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Abstract. The differential cross section for final state radi- 
ation from primary quarks is obtained from a study of 
isolated energetic photons produced in the reaction 
e + e - ~ Z ~  ~ h a d r o n s + 7 ,  as measured in the D E L P H I  
detector at the CERN LEP collider. When combined 
with the measurement of the total hadronic width of 
the Z ~ the observed rate determines the electroweak 
coupling constants of up and down type quarks, i.e., 

vZ/3+a~/3=l.13+_0.29 and vZ/3+a2/3=l.65+_0.43. 
No evidence is seen for additional photon production 
from anomalous decays of the Z ~ or from decays of 
new particles. This measurement leads to upper limits 
on the production cross section times branching fraction 
of (a) the Higgs boson in the reaction e + e - ~ Z ~  
+ 7, H ~ hadrons, (b) an excited quark, q * ~  q + 7, and 
(c) the contribution of an anomalous decay of the Z ~ 
into a photon and hadrons. These limits, all at the 95% 
confidence level, vary from 3 to 10pb as the mass of 
the intermediate state (H,q* or Z*) varies from 
10 GeV/c 2 to 80 GeV/c 2. 

1 Introduction 

This paper presents a measurement of the differential 
cross section for the production of energetic isolated 
photons in the reaction e + e -  ~ Z ~ ~ hadrons + 7 where 
the photon originates from final state radiation. Such 
prompt high energy photons may also arise from initial 
state radiation (ISR). In addition, significant background 
to such QED radiation processes is expected from (a) 
the decay of hadrons, mostly n~ produced in the frag- 
mentation of the final state quarks (QCD), and (b) z + ~- 
decays of the Z ~ 

After the subtraction of initial state radiation and 
of QC D fragmentation remnants, the properties of iso- 
lated energetic photons are found to be consistent with 
the expectation of final state photon radiation from 
quarks. This measurement is used to determine the weak 
couplings of up- and down-type quarks. The rate of final 
state radiation is expected to be proport ional  to the 
squares of the electric charges of the produced quarks 
[1], thus increasing the proportion of radiation from 
charge 2/3 quarks. The rate of final state radiation, when 
combined with the measured hadronic width of the Z ~ 
allows the determination of the electroweak couplings 
of up- and down-type quarks I-2]. 

Isolated energetic photons may also originate from 
new particle production or from anomalous decays of 
the Z ~ For  example, the production of an excited quark, 
q*, and the process Z ~  [3] would lead to 
a similar signature. If the Z ~ boson were a composite 
particle, then its decay into an isolated energetic photon 
plus an off-mass-shell Z ~ (forbidden to all orders in the 
standard model) would be allowed [4]. 

2 The DELPHI detector 

This analysis is based on the data collected with the 
D E L P H I  detector [5] at the CERN LEP collider in 1989 
and 1990. The data were recorded at center of mass 

energies, l/s, between 88.20 GeV and 94.22 GeV around 
the Z ~ pole with an integrated luminosity of about  
4.7pb 1. Features of the D E L P H I  apparatus relevant 
for the analysis of multihadronic final states are outlined 
in [6]. The present analysis relies on the information 
provided both by the three cylindrical tracking detectors 
(inner detector, time projection chamber (TPC), and out- 
er detector) and by the barrel electromagnetic calorime- 
ter for photon detection, all operating in a 1.2 T magnetic 
field. 

The inner detector and TPC each cover the angular 
range 2 0 ~  160 ~ where 0 is the polar angle with re- 
spect to the beam axis, and the outer detectors covers 
the range 43 ~ < 0 < 137 ~ 

Energetic isolated photons were detected in the high- 
density projection chamber (HPC) barrel electromagnet- 
ic calorimeter. The HPC subtends the angular range 
4 1 ~  139 ~ It is mounted directly inside the 5.2m 
(inner diameter) superconducting solenoid of DELPHI.  
It consists of 144 modules arranged in 24 azimuthal sec- 
tors, where each sector consists of six modules along 
the beam axis. 

The HPC is a gas sampling calorimeter which uses 
a long drift time to provide complete three-dimensional 
charge information in the manner of a time-projection 
chamber. Each module consists of 40 layers of lead radia- 
tor totalling about 17 radiation lengths, interspersed 
with 39 gas sampling slots containing a mixture of argon 
and methane gases. Charge due to ionisation produced 
in the electromagnetic showers drifts longitudinally in 
parallel electric and magnetic fields, and is read out via 
a grid of cathode pads. The 15 MHz sampling frequency 
provides a cell size of 3.5 mm along the beam axis. 

