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Abstract

The final state photon radiation off the quark is measured with the OPAL detector at LEP in
the reaction efe” — Z° — hadrons + 7. The observed number of events with photons as
well as the jet rates in such events are compared with results of a matrix element calculation of
the order O(aq;). The value for the strong coupling constant in first order ol = 0.177+9-08
is determined. Combining the measurement of the partial width of hadronic Z° decays with a
final state photon with the total hadronic width of the Z° allows to determine the electroweak
coupling of up- and down-type quarks. The resulting values are

Cup—type = 110710058 and  Caown_type = 1.508709%3.
They correspond to the partial decay widths
Cuptype = 28675:MeV  and T aoun_type = 390750 MeV.

The values are in good agreement with the Standard Model predictions.
Zusammenfassung

Die Photonabstrahlung vom Quark in der Reaktion ete™ — Z° — Hadronen + v wird mit
dem OPAL-Detektor bei LEP gemessen. Die Anzahl von Ereignissen mit Photonen und die
Jet-Raten in solchen Ereignissen werden mit den Ergebnissen einer Matrixelement-Berechnung
der Ordnung O(acq;) verglichen. Daraus wird der Wert fiir die starke Kopplungskonstante in
erster Ordnung, ot = 0.17715:0%8  bestimmt. Die Kombination der Messung der partiellen
Breite von hadronischen Z°-Zerfillen mit einem Endzustandsphoton mit der Gesamtbreite der
hadronischen Z°-Zerfille erlaubt die Bestimmung der elektroschwachen Kopplungen von Up-
und Down-type Quarks. Die sich ergebenden Werte sind

Cup—type = 1.107f8j(1)8§ und Cdown—type = 1-508t8:(1)(15?'
Sie entsprechen den partiellen Zerfallsbreiten
Cup type = 286753MeV  und  Taown_type = 39075 MeV.

Die Werte stimmen gut mit der Vorhersage des Standardmodells iiberein.
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Chapter 1

Introduction

The photon is well known as the quantum of light and as the exchange particle of electro-
magnism. It received its name in 1926, when the chemist Gilbert N. Lewis wrote in a letter
to the editor of the science magazine Nature: "I therefore take the liberty of proposing for
this hypothetical new atom, which is not light but plays an essential part in every process
of radiation, the name photon.” [1] As the exchange boson of the electromagnetic interaction
the photon mediates the force between electric charges. The present measurement utilises the
photon coupling to the electric charge to measure the couplings of another exchange particle:
the Z° boson. The Z° boson is one of the exchange particles of the weak interaction. Both
particles are mediators of forces which are described in the framework of the Standard Model of
elementary particle physics. The Standard Model consists of theories which are able to describe
three of four fundamental forces, which have been identified in nature: electromagnetism, weak
and strong interactions. One of its integral parts is the theory of strong interactions (Quan-
tum Chromodynamics, QCD [2-5]), the other is the theory of electroweak interactions unifying
electromagnetic and weak interactions in one model. The latter was developed by Glashow,
Salam and Weinberg [6-8] in the 1960s. In the picture of these theories the forces are mediated
by vector bosons: the gluons which mediate the strong force, the photon and the Z° boson,
mentioned above, and the W* mediating the electromagnetic and the weak forces. While the
gluons and the photon are massless, the Z° and the W* are massive bosons (a fact which led
to the introduction of the mass generating Higgs formalism in the Standard Model [9]). All the
bosons are listed with their masses in table 1.1. It is possible to learn about the nature of the
forces by studying the couplings of their exchange bosons to the matter particles. The matter
particles in the Standard Model picture are grouped in three families or generations of fermions:
there are three lepton doublets (v, € ; vy, p; v,, 7~ ) and three quark doublets, where each

| Gauge bosons | Mass (GeV) |

¥ 0
W= 80.419 + 0.056
70 91.188 + 0.002
gluons 0

Table 1.1: The masses of the fundamental gauge bosons taken from [10]. The usual convention
A =c=1 is used here and in the following.



quark is referred to a quark flavour: u(p), d(own); c(harm), s(trange); t(op), b(ottom). The
quarks u, ¢, and t, which have a third component of the weak isospin of 1/2, are called up-type
quarks, the quarks d, s, and b, which have a third component of the weak isospin of —1/2 are
called down-type quarks. The weak isospin is the charge of the weak interaction. For every
lepton and quark an antiparticle exists, which has the same properties except for opposite signs
of the charge-like quantum numbers.

In the present analysis, the nature of the electroweak interaction is studied in the frame-
work of the Standard Model performing a measurement of the Z° couplings to fermions and
antifermions. The massive Z° boson can be produced at a high rate in e*e™ annihilations, given
that the centre-of-mass energy at which electron and positron react approximately equals the
Z° mass. The massive Z° boson is unstable and decays into quarks or leptons. Measuring the
final states of such reactions, ete™— Z® — ff, allows an insight in the nature of the coupling
of the weak neutral current to other particles. General observables sensitive to the electroweak
couplings of fermions are decay widths of the Z° boson into quarks and leptons as well as
forward-backward charge asymmetries and polarisation asymmetries for various final states of
a Z° decay. Experimental techniques to access these observables for quark flavours in the case
of heavy quarks species are based on the exploitation of the different masses and lifetimes of the
c- and b-quarks. The progress in the identification and separation of the latter in recent years
mainly resulted from high-precision vertex detectors which were installed in the new colliding
beam experiments at the beginning of the 1990s and which were gradually improved during the
years of operation. The vertex detectors permitted the reconstruction of secondary vertices of
long-lived heavy quarks, thereby supplying a direct method of heavy-flavour ’tagging’. Light
flavour tagging (u-,d-,s-quarks) is more difficult, however several methods have been developed,
identifying high-energy hadrons and using these as flavour tag.

In this thesis, a measurement of the partial Z° decay widths into up- and down-type quarks
is presented using an alternative approach. As mentioned in the beginning, it utilises the
immanent property of the photon coupling to the electric charge. The electric charge of up-
type quarks u, ¢, and t is +2/3, that of down-type quarks d, s, and b is —1/3. Thus, by
selecting hadronic Z° decays with final state photons radiated off the quark or antiquark, a
subsample can be extracted which is enriched in up-type quarks since the strength of the
coupling is proportional to the squared charge. Combining the measured rates of hadronic
events with radiated final state photons with the total rate of hadronic Z° decays permits the
simultaneous determination of the electroweak couplings of up-type and down-type quarks.
However, compared to the previously mentioned analyses dealing with either heavy or light
quark flavours the present one determines the electroweak coupling of up- and down-type quarks
for the flavour admixture present on the Z° resonance.

There are several places around the world where the studies of the electroweak sector of the
Standard Model have taken place and are still ongoing. One of these is the Large Electron-
Positron Collider (LEP) of CERN in Geneva. It was operated in two phases, LEP1 (1989-1995)
and LEP2 (1995-2000). During phase 1, reactions at energies around the Z° mass were studied
and electroweak parameters became accessible with a precision never reached before. During
phase 2, centre-of-mass energies of up to 209 GeV have been reached, the highest energy in
ete™ collisions achieved so far. Main issue of the research during both phases was to precisely
measure all couplings which describe the interactions within the Standard Model. A very
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important task of LEP1 was to determine the coupling of the neutral current to the fermions.
The centre-of-mass energies at LEP2 permitted to extract the self coupling of the vector bosons.
All these studies provided a primary examination of the Standard Model theories and any
significant deviation between its predictions and the measurements would have been a hint for
‘new‘ physics.

