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Abstract. From a sample of 1.5 milliorZ® — ¢q decays is suppressed foisolatedphoton emission. For this reason
collected by the DELPHI detector during 1991, 1992 andit is believed that the analysis of isolated prompt photons
1993, the production cross section for isolated final statecan provide a clean test for thgerturbative prediction of
photons is measured and is compared with théy, o) QCD [2, 7, 8, 9, 10, 11]. The advantage of studying photon
matrix element calculations implemented in the EEPRADemission (as compared with gluon emission) in QCD derives
and GNJETS Monte Carlo generators. The observed photofrom the the fact that prompt photons do not participate, to
yield is used to derive the electroweak couplings of chargdfirst approximation, in the hadronization process, they com-
2/3 (u-type) and charge 1/3 (d-type) quarks to #¥eboson.  pete directly with gluon emission, and they may be directly
The measured values, s = 0.917%%; andc;/3 = 1.62'%%,  detected in the experimental apparatus.
are compatible with the Standard Model predictiogys = In the following, the FSR photon yield measured in the
1.145 andey 3 = 1.477. multi-hadronic sample collected by DELPHI in 1991, 1992
and 1993 is compared with exact(«, as) matrix element
(ME) calculations as implemented in the EEPRAD [11] and
GNJETS [12] Monte Carlo generators. A previous compari-
son of the DELPHI data with the predictions of the JETSET
1 Introduction 7.3 parton shower (PS) model [13] for final state radiation
can be found in reference [4]. As isolated photon emission
In e*e™ — qq events, high energy photons can be produceds a hard process, exact matrix element calculations are be-
either by prompt radiation from the initial state and the fi- lieved to be more reliable than predictions based on the par-
nal state particles, or from the decay of short lived hadrongon shower approach [13, 14, 15]. The only uses made here
such ast® — v or n — v (non-prompt radiation). As of a parton shower model, specifically JETSET 7.3 PS, are
energeticr®’s are usually imbedded in a jet, i.e. surrounded aimed at determining the background contaminations from
by other hadronic fragments, a relatively clean sample ofon-prompt photons passing the selection criteria and the
prompt-photon candidates can be obtained by requiring @orrections needed to recover the differential cross sections
minimum isolation angle with respect to the hadronic jetsfor photon emission at the parton level from the experimental
[1]. At the peak of theZ® resonance, prompt radiation from hadron distributions. In fact neither GNJETS nor EEPRAD
the initial state (ISR) is highly suppressed [2]. This makesinclude any simulation of the fragmentation process. The use
LEP the ideal place for the study of final state radiationof two different ME Monte Carlo generators (EEPRAD and
(FSR), which can be compared with the Standard ModelGNJETS) is due to the slightly different mechanisms with
predictions. Previous studies of the production of energetiavhich they solve the problems related to the occurrence of
prompt photons in hadronig® decays at LEP are described divergences in the gluon-quark soft and collinear singularity
in references [3, 4, 5, 6]. [10]. A third ME Monte Carlo generator, not considered in
In QCD the inclusive cross section for emitting final this analysis, is described in reference [7].
state photons ir*e™ — gq events can be expressed as the  |n the electroweak sector, a measurement of the final

convolution of two terms [7]: state photon emission rate can also be used to determine

d Vs/2 1 the electroweak couplings of u-type and d-type quarks to
Iy Z / dEp/ the Z° boson. Specifically, while the rate ¢f° decay into

dE, 0 0 hadrons, which is well-determined experimentally from the

el hadronic width of theZ° , is proportional to the numbers

5P
dz;l:j (Ep, 1, Qz,as(u))Dg (z,)o(Ey — zEp) (1)  of u-type and d-type quarks, the rate of final state radiation
i is also proportional, in lowest order, to the squares of the

wherea, (1) is the strong coupling constant at the ultravio- electric charges of the primary quarks. Since the two linear
let renormalization scalg and@? is the factorization scale. combinations are different, the couplings may be extracted
In eqn. (1)d6” /dE,(E,, 1, Q2, as(11)) represents the pertur- separately [16]. The measurement of the electroweak cou-
bative hard scattering cross section for producing a partoflings will be discussed in detail in Section 8.
p with energy £, while D)(z,u) is the parton-to-photon
fragmentation function, which describes the probability for
the partorp to fragment into a photon with fractional energy 2 The DELPHI detector
z=FE./E,.

Agcorging to eqn. (1) final state photons can originateFeatures of the DELPHI apparatus relevant for the anal-
either in the perturbative regime through ## term, orin  ysis of multihadronic final states are detailed in reference
the parton-to-photon fragmentatio{(z, 1)) through non-  [17]. The present analysis relies on the information provided
perturbative mechanisms such as Vector Meson Dominancby the three cylindrical tracking detectors (Inner Detector,
coupling. However the non-perturbative contribution, which Time Projection Chamber (TPC), and Outer Detector), by
is sometimes referred to as the ‘anomalous component’ [7]the microvertex chamber for more precise tracking, by the



forward tracking chambers A and B, and by the electromag+hrust axis] for hadroni&® decays, with &° — 7+7~ con-
netic calorimeters HPC and FEMC for photon detection, alltamination of (04+0.1)%. The data were recorded mostly at
operating in a 1.2 T magnetic field. a center of mass energy gfs = 912 GeV, with a~ 20%

