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Abstract. An analysis is presented of inclusiv€ produc-  andz, = 2-p/4/s. In this variable the spectrum has a broad
tion in Z° decays measured with the DELPHI detector. At Gaussian shape at large valuesépf(i.e. small momenta).
low energies, 7° decays are reconstructed by The peak position is a function of the centre of mass energy
using pairs of converted photons and combinations of conand the particle mass as predicted e.g. by the modified lead-
verted photons and photons reconstructed in the barrel eleéng log approximation (MLLA) [6]. The average number of
tromagnetic calorimeter (HPC). At high energies (up toneutral pions coming from B-hadrons is determined.

xp = 2-pg/y/s = 0.75) the excellent granularity of the

HPC is exploited to search for two-photon substructures in

single showers. The inclusive differential cross section isp Apparatus and data selection

measured as a function of energy for andbb events. The

01 H 0 H 0 0 -
number ofxs per hadronicZ” event is N(r)/Z,q = A detailed description of the DELPHI detector can be found

92+ O-Z(St(?t)i 1.0(syst) and fob events the number of i reference [7]. The main parts of the detector used for this

s is N(r")/bb ‘0,10_1i O.4(stat)+ 1.1(sysy). 'Ol'he ratio  analysis are the barrel electromagnetic calorimeter (HPC),

of the number ofr™s in bb events to hadroni™ events  for the shower reconstruction and the Time Projection Cham-

is less affected by the systematic errors and is found to bger (TPC), for the reconstruction of electron tracks from
1.09+0.05+0.01. The measured” cross sections are COM- ppoton conversions. In addition the vertex detector (VD) is
pared with the predictions ofd|fferer_1t_ parton shower mOde|S-important for tagging events with B decays. The z axis is

For hadronic events, the peak position in the= In(1/Xy)  defined as the electron beam direction, and tiepRane is

distribution is {5 = 3.90°%%),. The average number of transverse to it at the collision poirtt.and ¢ are the usual

7’s from the decay of primary B hadrons is found to be polar and azimuthal angles in this frame.

N(B — 7° X)/B hadron = 2784 0.15(stat)+ 0.60(syst). The HPC [8, 9] consists of 144 modules arranged in 6
rings inside the magnetic field covering the polar angular
region between 43and 13?. Each ring consists of 24 mod-
ules arranged concentrically around the beam axis with an
inner radius of 208 cm and an outer radius of 260 cm. Each

1 Introduction HPC module is a time projection chamber with 40 layers of
lead (Pb) in the gas volume which serve not only as con-

This paper presents a measurement of the inclusiveross ~ verter material, but also form the drift field. The converter

section in hadroni&z® — ¢q and Z° — bb decays with the thickness is 18 radiation lengths. In each module there are

DELPHI detector. Information about the fragmentation of 128 pads arranged in 9 (staggered) pad rows, each being

guarks and gluons into hadrons can be extracted from theead out using 256 FADC samples per event at 15 MHz

composition of hadronic particles in the final state ine™e™ which provides a resolution of 3.5 mm along the beam axis.

annihilation. The first phase of this annihilation process canThe TPC is the main tracking chamber in DELPHI which

be calculated by perturbation theory. The subsequent fragis working on the time projection principle. It covers the

mentation into hadrons is described only by phenomenologpolar angular region between 2@nd 166 and is situated

ical models which are implemented in event generators. at 29 cm< R < 122 cm. The spatial resolution for tracks
In this paper, the measured inclusix@ cross sections from hadronicZ° decays is 25Q:m in the Ry plane per-

in hadronic events and those tagged as hawnB de-  pendicular to the beam direction and 88t in the Rz plane

cay have been compared with the predictions of differentparallel to the beam direction. The DELPHI vertex detector

Monte Carlo event generators with optimized parameterss a silicon detector giving a high precision measurement of

[1]. The tuning is based only on charged tracks and thethe position of charged particles near the interaction point.

branching ratios are taken from [2]. The following gener- It consists of three concentric shells of Si-strip detectors at

ators have been used: JETSET 7.4 [3] where the LUNDradii of 6.3, 9 and 11 cm. The readout pitch is A in
string model is implemented; ARIADNE 4.6 [4] which uses the Ry plane. Since 1994, the first and third layers have
the colour dipole model for QCD cascades followed by thebeen equipped with double sided silicon detectors, giving
same ‘string’ fragmentation as implemented in JETSET andneasurements also in the Rz plane.

HERWIG 5.8C [5] which is based on the formation and After standard barrel hadronic selections on the DEL-

decay of colourless clusters. JETSET, ARIADNE and HER-PHI data [10] from the 1992 to 1994 running periods and

WIG throughout this paper stand for the event generator&xcluding runs with known TPC or HPC problems, in which

with parameters adjusted according to previous QCD studiess than 95% of the detector is operating correctly, there are

ies [1] unless otherwise indicated. Furthermore, the mea477 621 events from 1992, 501 212 events from 1993 and
sured spectrum is displayed as function&f= In(1/x,) 975 435 events from 1994, for a total of 1 954 268 events.
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About twice as many simulation events were used in thispair is zero, one finds with this procedure the conversion
analysis. Due to changes in the HPC pattern recognition alradius R, i.e. the transverse distance from the main vertex to
gorithm the 1994 data are treated separately from the 199the point P. For particles originating from the main vertex,
and 1993 data. Throughout this paper the final results ar¢he condition is satisfied for R=0, i.e. within the experimental
obtained by taking the weighted mean of results from 1992-accuracy it is either a small R or no solution exists. In the
1993 and 1994 samples. following, all tracks which have a solution R wifk/o(R) >

To calculate the efficiencies and purities for the currentl are accepted as conversion candidates. Since the curvature
analysis, the JETSET 7.3 Monte Carlo generator [3] is usedlecreases with increasing energy, highly energetic tracks are
and the detector response is simulated with the DELSIMoften compatible with both the main vertex and a secondary
package[11]. Finally, the Monte Carlo data are processedertex. The one standard deviation cut is necessary to keep
through the same reconstruction and analysis programs dsackground at a tolerable level, but it limits the efficiency
the real data. at high energies.