The present work focuses on LEP1, where a large amount of data was collected. It still
provides the input for various interesting precision analyses performed within the four col-
laborations which have maintained the four detectors ALEPH, DELPHI, .3 and OPAL. The
Z° production started in 1989, when about 20 Z° decays per experiment were detected in
a pilot physics run. Between that time and 1995 the data of more than 5 million Z° de-
cays, approximately 70% of which were decays into hadronic final states (reactions of the form
ete— Z° — qq), were collected by each experiment. The whole hadronic data set taken by
the OPAL experiment between 1989 and 1995 has been available for the present analysis.

The thesis is organised as follows. Chapter 2 introduces the theoretical framework in which
final state photon radiation in hadronic decays at the Z° peak is treated. Matrix element
calculations allowing to describe final state radiation exactly in a predefined phase space region
are presented. The extraction of the electroweak couplings with the help of these matrix
elements requires a short discussion of the limitations in perturbative QCD calculations of a
fixed order and of the implications for the value of the strong coupling constant. The evolution
of hadronic final states in Z° events is described in the last part of the chapter. Chapter 3 gives
an overview of the OPAL detector, with emphasis on the electromagnetic calorimeter, the main
instrument for reconstructing photons. The method which is used to identify photons with the
electromagnetic calorimeter is described in more detail in Chapter 4, where its performance is
compared to its simulation. The analysis is presented in Chapter 5. After having explained how
interesting events are selected, a discussion of background sources and of the signal detection
and selection efficiencies follows. Particular emphasis is put on the neutral hadron/v-separation
with the electromagnetic calorimeter. Systematic uncertainties are discussed in detail. The
measured photon rates are compared to the matrix element predictions presented in Chapter
2 and the electroweak coupling constants are determined. Finally, the observed results are
discussed and compared to other measurements. Chapter 6 summarises the results of the work
presented in this thesis.



Chapter 2

Final State Radiation in Multihadronic
7V Decays

One of the two lowest order Feynman diagrams for the process studied in this thesis, the photon
bremsstrahlung off quarks in Z° decays is shown in figure 2.1(a). The data analysed are taken
at a centre-of-mass energy of /s & mgo, where the Z° exchange graph is dominant.

Final states photons are, as was discussed in the previous chapter, a probe to study the
composition of the hadronic final states at the Z° resonance. The main difficulty in exploiting
this probe is that the process of final state radiation competes with the production of photons
from initial state radiation — that is, the radiation of photons off the incoming leptons. Events
taken at the Z° resonance have the interesting property that the rate of FSR is much enhanced
relative to the one of ISR, which is suppressed. This is shown in figure 2.2.

In this plot, the total cross-sections of e*e™ reactions at centre-of-mass energies /s in
the range between 40 and 180 GeV as measured and predicted by OPAL [11] are shown, in
comparison with the relative contributions to prompt photon production by the three different
sources in such reactions as calculated in Born approximation by Laermann, Walsh, Schmitt,
and Zerwas [12]. The prompt photon rate depends on the radiation of photons off the incoming
leptons (ISR), off the outgoing quarks (FSR) and on the interference between both processes
(for the initial state radiation contribution see the Feynman graph to lowest order in figure
2.1(b)). As can be seen in the bottom plot of figure 2.2, the relative contribution by final state
radiation reaches a maximum if the centre-of-mass energy equals the Z° mass, corresponding to
the relative initial state radiation contribution reaching a minimum. The relative contribution
by the interference term is small on the Z° peak changing its sign from negative to positive. The
behaviour of the prompt photon production yield can be explained by the total cross-section
depicted in the top plot of figure 2.2. On the resonance the cross-section is enhanced by about
three orders of magnitude. The probability to produce a qq final state is much increased, with
a resulting much larger rate of final state photons. Changing the centre-of-mass energy to be
slightly above or below the resonance reduces the contribution of final state photons relative
to the initial state photons drastically. At the same time, because of the much increased
contribution of final state photons at the Z° resonance, the importance of the interference
becomes negligible. Moreover, the mediating Z° has a finite life time, and therefore the initial

7
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Figure 2.1: Feynman graphs showing prompt photon production to lowest order in Z° events: (a)
final state radiation (FSR); (b) initial state radiation (ISR).

state radiation is decoupled from the final state radiation as long as the energy of the observed
photon is greater than the Z° width of T'(Z°) =2.49 GeV (which as we will see applies to the
present analysis). Note that the relative contributions to prompt photon production shown in
figure 2.2 are calculated for a restricted polar angle range of the photon of | cos 6| < 0.7 [12].

To summarise, the prompt photon production in ete~ annihilations on the Z° resonance (in an
angular range of | cosf| < 0.7) is dominated by final state radiation, so that at LEP one has
the unique opportunity to measure real photons produced by FSR directly.?

In the following, the theoretical description of large angle photon radiation off quarks will be
discussed. The parametrisation of this process in order to develop flexible simulation programs
(Monte Carlo generators) will be presented. Such a generator allows to compare the measured
photon rates and distributions in data with reliable theoretical predictions. The resulting
restriction of the phase space in which a theory-compatible measurement may be performed is

Lcompare to the selection cuts in this analysis as listed in 5.1.2

2At lower energies, evidence for photon radiation off quarks in the final state of eTe~annihilations was
provided by ealier measurements at the PEP storage ring at SLAC and the PETRA storage ring at DESY
[13-15]. However, for the reasons discussed above it was not possible to measure directly the final state photon
rate. The analyses at that time exploited a charge asymmetry of the quarks with respect to the electron direction
in the events which is an effect of the interference between initial and final state radiation.
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also discussed. A description of the extraction of the strong coupling constant a; in first order
then follows. Its value is used as an input for the measurement of the electroweak coupling
constants ¢, and c4. In the last section, some general explanations are given concerning the
evolution of hadronic Z° decays and their description in the framework of phenomenological
models as they are implemented in commonly used Monte Carlo generators. The section, which
may be regarded as belonging to the more technical side of the analysis, but which is also closely
linked to the theoretical aspects of FSR in Z° decays, is completed by a short remark on the
application of jet finder algorithms in such events.



.

e e - hadrons E

e'e - hadrons; §/s>0.8 -

e'e - e'e; |cosh,_|<0.7;0 10°
+ - + -

e'e—u'u

e'e 'y /5508

ee .t

e'e .1'1; §/50.8

e'e — bb; g/s0.8

OPAL

<
acol

104

cross-section / pb

+

S xOm» 00

10 3

10% =" E
: L 5
I R .
10 | U x0.1 e -
A i 7]
x01 e *
1F 3/96.9‘\35; N
- ! g ]
A T S H R E R H
60 80 100 120 140 160 180
Vs/ GeV
I ! [ | I I
I/ N
{(b)
! .
I |
{
| |
] —
j _
— —~ |
NG f~—Interference
B ~ / Term -1
u ~_7/ _
—0.a Lt { 1 12 ! 1
30 50 I4®] S0 Ho iI30 15C
a-82 ~/ 5/(68\/) a207BY

Figure 2.2: Top plot: the total cross-section for different final states in e™e annihilations for centre-
of-mass energies between 40 and 180 GeV as measured and predicted by OPAL [11]; bottom plot:
the relative contribution o7(g@y)/ >, 0*(¢gqy) of FSR (off quarks), of ISR (off leptons), and of the
interference term between both [12].