The Inner Detector and TPC each cover the angular rangéaction collected off-peak in the range 884 /s < 93.6
20° < 6 < 160, whered is the polar angle with respect GeV.
to the beam axis, and the Outer Detector covers the range Events with hard final state radiation are selected by re-
43 < 6 < 137. The chambers A and B provide the tracking quiring the presence of an energetic neutral shower in an
in the forward region, with acceptance®l& 6 < 33° and  electromagnetic calorimeter, HPC or FEMC, satisfying the
147 < 0 < 169 in polar angle. following requirements:

Energetic isolated photons are detected in the barrel
electromagnetic calorimeter, called the High-density Projec- — energyk, > 5.5 GeV,
tion Chamber (HPC), and in the Forward Electromagnetic ~— p‘?'f%f angk_a 25< 0, <155, .
Calorimeter (FEMC). — minimum isolation angle of 20 with respect to any

The HPC is a gas sampling calorimeter which provides reconstructed charged or neutral particle with energy
complete three-dimensional charge information in the man- £ > 500 MeV.
ner of a time-projection chamber. It subtends the angular  When the conditions are satisfied by two or more photons
range 42 < ¢ < 139, and is mounted directly inside in a single event only the most energetic photon is considered
the 5.2-meter (inner diameter) superconducting solenoid ofn this analysis.
DELPHI. The HPC consists of 144 modules arranged in 24 As discussed above, the minimum isolation condition
azimuthal sectors, where each sector consists of six modstrongly reduces the non-prompt background, while the cut
ules along the beam axis. Each module consists of 41 layergn 0., suppresses the ISR contamination which is concen-
of lead radiator totalling about 17 radiation lengths, inter-trated at small polar angles.
spersed with 40 gas sampling slots containing a mixture of | addition, the neutral cluster must be identified as a
argon and methane gases. Charge due to ionization produceghgle electromagnetic deposit according to the criteria de-
in the electromagnetic showers drifts along the beam (z) axigcribed in the next section. This requirement reduces the
in parallel electric and magnetic fields, and is read out via &ackground from hadronic showers and from unresolved

grid of cathode pads which provides 9 samplings along theyhoton pairs generated itf decays.
shower axis. The 15 MHz sampling frequency corresponds

to a cell size of 3.5 mm along the beam axis, with a spatial
resolution varying between 1.3 and 3.1 mm according to the; photon identification
polar angle. The granularity in the azimuthal anglg {s

about 20 mrad. The HPC has been described in the |Itel‘a|-n the HPC, genuine Sing'e photon showers are identified

ture [18] as have the readout electronics [19]. The energ¥hrough the parametéi/s; pc:, where Wy pc is defined as:
resolution of the HPC at 45 GeV as determined from a study

of the Bhabha events is 6%. _ _ \2
The DELPHI Forward Electromagnetic Calorimeter Wepo = \/Z X - (A0, )
(FEMC) [20] subtends a polar angle 21& 6 < 37° and !
143 < # < 170. It consists of tw 5 m diameter disks with in which X; is the fraction of energy associated to each
a total of 9064 lead glass blocks in the form of truncatedcluster reconstructed in the shower afd; is its separation
pyramids. The lead glass counters (20 radiation length deepin polar angle from the shower starting point expressed in
5x5 cn?, ~ 1° x 1°) are read out with vacuum photodiodes, degrees. The sum runs over the clusters reconstructed in the
giving an average gain of 12, which is reduced by 30% infirst three sampling layers along the shower axis. Because of
the 1.2 T magnetic field. Test beam results showed an energys definition, theW pc parameter provides an estimate of
resolution of ¢/E)? = (0.35% +5% v/ E)?+ (4%/ E)?, with  the cluster spread in the transverse plane, which is expected
E in GeV, the last term being due to amplification noise.to be larger for showers produced by partially overlapping
In DELPHI the FEMC energy resolution is degraded duephotons.
to about two radiation lengths of material in front of the The distribution of théV g po parameter for the selected
calorimeter. Bhabha showers at 45 GeV are measured withvents is shown in Fig. 1. The expectations from simulation,
(c/E) = 4%. based on JETSET 7.3 PS and on the DELPHI detector simu-
lation program DELSIM [21], are superimposed on the data.
Data and simulation are each normalized to the total lumi-
3 Event selection nosity. Genuine single photon showers are identified by the
conditionWype < 1.
Events with isolated final state photons are extracted from a The combined efficiency after the cuts, as derived from
sample of 1,483,906 multihadroni® decays. The hadronic simulation, iSefPC:(Sl.l—tO.G (stat.))% for isolated pho-
event selection is based on large charged multiplidiy, (> tons with energy larger than 5.5 GeV. The rejection fac-
5) and high visible energyH,;s > 20%,/s). In addition, tors against non-prompt photons and non-electromagnetic
the condition 30 < O < 15C° is imposed, where showers (later called neutral hadrons) correspond to 1.8 and
O:nrust 1S the angle between the thrust axis and the bean®.7 respectively. For the non-prompt photon background the
direction. These criteria correspond to a total efficiency ofrejection factor is computed for all photons produced in
(85.2+£0.1)% [(949-+0.1)% without the requirement on the Z° — ¢q decays whose origin is not final state radiation.



800 £ and the jet directions are identified with vectérg and
g - DELPHI Data k, then the calculated energies are given by the formula
w 700 ,—+++ [ Prompty
Erh 7 Non prompty ing .
6001 1, m Neutral hadrons Eeale = |Sin0j| Vs, (5)

~ (Isindy;| + | sing;x| + | sinfy;])

whered;; is the angle between vectoisand j and /s

is the centre-of-mass energy.