The HPC electromagnetic calorimeter has been de- 
scribed in the literature [-7] as have the readout electron- 
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ics [8]. The energy resolution of the HPC has been deter- 
mined from a study of the Bhabha events (45 GeV elec- 
tromagnetic showers) plus about 700 Compton scatter 
events in which the scattered electron or positron pro- 
duces an electromagnetic shower in the HPC, and the 
scattered photon is detected in the forward electromag- 
netic calorimeters. The electrons and positrons have en- 
ergies predominantly in the range from 3 GeV to 15 GeV. 
The energy resolution of the HPC is consistent with 
(o-/E) 2 = (26%/]/E) 2 +(7%) 2 with E in GeV. 

3 Event selection criteria 

The detection of multihadronic events was accomplished 
entirely with charged particles, and is described in the 
D E LP HI  publications on the hadronic line shape [9]. 

The following selection criteria for charged particles 
were used: 

(i) Polar angle/~ between 20 ~ and 160 ~ 
(ii) Momentum p between 0.1 GeV/c and 50 GeV/c. 

(iii) Track length above 30 cm. 
(iv) Relative error on momentum measurement below 
100%. 
(v) Projection of impact parameter with respect to the 

beam in the plane perpendicular to the beam axis below 
4 cm. 
(vi) Longitudinal coordinate at the origin below 10 cm. 

Hadronic events were then selected by requiring at 
least eight charged particle tracks, or at least three 
charged particle tracks of momenta greater than 2 GeV/c 
each, all contained within a cone of opening angle at 
most 100 ~ 

The multiplicity cut removed cosmic ray events and 
leptonic decays with the exception of a small contribu- 
tion from r+ r -  events. The cone requirement reduced 
the contamination by beam gas events and events due 
to two photon interactions to a negligible level. 

With the above criteria, 98% of all true hadronic 
events and 31% of all z + ~ events were included. Thus, 
the event sample consisted of (98.6+1.0)% hadronic 
events and (1.4+_0.1)% ~+ ~- decays. 

Events with energetic isolated photons were selected 
from the sample of multihadronic events with at least 
the TPC and the HPC fully working and satisfying the 
cuts described above (in total 105 876 events). The criter- 
ia for such photons were: 

a) An electromagnetic shower in the HPC with polar 
angle, 0~, between 45 ~ and 135 ~ This cut reduced consid- 
erably the contribution from initial state radiation. 
b) The shower out of the region 88~  ~ as this 
is a region with mechanical supports. 
c) The shower in the HPC with at least 8 GeV measured 
energy and not linked to an incident charged track. 
Showers are linked to extrapolated charged particle 
tracks if their spatial separation is less than 4 cm at the 
HPC entrance (radius = 208 cm). 
d) An isolation angle of the shower axis with charged 
particle tracks at the Z ~ decay of at least 20 ~ This means 

that the space angle between the candidate shower direc- 
tion and the directions of all charged particle tracks of 
momentum greater than 0.5 GeV/c had to be greater 
than 20 ~ . 
e) An isolation angle of the shower axis with other neu- 
tral particles of at least 20 ~ , i.e. the space angle between 
the candidate shower direction and the directions of all 
other neutrals of energy greater than 2 GeV had to be 
greater than 20 ~ . 
f) Because of poor  efficiency for shower detection at the 
edges of HPC modules, and because of the possibility 
that an energetic electron in a crack between TPC sectors 
will fail to produce a charged particle track but will 
produce an electromagnetic shower in the HPC, thus 
simulating a photon, fiducial cuts in azimuth were also 
imposed. These were 4- 1 ~ in azimuth at each of the 24 
HPC module boundaries and _+ i ~ in azimuth at each 
of the 6 TPC sector boundaries. 

A total of 401 events satisfied the above criteria for 
multihadronic events with isolated energetic photons. 