2.1 Theoretical Approaches to Describe Final State Ra-
diation in 7' Decays

2.1.1 Theoretical Basis

There are two different categories of photon radiation off final state quarks in ete™ annihila-
tions which are distinguished by the transverse momentum of the radiated photon with respect
to the radiating quark. The first category is large angle photon radiation resulting in hard
photons isolated from the hadronic rest of the event. The second category is photon radia-
tion within a small cone around the radiating quark. This classification is a consequence of
the QCD description of inclusive photon production in eTe™— hadrons. The photon has a
hadronic component, which is reflected by the appearance of collinear photon-quark singulari-
ties in the framework of a perturbative treatment of such a process. However, according to the
"factorisation theorem’ [16-18], well defined cross-sections in perturbative QCD in all orders of
a; may be obtained by subtracting these singularities and absorbing them in quark-to-photon
fragmentation functions. Such fragmentation functions calculated in leading-order QCD [19,20]
and the inclusive prompt photon energy spectra they predict are found to be in agreement with
measured data [21,22]. Figure 2.3 shows the energy spectrum of prompt photons as measured
in [22] in comparison with predictions from various parametrisations and extensions of [19,20].

In the present work, only isolated photons of the first category will be studied and used to
measure the electroweak coupling constants. Restricting the measurement to isolated photons
allows to use exact matrix element calculations of the Standard Model theories. In the following,
the theoretical basis of isolated photon radiation in Z° decays will be explained.

The coupling of the weak neutral current mediated by the Z° boson has two components:
the vector and the axial vector component,

gl =T — 2 qsin? Oy, (2.1)

gl =1, (2.2)

where I:{ is the third component of the fermion’s weak isospin, gy is the fermion charge, and
0, is the weak mixing or Weinberg angle. sin®#y has been measured with great precision at
the Z pole. According to a global fit to all data performed by the LEP electroweak working
group sin® Ay = 0.23117 £ 0.00016 [10]. Both components, g/ and g/ can be combined to the
electroweak coupling constant

cr=4-((¢))*+(9)))- (2.3)

The standard model values for the vector coupling, the axial vector coupling, and their com-
bination obtained in the case of Z° decaying into quark and antiquark are listed in table 2.1.
For completeness, the couplings for leptons are also shown. Thus, the total hadronic width of
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Figure 2.3: The energy spectrum of prompt photons measured in hadronic Z° decays [22] and various
theoretical predictions [23-26].

£ la [ o [of] ¢ |
uc | 2/3 ] 0.192 | 0.5 | 1.148
dsb | -1/3[-0.346 | -0.5 | 1.477
ept | 1 | -0.038 [ 0.5 | 1.004
v | 0| 05 [05] 2

Table 2.1: The electroweak couplings of quarks and leptons as calculated within the standard model
using sin? @y =0.231 [10]. The fermion charge g; is given in units of the electron charge. (See text for
further explanations.)

the Z° can be expressed as a function of the electroweak coupling constants as

3
GFmZ(]

24271

['(Z° — hadrons) = NeKgep(2¢, + 3cq). (2.4)

Here, G is the Fermi constant, mgzo is the Z° mass, and the factor No = 3 is due to the colour
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charges of the quarks.

o o? 1%
K =1+ —=+1.409-2% —12.77-= 2.5
QCD + - + ) 3 (2.5)

represents the universal part of the QCD corrections for massless quarks with a; being the
strong coupling constant at /s = mzo [10]. The indices of the electroweak coupling constants
¢, and ¢y denote up(u)-type quarks (u,c) and down(d)-type quarks (d,s,b), respectively.> The
factors in front of them count the number of u- and d-type quarks which can be produced at
the available energy.

The partial width of hadronic Z° decays with a photon radiated off one quark in the final
state is given by

Grmip o p 2
2421 2T

where F' is a correction factor determined in perturbative calculations of a limited order in «
and «;. Equation 2.6 may be established by treating photon radiation in a similar way to gluon
radiation.? It may be derived from equation 2.4 using the second term of the QCD corrections
in 2.5 and replacing the strong coupling constant o, by the electromagnetic coupling constant
a. Moreover, the photon, as mediating boson of the electromagnetic interaction, couples to the
electric charge which is reflected in the factors ¢2 and ¢ in front of the electroweak coupling
constants in equation 2.6: ¢2 = 4/9 and ¢3 = 1/9 are the charges squared of up- and down-
type quarks, respectively.® As a consequence, the probability for bremsstrahlung off up-type
quarks is higher by a factor of four than the probability for bremsstrahlung off down-type
quarks. This is exploited by the presented analysis to measure the electroweak couplings c,
and ¢, or correspondingly the partial decay widths of the Z° into up- and down-type quarks: T',,
and I'y. Earlier measurements using the photon as tag for up-type quarks are based on fewer
data [27-32].

['(Z° — hadrons + ) = (¢22¢, + q33cy), (2.6)

As mentioned before, the exact perturbative treatment of final state radiation involves

restrictions of the phase space to regions in which the theoretical calculations predict finite
cross-sections for the considered processes. To be more precise, photon and gluon singularities
arising in the framework of perturbation theory have to be excluded by isolation cuts.
An additional complication emerges because the theoretical calculations are performed on the
level of partons. Ad hoc, the parton level topology is not comparable to the event structure
generated by stable hadrons or particles as they are measured with the detector. On the level
of hadrons and on the level of detected particles, the situation is more complicated, since one
faces on average 30 four-vectors, compared to a usually much smaller number of four-vectors on
the parton level, which in the case of the description with the aid of perturbative calculations
moreover is limited by the fixed order. It is desirable to put the four-vectors on all levels in a
similar structure, to find a region of the phase space where the detector level corresponds more
closely to the parton level.

3 At the considered energies a decay into top quarks is kinematically forbidden.
4Both are massless bosons with spin 1, and negative parity.
5Charges are always given in units of the electron charge.
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A consistent description of both, the allowed phase space region and the event structure, match-
ing theory and experiment, is achieved by using jet finder algorithms. They are applied to the
four-vectors on every level combining partons, stable hadrons, and measured objects in clusters
or jets. A Z° decay is counted as event with isolated FSR if the photon it produces is isolated
from these jets.

There exists a variety of jet finder philosophies. Widely used are jet finder algorithms based
on the so-called y separation or resolution parameter [33-36],

Ml?-
Yij = . g ) (2-7)

where /s is the centre-of-mass energy, and M;; may be the invariant mass of two objects 4
and j or the minimum transverse momentum of one object with respect to the other one.
In the considered case, on parton level, these objects can be for example the partons and a
photon at the end of a parton shower. As suggested by G. Kramer and B. Lampe, in principle
a photon is accepted as isolated if y.,; > yeu for all partons ¢ of the event.® On the basis
of this jet-finder-like definition, they provide a pertubative calculation of the partial width of
Z° — hadrons + ~ decays which thus becomes y.,,~dependent, but can be compared relatively
easily to a measurement on detector level:

Grpm? 4 1
Fg0 a —2¢y + =3¢y

T80 N F (1 .
24\om (eur) 5 - (5 53¢d)

[(Z° — nJets + ) (Yeur) =

(2.8)

The appropriate y.,-dependent corrections F'(y.,;) are determined by matrix element calcula-
tions, which will be further explained in the following section.