Non-planar events are rejected by demanding that the
sum of the three anglek; be larger than 345

The events in which the difference between the calculated
and the measured photon energlé-:g"(c — E7'e%®) is larger

than +130 or smaller than-2.50, whereo is the combined

Fig. 1. Distribution of the Wy p; parameter for the sample of isolated ENErGY _reS(_)IUtlon* are d'S‘?arded- This reduces not On'Y the
neutral clusters selected from real and simulated hadronic events. The sinffontamination from long-lived neutral hadrons, for which
ulation (based on JETSET 7.3 PS and DELSIM) is normalized according toEﬁalc is normally much larger thaE;”eaS, but also that of

the total integrated luminosity considered in the data. The prompt photomon-prompt radiation. This is because most of the observed
sample in the plot consists of FSR and ISR photons non-prompt background is in fact accompanied by hadronic
fragments not seen by the apparatus (or not considered in
dhe analysis). In such cases the imposition of momentum
conservation tends to increase the energy ascribed to the
oton in order to correct for the momentum imbalance pro-
ced by the missing particles. This also explains the use of
an asymmetric cut. With this method the backgrounds from
non-prompt photons and neutral hadrons passing the selec-
tion criteria are reduced by factors 2.0 and 2.8 respectively,
while keeping 83.7% of the FSR photons.

Consequently this background also includes the irreducibl
contamination from isolated non-overlapping photons pro-
duced in meson decays. The rejection against non—resolvegh
photon pairs fromr® decays becomes pook (1.5) for u
shower energies above 25 GeV.

In the FEMC the photon identification criterion relies on
the Wrgn o parameter which is defined as:

B 4 The systematic uncertainty associated with the photon
Wremc = ZX% ©) identification criteria is estimated from the data in a back-
=1 ground sample of non-isolated photons detected3rmul-

whereX; is the fraction of energy associated to thelead  tihadronic decays and in a signal sample of isolated showers

glass block and the sum runs over the set of four blockgletected inZ° leptonic decays. This uncertainty translates

centered around the shower barycenter. Isolated final staféto a=+3.0% uncertainty on the FSR cross section.

photons are selected by the conditidfy gy, > 0.95, with

an efficiency of (90.10.8(stat.))%. The rejection factors

against the non-prompt and the non-electromagnetic backs Residual background evaluation

grounds are 1.2 and 2.6 respectively. The fraction of events

with the isolated photon reconstructed in the FEMC is aboufa total of 3147 radiative hadroni@® events pass all se-

8% of the selected FSR sample. lection criteria described in the previous sections. In order
A further large improvement in background rejection is to extract the FSR cross section all the residual background

obtained by comparing in each event the energy measuregbntaminations must be evaluated and subtracted. These con-

in the electromagnetic calorimeters for the isolated neutrakist primarily of:

shower and the estimate obtained by means of a rescaling

procedure which is based on the following steps: — initial state radiation, _
— fragmentation background, that is non-prompt photons

from light meson decayr® — ~v, n — ~v) or long-
lived neutral hadrons faking electromagnetic deposits in
the calorimeters,

— isolated FSR photons i#® — 77~ decays.

1. All particles (neutrals and charged) except the isolated
photon are clustered into two jets according to fkig
(also called ‘Durham’) algorithm [22]. In th&'r algo-
rithm, pairs of ‘particles’ are iteratively recombined into
jets beginning with the pair with the lowest value of a

scaled invariant mass variablg,, given by Each is described in turn below.
2min (EZ, E?)(1 — cosb;)
Yij = Ez ) (4)
vis 5.1 ISR background

where E; is the energy of ‘particle’ and 0;; is the

angle between ‘particles’andj. The ‘particles’ may be An estimate of the ISR background contribution to the se-

individual particles or recombined ‘jets’. lected sample has been obtained by interfacing the DYMU3
2. Momentum conservation is imposed on the event in or-generator [23] with the JETSET 7.3 PS program in the gen-

der to calculate the energies of the photon and the jetgration of over two million multihadronic events. DYMU3

(assumed to be massless), in terms of their observed artan simulate initial state radiation up to second order QED.

gles and the total center-of-mass energy. If the photorAccording to DYMU3 predictions, the ISR contamination is
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Fig. 2. Ratio between real and simulated (JETSET 7.3 PS) event yields as
a function of the shower energy in the two reference background samplesrig. 3. Comparison between the energy spectrum of isolated final state pho-
tons observed in the data and predicted by JETSET 7.3 PS. The background
contaminations predicted by JETSET and DYMU3 have been rescaled ac-
(8.1+0.5)%. However the production of hard initial state ra- cording to the method described in Section 5. The plotted energy estimate
diation also has been studied directly in the data by analysing that obtained by means of the rescaling procedure described in Section 4
highly isolated photons with energy, > 3.5 GeV emitted
at angles smaller than 2@rom the beam axis. The analysis . .
of ISR makes use of the Forward Electromagnetic Calorime2f Fig: 2. As a result the estimate of the overall background

tamination is increased to (D7 0.7)%.
ter (FEMC) and of the Small Angle Tagger (SAT)[17], the con . . .
DELPHI luminosity monitor. The data show that the pre- A systematic uncertainty equal to half the difference be-
fween the two estimates of Fig.2 is assumed for the back-

ground subtraction. This translates inte-8.8% uncertainty

.84 with an uncertain f-14% M T% .), which .
0.8 th an uncertainty o b(stat.y 79%(syst.), © R ON the measurement of the FSR cross section.

