3], or an excited quark. I the 79 boson is formed from conslituents, ils decay
into photons could provide the firsi, evidence of its substructure [41].

2 The OPAL Detector

This analysis is based on an integrated luminosity of about 1.3 pb™" collected with the OPAL
detector [5] at LEP. The dala were recorded at center-ol-mass energies 10, belween 88.28

and 95.04 GeV around the Z° pole. 'I'he basic triggers and delector components for the
detection of multihadronic events are discussed in {6},

Of particular importance to this study are the main central drift chamber and the barrel
part of the clectromagnelic calorimeler. The cylindrical drift chamber, which is four meters
in lenglh and two meters in radins, provides a measnrement of the momenta of charged
particles over almost the entire solid angle in a magnetic ficld of 1.326 kG. Bach particle
track is measured by up to 159 layers ol wires al radii in the range 25.5 cm Lo 184.5 em
from the beam axis. The current single hit resolution is measnred to be 140 gm in the plane
transverse to the beam and 6.5 cm along the direction of the beam.

The barre! electromagnetic calorimeler, covering the solid angle |rosf| < 0.82, where 0 is
the polar angle with respect to the beam direction, consists of 9110 lead glass blocks of 24.6
radiation lengths, pointing lowards the interaction region and each subtending an angular
region of approximalely 40x10 mrad® Blocks are slightly tilted from a perfect poinling
geomelry Lo preveni pholons from escaping through inter-block gaps. With the material in
front and the current uncertainty of the gain calibration, the effective energy resolution is
ahout 5% for 10 GeV and 3% for 45 GeV electrons. The posilion resolution is better than
50, 6¢ = 5 mrad in the polar and azimuthal angles for showers of more than 10 GeV cnergy.

A
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The hadron calorimeter, consisting of nine limited streamer tube pl
return yoke of the maguet, is located directly behind the clectromagnetic calorimeter. In this
analysis it is used to check the hadronic background to the isolated photon candidates. The
hadron calorimeter was operational for approximaltely 85% of the data used.

anes withi the iron

A final check on photon identity is provided by the presampler, which is a cylindrical

array of 16 double planed chambers, also containing limited streamer tubes, with both wire
and cathode strip readout. The presampler modules are mounted on the outside of the
coll, in front of the lead glass array, and cover the cnire barrel region. P
neutral hadrons, are likely to initiaie electromagnetic showers w
and pressurc vessel; bolth the amplitude
presampler.

hotons, unlike
hen passing through the coil
and position of these showers are measured by the

3 The Selection of Multihadronic Events with Photons

The hadron selection is based on the central Jet chamber
calorimeter {6]. Muliihadronic evenis are required to have at least five well measured tracks
and more than seven clusters in the electromagnelic calorimeter. An accepled track, recon-
structed from at least 20 hits in the main drift chamber, must have a minimum transverse
momentum to the beam of 250 MeV, a reconstrncted dist
beam axis of less than 5 ¢m, and a longitudinal displacem

the nominal interaction point of less than 30 em af the point of closest approach to the beam.
A cluster in the lead glass calorimeter consisis of al least two adjacent blocks with a tolal
energy ol more than 100 MeV. T'he energy sum of all accepted clusters must exceed 11% of

the ete™ centre-of-mass energy. 27,309 events satisfy these requirements, The

* acceptance Tor
multihadronic events is estimated to be 98%. The background from beam-gas evenls, T pair

production, two-pholon production and other pracesses is less than 0.5%.

and the electromagnetic barrel

ance ol closest approach to the
ent along the beam direction from

Isclated photon candidates must lic in a fiducial region of {cos#| < 0.72 and mnst have an

energy of at least 10 GeV. Isolation requirements are that no fracks and no other clectromag-

netic clusters occur within a cone of half angle 20 degrees centered on the photon direction:
69 events have such an isolated photon candidate.