2.1.2 Matrix Element Calculations and Monte Carlo

Matrix elements in general give energy, momentum or angular dependent probabilities for the
transition of an initial state |i) to a final state |f). The observables of such transitions (e.g.
cross-sections) can be predicted based on a calculation of the matrix elements. The advantage
of matrix element calculations is, that they allow an exact treatment of the physics process,
without any model assumptions. The disadvantage is, that in practice they are limited to a
fixed order in the parameters of the perturbation theory. Accordingly, the description of photon
radiation in decays of the type Z°— ¢q with matrix element calculations is deduced from first
principles of QED and QCD, but at the same time is of limited order in « and ;. As a result,
the number of particles in the final state which can be theoretically described is limited, too.
Matrix element calculations are therefore unable to describe in detail the properties of complete
multihadronic final states. However, they are powerful in describing the properties of highly
energetic, large angle final state radiation, which usually occurs at an early stage of a Z° decay.
Matrix element calculations thus allow a model independent extraction of the electroweak

6Kramer and Lampe used methods and results from their preceding publication where they calculated jet
cross-sections up to the order O(a?2). They just replaced one gluon in their calculation by a photon and removed
the colour factors accordingly. In other words, they interpreted the photon as an ’electromagnetic jet’. [37]
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Figure 2.4: Some typical Feynman diagrams contributing to the QCD corrections as implemented in
O(aas) matrix element calculations of the FSR cross-section in Z° decays.

coupling constants, since they provide an exact prediction of the final state photon rate, at
least in regions of the phase space where they are known to yield an adequate description.

Several approaches exist to describe isolated hard photon radiation in ete™ annihilation in
general and on the Z° peak in particular [12,37-43]. Matrix element calculations treating hard
and isolated final state photon radiation in Z° decays are available up to the order O(aa).
They are able to describe final states of up to three partons plus one photon produced in
ete” annihilations at a centre-of-mass energy of \/s = Myz. The computed Feynman graphs
corresponding to the O(a;s) QCD corrections are depicted in figure 2.4. Contributions from
two final states enter in the partonic cross-section:

ete” — 7% — qqy, (2.9)
and

+

ete” — 7% — qqg. (2.10)

The differential cross-section of the first contribution in lowest order (O(«)) is proportional to
the inverse of the scaled invariant masses squared between the photon and the quark resp. an-
tiquark, which is defined as a function of their four momenta p;, p; and of the centre-of-mass

15



energy /s,

i +p;)? . .
yij=%, i=q,q, j=1- (2.11)

In the next-to-leading order additional gluon loop corrections are introduced, so that
doW(gqy) MY | M)

~ +
dYqydYgy Yaqv Yavy

+ virt. corr. (2.12)
The cross-section contribution by the second final state Z° — ¢gg~y generated by real gluon

emission from the quark or antiquark can be written as

Y Y/ R VIO R AC
qy + q9 + qy + q9 dPS(4), (213)

Ygy Yag Yavy Yag

do™ (qqg7) = (

where MZ-(J-I) are functions of the scaled invariant masses y;; between the partons or between a
parton and the photon. dPS(4) denotes the 4-particle phase space over which to integrate [44].
In the above expressions, it can be seen that the cross-section of the photon production in
hadronic decays diverges in the framework of perturbation theory for soft photons or for photons
which are radiated collinear to the quark or antiquark (y,,, yz, = 0) as well as for soft or collinear
gluon radiation (y4g, g = 0). Therefore, two steering cut-off parameters are introduced and
in the gluonic case a so-called 'phase space slicing method’ is applied.” In the matrix element
Monte Carlo GNJETS [39], which is used in the present analysis, the cut-off parameters are y,,
and yo:

e y, is the cut-off in the phase space of the photon emission and is used to remove the
singularity of the v,,, ¥z, poles. In the matrix element calculations, it is required that

Yays Yay 2 Yr- (2.14)

® Yo is chosen such that the gluonic singularities cancel the virtual corrections in the qgvy
cross-section so that finite results are derived. For

Yag> Yag < Yo (2.15)

a qggy event is interpreted as ggy event.® The corresponding differential cross-section is
integrated over the phase space region y,,, Y74 < %o including the (anti)quark-gluon poles
and combined with the virtual gluon loop cross-section of ¢gy. The resulting cross-section
is yo-dependent but the dependence disappears as soon as the ggg~y cross-section for

ngang 2 Yo (2.16)
is added.

"Beside the "phase space slicing method’ which is used in the matrix element based Monte Carlo GNJETS [39]
other techniques exist to cancel singularities in a perturbative calculation. Whereas the calculations of [40]
employ a slightly modified ’phase space slicing method’, in reference [41] a different procedure is applied called
’subtraction method’. This method is independent of a ’slicing’ cut, but depends on other unphysical parameters
(see [41] for details).

8The gluon is ’hidden’ inside the quark jet [44].
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‘ ‘ lower limit ‘ upper limit ‘

limits of theoretical calculation Yy 5-107* 103

Yo - 10°°
range of comparison between Yeut (Durham) 0.006 0.1
photon rates in data and GNJETS | y. (Jade EO) 0.02 0.2

Table 2.2: An overview of the y parameters relevant for the calculation of the n jet + -y cross-section
in the matrix element Monte Carlo GNJETS. The y.,: as defined by the Durham and the Jade jet
finder scheme will be specified in section 2.3.4.

If a jet finder is applied to the partonic topology of a Z° event plus final state photon
computed with matrix element probabilities, it must be guaranteed that the calculated n jet+-y
cross-sections are not yy-dependent. This means that the transition behaviour between the
n jet+y cross-sections determined in the 3-particle and 4-particle phase space has to be steady
in the limit ¥4, Yz — 0. It can be shown that, as a consequence, a perfect photon isolation
from the gluon cannot be required in the ¢ggy case. A cut y,, > vy,, i.e. a restriction of the
phase space for gluon emission, would weaken the 1y, dependence of the cross-section calculated
in the 4-particle phase space whereas the ¥y, dependence of the cross-section calculated in the
3-particle phase space remains unchanged. This asymmetric treatment of the 3-particle and the
4-particle cases would make the combined result of the integration yy-dependent. The photon
isolation in the 4-particle phase space is thus ensured by the cuts

Yavs Yagr = Yv and Ygvs Yagy = Yvo (2.17)

where v, = (pi +pj + px)?/s with i, 5,k = ¢, 7,7

Both cut-off parameters were studied for GNJETS in [44]. y, and y, were varied over a
certain range and ’safe’ regions of the phase space boundaries were found. The upper limits
of y, and yy have to be chosen such that there is no bias introduced in the computation of
the cross-sections. This is ensured by avoiding that the phase space boundaries of the matrix
element calculation cut into the analysed phase space in data which is defined by the chosen .,
values. The lower limits are defined by both physical and technical limitations of the matrix
element calculation. The lower limit of y, is fixed by the fact that higher order corrections which
are not implemented in GNJETS become important for very small values of y,. Moreover, if
My, = Mﬁ is of the order of the hadron mass scale, non-pertubative QCD effects which
are not included in the O(aq;) calculations can play an important role. For y,, the upper
limit is not only chosen to be far away from the boundaries of the analysed phase space in
data but also to take into account that terms vanishing with y, — 0 have been neglected in
the matrix element calculations of GNJETS. The lower limit of yq is due to technical reasons
and determined by the size of the statistical fluctuations of the Monte Carlo integration near
the qg, gg poles.” The values for y., yo, and the y.,; within which the n jet + photon rates are
computed are summarised in table 2.2.