In order to enrich the sample &b events, a technique If two oppositely—charged conversion candidates are
that capitalizes on the distinct differences in mass and lifefound with compatible decay point parameters, they are ac-
time between B hadrons and those hadrons made with lightetepted as a converted photon. The following selection crite-
quarks is used [12]. B mesons are nearly three times heavigta are imposed:
than D mesons and have lifetimes that are more than 50%
longer. Also, the energy spectrum of the B meson is gener-1. The weighted mean conversion radius of both tracks is at
ally harder than that of primary D mesons, and the B mainly  least one standard deviation away from the main vertex
decays inb a D meson. These features result in a distribu-  (defined by the beam spot).
tion of impact parameters that is typically larger in the B 2. The reconstructed mean conversion radius is at least 5
meson events than in events without B mesons. For each c¢m and below 50 cm (before the main TPC gas volume).
event the probability that all tracks with positive impact pa- 3. At least one of the tracks has no associated point before
rameters originate from a single vertex compatible with the  the reconstructed mean conversion radius.

beam spot is calculated. The impact parameter is positive if4, The difference in azimuthal anglés of both conversion
the vector joining the primary vertex and the point of closest  points is below 30 mrad.

approach to the track lies in the same direction as the jet to5. The difference in polar angle\d of the two tracks is

which the given track belongs. Selecting only those events pelow 15 mrad.

where this probability is less than 1% results in an efficiency

of (54.640.4)% and a purity of (8B 0.4)% for bb events  If these criteria are fulfilled, &2 is calculated fromAg, A4

in the 1992 data. For 1993 the efficiency is (& 0.4)%  and the difference of the reconstructed conversion rAdi

and the purity is (82 + 0.4)%. For 1994 the efficiency is in order to find the best combinations in cases where there

(62.1 + 0.4)% and the purity (8@ + 0.4)%. This b quark are ambiguous associations. The energy of the conversion

enhanced sample consists of 73 268 events taken in 1992Jectrons is corrected for radiation losses by a factor that

99 262 events in 1993 and 162 900 events in 1994, depends on the amount of material between the conversion
point and the entrance to the TPC. The reconstructed cor-
rected photons with an acceptablé have a precision on

3 Photon reconstruction their energy of+1.2%, an angular resolution af1.5 mrad
in 6 and ¢, and a precision on the conversion radiust

Two different photon reconstruction methods are used in thisnm. These values have been obtained from simulation.

analysis: reconstruction of electromagnetic showers initiated The algorithm outlined above becomes inefficient for

by neutral particles in the HPC, and the reconstruction ofhigh or low momentum particles. For high momentum par-

photons which convert in the material in front of the sensitiveticles, the conversion points are poorly determined, while

volume of the DELPHI TPC. In the barrel region 7% of all particles with transverse momentum relative to the beam

photons convert in front of the TPC. These conversions caraxis less than 50 MeV/c do not reach the TPC. Therefore,

be reconstructed with a very good precision on the energytwo additional algorithms are applied. For high momentum

Before reaching the HPC approximately 4186 of all particles, a pair—finding algorithm which fits two oppositely

photons convert so that only 59% of all real photons reachcharged conversion pairs to the same vertex is used. A pre-

the HPC and look like one shower. cision on the energy of1.8% is achieved with an angular
precision of+1.5 mrad ind and¢. These values have been
obtained from simulation.

3.1 Converted photons Some conversions leave only single tracks in the TPC,
while one of the tracks may be lost inside the beampipe or

Photon conversions in front of the TPC are reconstructed byiot be reconstructed because of too few hits in the TPC.

an algorithm that examines charged tracks reconstructed ifhese single tracks are accepted as conversions only if the

the TPC. Unlike most pair finding algorithms, it first analyses following conditions are fulfilled:

single tracks. Each TPC track is examined for a point P,

where the tangent to the helix (in they projection i.e. in 1. The conversion radius is between 22 and 33 cm.

the plane perpendicular to the beam) is pointing directly to 2. In the R¢ plane the distance of the conversion radius

the main vertex defined by the beam spot position. Under the from the main vertex is at least 4 standard deviations

assumption that the opening angle of the electron-positron (R/c(R) > 4).
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20°F ool deto is split into smaller clusters. The precision on the measured
Noos | <mbloted data energy is 31%E%4 @ 2.7% which was deduced from the
oL / width of the 7° peaks reconstructed by one converted and
one HPC photon. For HPC photons with less than 2 GeV
energy the ther® peak width is dominated by the precision
on the energy of the HPC photon and the contribution of
the precision of the energy of the converted photon can be

s o neglected. For Bhabha energies the same precision on the
%075 0 15 20 25 30 35 40 45 50 energy for charged and neutral showers is assumed. From
R fem) the simulation the angular precision is measured ta-te