translates into at1.3% systematic uncertainty on the FS
cross section. The large uncertainty on the ISR measurement

is due to the extreme hardness of the cuts required to sele%t o +— back d
the rare events with visible initial state radiation and by the>-3% — 7 77 backgroun
possible contamination of low energy particles from the LEP

beam halo. As discussed above, the hadronic selection criteria imply a

0.4% background contamination fro#f — "7~ decays.
However, this estimate must be re-evaluated after the selec-
tion of events with isolated photons because of the different
coupling of quarks ane leptons to the photon. According
holo simulation [25] theZ® — 7*7~ contamination in the fi-
|naI sample reaches .@+ 0.3)%, i.e. a factor~ 4.8 larger
than in the multi-hadronic sample, in agreement with what is
According to the Lund string model [24] as implemented NaiVely ex_pecged by comparing the average electric charge
in JETSET 7.3 PS, the fragmentation background amount&f duarks inZ” decays with the- lepton charge:
to (149 + 0.6)% of the selected events. This estimate is ¢2
also checked with the data by selecting two independent_ >  ~ 45 (6)
background samples: q

5.2 Fragmentation background

The fragmentation background consists of secondary p
tons from light meson decay and of long lived neutra
hadrons.

_ o .
1. the first sample consists of non-completely isolated pho-.The systematic uncertainty in tH# — 777~ background

tons, i.e. photons for which one secondary neutral showel® assumed to be negligible.
is reconstructed within a cone with 2Balf-angle around
the photon direction;

2. the second sample is based on the events with a signal
the electromagnetic calorimeters satisfying all isolation
criteria but which are anti-tagged by the photon identifi-
cation algorithm, i.e. that are not true single photons.

@1 Data analysis

The photon energy distribution for the final sample is shown
in Fig.3, where the data are compared with JETSET 7.3
PS predictions, after subtracting the smafl — 77—~
The ratios between the number of real and simulated eventsackground and rescaling the fragmentation background pre-
in the two samples are shown in Fig. 2 as a function of thedicted by JETSET according to the procedure described in
shower energy. The figure shows that in both cases JETSEMhe previous section. The uncertainties shown in Fig. 3 are
7.3 PS does not correctly reproduce the background yieldstatistical only.
which is underestimated at low energy and slightly overes- A systematic uncertainty of-2% is assigned globally
timated at high energy. to the requirements concerning the photon minimum energy
The contamination from fragmentation processes in theand isolation criterion. This estimate is based on the possible
simulation is therefore rescaled as a function of energy acdeviation from linearity affecting the evaluation of the pho-
cording to the average of the two superimposed histogram#on energy in the calorimeters and on the level of accuracy



with which low energy showers are reproduced in the simu-6.2 Correction procedure

lation. An additional uncertainty o£3.4% is also assigned

for the degree of reproducibility of the material in front of The correction procedure applied to the obserygtF(y)
the calorimeters. As already stated other important sourcedistributions is based on two separate steps:

of systematic uncertainty are the photon identification algo-1 - the first correctiondcceptanceorrection) accounts for
rithm (3.0%) and the background subtraction (2.8% for non e jimited acceptance and for the finite resolution of the
prompt radiation, 1.3% for ISR). Summing up all separate experimental apparatus.

contributions in quadrature, the total systematic uncertaintys The second correctiorfiréggmentationcorrection) repre-
affecting the selection of FSR photons in the data%8%. sents an estimate of the distortions introduced by the
Despite the background rescaling, the data still show a  haqronization process and translates the hadron distribu-

(18+4(stat.)=6(syst.))% excess with respect to JETSET 7.3 {jons of the experimental data into the few-parton lan-
PS predictions for isolated final state photons. This excess is guage of the matrix element approach.

heavily concentrated at the low energy region of the photon

spectrum, while in the higher energy region around 32-40

GeV the photon yield is slightly overestimated by JETSET. 2.1 Acceptance correctidfor the acceptance correction
In order to compare the data with(a, o) matrix el-  (5() ())) the DELPHI detector simulation package [21] is

ement predictions, a jet-finding algorithm is applied to theysed, together with the reference sample of hadraiicle-

selected FSR events. The jet rate distributions are then cogays generated by JETSET 7.3 PS. In more detail, the cor-

rected for acceptance and fragmentation effects and are comection factor is defined as the ratio

pared with the theoretical predictions as a function of the jet N

resolution parameter. The procedure adopted in the analys'g(n,),(y) = had(y)_ 9)

is described in detail in the following sections. e N&(y)

In eqn. (9)N ™ () is the number ofy+n-jet events gener-
ated in the full 4 solid angle, WhileNégp(y) is the number
of y+n-jet events reconstructed after passing through the

For each of the selected events the following three-step pro?hEIaPHl. detelctor smft;llaltmn pellck?]ge ddlf\.”q(.ad tg/r(}l?e mul-
cedure is applied: tihadronic selection efficiency. In the definition 8f",(y)

the photon is assumed to be isolated if the total energy of
1. The isolated photon is first removed from the event.  all particles generated in a 2@one around the photon is
2. The Kr jet-finding algorithm is applied to the remain- less than 500 MeV.
ing particles using a particular value of the resolution = The comparison between DELPHI data (after applying
parameter, that is all particles are recombined into jets the acceptance correction) and the JETSET 7.3 PS model