9More details on the Monte Carlo generation using matrix element calculations, especially concerning their
phase space boundaries, can be found in [44].
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The alternative ansatz, the treatment of final state radiation off quarks in the framework of
phenomenological parton shower models, on which multi-purpose event generators in particle
physics are based, is described in subsection 2.3.1.

2.2 Interpretation of FSR Cross-sections using Matrix
Elements

In the previous section, the definition of the phase space region in which the matrix element
calculations yield reliable results was described. Another parameter of the matrix element
calculations which needs to be fixed before they can be applied for the determination of the
electroweak couplings is the strong coupling constant «; in first order. The following section
discusses how a value of agl) is fixed. Subsequently, the relevant expressions of the relations
between the rate of photon radiation in hadronic Z° events and the electroweak couplings are
given.

2.2.1 Fixing the Strong Coupling Constant

As mentioned above, matrix element calculations, e.g. GNJETS, are only available in the first
order of a,. A value for agl) is is fixed in the present analysis by comparing the selected data
with the matrix element predictions for various values of o).

The strong coupling constant agl) affects the total photon rate as well as the relative pro-

portions of two and three jet rates, whereas the electroweak coupling constants only affect the
total rate. Three jet events are due to a gluon emission by a quark, where both partons could
be resolved as separate jets, so that the ratio

O3jet
R}, = Jetty , (2.18)
O%jet+y T O3jet+y

is a measure for the strong coupling constant agl). It is determined in data and then compared

to the ratios Rj; derived with the O(aa;) matrix element Monte Carlo GNJETS for various
values of a”.1% The value which produces the best fit of the ratio R}, in data and GNJETS
Monte Carlo is taken as reference value for al"”. This reference value is chosen as input for
GNJETS to calculate the corrections F'(y.,:) appearing in equation 2.8. As the matrix element
calculations are only of first order o and thus describe final states of three partons at most,
the validity of its predictions for the n jet rate proportions is restricted to y.,; ranges, where
the number of selected FSR events with more than 3 jets is small. Moreover, one has to keep in
mind that the value for a; is only extracted in first order. The R}, measurement together with
the presented matrix element predictions does not provide a direct access to a higher order and
thus more precise value of the strong coupling constant.

10As the calculation is only of first order, it has no explicit dependence on the renormalisation scale.
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2.2.2 Measuring the Electroweak Coupling Constants

As can be inferred from the expressions 2.4 and 2.8, the measurement of the total hadronic width
of the Z° and the measurement of the partial width of hadronic Z° decays with a highly energetic,
large angle photon emitted in the final state before fragmentation allows a determination of the
electroweak coupling constants ¢, and ¢, defined by equation 2.3. The total hadronic width is
measured in analyses independent from the present one, so that the partial width for hadronic
7° decays with FSR can be extracted by the rate of such decays normalised to the number
of multihadronic Z° decays. Since the O(aqy) corrections to the partial width are calculated
Yewr-dependently, the partial width itself as calculated with the available matrix element Monte
Carlos becomes ¥.,-dependent. Therefore, the final state photon rate in hadronic Z° decays
also has to be measured y.,~dependently. The measured partial width is given by

N nJets Cu
[(Z° — nJets +7)(Yewr) = I'(Z° — hadrons) x 20 (neis) (Yeut)
NZO—)Hadrons
= F(ZO — hadrons) X RZ0—>(nJets+7) (ycut)' (219)
From 2.4 and 2.6 one derives for ¢, and cg,
0
. = (37TRZO_)(nJets—|—'y) (Yeut) _ 1 > ['(Z° — hadrons) (2.20)
aF (Yeur) 6Kocp h
and
2 R nJdets Cuw 0
o= (_ TR70_ (nJets+y) Yeut) 4 ) y I'Z° — hadrons)’ (2.21)
af (ycut) 9KQCD h
where
3
h= NG (2.22)

¢ 2427 .

Alternatively, the partial widths of the Z° decay into up- and down-type quarks might be
calculated:

3m K 1
Fup—type <EF(ZZ§) RZ0—>(nJets—|—’y) (ycut) — 6) X P(ZO — hadrons),
2r K 4
Fdownftype <_Eﬁzj)RZ0—>(nJets+7) (ycut) + §) X F(ZO - hadrons). (223)

The expressions 2.20, 2.21, and 2.23 reflect the nature of the photon coupling to charge which
is exploited as probe for Z° decays into up-type quarks versus down-type quarks. As can be
seen, the coupling ¢, of the Z° to the up-type species and relatedly Iy, 4., depends linearly on
the FSR rate in hadronic events. Note that Kgcp is known to O(a?2), whereas the corrections
F(ycut) are computed to O(cy). The values of ¢, and ¢; as well as of I'yp_sype and T aown—type
shall be calculated in y.,; regions where the theoretical and experimental uncertainties are
small. This is the intermediate sector of the global y.,; range which is fixed by the matrix
element calculations explained in section 2.1.2. Further discussions concerning this will follow
in chapter 5.
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2.3 Hadronic Final States at LEP 1

The final state evolution of an event like e"e™— hadrons at LEP 1 is subdivided into three
phases: the perturbative parton shower phase, the non-perturbative fragmentation (or hadro-
nisation) phase, and the hadron decay phase. These three phases are treated in the following
sections.

An alternative approaches to the previously mentioned matrix element calculations is given
by the parton shower models for hadronic Z° decays. These models are usually used in the
simulation of hadronic Z° events with Monte Carlo event generators. To be able to compare
the measured photon yield with the yield of photons given by the matrix element calculations
on parton level, the parton shower model based event generators are also used in the present
analysis to estimate the efficiencies of the photon rate measurement and to correct for them.
Parton shower models are therefore explained in more detail.

2.3.1 Parton Shower Phase and Final State Photon Radiation
2.3.1.1 Theoretical Approaches
There exist two traditional approaches to describe the perturbative parton shower phase. The

matrix element method, in which Feynman diagrams are calculated order by order, has been
introduced in 2.1.2 The second possible method is the parton shower model approach.

q

ZO

le]

Figure 2.5: Schematic view of a parton shower evolution in a hadronic Z° decay. The primary ¢ and
g may radiate gluons which themselves may split into a gg pair or into further gluons.

A schematic view of the parton shower evolution in the final state of an eTe™ annihilation
is given in figure 2.5. For an arbritary number of branchings ¢ — qg, ¢ — gg or ¢ — ¢q as they
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occur in such a parton shower the exact matrix element ansatz is not suitable. The necessary
higher order calculations using the exact matrix element ansatz become very complicated and
difficult. Presently, matrix element calculations are in some cases available up to O(a?), e.g.
for the total cross-section. For most purposes, however, they are limited to O(a2). There-
fore, approximations with simplified kinematics, interference and helicity structures are used to
calculate branching probabilities in a parton shower. The so-called leading logarithm approxi-
mation (LLA) is applied, which is formulated in terms of the kinematic parameters Q? and z:
Q? is the virtuality scale or the square of the energy available for the branching, z generally
expresses the fraction of the mother energy and momentum retained by the daughter parton.
Only leading terms in Q% and z are considered in the perturbative expansions, subleading terms
are neglected. Higher orders are taken into account effectively by evolving the shower iteratively
with repeated branchings of one parton into two. This ansatz gives a good description of the
substructure of jets and has the advantage that the shower picture can be easily implemented

in Monte Carlo programs. The probability P for the branchings as enumerated above is given
by the DGLAP equations [45-47]

lea—)bc _ Qg (QQ)
dt / dz 27

P, pe(2), (2.24)
where
t =In(Q*/A?) (2.25)

is the 'time’ evolution parameter of the parton shower, and P, ,4.(z) are the so-called splitting
kernels for the reactions quoted above:

14 22
Pysqg = CFl—z’
(1—2(1-2))?
Pysgg = No A1—z)
Pyyy = Teng(2* + (1= 2)%). (2.26)

Cr =4/3, N¢c = 3,and Tr = 1/2 are called colour factors or Casimir factors and are determined
by the properties of the symmetry group of QCD, SU(3). The third expression receives a
contribution of T = 1/2 for each accessible ¢g flavour: n; = 5. z is the fraction of the mother
energy which is taken by the first partonic daughter (b), (1 — z) the fraction which is taken by
the second daughter (¢). The singularity near z = 1, which is associated with the emission of a
’soft’ massless gluon, is properly handled with the aid of so-called *+ prescriptions’ and §(1 — z)
terms (further interpretation of the splitting functions can be found, for instance, in [48]).