Fig. 1. Distribution of conversion radii reconstructed in the TPC for real mrad in polar angle@O and+1.7 mrad in azimuthal angle
and simulated data. The number of conversions is normalised to the numbqr@_
of events

0.04 [
0.03
0.02 [

0.01 |

A neutral shower is a shower which cannot be associated
with a TPC track. Due to the amount of material in front of
real data the HPC (beam pipe, Vertex Detector, Inner Detector, TPC
simulated dato inner and outer wall, RICH inner wall, drift tube, mirrors and
outer wall and Outer Detector) 4286in6 of the photons
convert before reaching the HPC. The presence of RICH
end-flanges increases this number to around 80% in front
of the outermost HPC rings. Therefore this analysis of HPC
showers is limited to the four innermost rings, i.e. the region
with | cosf| < 0.65. Photons converting after the TPC reach

N,/Nua [1/0.5 GeVl

o Pl b b b b b L b L
0 5 10 15 20 25 30 35 40 45

E [GeV] the calorimeter as several showers separated iy the

Fig. 2. Comparison of the energy spectra of converted and calorimetricmagnet'c field.

photons for real and simulated data. The number of photons is normalised A fraction of these conversions can be recognized by

to the number of events track elements in the outer detector just in front of the HPC,
thus reducing the combinatorial background for ttfere-
construction. There are some small differences in the HPC

s \I/\Ieors?gﬁ S(r)tian?ssomated in front of the reconstructed CONShower energies between data and simulation, which can be

4. The z-coordinate of the conversion point and that fromé1ttribUted to the presence pf low energy electron_s curlin_g in
. the angular extrapolation from the reconstructed primarythe HPC drift channells, Wh'.Ch are less abundant in the simu-
vertex towards the conversion point coincide to within 1 lattion QUe.to Fhe relatively high energy cut-offs of the shower
cm. e;oltitlor? |n5|k§ie the HPCtb)(;I ';he I(E)GIS Eg)gram [13]. These
. . effects have been accounted for. Only showers passing
5 II) r\:vesrecizgcsguc/tiﬁeprftso%gc()argy divided byfsis be- _the Iongitudinal and transverse 'shower profile cuts are used
i ' in the analysis. Photons recognized as electron radiation and
From the simulation a precision on the photon energy ofshowers near the module edges are excluded. A good agree-
+12% is obtained after applying a mean energy correctiorment is found between the obtained photon spectra for real
for the unseen lepton and an angular precisioftdb mrad  and simulated data which can be seen in Fig. 2.
in 6 and ¢.

Reasonable agreement between data and simulation is
observed in the distribution of the reconstructed conversion4 .
radii, as shown in Fig. 1. However, some discrepancies are
found aroundR = 30 cm and are discussed later. The energy
spectra of converted photons for simulated and real datédaving reconstructed ‘HPC’ and ‘converted’ photon§;s
are shown in Fig. 2. Note that the number of reconstructedan be reconstructed by calculating the invariamtmass.
photons converted before the TPC is an order of magnitudéombining HPC and converted photons gives three different
lower than the number of photons reconstructed in the HPCz® reconstruction methods: pairs of converted photons; pairs
Nevertheless, the statistics are large enough to provide &f one converted and one HPC photon which are used for
good estimate of the systematic errors by comparingrthe low and intermediater® energies (0.5 — 15 GeV) and pairs

reconstruction efficiencies from the various photon samplesof HPC photons which are used in th& energy range from
3 to 8 GeV. At high energies (6 Ge¥ E,o < 34 GeV) the

opening angle between the decay photons%s is so small
3.2 Calorimetric photons that they are seen as one single shower in the calorimeter. In

this energy ranger”’s can be reconstructed by looking for
Showers in the HPC are reconstructed by summing neighsubstructures within one shower. Most of the high energy
bouring clusters (measured in 3 dimensions) with a laterashowers made by neutral particles in the HPC are in real-
spread of up to+2° in ¢ and +1° in @ [9]. A cluster is ity 7%’s, as can be deduced from the simulation. Hence as
defined as the sum of the charge obtained during a givem crosscheck the® cross sections can be determined from
drift time interval. If the width along the beam axis of a all-neutral showers without looking for substructures.
cluster is large a higher threshold is applied and the cluster

0 Reconstruction
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7° reconstruction methodst) Combination of two converted photonis)
Combination of a converted photon with an HPC photrCombination of
two HPC photons in the energy range from 4 to 8 Gd/Mass calculated  Fig. 4. Decay angular distribution for photons coming frerfi's in the 7°

from merged HPC showers in the energy range 26 GeV; due to changes  rest frame forr’s reconstructed bya) two converted photons ar(8) one

in the HPC pattern recognition only the spectrum for 1992 and 1993 dateconverted and one calorimetric photon. In the second case, only the angle

is shown. In(a,b,c) the solid curves represent the fit results;(d) the of the converted photon is shown
background could not be determined from data and was taken from the
simulation

because the tracks from the converted photons have insuffi-
cient energy to be reconstructed in the TPC. For higher
the efficiency decreases because the curvature of the electron