Background from neutral hadrons and from photons due to 7° decays are further sup-

pressed by requiring that the shape of the electromagnetic cluster be consistent with that
expecled from a single photon:

1. "T'he cluster consist of no more than 15 lead glass hlocks,

2. The width of the cluster, defined by

MEB _ E“El : ((QSI_ < ¢ >)2 + (0!-— <A >)2)
21 ’

be less than 25 mrad, where ¢: and 8; are the polar and azimuthal angles of each

block 4 in the cluster and F; is the energy deposited in the block; < ¢ > and < 6 >

D




describe the centroid of the cluster, and the summation ruus over all blocks in the
cluster.

3. The sharing of cnergy ameng the blocks must be consistent with ih
Bald i — :'_h.v 2,
from a photon. For this purpose (' = mL—.iqin 3 (¥ (9.:5?) LHAL T

N”forln
each cluster, where Ef™, Eebr and a?

al expecled

alculated for

]
denote the expected cnergy, observed energy
and its variance for block i, respectively. The summation is over all blocks of the

cluster. The expected energy ET™, a funciion of the incident »hoton angles # and
P BY £ F g

¢, is calculated by integrating the 3-dimensional standard shower profile function

over a block. The incideni, angles 8 and ¢ are chosen Lo minimize the summadtion:
C'is then required to be less than 1.5

All these condilions are satisfied by 41 events. The points in figs. 1 a-b show the distri-

butions of the number of blocks and the width M”77 of the shower before the requirements |

to 3 are imposed. In fig. Ic the distribution of the clusier shape parameter (' is shown afior

cuts | and 2 and for pr > 5 GeV where pr is the transverse momentum of the cluster with
Tespect to the thrust axis (see below)

‘The efliciency for selecting high cnergy elec
reference sample of unambiguous photons colle
tons from radiative lepton-pair events

tromagnetic clusters was determined from a
cted during the same running period. Pho-

and the process ete™ — ¥y [T} were sclecied. The
distributions from this sample are also displayed in figs. Ta-c. The photon candidates from

multihadronic events exhibit tails in these distributions which are rejected by the selection
criteria. Within the selected region the distributions of {he candidales are consistent wiih
those of ihe reference sample. These requirements are fonnd to retain 91% of genuine pho-
tons. An additiona) loss of 7% arises from photon conversion hefore or inside the tracking
chamber. The efliciency for photon identification is thus estimated to be 8444%. The vari-
ation of the photon identification eficicncy wilh energy and polar angle is less than +2%,

Losses due Lo noise induced clusters falting within the isolation cone are less than 0.1%, which
were calculated using cleciron pair evenls.

To suppress photons from highly energetic nentral pions, which predominantly occur
within the jels, an additional cul on the transverse momentnm pr ol the photon relative 1o
the thrust axis of pr > § (GeV was applied. The thrust axis has been calenlated wilh all
particles including the photon: 35 events survived all these culs.

All ol the 35 selected events with an isolated, encrgetic clectromagnetic cluster have been
identified as being multihadronic by a visual scan. A typical event is displayed in fig. 2. Jots
with a total of 18 good tracks and cnergy in the lead glass

and the hadron calorimeter can
be seen. The isolated photon is al the right.

6
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4 Background Contributions from Fragmentation
Remnants

The remaining background to the observed candidate events, due to fragmentation remnants,
is estimated in iwo steps. In a [irst step, the predictions of Monle Carlo sumulations are

studied and compared with the data. Sccondly, the experimental event sample itsell is nused
to estimate the background.

First, hadronic events without final state pholons were simulated. Two different hadron-
ization schemes as implemented in the LUND QCD shower program [8] and the NERWIG
program [9], folded with initial state radiation of O(r) [10] were used to generate hadronic
events. These were then passed through a detailed simulation of the OPAL detector [11}. The
predictions from both hadronization schemes are in good agreement. When normalized fo
the multihadronic data sample and alter the same event and photon selections as described
above, both simulations predict 1.241.6 events due to hadron background. This number
is significantly smaller than the number of observed photon candidates. The simulation
indicates that the background is almost entirely due fo isolaled 725, Other background
sources yielding one neutral cluster, such as #’s or overlaps of several particles due to decays
of the type K*° — 7K, are eliminated by the cluster shape requirement (3).