2.3.1.2 Final State Photon Radiation

The implementation of photon radiation off the quarks in the parton shower model works
analogously to the gluon radiation. The splitting kernel and branching probability are

P o1+ 22

g—qy = €4

1_Z (2.27)
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and

dP, «
% = / dz%Pq_)qy(z). (2.28)

Starting from the first equation in 2.26 and equation 2.24, the above equations can be deduced
by replacing the colour factor C'r with the squared quark charge eg and the strong coupling
constant o, with the electromagnetic coupling constant in the Thomson limit (Q? — 0): a =
1/137. As can be seen, photon radiation, ¢ — ¢7, and gluon radiation, ¢ — ¢gg, are competing
processes sharing the available energy.

2.3.1.3 Technical Aspects of the Shower Evolution and Monte Carlo Implemen-
tation

The evolution of a parton shower based on the splitting probabilities is implemented as follows.
Starting with a maximum virtuality tme, = In(Q?,,,/A?) the ’time’ evolution parameter ¢ is
reduced iteratively with the progressing parton shower. The probability that no branching
occurs during a small interval ¢ is given by (1 — §tdP/dt). Therefore,

dPu —bc )
dt’

tmaac
Pnofbranching (tmawa t) = eXp(_/ dt’ (229)
t

is the probability that a parton a has not yet branched at a ’time’ ¢ < %,,,,. It is derived as the
product of the probabitilities that the parton did not branch in any of the small intervals dt
between ¢,,,, and t. With 6¢ — 0 the no-branching probability becomes an exponential which
yields the expression 2.29.!! It is customary and convenient for Monte Carlo algorithms to
define so-called Sudakov form factors [49], which give the probability that a parton of a defined
maximum virtuality ¢ reaches the value t,,;, without any branching:

B t / Zmaa (') s (Q?)
Sa(t) = exp(—/ dt / » dZTPa—)bc(z))' (230)

tmin Zmin

The probability of no branching may by now be expressed in terms of the Sudakov form factors
as follows:

Sa(tmaz
7)77.0—branch,mg (tmaza t) = % (231)

By introducing Sudakov form factors, which only depend on the ’time’ evolution parameter ¢,
one gets a structure for the parton shower formalism which can easily be implemented in the
algorithms of Monte Carlo generators. Take for example the veto algorithm as implemented in
JETSET [50]: The ’time’ ¢ at which a branching @ — bc takes place is determined by generating
a random number R according to a uniform distribution between 0 and 1, where

R= Pno—branchinga (232)

n fact, equation 2.29 is of a form which is familiar from radioactive decays.

22



which means
(2.33)

The produced partons b, ¢ then may branch further and so on. The branching will be stopped
at the 'time’ ¢ < t,;;, when R < Sy (tmaz)-

2.3.1.4 Parton Showers in JETSET and HERWIG and ARIADNE

The concept of time ordering according to some scale variable ¢ as described above is common
to the parton shower models as implemented in the Monte Carlo packages JETSET, HERWIG
and ARIADNE, which are widely used to describe hadron production in ete™ collisions [50-52].
However, the definition of the variables @), the virtuality scale of the shower evolution, and z,
the fractional energy taken by the partons produced at each branching, as well as the scale
of the running coupling «; are different in each model. Moreover, ARIADNE utilises a colour
dipole model (CDM) evolving the parton shower as a cascade of colour dipoles which emit
gluons. This naturally leads to a different definition for the evolution variables compared to
the parameters in JETSET and HERWIG. The respective differential dipole emission cross-
sections deduced in the framework of the CDM are interpreted as modified DGLAP splitting
kernels.

For each branching a — bc in JETSET as well as in HERWIG the energy and momentum
splitting variable z in terms of which the DGLAP splitting functions 2.26 are expressed is
defined by

E, = zE, and E.=(1-2)E,. (2.34)

The evolution variable Q? in the JETSET shower is associated with the invariant mass squared
of the mother parton of the branching, so that the time evolution parameter ¢ defined by 2.25
can be expressed like ¢ = In(m2/A?). In JETSET, one thus gets for the evolution variable

Q% = m? = (py + p.)* =~ EyE.(1 — cos ), (2.35)

where Ej,. and py. are the energies and four-vectors of the partons b and ¢, and 6. is the
opening angle between them. The comparable expression in HERWIG is

QQ _ E2pb * De

BB E2(1 — cos fy.). (2.36)

Applying the concept of time ordering,

ti >t or QZ > Q'H—l’ (237)

to the branching ¢ and the successive branching 7 + 1 it follows from equation 2.36 that the
opening angle of a later branching is always smaller than the opening angle of an earlier one.
By the angular ordering the HERWIG package approximates QCD coherence effects caused by
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the quantum mechanical interference between soft gluons. 2 But for the first emission, parts of
the kinematically allowed phase space are completely excluded by this treatment. To be able to
generate events in this region of the phase space (e.q. events with a photon or a gluon recoiling
from a nearly collinear quark-antiquark pair) HERWIG reverts to matrix element calculations
determining the emission rate in first order [53]. In the JETSET parton shower the splitting
of the primary quark pair is also matched with first order matrix element calculations. With
respect to the angular ordering the JETSET treatment of parton showers based on equation 2.35
can be viewed as the inverse of the HERWIG treatment. Here, the phase space is not reduced
by angular ordering, which automatically follows from the time ordering, but coherence effects
between gluons in jets are considered by rejecting gluon emissions with an openening angle
which is greater than the angle of the preceding emission from the same parton [50].

The ARIADNE approach, already mentioned above, is different from the HERWIG and
JETSET ones, which are both formulated in terms of perturbative QCD splitting functions.
The parton shower in ARIADNE is based on the CDM and two partons (e.g. ¢¢) are taken as
a colour dipole which emits a gluon. By this, one dipole is split up into two, composed of the
gluon and each of the partons (e.g. gg and gg). The produced dipoles are treated independently
at the next stage when further gluons may be emitted. This procedure is repeated several times
generating a cascade of independent dipoles and neglecting interferences between the individual
emissions. There are three kinds of colour dipoles: ¢g, gg (or gg), and gg. The introduction
of gluon splitting into ¢q in the framework of the CDM is not straightforward. Gluon splitting
in the CDM can only be considered by computing the matrix element of O(a?) for the process
ete™ — qgq'q’. The four derived cross-sections are interpreted as modified DGLAP splitting
kernels to which the parton shower formalism as described in the previous section can be
applied. As evolution variable pr is used, which is a measure for the transverse momentum of
the emitted parton with respect to the colour dipole,

Q*=py = Saip(1 — 21)(1 — z3). (2.38)

Sdip 1s the invariant mass squared of the emitting dipole, and z; = 2E;//Sa, are the final

state energy fractions of the emission. The splitting variable z is replaced in ARTADNE with

a variable y which is roughly the rapidity of the emitted gluon:
1 1-— T1

y=—In

. 2.
2 1-— T3 ( 39)

The probability for having no emission is then calculated in terms of p% and y (see ARIADNE
manual [52] for further details). By ordering the emission processes according to p2 with
pa, > pry > ph; > ... an angular ordering of the emissions is achieved automatically, and
coherence effects between gluons are taken into account.