Figure 3a shows the invariant mass spectrum of the combina@nd positron tracks from conversions is too small and there-
tion of two converted photons, Fig. 3b from the combination fore these particles are not accepted as conversion candidates
of a converted photon with a HPC photon and Fig. 3¢ from(see Sect. 3.1). The efficiency for th& reconstruction from
the combination of two HPC photons in the energy range 4 tdWo converted photons or from one converted and one HPC
8 GeV. There are clear? signals on top of a combinatorial photon is about a chtor 1.25 or 1.10 respectively Iarggr in
background which is increasing with the distance of the phothe 1994 data than in 1992-1993 due to the changes in the
ton reconstruction from the interaction point (and decreasind!PC pattern recognition algorithms. These numbers include
energy). The background for very low invariant mass valueghe fraction of photons converting and the efficiency for re-
in Fig. 3a is mainly arising from particles wrongly recon- constructing conversions and HPC showers and identifying
structed as single conversions. The corresponding plots frorfl€m as a photon. o
the simulation look similar, with the background level and ~ Although some efficiencies are small, they are deter-
shape well described. As a cross check for these reconstrugdined reliably using simulated events since the largest losses
tion methods, the angular decay distribution for the photongare due to geometrical acceptance and material distribution.
in the 7° rest frame is examined. For a scalar particle, thisSeveral cross checks on e.g. the conversion radius distribu-
distribution is predicted to be isotropic. For the combinationtion, the ratio between single and double track conversions
of two converted photons and one converted and one caloridave been performed, which show an agreement between
metric photon this distribution is shown in Fig. 4. In both data an(_d simulation. The corresponding uncertainties are dis-
cases a flat distribution is found. cussed in Sect. 5.

The = peak position and width for the sample containing
one conversion and one HPC photon offers the opportunity
to understand the systematics of the HPC at low energie%}.2 High energyr® reconstruction
since the converted photons are well measured in this case.
The detection efficiency, as estimated from the simulation forThe opening angle between the decay photons®af with
the 1992 and 1993 data, is shown in Fig. 5 as function,of  energies larger than 6 GeV is generally less thanr@this
The efficiency is calculated by the number of reconstructeccase, the HPC pattern recognition program reconstructs sin-
7¥s in a z, bin after the photon selection cuts mentioned gle or overlapping showers. For the identification 7¥s
above divided by the total number of generatéés in the  the very fine granularity of the HPC permits a search for a
same geometrical acceptandec¢sf |< 0.65). The recon- lateral substructure in HPC showers with reconstructed en-
struction efficiency forr®’s reconstructed by two converted ergies larger than 6 GeV. The sampling width in the drift
photons or one converted photon and one calorimetric phodirection (z) corresponds to 3.5 mm, whereas the typical pad
ton (see Figs. 5a and 5b) is falling towards very lay width in the first layers is 2-3 cm. In the algorithm to find

4.1 Low and intermediate energsf reconstruction
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substructures all cluster measurements are projected-aeh a
grid whered and¢ are the usual polar angles.@%in is cho-

sen to correspond to a time slot. The charge of ealoim of

a pad is equally distributed intobins of the same size as the

0 bins. The charges of all pads belonging to the shower are
distributed over this grid and added using a weight depend-
ing on the depth of the pad row. The weights were optimized
to achieve the best two-shower separation, i.e. the pad-rows
containing the start of the shower evolution get the highest
weights. Examples of the resulting charge distribution for a
single photon of 25 GeV (from &° — ;*;~~ event) and
anY of 29 GeV (from ar~ — v,p~ — v,n7° decay) are
shown in Fig. 6.

The next step consists in finding the eigenvalues and
eigenvectors of the lateral charge distribution tensor based on
0;, ¢; and the corresponding char@g. The charge distribu-
tion is then projected onto the main axis and two Gaussians
are fitted to this distribution. When there are two signifi-
cant maxima, the showers are mainly frathdecay. In the
following they are called ‘merged showers’. The main back-
ground is from single photons that convert in the material
just prior to the HPC leading to two showers. However, the
magnetic field separates theses clusterg,itout not iné.
Therefore, merged showers are rejected if the angle in the
0-¢ plane between the line connecting the two shower cen-
tres and the& axis is below+100 mrad. This cut removes
60% of this background.

The invariant mass is calculated from the charge dis-
tribution between the two peak positions and the distance

of all showers found in the HPC which were not linked to a charged particlebetween the maxima. Studies using simulation show that

V7

V10

Fig. 6. Lateral charge distribution in thé\@ — A¢ plane from the centre
of gravity of a) a 245 GeV single photon from &° — pu~y event,b) a
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both the reconstructed opening angle and the reconstructed
energy depend slightly on energy. This is due to the fea-
tures of the pattern recognition algorithm (maximal size of a
shower) and the binning effects in the pad direction, both of
which are corrected for. Figure 3d shows the invariant mass
for merged showers for energies larger than 10 GeV.