In the second step several independent methods were used to estimale the background
from the data directly:

o (i) Since, for energies below 30 GeV, a pholon and the potential background from
7%s and overlapping neutral hadrons have differcnt distributions in the clusler shape
parameter C, the observed distribution was used to unfold these contributions.

e (i) Assuming the background from fragmenlation is due only to #s, approximale
isospin symmetry can be invoked to obtain upper limits for the background from the
yield of isolated charged particles.

.

(i) Additional detector components, the hadron calorimeter and the presarapler, pro-
vide independent corroboration of photon identification.

The various methods lead Lo the following direcl background estimates rom the data.

e (i) For clusler energics of less than ~ 30 GeV the cluster shape analysis (sclection 3
above) allows one to discriminate statistically 7% from single 4’s, Shown in figure 1d
are the measured distributions in C and those expected for genuine photons and for 7%'s
of energies belween 10 and 30 GeV. The two distributions overlap, but are different.
Above 30 GeV, however, photons and 7%°s are hardly distingnishable. To estimale the
conlribution of 4’s in the region of € < L3, the cluster shape range was split. into
intervals of 0-0.5, 0.5-1, 1-1.5, 1.5-4, and larger than I In these intervals the tneasured

distribution was expanded into a lincar equation system with the numbers of y's, s
0
and neutral hadrons (N7, N™  N"*) as free paramefers:

N‘_obn — P? .NY 4+ p?.n . Nﬂﬂ I p?h . N’nh

7



The pf denote the fraction of particle type ¢ in the interval i, The agreement of the
simulation of these shower shapes with the data was checked using the reference pho-
ton sample described above. Since the agreement was very good, and 1o increase the
slatistics, the pf were taken from the Monte Carlo shinulation. ‘The linear equalion
systems were solved for the two energy regions of 10 - 20 and 20 - 30 GeV, yielding
a total background contribution of 8.44+3.8 and 1.943.0 respeclively. The fit result is
displayed for the .'y and 7% component in fig. Id. For cnergies above 30 GeV, corre-
sponding to 17% of the candidates, the €7 distribution is consistent with being due to
a photon, but a discrimination against =° background is nol possible. Assuming the
same background fraction as for lower energics yields another 1.84:3.0 events. With this
method we obtained a total of 12.145.7 events from the fragmentation background.

For the interval C' < 1.5, used for the final photon sample, the corresponding numbers

for the the three energy regions are 3.5+1.4, 1.141.8 and 0.94+1.4 respectivel

y, yielding
a total of 5.5+2.7 background events. '

(it) Charged pions have heen measured Lo oceur abont bwice as ofien as neutral pions

(for a review of particle yiclds at lower center-of-mass energies see [12]). Hence charged
particles were subjected to the same criteria as the isolated neutral clusters. From
a subsample of 15,687 events five candidates for isolated charged tracks were found.
This implies an upper limit on the background duc to 75 of 4.4£2.0, normalized to
the overall event yield. Nole that charged kaons and protons oo are considered and
therefore the background contribution is overestimated. Most

of the tracks had energies
close to 10 GeV.

This argument becomes more complicaled if the Timited granularily of the eleciromag-
netic calorimeter is taken into account. Before selection 3 the separation of lwo neutiral

clusters is 80 mrad. For a charged particle analysis, taking this granularity into account,

the number of charged jeis is expecied to exceed the number of neutral jels by more

than a factor 2 (the Monte Carlo simulations predict about a factor three for 80 mrad
separalion). Allowing several particles in a cone of half opening angle of 80 mrad, in-
stead ol one isolated particle, yields an additional 13 events or an expected background
contribution of less than 11.3+3.2 evenis. In total, Irss than 15.7+3.8 evenls from
fragmentation remnants are expecled to contribute to the photon ¢

andidates. This
number is the background before ithe cut in (7.