The bremsstrahlung of photons from quarks can be naturally introduced in the CDM picture.
A ¢q pair is not only a colour dipole but also an electromagnetic dipole, and the cross-section for
photon radiation has the same form as the one for gluon radiation. It is derived by substituting

12Guch coherence effects are of particular importance in QCD, since gluons also carry colour charge. Further
explanations may be found in [50].
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the strong coupling o, with the electromagnetic coupling @ and the colour factor Cp = 4/3
with the squared quark charge.

Further differences exist between the three event generator packages, for instance in the
definition of the QCD scale parameter A. These are discussed in more detail in the respective
references [50-55].

Common to all three parton shower models is the definition of a lower cut-off parameter
in the virtuality scale, (Qy, at which the parton emissions are stopped. The values for Q) are
optimised so that the global event shapes resulting from the particular parton shower model
show a good agreement with the event shapes in real data. Similarly, a cut-off parameter Q]
is introduced defining the energy scale down to which photon emission is allowed in the parton
shower. By default, @} has the same value as Q. If for @] a much lower value than for @y was
chosen, then at the end of a shower evolution, only photon emission would be allowed. Since
photon and gluon radiation are competing processes, and the parton shower models are tuned
to describe the hadronic event shapes, a measurement of the rate of isolated prompt photons
(especially with energies down to a few GeV and emitted at large angles to the thrust axis [56])
provides a good test of the different models. Such measurements have been performed and
indeed have revealed significant differences between the various parton shower models. The
rate of prompt photons in hadronic final states as generated with JETSET is significantly
underestimated, whereas HERWIG and ARIADNE describe the FSR yield well [30,31,57-59].
In [60], a large discrepancy between data and all three Monte Carlo models has been reported.
They clearly underestimate the rate of final state photons for energies £, < 4 GeV. The reasons
for this are not yet understood. In the present analysis, the different shower models are taken
into account to estimate uncertainties in the efficiency correction of the measured yield of FSR
photons with energies greater than 7 GeV.

2.3.1.5 Comparison of JETSET and the Matrix Element Monte Carlo GNJETS

It has been confirmed that the QCD shower model of JETSET, which will be used in the present
analysis to calculate the efficiency corrections of the measurement (c.f. section 5.2.2), does not
diverge significantly from the matrix element calculation of GNJETS. Results at the parton
level of JETSET and results of GNJETS obtained with a value of agl) = 0.18 are compared in
figure 2.6, where the normalised distributions of the photon angle with respect to the closest jet
and of the photon energy are shown for three different value of y.,; in the Jade EO scheme. The
photons are required to have an energy of more than 7 GeV. As pointed out in [44], QCD shower
models are expected to correctly evolve a given parton configuration to the hadron level. From
figure 2.6, it can be concluded that in general the parton shower model distributions reproduce
the distributions resulting from the matrix element calculation well (deviations, in particular
for y.,+ = 0.02, are probably due to higher-order corrections as approximately implemented in
shower models). The observed tendencies confirm the studies presented in [44]. Note however,
that no cut on the photon energy has been applied there.
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Figure 2.6: Photon energy (left column) and angle with respect to the closest jet are plotted for three
different values of y.,: used in the jet finding with the JADE EO0 scheme. The histogram represents the
matrix element Monte Carlo results for agl) = 0.18 (GNJETS), the points are derived with hadronic
events on parton level generated with JETSET.

2.3.2 Fragmentation Phase

Processes are only calculable in perturbative QCD as long as a, remains significantly smaller
than unity. This is no longer satisfied as soon as the energy scale becomes O(1 GeV). At
this scale the partons finally start forming colourless hadrons. For the transition of partons
into hadrons no perturbative description exists. To describe the fragmentation stage in a
realistic manner phenomenological models based on stochastic, non-perturbative ansatzes are
developed. These models can be classified in three different categories: independent, string and
cluster fragmentation.
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The independent fragmentation treats the hadronisation of each individual parton inde-
pendently of all the other partons. The fragmentation of one parton jet is described within
a sequence of iterative ¢ — ¢ + hadron branchings. The energy and momentum sharing
at each branching is given by a probability densitity or fragmentation function f(z) with
2z = (E + pr)hadron/(E + DL)parton, Where the longitudinal direction is defined by the par-
ton. The fragmentation process is stopped when a certain model dependent energy bound is
reached (cf. parton shower models).

The concept of cluster fragmentation was based on the assumption of 'preconfinement’:
every parton in coordinate and momentum space and its neighbouring parton build a colourless
system which is identified as a cluster. This leads to a rather simple hadronisation model in
which clusters are the basic units generated at the end of the parton shower evolution, which
is ususally supplemented with forced non-perturbative splitting of the outgoing gluons g — ¢q.
Moreover, large or heavy clusters are forced to fragment into smaller ones. The cluster units
produced in such manner may be characterised by their mass and flavour. If they have masses of
a few GeV, the cluster mass spectrum may be interpreted as a superposition of broad resonances
which subsequently decay into hadrons.

The string fragmentation is a widely used model, which is based on the idea that when
oppositely coloured partons move apart, the colour field between them can be viewed as a nar-
row flux tube of uniform energy density, which is stretched like a string between the partons.
The transverse dimension of such a string is of the order of 1 fm. As the partons move further
apart, the potential energy of the string rises linearly with the distance until the string finally
breaks up in a new ¢'q’ pair. Thus, two new colourless systems q¢’ and ¢'q are formed. As
long as the invariant mass of the produced strings is large enough, further splittings may occur
and generate further ¢'q’ pairs. The different string breakings are thought of as disconnected
events. To describe the energy and momentum distribution within such an event independent
fragmentation functions f(z) as mentioned above are used. These are calculated within phe-
nomenological models which are designed such that they are able to describe the features of a
particular type of fragmentation processes. A typical example of such a fragmentation function
that fits experimental data is the Lund symmetric function for light flavours [61]

f(z) x @e_bm%”, (2.40)

where a and b are free parameters, and m% = m? + p2 is the transverse hadron mass squared,
which is calculated from the transverse momentum pr and the mass of the produced qq pair.
The Peterson function describes the fragmentation into hadrons containing the heavy flavours

charm and bottom [62]
1 € 2\ !
f(z) x (z (1—;— 1_qz> ) , (2.41)

. . . . 2 _ 2
where ¢, is a free parameter relating different quark masses: mg €, = mg,€g,.

The HERWIG Monte Carlo generator utilises the procedure of cluster fragmentation. In the
JETSET program package, two options are available, independent and string fragmentation,
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and for the presented studies the string option is chosen. The third Monte Carlo model,
ARIADNE;, utilises the JETSET software with the string option for the fragmentation of the
partons.