The background in the merged shower sample which
arises mainly fromy decays varies with energy: at 6 GeV,
83% of the merged showers originate frarfis, while at 10
GeV the purity has risen to 90%. For energies greater than
25 GeV the purity is again increasing due to a smaller con-
tamination ofn’s. The combinatorial background is strongly
reduced at these energies, since the algorithm looks only for
the closest shower in space in a small cone of less tRan 2
half-opening angle, whereas the average distance to the near-
est reconstructible uncorrelated photon is much larger. The
detection efficiency of the algorithm is determined by sim-
ulation and is shown for the 1992 and 1993 data in Fig. 5d.
The efficiency is around 10% at, = 0.15 and rises up to
20% for z,, = 0.4 which is due to the opening angle of the
photons which is getting smaller for higher energies. How-
ever, for still higher energies the opening angle is too small
to resolve two showers, hence the efficiency decreases. Due
to some changes in the pattern recognition in 1994 some of
the merged showers are split into two photons which reduces
the efficiency. The tail in Fig. 3d towards larger masses is
due mainly tor%s in which one of the photons converted
just before the HPC.

From the simulation it can be deduced that most of the
high energy showers found in the HPC are in reatifys.
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For high energyr®s the opening angle between the pho- —
tons is too small to be resolved as two showers in the HPC.
Thus, the number of ‘all-neutral-showers’ made by neutral
particles as a function of, is a useful cross—check. The
purity obtained with this method is around 75% for energies
from 6 GeV to 25 GeV and then it drops slowly. The con-
tamination arises mainly frop decays as can be seen in
the simulation. The efficiency is shown in Fig. 5e.

5 Inclusive % cross sections

As described above®'s can be reconstructed by the follow-

ing means: pairs of converted photons, pairs of HPC pho-
tons, or one converted and one HPC photon, merged showers
and all-neutral-showers. For the determination of the cross
section only ther® reconstruction methods with two con-
verted photons, one converted and one HPC photon and the
merged showers are used. The methods with two HPC pho-
tons and all showers made by neutral particles were not™
taken into account because of the background uncertainties:
in the first case the background is too large (see Fig. 3c)
and in the second case the shower is assumed to originate
from a 70 without any proof. These two methods serve as
a cross-check. Using these methods, fits are performed in
bins of reconstructed® energy. The signals are fitted by a
Gaussian function. In the case of two converted photons the
background is parametrised by a straight line in the region
0.09 < m,,, < 0.18 GeV. In the cases of one converted and
one HPC photon and two HPC photons the signal is wider
as shown in Figs. 3b and 3c. Here the background is fitted —~
by the Fermi-function in the range®< m,, < 0.4 GeV:
Fog(may) = Py (L + Py (myy — P1) /(L +exp("0),

in which Py, P,, P; and P, are free parameters.

For the 7%s from merged or neutral showers no com-
binations with other showers are considered, so there is no
combinatorial background. In this case the background is
estimated from the simulation (Fig. 3d).

The cross section is calculated by:

NT¢(DATA) N%"(MC)
Az, N7ee(MC)

1 do _ 1L
Ohad ATp  Nhaa

1)
where N7¢¢ (N%") is the number of reconstructed (gener- —
ated)7%s in the z, bin. The inverse of the last ratio in this
equation represents the efficiency for thgbin.

The systematic uncertainties in the differentidl cross
section arise from background parametrisation in the fit pro-

As shown in Fig. 1 the material distribution is not cor-
rectly described in the simulation. The radiation length
was varied by 4% for conversions occurring in front of
the TPC. A bigger variation results in a shift of the ratio
of the measured® cross section obtained with the recon-
struction by two converted photons and by one converted
photon and one calorimetric photon. The uncertainty in
the material distribution also leads to an uncertainty in
the number of merged showers. If more photons convert
in front of the HPC the number ofs reconstructed

by converted and/or calorimetric photons increases and
the number of merged shower decreases. In this case also
conversions which occur behind the TPC play a role. For
these conversions the uncertainty in the material distri-
bution is estimated to be 7%. This value was obtained
by looking at the conversion radius distribution for con-
verted photons where both leptons were seen in the OD
and the HPC. Another effect is that more showers with
more than two substructures are found in the HPC.

To determine the error due to the reconstruction algo-
rithms of converted photons only the ‘best’ measured
converted photons (those which were reconstructed by
two TPC tracks) are considered and the analysis is re-
peated. The systematic error represents the difference be
tween the two results.

— To determine the systematic error due to differences in

the precision of the energy between data and simulation
the precision on the energy is decreased by 0.5% for
converted photons and by 3% E & 3% for calorimetric
photons.

The number of HPC photons and merged showers was
varied by 3% to account for differences between data and
simulation for HPC showers and the selection criteria to
classify photons.

The systematic error in the background parametrisation
for 7%s reconstructed by two converted photons was
estimated by parametrisation of the background in the
invariant mass range rangedG- 0.4 GeV with a Fermi
function instead of using a straight line fit. For the com-
bination of one converted and one HPC photon the back-
ground was fitted by a third order polynomial instead of
a Fermi function. For merged showers the uncertainty
was estimated to be 5%.