To further suppress photons from highly energetic 
neutral pions, which occur predominantly within jets, 
an additional cut on the transverse momentum, Pr, of 
the photon relative to the event thrust axis was also 
applied. The thrust axis was calculated using all the 
charged particles in the event, but not the neutral parti- 
cles. The motivation for this cut on Pr is illustrated in 
Fig. 1, which shows the distribution of the transverse 
momentum with respect to the thrust axis for energetic 
isolated photons before applying the Pr cut. The spec- 
trum extends up to Pr about 35 GeV/c. Also shown are 
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Fig. 1. Transverse momentum distribution of isolated energetic 
photons with respect to the event thrust axis, showing data (points 
with errors), simulation including only FSR (cross hatched area), 
and simulation including FSR plus the backgrounds from ISR, 
QCD and r decays. The event thrust axis is calculated using all 
the charged particles in the event 
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the predictions of the Monte Carlo calculation for final 
state radiation (FSR), and for the background processes 
( ISR+QCD+z)  plus final state radiation. The back- 
ground dominates the region Pr < 5 GeV/c. A cut of Pr 
> 5 GeV/c reduces the number of energetic isolated pho- 
tons from background processes ( ISR+QCD+z)  by 
more than a factor of two, but reduces the signal (FSR) 
by only 12%. A total of 262 events survived this cut. 
The Monte Carlo calculations indicate that the total 
background ( ISR+QCD+z)  is reduced to 84 events 
with this cut. Also, in the region Pr > 5 GeV/c, the Monte 
Carlo prediction for background plus final state radia- 

t i on  agrees well with the observed data. The numbers 
of events surviving the various cuts and the correspond- 
ing predictions of the Monte Carlo simulation are shown 
in Table 1, which is discussed in detail in Sect. 5. 

In addition, the theoretical expectations are that such 
a Pr cut reduces the probability of gluon bremsstrahlung 
from the primary quark occurring before the hard pho- 
ton radiation [1]. 

4 Simulation of the background 

The background to the observed candidate events, re- 
maining after the above cuts, was estimated from Monte 
Carlo generation of the reaction e + e- ~ Z ~  q c~ [10]. 

For the parton generation, the parton shower option 
(PS 1), based on a combination of the exact first order 
QCD matrix element and the leading log approximation 
(LLA), was used. This approximation is not valid for 
hard large-angle gluon radiation. Therefore the first 
gluon radiated in the Monte Carlo is generated with 
the exact first order matrix element. The scale of a s for 
the LLA option is roughly the transverse momentum 
of the gluon bremsstrahlung, which is typically of the 
order of a few GeV/c, and which describes the jet multi- 
plicities equally well at lower energies [11]. 

For the transformation of the partons into hadrons, 
the string fragmentation model, in which the hadrons 
are formed along a string stretched between the outgoing 
partons, was used. Such a model introduces correlations 
between the outgoing partons which are experimentally 
testable, and which have been found to be in agreement 
with the data [-12, 6]. 

In addition to both initial state and final state radia- 
tion, particles were allowed to decay as normal, and this 
provided an additional source of final state photons, e.g. 
from rr ~ decay. Background to final state radiation from 
particle decays is discussed in detail in the next section. 

A total of 124424q~ Monte Carlo events and 
l1250r f  Monte Carlo events were generated at 
91.25 GeV cm energy and passed through a detailed sim- 
ulation [13] of the DELPHI detector. The Monte Carlo 
events then were passed through the full DELPHI recon- 
struction and analysis chain [14] in a manner identical 
to the real events. However, for the Monte Carlo events 
each final state photon was tagged as to whether its 
primordial origin was (a) initial state radiation (ISR), 

1 Version JETSET 7.2 

(b) final state radiation (FSR), (c) particle decay, mostly 
rc~ in which the decaying particle was produced in the 
final state fragmentation process, or (d) tau decays. The 
Monte Carlo simulations did not include the possibility 
of interference effects between ISR and FSR processes. 

The loss of isolated energetic photons because of scat- 
tering and pair production in the material in front of 
the HPC was determined by Monte Carlo calculations 
in which single photon events were generated, were 
passed through a fully simulated detector, and then were 
passed through the standard DELPHI analysis. A total 
of (86_+ 1)% of the photons so generated passed the pho- 
ton selection criteria outlined above. This global effi- 
ciency is constant over the photon energy range studied, 
8 GeV to 45 GeV. 