This estimate is consistent with that obtained from the chister shape analysis.

(ili) Additional delector components were used to establish the consistency with the
photon assignment. For 86% of all photon candidates the hadron calorimeler was
operational. Only two of the 35 candidales have more than 4 GeV of energy deposited
there. Such large energy deposition exceeds the expectatlion for genuine 4’s and can
only be explained with a hadronic component of the cluster, This number is consisient
with the background expectation given above,

The presampler signals of these photon candidates have been compared to the reference
data sample for genuine photons. The distributions are the same within statistical
error; both means and sigmas of the distributions agree to within 5%. The dilferencos
in positions between the presampler and lead glass clusters also agree, in both cases

giving a sigma of ahout 10 mrad, or 1/4 of the angle subtended by a lead glass block.

8
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In summary, the contribution from fragmentation remnants to the candidate sample was
estimated by different methods withoui reference to a fragmeniation model. All these checks
yield consislent numbers. Tor the further analysis those from the cluster shape analysis

were assumed giving 5.5+3.0 events, where the error takes into account the statistical and
systematic uncertainties of the procedures.

5 Evidence for Final State Photon Radiation

Besides Lthe fragmentation remnants, initial stale radialion is a background to the final state
photon sample. The Monte Carlo stmulations predict a contribution of 1.8+0.5 events from
initial state radiation. This lcaves 27.746.2 cvents due to additional sources. The most natu-
ral explanalion is photon emission from quarks. A simulalion of final state bremsstrahlung in
hadronic events {13] predicls a contribution of 21.64+1.5 additional photons, consistent with
the measured yicld. The expected contributions and the observed yield are listed in table !.

For these numbers fragmentation paramelers oplimized to describe the measured event
shape distributions have been used [14]. As discussed in {2}, uncertaintics in these paramecters,
especially in the QCD scale parameter Agep allect the predicled yield of photons. The value
of Agen, used in the leading log approximation of the parton evolution, has been determined
from a comparison of the Monte Carlo prediction to the measured event shapes al center
of mass energies around 30 GeV and al Z° cnergies. The values oblained are belween 290
and 420 MeV. For the following discussion, a conservatively wide range of 150 < Agep <
600 McV will be assnmed, corresponding to an additional uncertainty on the number of Gnal
state photons of £ 2.8 events.

To establish further the evidence for final state photons, the measured kinematical distri-
butions are compared with the expectation. The distribution of the transverse momentum
with respect to the thrust axis is shown in fig. 3a beflore applying the pr cul of 5 GeV. The
spectrum extends up to pr > 20 GeV. The expected shape from flinal state radiation repro-
duces the data well. The pr cut of 5 GeV leads to a loss of final stale photons of 12%. The
encrgy specttum for photons with py > 5 GeV and the expected fragmentation background
are displayed in fig. 3b. The measured spectrum agrees well with the one expected from
final stale bremsstrahlung. The dashed line shows the energy speclrum of all hadrons. The

pholon spectrum is much harder than the hadron specirum, as cxpected for photons emitied
before hadronizalion.

'Thus, both the overall yield and the kinematical distributions of {he photons provide
evidence [or final state bremssirahlung. This measurement supplements carlier resulis from
ete” experiments al center-of mass energics near 30 GeV [15].

R R



6 Determination of the Quark Couplings

Photons possessing large transverse momenta with respect to the qu
directly from the primary quarks in Z° decays [16]. lor the sclection criteria applied, Monte

I M . (5 2 -
Carlo studies predict thal less than 103 photons are due to secondary quarks. The yield of
i the selected pholons therefore measnres directly the ¢

ark direction are radiated

leciric charges of the primary quarks.