Variation of the cuts for the different selection criteria in
the reconstruction of merged showers lead to an uncer-
tainty of 6.8%.

cedures, reconstruction efficiencies and corrections of re5.1 Inclusiver® production ingq events

maining differences between data and simulation such as

the material distribution within DELPHI and the energy res- The results of the inclusive® cross section measurement
olution for converted and HPC photons. The various con-ysing the above methods are shown in Fig. 7 and reported
tributions are summarized in Table 1 and are estimated ag Table 2.

follows:

— The systematic error of the efficiency is estimated by

Since the cross section varies by three orders of magni-

tude over the measured, region, the ratio of the mea-
sured cross sections to the expectation from simulation

(A = 32,(Ac(i) 4~ )? where Ae(i) is the error of
the efficiency in the i-thz, bin, N, (i) is the number of
reconstructedr?’s in the i-th zp bin and Ny 4. the total
number of reconstructeds.

is shown in Fig. 7b for better visibility. The different
methods ofr® reconstruction lead to consistent results in
the regions of overlap. Their weighted mean is used for
the final cross section measurement. Integrating over the
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Table 1. Systematic errors for the number of’s in %

systematic errors in %

source of systematic error

2 conv.y's 1 conv./ 1 HPGy merged showers

efficiency 4.6 4.7 3.6
additional material 6.8 3.2 6.8

only ‘best’ reconstructed conversions 21 3.3 -
additional energy smearing 2.0 3.3 -
additional HPC photons - 3.0 3.0
background parametrisation 6.4 6.9 5.0
cuts in reconstruction algorithms - - 6.8
errors added in quadrature 10.7 10.5 11.8

Pal Table 2. The scale invariant differential cross sections for inclusife
5 f & 2convyor production in multihadronic events gts = 912 GeV.
Gl 102; 3 1 convy, 1 HPCy
- o 2convy Tp < xp > Uhlad ddzap + Astat £ Asyst
ol 4 merged showers 0.011-0.015 0013 242 4+ 32 + 26.
—— JETSET 7.3 PS (tuned) 0.015— 0.020 Q018 165 =+ 16. + 18.
0.020— 0.025 0023 140 <+ 11 + 15.
L 0.025— 0.030 Q027 116 =+ 7. * 12.
F 0.030— 0.035 0032 969 &+ 57 + 10.3
F 0.035— 0.045 Q040 687 &+ 29 + 7.3
1071; 0.045— 0.060 Q053 453 + 15 =+ 4.8
0.060— 0.080 Q070 299 + 14 =+ 3.2
[ 0.080— 0.100 Q090 194 + 0.8 + 21
A 0.100-0120 Q110 145 + 07 =+ 15
05 0.1 02 03 0.4 05 0.6 07 0.120— 0.145 Q132 890 + 041 + 0.94
% 0.145— 0.160 Q153 723 + 0.06 =+ 0.85
> T 0.160— 0.175 Q167 592 + 0.06 &+ 0.70
) o 2 convy 1 convy A merged shower 0.175— 0.200 Q188 449 + 0.04 =+ 0.53
-BE o 2 HPCy 1 HPCy o neutral shower 0.200— 0.220 Q210 338 + 0.03 =+ 0.40
z2r 0] 0.220— 0.240 0230 266 + 0.03 &+ 0.31
,?; . l ,L*# | #JTFA S ﬂjﬁi‘é’"&; 0.240—0.280 0260 186 + 002 + 022
Jul TR 0000 03 0707 & 0005 & 0083
© 08 - . . B .
= # 0.380— 0.440 Q0410 Q444 + 0007 <+ 0.052
06 - 0.440— 0.500 Q470 0281 + 0006 <+ 0.033
[ 0.500— 0.570 Q535 Q155 + 0004 <+ 0.018
o7 pe o5 0570— 0650 Q610 Q088 + 0003 + 0.010
%o 0.650— 0.750 Q700 Q050 + 0.002 <+ 0.006

Fig. 7. a) Differential inclusiven® cross section inz® — ¢q events nor-

malised to the total hadronic cross sectiofiy do/dx,. The points repre- This result on the number af%s per hadronic event
sent the measured cross section. Only statistical errors are shown. The line

shows the JETSET 7.3 prediction using DELPHI tuniby.Comparison IS in good agreement with the rate predlcted by JETSET
of the results of the different® reconstruction methods with JETSET 7.3 /-3 (9.95) and the measurement at lay recently pub-
prediction. Herer, is plotted on a logarithmic scale. Besides the methods lished by the L3 Collaboration (see Fig. 8) §i(x?)/Z2,, =
used for the determination of the cross section,stheeconstruction meth-  9.184+0.03+0.73 (977 using JETSET 7.3,.60 using HER-
ods from two HPC photqns and all showers not linked to charged particlew|G 5.4) [14]. L3 found an important difference in the ac-
are also shown for consistency checks ceptance calculation between JETSET and HERWIG, due
mainly to their strong isolation criterion of the photons from

) any charged particle tracks (50 mrad). The present analysis
measured momentum range.q0l < =z, < 0-75)_ gIVesS s less affected by differences in local particle density be-
N(7°)/Zpq= 7.1+ 0.2(stat)+ 0.8(syst). Extrapolating into  cause of the good angular resolution of the HPC and the

the non-accessible low-energy range using the shape pregditional use of converted photons which are free of this
dicted by the JETSET 7.3 the average numberr®$ pro- uncertainty.

duced perZ° decay is calculated to be

Figure 7a shows good agreement between data and JET-
(2) SET 7.3 for the shape and normalisation of the differen-
tial cross section as function af,. The measured spectrum
The statistical error in the totat® rate is dominated by is also compared with other event generators (see Fig. 9),
the low energy bins which have large cross sections, buhamely JETSET 7.4, ARIADNE 4.6, and HERWIG 5.8C.
large statistical errors due to the small efficiency for theSince branching ratios are different in HERWIG compared
detection of two converted photons. The systematic error ofo reference [2], Fig. 9d shows the results with the branch-
approximately 11% has been discussed above in Sect. 5. ing ratios according to reference [2]. For JETSET 7.4 the

N(7%)/ 20,4 = 9.2 + 0.2(stat)+ 1.0(syst)
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section to the cross section predicted by the JETSET 7.3 event generator.