5 Final state photon radiation 

Table 1 shows the numbers of events surviving the var- 
ious cuts described above as well as the numbers of 
events predicted by the Monte Carlo calculation for final 
state radiation and for the background processes: (i) ini- 
tial state radiation, (ii) QCD background, e.g. rc ~ decays, 
and (iii) residual T decays. Figure 2 shows the energy 
distribution of such photons, along with the predictions 
of the Monte Carlo calculations. The samples of simulat- 
ed q ~ and T f events were appropriately weighted accord- 
ing to their known branching fraction, and then the full 
sample of Monte Carlo events was normalized only to 
the total number of hadronic Z ~ events before any cuts 
were applied, other than the selection of hadronic events. 
Without the cut p~> 5 GeV/c, the simulations (see Ta- 
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Fig. 2. Energy distribution of isolated photons in multihadronic 
events (points with errors) and the predictions of the Monte Carlo 
simulation of FSR and the background processes ISR, QCD and 
z decays (dashed line) 
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Table 1. Observed isolated energetic photon events and expected contributions to the sample. The symbols Q and N refer to isolation 
angles of the shower with charged and neutral particles, respectively. See Sect. 3. The numbers in parentheses include the cut on transverse 
momentum with respect to the thrust axis 

Selection DATA observed MC total MC FSR MC ISR + QCD + T 

Hadronic Z's 105876 105876 
normalization 

E~ > 8 GeV 
45~ 135 ~ 
0 r < 88 ~ or > 92 ~ 22801 24409 317 24092 

p~ > 5 GeV/c (1417) (1408) (176) (1232) 

4) fiducial cuts 22350 (1386) 23979 (1378) 313 (175) 23666 (1203) 
Iso. Q (> 0.5 GeV) > 20 ~ 660 (313) 564 (272) 168 (147) 396 (125) 
Iso. N ( > 2 GeV) > 20 ~ 401 (262) 379 (230) 166 (146) 213 (84) 

ble 1, column 5) predict 213 background events due to 
initial state radiation, residual z decays, and QCD back- 
ground, almost all of which is from isolated 7~ ~ decays. 
This number is significantly smaller than the 401 ob- 
served photon candidates (see Table 1, column 2), and 
leaves 188 events due to additional sources. Photon emis- 
sion from final state quarks (see Table 1, column 4) can 
approximately account for this difference, since the simu- 
lation of final state radiation, described in the previous 
section, predicts a contribution of 166 additional pho- 
tons within the requisite cuts. The discrepancy is 22 
events or 5%. 

The QCD background from hadronic decays can be 
reduced further by also imposing the Pr cut described 
above. In this case, the observed signal is 262 events 
and the calculated background is 84 events, which result 
in 178 FSR events. The Monte Carlo simulation predicts 
146 events, so the discrepancy is 32 events or 12%. 

These discrepancies are not statistically significant. 
Nevertheless, in order to check if the residual discrepan- 
cy may be due to an inadequate description of gluon 
bremsstrahlung in hadronic events and to provide an 
estimate of the QCD background to FSR from the data 
themselves, the entire analysis to select isolated photons 
has been repeated, but it has been applied to charged 
particles in hadronic events. In this "charged particle 
analysis" electrons are removed by the isolation criteria 
since electrons produce electromagnetic showers in the 
HPC close to the charged particle track. Tau decays 
are largely removed by the cut p~ > 5 GeV/c. The simula- 
tion of tau decays indicates that only 6 z decays survive 
this cut in the charged particle analysis. However, the 
sample of charged particles passing all the cuts does in- 
clude a small component  of muons which come from 
particle decay and not from gluon bremsstrahlung. 

The PT distribution with respect to the thrust axis 
of the charged particles passing all the cuts (minus the 
calculated contribution from tau decays) was normalized 
to the number of isolated photon events passing all the 
cuts and in the region p r <  5 GeV/c, i.e. the region domi- 
nated by background (see Fig. 1), also with the calculated 
tau contribution removed. This normalisation is neces- 
sary because (a) a significant fraction of the charged par- 

ticles are not pions, and therefore 1/2 the charged particle 
distribution is a poor  estimate of the n o distribution, 
and (b) the probability of a charged pion passing the 
cuts is significantly greater than the probability of a n o 
passing the cuts because the n o decays into two photons, 
and thus its energy is shared between two particles. Often 
the two photons are detected in the HPC as separate 
electromagnetic showers, and even the more energetic 
photon may fail the 8 GeV energy cut. In addition, the 
isolation criteria may be violated. 