6.1 Jet reconstruction

until the condition is shown in Fig.4. The figure shows that the absolute jet
rates seem to be well reproduced by the JETSET parton
Yij > Y, @) shower model once the non-prompt background is rescaled
wherey;; is the scaled mass defined in eqn. (4), is sat-according to the procedure described in Section 5.2. In fact
isfied by all pairs of particles. the excess of low energy isolated photons in the data reported

3. The photon is reintroduced into the event, and for theln Section 6 disappears once the photon is required to be
same value of the K7 algorithm is applied to the pho- isolated from the hadronic jets by a cut in invariant mass.

ton and to the hadronic jets. Those events in which the

photon remains resolved from the hadronic jets are clas- . o
sified as FSR events with 1, 2 of 3 hadronic jets 6.2.2 Fragmentation correctio®imilarly to the acceptance

Those in which the photon is associated with a hadromccorrection, the fragmentation correction is defined as the ra-
tio

jet are rejected.

(n)
For the comparison with matrix element predictions, valueségp’})a(y) = N’(’Z)’"(y) (10)
of y in the range M1 < y < 0.20 are considered. The re- Niaa®)
giony < 0.01 is excluded due to the presence of large 3-jethetween the number of+n-jet events selected in the anal-
(and 4-jet) fractions, which imply non-negligible higher or- ysis before and after the simulation of the parton fragmen-
der QCD corrections. Values gfabove 0.20 are not consid- tation. At the parton level the photon isolation criterion re-
ered because they show large sensitivity to the photon-quarkuires that no partons are generated at angles smaller than
singularity (collinear production) in the matrix element [10]. 2¢° to the photon.

In order to be compared with th€ (a, o) matrix ele- Compared with the acceptance correction, the fragmen-
ment predictions, the observed fractions of events with anation correction is more delicate. In this case one cannot
isolated photon plus 1,2 or 3 hadronic jets, rely entirely on JETSET 7.3 PS because parton shower pro-

0 . grams generate a larger number of partons (typically 7-8 in
femP(y) = @zt — Z N Jets)@)7 n=1,23, (8) JETSET 7.3 PS) than the 2 or 3 partons considered in the
I'(Z° = qq) (a, o) matrix element.

are corrected for efficiency and fragmentation effects as fol- Therefore three different approaches are used to evaluate
lows. 8 (v):
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10 ‘0 05 ‘ 61 — 615 — 62 Fig. 5. Estimates of the hadronization correction provided by JETSET 7.3

PS, EEPRAD and GNJETS with string fragmentation. For the final correc-
tion, which is represented by the points with error bars in the figure, the
Fig. 4. Comparison between the jet ratgs,(y) = I'(Z° — ~ + average of the four distributions is used with a systematic uncertainty equal
n jetsy I'(Z° — qq) observed in the data and those predicted by the JET-to the R.M.S. spread

SET 7.3 PS model in events with an isolated photon. The comparison is

carried out at the hadron level, i.e., after applying the acceptance correction

but before applying the fragmentation correction. The shaded bandwidthg Comparison with ﬂ/"(a’ Ots) matrix element
represent the statistical uncertainty in the calculation predictions

In @(a, ag) Matrix element predictions the production cross

1. The first estimate is obtained from JETSET 7.3 PS, bysection for final state photons depends on two external pa-
comparing the jet multiplicity distributions before and rameters:
after the string fragmentation has been applied.

2. In the second approach JETSET 7.3 PS is used again
but in this case only the two quarks and the first emit-
ted gluon are considered for the jet definition and for
the photon isolation condition. The correction is then
obtained by comparing the jet rates obtained by apply-

— The coupling of up-type and down-type quarks to the

79 boson. Specifically, by changing the relative amounts
of up-type and down-type quarks in the hadronic sample,
the rate of FSR radiation may be enhanced or suppressed.

— The value ofaM), where the superscript (1)’ refers to the

) X ' fact that the coupling constant is evaluated at first order

ing the analysis on these three partons and on the final in QCD. This is because, once a hard gluon is radiated,
hadrons. S . there is less energy available for a hard photon as well.

3. Athird approach consists in interfacing the EEPRAD and  Therefore a large value far!) tends to suppress photon
GNJETS generators with the Lund string fragmentation  adiation.

routines and then comparing the jet rates before and after ] ) ) )
the simulation of the hadronization process. For the comparison presented in this section the Standard

Model predictions are assumed for the electroweak couplings

The comparison of the three methods provides an estimat@f quarks.
of how the correction factor depends on the generated parton As a preliminary check of the relative normalization of
multiplicity. EEPRAD and GNJETS predictions, the strong coupling con-

The correction factors obtained as a function of the resoStant is initially set equal to zero in both generators in order
lution paramete are shown in Fig. 5, where the four curves 0 Switch off the QCD corrections. The two estimates agree
correspond respectively to the original JETSET 7.3 PS prel0 Within 0.5% (independent of) in the predictions for the
diction, to the 3-parton cascade version of JETSET, and tg/*1-jet andy+2-jet rates witha{V = 0.
the two ME generators with string fragmentation. For the

u

. . ( L)
final evaluation oféy, (y) the average of the four curves - 4 \vieasurement of®
is used, with a systematic uncertainty equal to their R.M.S.