Herex,, is plotted on a logarithmic scale. Only statistical errors are shown
Fig. 9. Comparison of the measured differential cross section as function

of 2, in Z° — qq events with different models, namelia) JETSET
_ o 7.4, (b) ARIADNE 4.6, () HERWIG 5.8C and(d) HERWIG 5.8C with
default decays are used, which are similar to the decays ifhe same branching ratios as in reference [2]. The ratio of measured to

reference [2]. Up tar,, ~ 0.5 the predictions agree with the predicted differential cross section is below each plot. Only statistical errors
measured cross section to within abekt0% for JETSET  are shown

7.4 and ARIADNE 4.6. For larger,, more high energy:®'s

are seen than in the simulation. In the case of HERWIG 5.8C

an agreement withie=15% between the measured and pre- « * [
dicted cross section is found. S | © meonof2convyand

° 55 [ 1 convy, THPC y

L7 F % 2convy

The measured differential cross section is plotted also™ | A merqged showers "::J,,
as function of¢, = In(1/z,). For high¢, values (i.e. low 3 )
momenta) the spectrum has a broad Gaussian shape. The | %M . 06
peak position is a function of the centre of mass energy and ,s [ JETSET 7.3 PS (tuned) ;
the particle mass as predicted e.g. by the modified leading o for i° -
log approximation (MLLA) [6] which predicts the shape of , L form
this distribution for soft gluons. Under the assumption of r
local parton hadron duality (LPHD) [15] this distribution §
can be compared directly to the observed hadron spectra. "o a
Fitting a Gauss in the range7l < &, < 4.51 (see Fig. 10) r
the maximum of the,, distribution is found at: L o
z 4

& = 39042, ®
with a2 of 9.7 with 13 degrees of freedom. This valueisin %o 0s 1 hs 2 as T as T s
good agreement with the results from other LEP experiments 02 o4 oo . 0 o4 0_65"

for neutral and charged pions [14, 16]. The results are listed
in Table 3. Fig. 10. The inclusive&, spectra normalised to the total hadronic cross

" . . section. Only statistical errors are shown. The curve shows the fit result
. The measured peak position is also in good agreemenfitin the fitted region. The dashed lines show the prediction from the
with the JETSET 7.3 predictions for neutral and chargedJeTSET 7.3 generator for neutral pions and charged pions

pions (see Fig. 10).



571

Table 3. Peak positiong; of the In(1/xp) distribution for neutral and  Table 4. The scale invariant differential cross sections for inclusife

charged pions, for which equal peak positions are expected production in b-events ay/s = 912 GeV
& particle  experiment Tp <xp > 01 ddx‘; £ Astat £ Asyst
bb

3.90'9,2F, w0 DELPHI 0.011-0.025 Q018 175 + 36+ 19.
3.96+ 0.13 70 L3 0.025— 0.045 Q035 106 =+ 78 =+ 11
3.81+0.02 nE OPAL 0.045— 0.060 Q053 525 + 49 + 5.6
3.776+ 0.004(stat}t 0.024(syst) ¥ ALEPH 0.060— 0.080 Q070 296 =+ 26 =+ 34
0.080— 0.100 Q090 185 + 20 + 2.0
e 0.100— 0.145 Q123 122 &+ 10 =+ 12
s N a) & 2convyor 0.145— 0.160 Q0153 667 =+ 091 =+ 0.79
én 1Oz§> 1 conwy, 1 HPCY 0.160— 0.175 Q167 490 + 067 =+ 0.58
= 3 0.175— 0.200 0188 323 + 045 &+ 0.38
o Zzcony 0.200—0.220 Q210 237 + 033 + 0.28
0L & merged showers 0.220— 0.240 0230 179 + 025 &+ 0.21
—— JETSET 7.3 PS (tuned) 0.240— 0.280 Q260 118 + 0.16 =+ 0.14
0.280— 0.330 Q0305 0646 =+ 0.089 =+ 0.076
L 0.330— 0.380 0355 0328 =+ 0.045 =+ 0.039
0.380— 0.440 0410 0211 &+ 0.029 =+ 0.025
[ 0.440— 0.500 Q470 Q101 + 0.014 &+ 0.012
al 0.500— 0.570 Q0535 Q0382 + 0.0051 + 0.0045
0E 0.570— 0.650 0610 00211 + 0.0034 + 0.0025

dicted by JETSET 7.3. The average number of neutral pions
is found to be:

;b) o 2 convy 1 convy A merged showers N(ﬂ'o)/bb =101+ 0.4(stat)i 1.1(SySt) (4)

o 2 HPCy 1 HPCy o neutral showers

=
©

[y
)

=
i
T

which is also in good agreement with the JETSET 7.3 pre-
diction of 10.85 neutral pions per event.
‘ As in the case ofjg events the systematic error is 11%,

(dOparald,) / (00, c/l%)
- s
—
S —
<
<
<
<
‘
=
.