The QCD background to final state radiation is esti- 
mated as the number of "isolated charged particle" 
events, appropriately normalized and with Pr > 5 GeV/c. 
This is 90 events, which when added to the expected 
background of 6 events from tau decays yields a total 
background estimate of 96 events. This number is to 
be compared with the background of 84 events predicted 
by the Monte Carlo calculations. Since the charged pions 
come only from quark and gluon fragmentation, the dis- 
crepancy must be in the Monte Carlo description of the 
fragmentation process. Because of the large systematic 
errors in the charged particle analysis, the calculation 
of the cross section for final state radiation (see next 
section) used the Monte Carlo calculation to estimate 
the background to final state radiation. The small dis- 
crepancy in the isolated photon analysis is not evidence 
for an anomalous production of photons, but the 
number of FSR events predicted by the Monte Carlo 
calculations is systematically below the observations. 
This effect has been observed in previous experiments 
[15], and is the subject of some theoretical study [16]. 

The excess of data above Monte Carlo at the low 
end of the photon energy spectrum (see Fig. 2), is not 
especially associated with data taken at a center-of-mass 
energy slightly above that of the Z ~ peak, and thus it 
probably is not due to initial state radiation. In addition, 
this excess remains when only data taken at a center-of- 
mass energy at the top of the Z ~ peak are considered, 
and therefore it may not be attributed to interference 
effects between ISR and FSR which have been neglected 
in the Monte Carlo calculations. 

The effect of varying the isolation angle cuts on the 
data and Monte Carlo was studied, and agreement is 
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maintained with more severe isolation angle cuts. For  
example, the ratio data/Monte Carlo of 401/379 at 20 ~ 
isolation angle cut becomes 230/221 at 30 ~ and 190/180 
at 40 ~ . Isolation angles less than 20 ~ result in contamina- 
tion from events in which the photon is not clearly sepa- 
rated from a hadronic jet. 

The kinematical distributions of the isolated energetic 
photons and the number of events observed are consis- 
tent with the hypothesis of final state radiation from 
the primary quarks in Z ~ decays [1]. For  the selection 
criteria applied, the Monte Carlo studies predict that 
less than 0.1 photon events originate from radiation by 
secondary quarks. 

6 Cross sections for final state radiation 

In order to obtain the true number of events with final 
state radiation, the number of events with isolated ener- 
getic photons after all cuts (262) was corrected for the 
following effects: 

�9 The remaining background from initial state radia- 
tion, QCD processes, e.g. neutral pions, and z's, was ob- 
tained from the Monte Carlo calculation described in 
the previous section. This leaves after subtraction 
178 + 16 events, where the quoted error is statistical only. 
�9 The loss of final state radiation events due to pair 
production and scattering in the material before the 
HPC. From a study of the Monte Carlo events this loss 
was found to be (14 + 1)%. 
�9 The loss of final state radiation events due to the isola- 
tion criteria (cuts d and e) after applying the PT- cut. 
This loss was determined by study of the Monte Carlo 
events to be (16.6_+ 3.0)% of the events. 
�9 The loss of final state radiative events due to the geo- 
metrical acceptance cuts (cuts b and f). This induces a 
loss of 16.7% of the events. 

Additional contributions to the systematic error include 
the finite resolution of the measured quantities, e.g. E~, 
in the vicinity of the cuts (6%), the uncertainty in the 
background subtraction from fluctuations in the Monte 
Carlo calculations (9.5%), and a theoretical uncertainty 
in the number of isolated photons produced in the had- 
ronization process (5%, see [2]). 

The resulting number of corrected events is 
298 + 27 + 38. The first error is statistical and the second 
error systematic. This number represents the corrected 
number of final state radiation events with a photon 
energy > 8 GeV, polar angle between 45 ~ and 135 ~ and 
a transverse momentum of the photon relative to the 
event thrust axis p~ > 5 GeV/c. 

The cross section was computed by normalizing to 
the measured hadronic cross section on the Z ~ peak 
as reported by the D E L P H I  collaboration [9]. This leads 
to a cross section of 86.1+7.8 + 11.0 pb for final state 
radiation in the kinematic region specified by the above 
cuts. 