spread. As suggested in reference [6], an estimatexg? which is
The correction factors().(y) andé(f’;)a(y) applied to the independent of the absolute normalization can be derived

data are reported as a functionyoénd of the jet multiplicity ~ from the fractionfs(y) of v+3-jet events in the data. This is

in Table 1. achieved by fitting the observed ratio



Table 1. The acceptance) C)c(y)) and fragmentationé@a(y)) correction factors applied to

the experimental data for comparison with the predictions of EEPRAD and GNJETS. The
uncertainty on the acceptance corrections originates from the photon selection criteria and the
background subtraction. The uncertainty on the fragmentation correction is derived according
to the method described in Section 6.2.2

Y v+1jet v+ 2jet v+ 3jet

bace Ofra Sace Ofra Sace Ofra
0.01 1.09:0.06 0.6%0.25 1.78:0.10 1.16:t0.09 2.590.15 1.140.23
0.02 1.120.06 0.9%0.12 1.720.10 1.080.05 2.76:0.16 1.16:0.20
0.03 1.2@:0.07 1.020.09 1.7%0.10 1.040.04 2.430.14 1.16:0.16
0.04 1.2#0.07 1.06:0.09 1.850.11 1.06:0.05 2.42-0.14 1.16:0.16
0.05 1.29:0.07 1.0&40.05 1.93:0.11 1.050.04 2.22-0.13 1.26:0.07
0.06 1.41%0.08 1.06:0.04 1.96:0.11 1.06:0.04 2.79%:0.16 1.040.12
0.07 1.43:0.08 1.040.05 1.88:-0.11 1.06:0.04 2.56:0.14 1.2G:0.05
0.08 1.43:0.08 1.040.04 1.94-0.11 1.06:0.03 3.42:0.20 1.73:-0.64
0.09 1.43t0.08 1.09:0.04 1.93:0.11 1.040.02
0.10 1.44t0.08 1.1#0.04 1.930.11 1.0#&0.03
0.11 1.42:0.08 1.120.05 2.16:t0.12 1.05:0.05
0.12 1.43:0.08 1.120.05 2.19:0.13 1.04t0.03
0.13 1.450.08 1.14-0.05 2.3@:0.13 1.05:0.05
0.14 1.4#0.09 1.140.06 2.31#0.13 1.05:0.05
0.15 1.530.09 1.14-0.05 2.33:0.13 1.06:£0.07
0.16 1.52£0.09 1.16:0.05 2.44:0.14 1.05:0.05
0.17 1.54:0.09 1.14:0.05 2.39:0.14 1.0#0.04
0.18 1.5#0.09 1.16:0.05 2.3%#0.13 1.09:0.01
0.19 1.530.09 1.140.04 2.41%0.14 1.05£0.02
0.20 1.5#0.09 1.16:0.04 2.62:0.15 1.06£0.07

s F T Table 2. Values Ofa(sl) measured in the isolated photon sample from the
04 [ DELPHI ratio Rao(y) = I'(y + 3 jets)g)/(I(y + 2 Jets)g) + I'(y + 3 jets)()).
035 b The uncertainty associated to tbél) determination includes statistical and
7 F O GNJETS systematic effects
03 | e EEPRAD °
g @
[ ) s
0.25 £
0.2 b EEPRAD GNJETS
015 & § % ’ 0.01 0.1680.011 0.16#40.012
o 0.02 0.185%0.020 0.18#0.020
0.1 i 0.03 0.17A40.033 0.1750.032
0.05 F 0.04 0.173:0.055 0.17#0.054
ob- . 0.05 0.2270.080 0.224-0.079
0 002 004 006 y°-°8 0.06 03130122 0.3030.115

Fig. 6. Values ofa(sl) as measured in the isolated photon sample by compar-

ing the ratioR: =I'(y+3jets I'(y+2jets)y) +I'(v+3 jets . . . .
Wi?h the prediitzi(()z;,']) of E(QPRAJD gfg/éN(}ETSJ W)+ I(r+3 jets)) be avoided because of the large 3-jet (and 4-jet) rate which

requires higher order QCD calculations. On the other hand,
large values ofy are affected by large statistical uncertain-
ties. In order to provide a reasonable standard for compari-
son, the value ay = 0.02, namelyaY) = 0.186+ 0.020, is
adopted as an input to the ME calculations.

I'(y + 3 jets)()

R32(y) = (v +2 jets)y) + I'(y + 3 jets))

(11)
The value ofa!? extracted from the data as a functionyof
is shown in Fig. 6. The variation af) with y is no larger
than expected from its statistical and systematic uncertainty. . -
The measured values of!) are also reported in Table 2. It 7.2 Systematic uncertainties
should be noted that such values cannot be compared directRﬂ the matrix element predictions
with second orden® measurements at LEP [26].