; Ifall observed photons are atiributed to standard model sources, the electroweak couplings
5 of charge 1/3 and 2/3 quarks can be determined from this measurement, in conjunction with
the observed hadronic width of the Z° [2]. We assume the same production rate for all 1/3
charged quarks and for all 2/3 charged gunarks, respectively. The weak couplings are denoted

by

¢ = v} + af (1)

with the standard model notation

v, = 2-I3;—-1-0Q; -sin?d, and a; = 2-Iy; (2)

where 7 indexes 1/3 or 2/3 charged quarks, v and a are Lhe vector and
I3, @, and 8,, are the third weak isospin component, the charge
mixing angle, respectively. ‘I'he hadronic decay width of the 40

in first order QCD

axial couplings, and
of the quarks and the weak
for the known five flavors is

G, - M3 8%
| Phet = NooB—2 (1 + =) (3.0 - Cara). :
had '24.-71'\/@ ( + 71") “ (”Tw 2 (213) (‘})

Here N, is the number of colors, Gy the Termi coupling constant al the muon mass, My Lhe

mass ol the Z° , and o, the strong coupling constant.
Because the photons couple with the square of the el

cciric charge of the quarks, the
proportion of u lype quarks is enhanced by

a factor of four relative Lo the d type quarks
the radiative width. The yield of radiative cvents s therefore proprotional to (3¢, /3 +8-g3)
'T'o extract these couplings from the data, the observed yicld was normalized to the expectalion
in the Monte Carto. This procedure takes into account. the
cuts applied.

limited acceptance due to the

(Myqa)ne ..
(3 ein+8-casdare (Be1ys 48 erpa)ery (1)

The indices "exp’ and "MC? stand for either the experiment
the simulation [13]. The number of events afler sclo
the photon detection is denoted by (Nyatdeaps (Noyug)
by the Monte Carlo, normalized Lo the observed liminosity.  Dominant sysiematic errors
aflecting this relation are duc to uncertaintics in the background subtraction (8.6%), Lo the
simulation of the photon detection cfliciency (4%), and to the uncertainty in the fragmentation
modeling (8.0%). Higher order QCD corrections arc effectively accounted for by
: shower algorithm implemented in the Monte Carlo. The
the statisiical error.

(N,

q&)czp

al valnes or those obtained from
ction and including inelliciencies in
st 15 the number of events predicted

the parton
systematic crrors are smaller than

l'or the large-pr photons considered in this analysis the theoretical
uncerlainty on the expected photon spectrum is small [17).
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The measurement of the hadronic width and mass of the Z° [18] together with Lhe yield
of final stale bremsstrahlung thus allows one to solve equaiions 3 and 4 for ciya and ecyy3.

Assuming all 27.7£6.2 (statistical and systemaltic error) photons observed for pr > 5 GeV
are due to final state radiation, yields

cipp = Viptal, = 1242044 and ey = vt ady = 1.72 4 0.64.

This is in agrecruent with the standard mode! prediction of cija = 148 and eyp3 = 1.15 for
sin 2 = 0.229. The somewhat larger value for cyy3 and lower value for i3 reflects the larger
than expected photon yield, implying a larger contribution from charge 2/3 quarks. These
results, together with the 1 & intervals from the hadronie width, measured with the same
data, and the number of final state bremsstrahlung photons, are depicted in fig. 4. They
agree with the results obtained by combining measurementis from several e*te~ experiments at
lower energies [19] and with the expectations of the standard model {black point). Variations
of Agep between 150 and 600 MeV in the model caleulations lead to shifts for eya of (+0.20,-
0.32) and for cyy5 of (-0.36,--0.44).