The differential cross sections as functions of the pho- 
ton energy, E~, and transverse momentum relative to 
the thrust axis, PT, are shown in Fig. 3. The background 
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predicted by the Monte Carlo calculation was subtracted 
bin by bin and the efficiency for the isolation cut was 
computed as a function of energy and Pr. 

These measurements augment earlier results from 
e + e -  experiments at LEP [15] and at center of mass 
energies near 30 GeV [17]. 

7 Quark couplings to the Z ~ boson 

If all energetic isolated photons remaining after the cuts 
and after the background subtractions are attributed to 
final state radiation of primary quarks, the electroweak 
couplings of charge 1/3 and 2/3 quarks can be deter- 
mined from the comparison of their product ion rate with 
the measured hadronic width of the Z ~ [9]. Following 
the notation of reference [2J, the weak couplings for 
final state fermions f are written as 

c:=v~+a~ (1) 

in the standard model notation the vector and axial cou- 
plings v and a are 

vf=213,f-4Qfsin20w and af=213,y (2) 

where 13, Q and Ow are the third component  of the weak 
isospin, the charge of the quark and the weak mixing 
angle, respectively. 

Assuming that only five quark flavours contribute, 
the hadronic decay width of the Z ~ is in first order QCD 

G~,M 3 
Fh,d=Nc247z]/~ (l +~).(3cl/3+ 2c2/3) (3) 
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where Nc is the number of colors, G, is the muon decay 
constant, Mz is the mass of the Z ~ and es is the strong 
coupling constant. The constants cl/3 and c2/3 are the 
couplings to charge 1/3 and charge 2/3 quarks respec- 
tively. The latest parameter values from the D E L P H I  
experiment [9], M z  = 91.177 4- 0.022 GeV/c 2, _Fha a = 
1.726 _+ 0.019 GeV, and c~s = 0.110_+ 0.006 an appropriate 
average of the results in 1-18] lead to 

Sqq = (3 cl/3 + 2 c2/3)haa = 6.70 4- 0.06 (4) 

where the error is dominated by the contribution from 
the hadronic width. 

The decay width into the final state radiative events 
is proportional to a different combination of the coupling 
constants c~/3 and c2/3. As the photons couple to the 
square of the electric charge of the quarks, the yield 
of radiative events remaining inside the cuts is propor-  
tional to (3 cl/3 + 8 c2/3). Since the same cuts are applied 
to the real data and to the Monte Carlo, this proportion- 
ality holds for both samples and therefore 

(3 cl/3 + 8 C2/3)ex p = (3 cl/3 + 8 C2/3)MC (5 )  

(N, qq)exp (N~lqq)ic 

The indices 'exp '  and ' M C '  refer to the experimental 
values and those resulting from the simulation, respec- 
tively. (N~q~)exp is the uncorrected number of events in 
the data after all cuts have been applied, and after 
the predicted number of background events 
( I S R + Q C D + r )  have been subtracted. (N~qq)mc is the 
number of FSR events predicted by the Monte Carlo, 
normalized to the same total number of hadronic events 
as the data and submitted to the same cuts. This analysis 

includes the assumption that the relative production rate 
and the selection efficiencies are the same for all charge 
1/3 quarks and are the same for all charge 2/3 quarks. 
Higher order QCD corrections are approximated by the 
parton shower algorithm implemented in the Monte 
Carlo. The result for the final state radiation is 

S~qq= (3 Cl/3 ~r- 8 C2/3)ex p = 16.6 + 1.5 _ 2.1. (6)  

The first error is statistical and the second error refers 
to the systematic effects discussed in the previous section. 

The constraints induced by the two relations (4) and 
(6) are displayed as two bands in Fig. 4. The crossing 
of the two bands determines the values of the couplings 
Cl/3 and c2/3. This yields 

cu3 : 192/3 + a~/3 = 1.13 + 0.29 

and 

c2/3 = v2/3 + a2/3 = 1.65 _ 0.43 

with a correlation coefficient of -0 .99.  This result is 
consistent with the standard model prediction of cl/3 
= 1.48 and c2/3 = 1.15 for sin 2 0w=0.229. 