In principle, any value ofy could be used for the deter- To evaluate the uncertainty in the ME predictions, two pa-
mination of o). However, small valuesy(< 0.01) should rameters are varied in the Monte Carlo generators: the so-
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Table 3. Final values forf;(y) - 10° observed in the data and in the pre- Table 4. As in Table 3 but forfa(y) - 10°
dictions of EEPRAD and GNJETS withM) = 0.186+ 0.020. For the data

the first error is statistical, the second is systematic. For the matrix element ¥ Corrected EEPRAD GNJETS

prediction the first error is statistical and systematic (combined), the second data a(sl) =0.186

corresponds to the variation of; 001 178.46.3+184 18121214136 179.4155:13.7
Y Corrected EEPRAD GNJETS 0.02 135A45.2+10.1 153.&7.2£5.1 154.8:7.8£5.0

data oM =0.186 0.03 108.8:4.5+7.5  131.72.0+1.9 128.5:5.442.2
0.01 3.6£0.7+1.3 9.6+2.7+1.6 5.8:1.24+2.0 0.04 87.84.1+6.3 110.4-1.4+0.7 108.6:3.6+1.0
0.02 7.651.3+1.1 15.3:3.5+2.0 11.H2.2425 0.05 74.8:3.745.3 93.6£2.4+0.3 92.0£2.5+0.4
0.03 11.9-1.74+1.3 20.8:4.3+2.3 16.2-2.5+2.8 0.06 62.8:3.5+4.2 80.11.3+0.1 78.6:2.14+0.1
0.04 15.3:2.0+£1.5 26.14.0+:2.4 21.12.9+3.0 0.07  50.83.14+3.5 68.9+0.6+0.2 67.9£1.7+0.1
0.05 17.8:2.2+1.4 31.H4.2+2.5 25.43.5+3.1 0.08 44.6£3.0£2.9 59.4+1.740.3 58.741.9+0.2
0.06 21.3:2.5+1.5 35.A43.6+£2.7 30.0:4.1+3.3 0.09 37.Gt2.7+2.3 51.6:0.8+0.3 50.6:1.6+0.3
0.07 23.9+2.6+1.8 40.0:4.7+£2.7 34.0£5.2+3.4 0.10 30.H2.5t1.9 44.8£1.0+0.3 43.8£1.2+0.3
0.08 26.0:2.7+1.8 44.0t4.5+2.9 37.#5.4+£3.6 0.11 24.#25+1.8 38.9:0.4+0.3 38.1H0.9+-0.3
0.09 30.6:2.8+2.1 47.6+3.8£3.0 41.15.7+3.7 0.12 22.6:2.4+1.4 33.6:0.5+0.2 32.8£1.24+0.2
0.10 33.6:3.0+£2.3 50.8:4.0+£3.2 44.16.0+3.9 0.13 20.#2.3+15 28.4:0.9£0.2 28.40.7+0.2
0.11 37.143.0+£2.7 53.8:4.2+3.3 46.9:6.24+4.1 0.14 18.82.2+1.4 24.8:0.440.2 24.#0.7+£0.2
0.12 39.4#3.142.9 56.8£3.9+3.5 49.8-6.24+4.3 0.15 16.5:2.0+1.4 21.8£0.3+0.2 21.3:0.7+0.2
0.13 42.6:3.3+3.1 60.0£3.3+3.7 52.#46.6+4.5 0.16  15.8:2.0+1.2 18.3£0.3+0.2 18.2£0.5+0.2
0.14 43.9-3.44+3.3 63.3-3.8+3.8 55.4-7.3+4.7 0.17 13.9£1.8+0.9 16.0£0.3+0.2 15.5£0.5+0.1
0.15 48.3+3.6+3.5 66.74.0+3.9 58.9-7.1+4.8 0.18 11.1H1.6+0.6 13.3£0.2+0.1 13.6£0.6+£0.1
0.16 50.8-3.6+3.8 70.3t3.9+4.0 62.14-8.1+4.9 0.19 9.3:1.44+0.6 11.5£0.3+0.1 11.6£0.5+0.1
0.17 52.8:3.7+3.7 74.0£6.4+4.1 65.5£8.14+5.0 0.20 8.9:1.5+0.8 9.4:0.14+0.1 9.2+0.5+0.1
0.18 55.4:3.9+3.9 77.9:3.7+4.1 68.9:8.9+5.2
019  55.%38t38  81.9:4.3+41  72.4:9.6+5.2 Table 5. As in Table 3 but forfs(y) - 10°
0.20 59.6:3.9+4.1 86.1:5.6+4.1 76.110.1£5.3 Y Corrected EEPRAD GNJETS
data o® =0.186

0.01 61.G:4.8£125 73.3:t0.0+£7.9 73.G£0.2+7.9

called yo cut-off [7] and the degree of isolation for FSR 002 212027440  243-0042.6 24.0-0242.6

hotons.
P the EEPRAD and GNJETS generators pecut-off 003 82L7FELS 10500511 10450151
is introduced in order to isolate the quark-gluon soft and 0-04 3.#1.2£06  50:0.080.5  5.0:0.0£05
collinear singularity in the phase space integration of the 0.05 2.4:0.9+0.2 2.5£0.0£03  2.5-0.0+0.3
O (o, as) matrix element. In both algorithmg is expressed  0.06  1.6:0.6+0.2 1.3:0.040.1  1.2£0.0+0.1
as a minimum two-parton scaled invariant mass: 0.07 1.0:0.5+0.1 0.6:0.040.1  0.6:0.0+0.1

. 0.08 0.8:0.6+0.3 0.3:0.0£0.0  0.3£0.0+0.0
; mZ]Y(L]Zn
Yo =Ygy = < M, ) . (12)
negligible effect on the FSR cross section because of the