7 Limits on New Processes

The absence of any significant excess of isolated photons in the data aver that cxpected from
the standard model, including initial and final state bremsstrahlung, allows limits to be placed
on the existence of new phenomena. 1o increasc the sensilivily 1o possible new processes,
only events with pr > 10 GeV were considered; 24 events are observed in this region, where
17.9 are expected. To take into account the uncertaintics in the background estimate and
in the fragmentation process, a conservative approach was adopted: no background from
fragmentation remnanis was assumed, and in addition, Agen was assumed {o be 600 MeV,
yielding the minimum expected number of photons for the Agep range considered. 'This
reduces the expected number of events to 14.8. 11 implies that other processes are allowed
to contribute al most 19.0 events with 95% conlidence tovel [20]. New particles considered
in this analysis are: a) a fourth generation charge 1/3 quark (¥) decaying into
a boltom quark; and b) an excited quark (q*) decaying into a photon and a normal quark
(7). The possibility that the Z° is cormposite and decays into a photon and hadronic malier
is also explored. For all cases the branching ralio to photons is model dependent,

a photon and

For the selection criteria applicd, the acceplance for the production and decay of these

particles was determined from a Monte Carlo siinulation based on the LUND QOCD showering
algorithm,

For masses of the b’ quark in the range from 30 GeV o the kinematic limil we find th

depending on the &' mass, between 38% and 31% of all photons from ¥ decays
by our event selection, giving:

al,
are relained

I‘(ZO ‘—}b""é'i) } - 6y¢ [~
T(7° = hadrons) DTV =7+ .X) <0.0022 )

e e



at the 95% confidence level. Fig. 5 shows the limit on the
different masses of the ¥,
threshold factors !,

branching ratio, ¥ — v+ X, for
assuming standard coupling to the 29 and taking into account the
4

An excited quark could be produced with much larger masses, namely M, < M; - M,
in Z% — ¢*¢. The acceptance for photonic decays falls from 27% at a mass of 55 GeV to 25%
at 65 GeV. As the mass increases, the direction of the thrust axis becomes more
the direction of the energetic photon and consequently the aceept
the cut on pr at 10 GeV. On the other hand, the kinemaiically allowed range of the photon
energy, 5y, becomes more restricled. Therefore, for M, > 55 GeV the cul on pr was replaced
by the requiremeni thai, 17 < E, <24 GeV. In this case, exclosion with 95% confidence level
requires an expectation greater than 8.6 signal events. The resulling acceptance ranges from
8% at an M,. of 55 GeV (o 59% at 85 GeV, and the Timit for the product of the branching
ratios is 0.0037 for M. = 55 GeV and 0.0006 for A, = 85 GeV,

aligned with
.ance decreases because of

The partial width for 2° decay into a ¢ depends on several unknown paramelers; Lhe
coupling strength f, the composite scale A7 and the chiral structure (e d} of the magnetic
dipole couplings [1]. Vor f(c? + d2)/A*2 equal to L/100% GeV=2, fig. 5 shows the resulting
limits on the branching ratio 7 = v+ X as a funclion of the ¢* mass.

These results exclude the production of these new lypes ol quarks over most of the kine-
matically available range, even for low branching ratios into photons.
the b excluded by this analysis is slightly higher than pr
limits on an excited quark, g*, depend
a branching ratio of 10% | theoretically favoured becanse of the ratio of cleclromagnetic to
strong coupling, and for the couplings assumed in lig 5, the lower linit on the mass is 86 GeV
al the 95% conflidence level, which significantly extends the Timits from previous resulls [24).

The mass range for
evious limits oblained {23]. The
strongly on the compositeness scale. For mstance, for

If the Z% is composed of charged consliluents, il can de

The possibilities include: a) anomalous three and four boson conplings [25], giving a broad

spectrum of photon energies , and b) decay to a scalar parkner S, giving nearly monochromatic
photons, provided the width is sufliciently small 2,

ay into a photon and hadrons.

For case a) the kinemadic configurations of the decay are maodel
a three body phase space decay was used.
the Monte Carlo simulation with a cut on P

dependent; for simplicity
The acceptance for such evenls, delermined by
~ab 10 GeVois 15%. Using the hadronic width of

the Z° [18], obtained from the same dala, this translates into an upper limil. on the partial
widlh of

PZ% =y + X)< 82 MeV

with 95% confidence level.