8 New processes producing isolated energetic photons 

Since no evidence is observed of a significant excess of 
isolated photons in the data over that expected from 
standard model processes, including initial and final state 
radiation, limits may be placed on the existence of new 
phenomena. Possible new processes considered in this 
analysis are (a) the decay of the Z ~ into a Higgs boson 
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a n d  a photon, (b) an excited quark, q*, which decays 
into a normal quark q and a photon, and (c) the decay 
of the Z ~ boson into a photon and normal hadronic 
matter. This last case is possible only if the Z ~ were 
a composite particle. In that case the coupling ZZ*7 
would be allowed. 

In each of these three cases the final state consists 
of an isolated photon and the fragmentation products 
of the quark and antiquark. Total efficiencies for these 
three processes were calculated by Monte Carlo meth- 
ods, and are shown in Fig. 5 as functions of the hypothet- 
ical intermediate particle mass, i.e. Higgs, q*, and Z*. 
For  cases (a) and (b) a production angular distribution 
of 1 +cos20, where 0 is the polar angle with respect 
to the beam axis of the Higgs [19] or the q*, was as- 
sumed. Case (c) is discussed below. 

The calculations include all effects due to geometric 
acceptances, fiducial cuts, isolation criteria, and addi- 
tional losses of photons due to the presence of material 
in front of the HPC. For  these analyses, the cut shown 
in Table 1, i.e. p~.> 5 GeV/c, is not applied as such a 
cut would seriously reduce the expected signals. Thus, 
the observed number of events for this analysis is 401. 

The process Z ~  is forbidden to occur 
through a ZH? coupling in the standard model. How- 
ever, the occurrence of fermion and W boson loops can 
provide an effective coupling for the process Z ~ 

Higgs + 7. This process has been studied in detail for 
mr=60 GeV and mr=200 GeV [3]. Calculation of the 
width is dominated by contributions from the W boson 
loops. 

In order to improve the resolution the constraints 
of conservation of energy and momentum have been im- 
posed on the data. This is done by rescaling the final 
state photon and quark momenta. The procedure is as 
follows: (1) The Lund jet-finding algorithm is invoked, 
insisting on precisely two hadronic jets for all the final 
state particles except the isolated photon, in order to 
estimate approximately the final state quark and anti- 
quark momenta. In general, the 3-momenta of the pho- 
ton and the two quarks do not sum to zero because 
of measurement errors and missing particles from the 
quark fragmentation process, e.g. neutrinos, K~ neu- 
trons, and other particles which escape detection. Monte 
Carlo calculations indicate that neutrinos and lost had- 
rons account for most of the discrepancy in e.g. coplanar- 
ity. (2) Conservation of 3-momentum is imposed by fix- 
ing the photon momentum and moving the two jet mo- 
menta only. (3) All three momenta are rescaled to the 
known center of mass energy, neglecting the quark rest 
masses. The distribution in the ratio of scaled to raw 
photon energies is a gaussian with a sigma of 0.3%, 
but which also has a small tail which extends up to 
4.0%. This method has been shown to reproduce Monte 
Carlo simulations more accurately than simple rescaling 
because it does not attribute too much of the hadronic 
losses to the relatively well-measured photon. The mass 
distributions described below use the rescaled variables, 
but differences with the raw distributions are slight. In 
particular, the q c7 mass distribution is essentially unaf- 
fected by the rescaling. 
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In Fig. 6 the Dalitz plots, E~ vs. IEql--Eq2l/~3, for 
(a) data and (b) Monte Carlo simulation is shown. The 
Monte Carlo events shown in Fig. 6b have not been 
normalized to the data, and thus appear with enhanced 
'statistics'. In Fig. 7a the measured distribution in qO 
invariant mass, i.e. in the missing mass recoiling against 
the measured photon, is shown. In Fig. 7 b the measured 
q7 invariant mass distribution (two combinations per 
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event) is shown. F rom the Dalitz plot it is clear that 
apparent  structures in the mass distributions are seen 
to be kinematical reflections of the cut E~ > 8 GeV and 
of the distribution of data which is dominantly at the 
low end of the photon energy spectrum. 

The resolution in the q 4 invariant mass is determined 
directly from the resolution on the measured photon en- 
ergy, and it varies from less than 1 GeV at 80 GeV mass 
to 8 GeV at 35 GeV mass. The variable bin width in 
Fig. 7 a reflects this resolution. 