| # %ﬁf TR T compared to which the error due to impurities in the b-tagged
08 *% % A ‘u% sample can be neglected. In Fig. 12 the measured spectrum is
06 |- | compared with JETSET 7.4, ARIADNE 4.6, and HERWIG
107 " T s 5.8C. JETSET and ARIADNE both use Peterson fragmenta-
% tion for the decay of heavy quarks. For HERWIG the expec-

i ) o ) o tation with default branching ratios and the branching ratios
Fig. 11. a) Differential inclusive 7° cross section inZ® — bb events from [2] are shown. For JETSET 7.4 the default decays were
normalised to the totallb cross section, Ao, , do/dz,. The points repre- . S ;
sent the measured cross section. Only stglfistical errors are shown. The Iintéiken which are _Slmllar to the ‘?'ecays from reference [2]
shows the JETSET 7.3 prediction using DELPHI tunibpComparison of All models .W|th th_e exception of HERWIG 5.8C with
the results of the different® reconstruction methods with the JETSET 7.3 default branching ratios show agreement to witHi&0%
prediction. Herer,, is plotted on a logarithmic scale. Besides the methods with the differential cross sections in both the shape and
used for the determination of the cross sectiontheeconstruction meth-  normalisation. In the case of HERWIG 5.8C with default
ods from two HPC photons and all showers not linked to charged particlesoranching ratios there is a mismatch at htgh(:v > 0.3)

. p .
are also shown for consistency checks which arises from differences in the branching ratios used
in HERWIG and those quoted in reference [2], as deduced
5.2 Inclusiverr® production inbb events from Figs. 12¢ and 12d.
o _ _ In Fig. 13 the ratio R of the measured differentie
The samer™ reconstruction method was applied to the sub-c¢ros5 section fobh events togg events is shown. The dif-
set of 70 — bb events selected with the method described INferent fragmentation dfb events is evident: at higher, the

Sect. 2. Effects due to the 18% background from light quarks o

were corrected for by multiplying the data-to-simulation ra; ™ production is almost a factor of two lower f6b events
) el ~ compared t vents. Using the ratio has th vant
tio of the number of reconstructee®s by the number of compared togg events. Using the ratio has the advantage

that it is not affected by the overall normalisation. Compar-
7%’s at the generator level for a pubé sample. The result- y P

. i ) e o . ing this ratio with the prediction of the JETSET 7.3 generator
ing differential cross section is shown in Fig. 11a and Ilstedfor neutral and charged pions, an agreement with20%
in Table 4. '

- . is found. The ratio of the number ofs in bb events to
For better visibility the ratio of the measured cross sec-,54ronic events in the range 0025— 0.57 is measured to
tions to the expectation from simulation is shown in Fig. 11b. 107+ 0.04(stat) + 01701(5y5t). Extrapblating to the non-

Compared withyq events the spectrum is softer due to the yoqeggipler, region using the shape predicted by JETSET
higher multiplicity in B hadron decays. Integrating the num- 5 3 gives:

ber of 7¥s in the scaled momentum range betweef28
and 057 gives N¢°)/bb = 49 + 0.2(stat)+ 0.5(syst). The N, o(bb) _

rest of the spectrum was extrapolated using the shape prey_,(z0) ~ 1.09+ 0.05(stat)+ 0.01(sysY) ®)
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Fig. 12. Comparison of the measured differential cross section as function_ . . . .
of z, in Z° — bb events with different MC event generators, namely Fig. 13. (a)Ratio R of the measured differential cross sectiombtoévents
(a) JETSET 7.4(b) ARIADNE 4.6, (c) HERWIG 5.8C andd) HERWIG and hadronic events as function ©f. The lines show the prediction of
5.8C with the same branching ratios as in reference [2]. The ratio of meath® JETSET 7.3 model for neutral and charged pighyMeasured ratio

sured to predicted differential cross section is plotted below each plot. Oniydivided by the predicted ratio from the JETSET 7.3 model. Besides the
statistical errors are shown methods used for the determination of the ratio R #fereconstruction

methods from two HPC photons and all showers not linked to charged

particles are also shown for consistency checks. Only statistical errors are
which is in good agreement with the predicted value of 1.09shown
from the JETSET 7.3 generator. The systematic error arises 5

from the contamination of nobb events in the b-tagged i:
sample. Zas
To determine the average® multiplicity in the decay T

of primary B-hadrons, the technique described in reference

[17] was used. Using the simulation for detector effects, and 3.5
for the contamination from nobb events, the rapidity distri-
butionr(|y|) (with respect to the thrust axis of the event) of 3
79's is corrected bin by bin giving the rapidity distributions
for bb events which is shown in Fig. 14. The distribution is
then fitted to the expression

r(ly)) = NI@Q = ) f¢(|y)) + afa(lyD] (6)

where f; and fq are the distributions expected from frag-
mentation and decays of B hadrons respectivelyis the
fraction of particles arising from the decay of the B hadron,
and N is a normalisation factor. Taking; and f; from

the JETSET PS model with Peterson fragmentation gives
a = 055+ 0.02, with a x? of 14.0 with 11 degrees of
freedom. The result of the fit from this model was used for
the measurement, because it was shown to reproduce the

inclusive distributions reasonably well [17]. By taking the Fig. 14. Rapidity distributionr(|y|) (with respect to the thrust axis of the
distributionsf andf from: event) of70 in bb events. The two components from decay of B hadrons
f d :

(dotted line) and fragmentation (dashed line) (as in JETSET 7.3 PS) are
— HERWIG 5.7, with cluster fragmentation; shown along with their sum (solid line)
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