Since yo is a non-physical parameter, the predicted crosSsolation condition.
section should not Change when its value is varied within The overall Systematic uncertainty assigned to the ME

a reasonable range [10]. As a consequence, the uncertaingtedictions for each value af can be found in Tables 3-5.
associated with the theoretical predictions must include at

least the residual dependence of the FSR cross section on the

choice ofyg. For the comparison presented in this analysis7.3 Final results

theyo parameter is varied in the range @ < yo < 1072y

for EEPRAD and 51077 < g < 107° for GNJETS. The The corrected distributions

different ranges considered follow the suggestions of the _ rex n n

authors. They arise from the different algorithms used by the/ () = [n"" () - 80.(y) - 842, (v) (13)

two programs in the treatment of the quark-gluon singularity.for the final comparison with EEPRAD and GNJETS pre-
A second source of theoretical uncertainty is the pos-dictions, are shown in Tables 3-5 and in Figs. 7-9. The value

sibility that the 20 isolation condition is violated by soft Y =0.186+0.020 is assumed for the ME predictions. The

hadronic particles. Specifically, the maximum amount ofuncertainty associated to the ME predictions shown in figs.

hadronic energy inside the isolation cone is allowed to vary7-9 includes the systematic uncertainty described above and

between zero (complete isolation) and 500 MeV. The reathe variation ofa!Y.

son for this additional uncertainty is that in the ME approach ~ Despite the use of a relatively large value fef", as

small amounts of energy, up to several hundred MeV, cannosuggested by the relative jet fractions (Section 7.1), the ME

be precisely reproduced, although they can induce a nonpredictions overestimate the photon yield, especially in the
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photon plus one jet case in the region of the jet resolution
parameter; from 0.05 to 0.1, and in the photon plus two jet
case for values of around 0.1.

8 Measurement of the electroweak couplings

If all energetic isolated photons remaining after the cuts and
after the background subtractions are attributed to the final
state radiation of primary quarks, the electroweak couplings
of up and down quarks can be determined from the com-
parison of their production rate with the measured hadronic
width of the Z°. Following the notation of reference [16],
the electroweak couplings of final state fermions are written
as

cf = vjzc + afc (14)

where, in the Standard Model, the vector and axial couplings
v anda are given by

vf = 2[37f — 4Qf SII’]2 Ow and ar = 2[3)f. (15)

In egn. (15)73, Q andfy, 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® in second order QCD is
given by

3 2
Fhad = NCGMMZ '(l+a(s )
24m\/2 ™

where N, is the number of colours7,, is the muon decay
constant,M is the mass of theZ® , anda!? is the strong

+1.41( ; ))-(Bcy/3+2c2/3)(16)
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coupling constant to second order QCD. The constejts  13.30+ 0.15 and the DELPHI measurement, including all
and ¢,/3 are the couplings to charge 1/3 and charge 2/3uncertainties, isS,,, = 117+%°.

qguarks respectively. The use of the latest parameter values

from the DELPHI experiment [27]M, = 91.187+0.009

GeV, Iqq = 1.725+ 0.012 GeV, anc® = 0.1234+ 0.005 9 Conclusions

leads to

In the Z° — qq decays collected by DELPHI in 1991, 1992
Sqq = (3c1/3 + 2c2/3) = 6.66 4 0.05, 17 and 1993 the cross section for producing isolated final state
with the uncertainty dominated by the contribution from the Photons with energyi, > 5.5 GeV has been measured.
hadronic width. After correcting for acceptance and fragmentation effects,

The decay width into final state radiative events is pro-the data have been compared, in terms of jet multiplicity,
portional to a different linear combination of the coupling With the exact” (a, a;) matrix element predictions provided
constants,cy/s and /3. Since the photons couple to the DY the two generators EEPRAD and GNJETS.
square of the electric charge of the quarks, the yield of The comparison shows that in the matrix element the
radiative events remaining after the cuts is proportional tovalue al!) = 0.186 0.020 has to be assumed for the (first
Sraq = (3173 + 8cy)3). order) strong cpuplmg constant in ord_er to reproduce the

In the ME calculations the quarks are assumed to bdneasured fraction of+3-jet events. Witha{" set at the
massless. Including actual quark masses reduces the phadgasured value, the ME predictions generally tend to over-
space for photon radiation, thus decreasing the FSR rat&Stimate the absolute photon yield.

In the case of the 5.2 GeV b-quark the difference may be BY assuming the”(«, o) predictions ay = 0.02, where
noticeable. The L3 Collaboration has studied the effect ofthey are most reliable, as a reference for the Standard Model
the b-quark mass [5], using a photon energy cut similar to€XPectation, the values s = 0.91°%%s andey /s = 16247,

the one used in this analysis. They suggest changing thBave been derived for the electroweak couplings of charge
expression 015, 10 5,4, = (3 — €)c1/3 + Bezya, in which  2/3 (u-type) and charge 1/3 (d-type) quarks to Hieboson.
c=0.240.1. The result is compatible with the Standard Model prediction.

By comparing the measured yield oftn-jet events
(summing up the 1-jet, 2-jet and 3-jet contributions) with Acknowledgementswe wish to thank E.W.N. Glover, A.G. Morgan, J.C.
the two @(a, a;) ME calculations aty = 0.02, where the  Thompson and H. Spiesberger for many useful discussions. We are greatly

predictions are believed to be most reliable (as for the meaindebted to our technical collaborators and to the funding agencies for their
surement ofa(l)) the value support in building and operating the DELPHI detector, and to the members
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of the CERN-SL Division for the excellent performance of the LEP collider.
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