The resolution in the q 7 invariant mass was deter- 
mined by Monte  Carlo methods. The q 7 invariant mass, 
as calculated from the final (detector modified) variables, 
was compared with the q 7 invariant mass as calculated 
from the generated variables. In each case the full analy- 
sis described above, including momen tum rescaling, was 
reproduced. The resolution is better than 4 GeV, essen- 
tially independent of q7 mass, over the full kinematic 
range. 

Since no excess of energetic isolated photons is ob- 
served beyond that expected from initial and final state 
radiation plus Q C D  background,  an upper limit may 
be determined of the product  of the cross section for 
the reaction a(e + e -  ~ Z ~ ~ Higgs + 7) times the branch- 
ing fraction BR(Higgs ~ q 4). The limit at the 95% confi- 
dence level is shown in Fig. 8 as a function of the Higgs 
mass. This limit is more than an order of magnitude 
above the prediction of the standard model with a single 
Higgs doublet. 

An excited quark q* could be produced at LEP with 
relatively large mass, e.g. with Mq. < M z  - M~ in the reac- 
tion Z ~  An upper limit at the 95% confidence 
level of the product  of the cross section for the reaction 
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a(e + e -  ~ Z ~  --+ 4 q *) times the branching fraction 
B R ( q * ~ q 7  ) may thus be determined, and this limit is 
also shown in Fig. 8. This result significantly extends 
the previous limits [15, 20]. 

If the Z ~ were a composite particle, made up of 
charged constituents, it could decay directly into a pho- 
ton plus hadrons. Possibilities include (a) anomalous  
three- and four-boson couplings [-21], which would pro- 
duce a broad spectrum of photon energies, (b) Z ~ decay 
into a photon and an off-mass-shell Z, here called Z*, 
which would also produce a broad spectrum of photon 
energies, and (c) Z ~ decay into a photon and a scalar 
partner  S, which could produce a nearly monochromat ic  
photon  signal, provided the width of the S is not too 
large. 

The kinematic configurations of the decay are in each 
case model dependent. For  case (b), an isotropic decay 
of the Z ~ into a photon and a vector boson (here called 
Z*) was assumed. The angular distribution 1 + c o s  2 0* 
was assumed for the Z* decay into q 4, where 0* is the 
Gottfr ied-Jackson angle of the Z* decay into q q, i.e. 
the angle of the q momen tum in the q 4 rest frame with 
respect to the q 4 momen tum in the Z ~ rest frame. 

The overall efficiency for such events, as determined 
in the Monte  Carlo simulation, and as a function of 
Z* mass, was shown in Fig. 5. In Fig. 7a the invariant 
mass distribution of the missing mass against the photon,  
i.e. the q q mass, was shown, and was consistent with 
conventional processes. The upper limit at the 95% con- 
fidence level of such an anomalous  process may thus 
be determined. The result, as a function of Z* mass, 
is also shown in Fig. 8. 

The absence of any narrow structures in the q 4 invar- 
iant mass distribution effectively argues against case (c), 
i.e. the decay of the Z ~ into a photon and a narrow 
scalar, S. Case (a) has limits very close to those of case 
(b) as the two cases may differ only in a small change 
in the angular distribution. 

9 Conclusions 

The measured production cross section, energy and 
transverse momen tum spectra of isolated photons with 
E~ > 8 GeV are compatible with the hypothesis of final 
state radiation from pr imary quarks plus background 
processes predicted by the standard model 
(ISR + Q C D  + z decays). This measurement,  when com- 
bined with measurement  of the hadronic width of the 
Z ~ determines the quark couplings to the Z ~ Specifi- 
cally, the couplings of up-type and down-type quarks 
are determined to be: 

v~/3+a2/3=l.13+_0.29 and v~/3+a22/3=1.65+_0.43. 

There is no evidence for anomalous  production of 
photons. This leads to the measurement  of the differen- 
tial cross section for final state radiation (see Fig. 3), and 
to the determination of upper  limits at the 95% confi- 
dence level on the production cross section times branch- 
ing fraction for three processes: (a) a(e + e-  ~ Z ~ ~ H + 7). 
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B R ( H ~ h a d r o n s ) ,  (b) a(e + e -  ~ Z ~  
B R ( q*  - - ' 7 +  q), a n d  (c) a(e + e -  ~ Z ~  ~ 7 + Z * ) .  
B R ( Z *  ~ hadrons ) ,  as s h o w n  in  Fig.  8. 
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