To search for Z° decays to a scalar, case b), the spectrum of the mass recoiling against, the

isolated photon was studied. Within the experimental resolition, which changes from 3.5 to

"The QCD threshold behaviour was laken inlo account for §
production. In this case the QUD threshold beh

2A small width, equivalenl Lo
al lower energies,

production [21], bat was ignored for 4*7
aviour depends on the model considered [22).

a small coupling to lermions, could explain the non-observation of such a sealar

12
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0.6 GeV as the recoil mass changes from 32 to 80 GeV, the
enhancements. For no recoil mass within an
resolution are there more than lour evenls. Assu

spectrum exhibits no significant,
interval corresponding to the experimental

ming that at most lour events originate from
the transition leads to the limit I'(Z° —» § 4 7) < 1.9 MeV with 95% confidence lovel
scalar particle mass range up to 80 GeV. For the model of

Mg < 75 GeV,

, for a
[26] this excludes scalars of masses

8 Summary

The observed yield of isolated photons wilh L, >
with the expectation for final stale bremsstrahlung.
new method for determining the quark couplings to the 2% From the measurements of (he

hadronic width of the Z° and the observed final state bremsstrahlung, the allowed range for
the couplings of up and down Lype quarks are determined:

10 GeV and ils cnergy specirum agree
This observalion is used to establish a

Uim + ﬂ?/a = 1.244:0.44 and ”gli‘ -+ ngln = .72 £ 0.64.

with additional uncertainties from Agep of about 0.21 and 0.-10 respeclively.

No evidence for additional sources of prompt photons has been found. With 95% confi-
LU

dence this leads to upper limils on the product branching ratio for
anomalous decay of the Z° into a photon and glions of

I'(Z® — q + hadrons) . ]
B + X} < 0.00: A ) < 82 Me
D(70 — hadrons) BT =7 £ X) S00037 or 1(7° 54 X) < 8.2 Mev

a new quark g or for an

These values exclude the production of new particles

and anomalous Z° decays over a wide
range of paramelers.
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FIGURE 1: Electromagnetic cluster shape distributions lor the photon candidates in mul-
tihadronic events (points) and for the reference photon sample (hashed arca) (not normalized,
see lext) (a) number of lead glass blocks per cluster, (b) width of the cluster, (c) cluster shape
variable C. Result of the cluster shape analysis (d) for clusier energies of Tess than 30 GeV,
the lines display the contributions lor v’s and 7s as obtained by the fit (sce text).

FIGURE 2: Typical muliihadronic event wilh an isolated photon in the plane transverse
to the beam direction. Displayed are ihe {racks in the central drifi chamber
deposition in the lead glass calorimeter. Also shown is the
calorimeter.

and the energy
cnergy deposition in the hadron

FIGURE 3: (a) Transverse momentum with respect to the Jel axis: data (

points), sim-
ulation without final siate bremsstrahlung, simulation with fraginent

ation background plus
contribution from final state radjaiion. (b) Phoion energy alter a cut in pr 2> 5 GeV. The

dashed cnrve indicates the spectrum of all hadrons plus initial state radiation.

FIGURE 4: Correlation of the couplings for charge V3 and 2/3 quarks
the total hadronic width and from this analysis.
standard model (black point).

as oblained from
Also shown is the expectation from the

FIGURE 5: Excluded ranges for mass and photonic decay branching ratio at the 95 %
confidence for the b’ quark and lor excited quarks q*.
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Table 1: Observed Photon candidates and expected contribulions

nb. of cvents
obscrved yield 39.0 £5.9
expected fra,gm.' background 50430, 7
expecied initial state photons [.8+0.5
Remaining photons 27.746 g_:
expecled final state photons 206415
uncertainty from fragmentation +2.8
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