2.3.3 Hadron Decay Phase

The last step in the evolution procedure is the phase of the formation of hadronic final states and
the subsequent decay into stable hadrons. This phase is directly accessible by measurements.
In Monte Carlo programs, it is usually simulated based on the available decay tables e.g. taken
from the Particle Data Book [10].

2.3.4 Jet Finders and their Application in Events with Isolated Final
State Photon Candidates

As established in section 2.1 it is desirable to have comparable event topologies in real data
and in the partonic and hadronic phases simulated with Monte Carlos. In order to achieve
this, and thus, to be able to finally compare the measured photon yields to the results of the
exact matrix element computations described in 2.1, jet finder algorithms are applied to the
collected data events and on every level of the generated Monte Carlo events. In the present
analysis, two algorithms are chosen. Both are based on the jet resolution parameter y which is
defined by equation 2.7. Differences between various y-based jet algorithms enter through the
definition of the variable ij in equation 2.7, and through the mode in which they combine the
four-vectors of the particles. The two jet finders utilised in this analysis differ in the calculation
of M;;. In the framework of the Jade algorithm, Mj; is defined as an invariant mass [33, 34]:

Mé Jade _ 2EZE](]_ — COS Ckz‘j), (242)

where F; and E; are the energies of the particles or ’clusters’ of already combined particles, and
o is the angle between them. A subsequently developed scheme is the Durham or k7 algorithm,
where the invariant mass expression is replaced with the minimum transverse momentum of
one particle with respect to the other [35, 36]:

MZ2] puham = 2min(E7, E]Q)(l — Cos a;j) (2.43)
— : EZ Ej 2 Jade
= mln(Ej, Ez) =

The two jet finder algorithms are chosen, since they yield the best agreement between jet rates
and ratios on parton and hadron levels, which has been shown in several studies summarised
in [63]. Moreover, the use of two different recombination schemes provides an estimate for the
stability of the measurement against hadronisation effects.

The aim of any jet finder is to combine all particles (or ’clusters’) into jets. In the present
case, the particles may be partons (parton shower phase or parton level), stable hadrons (hadron
decay phase or hadron level) or tracks and electromagnetic clusters visible in the detector
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(measurement or detector level). The jets are reconstructed in a recursive algorithm beginning
with the particle pairing which yields the smallest y;;. This pair is replaced by a new object
which is the pseudoparticle k. The pseudoparticle £ has the momentum p, = p; + p; and is
now combined with the remaining particles in the same manner. This procedure is continued
until y;; exceeds a certain threshold value ¥, for any two of the clustered objects ,j. At the
end of this procedure, the remaining clusters or pseudoparticles are called jets.

The specified jet finder algorithms can be applied to the products of hadronic Z° decays with
isolated final state photons in two ways [44]. The first is the so-called ’democratic’ approach
where the jet finder is applied to the whole event including the photon. The jet containing the
photon in this case is accepted as isolated photon if

< €cut, (244)

where E, is the energy fraction of the jet contributed by the photon, and Ej.q is the remaining
energy. This ansatz considers the photon emission to be part of the shower process.

An alternative approach is a two-step procedure which breaks the ’"democracy’ between photon
and partons (or fragmentation products on hadron/measurement level) [27,29-32,58,64]. In
the first step, the jet finder algorithm is applied to the Z° event excluding the photon. The
hadronic part of the event is then resolved in a recursive procedure as it is described above
using the jet resolution parameter

_ M

Yij = " (2.45)
where E,;, is the total energy sum of all particles contributing to the jet reconstruction plus the
photon energy. In a second step, the scaled invariant mass (Jade case) or the scaled minimum
transverse momentum (Durham case) y; , between the photon and any reconstructed jet 7 is
calculated. A photon is accepted as isolated if y;, > y.. for all jets ¢ of the event. Here,
Yeur has the same value as in the first step of the jet definition. This reflects the correlation
to the democratic approach and the previously mentioned interpretation of the photon as an
‘electromagnetic’ jet. The present analysis will make use of the two-step procedure.

2.4 Conclusion

In this chapter, the interesting possibility of studying final state photon radiation in hadronic
decays at the Z° resonance has been presented. The relation between the final state photon
rate and the electroweak couplings has been derived. It has been shown, that it is possible to
treat FSR in the framework of matrix element calculations, but that nevertheless parton shower
models are needed to estimate the efficiency corrections allowing to convert the measured FSR
yield into the primary FSR yield at the parton level. The latter can be compared finally with
the matrix element calculations.
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Chapter 3

The Experiment

The analysis presented in this thesis is based on data which was taken during the years 1989-
1995 by the OPAL ! detector situated at the Large Electron Positron storage ring (LEP) of
the European Laboratory for Particle Physics CERN in Geneva. This chapter contains a short
description of the high energy physics program of LEP and of the OPAL detector. Detailed
descriptions of the OPAL Detector and its components can be found elsewhere ( [65-81]).

3.1 The LEP Storage Ring and OPAL

OPAL is one among four detectors (ALEPH,DELPHI, and L3) at the LEP collider in Geneva
(see figure 3.1) which has been in operation since 1989 colliding electrons and positrons at
centre-of-mass energies around the Z° resonance (phase 1, called LEP1) and up to 209 GeV
(phase 2 since 1995, called LEP2). Both, electron and positron beams were continuously
accelerated in opposite direction to an energy of half the centre-of-mass energy. The four
detectors were situated at four interaction regions where the electrons and positrons were
driven into collision providing each experiment with about 4.5 million multihadronic Z° decays
during the LEP1 phase. When LEP2 started in 1995 the centre-of-mass energy was increased
gradually by installing superconducting cavities. During this phase energies were reached which
allowed the production of real W pairs (y/s > 160 GeV) and real Z° pairs (y/s > 183 GeV).
Until the end of the LEP operation a centre-of-mass energy of 209 GeV was reached, allowing
shift the lower bound on the Higgs mass to a value of 113.5 GeV (at the 95% confidence level)
by direct searches [82].

In the present analysis, data taken during the first phase of the LEP run are studied.

'Omni Purpose Apparatus for LEP
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Figure 3.1: The LEP storage ring, situated approximately 100 m beneath the earth’s surface, has a
circumference of 26.7 km.

3.2 A Brief Description of the Most Important OPAL
Detector Components

A perspective view of the OPAL detector can be seen in figure 3.2 along with a small coordinate
system. There exist two commonly used reference systems:

The OPAL Master Reference System (MRS) is a 3D Cartesian Coordinate System whose origin
is at the nominal interaction point and which has its z-axis along the nominal electron beam
direction (this is anticlockwise around LEP when viewed from above). The z-axis is horizontal
and directed towards the centre of LEP, leaving the y-axis as normal to the zz-plane. Since the
detector and therefore the z-axis is inclined by 1.39 % with respect to the horizontal, it follows
that the y-axis will be similarly inclined with respect to the vertical.

The other coordinate system is a polar one. It shares the z-axis with the MRS, the azimuthal
angle ¢ is counted with respect to the z-axis, the polar angle § with respect to the z-axis. As
mentioned above the e and e~ beams at LEP have the same energy, so all LEP detectors
are symmetric relative to the zy- or r¢-plane perpendicular cutting the beams at the nominal
interaction point.
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The design of the OPAL detector was chosen to provide an multi-purpose instrument for
particle identification, momentum and energy measurement over nearly the full solid angle.
As can be seen in figure 3.2 the components of the detector were arranged outside the beam
pipe, in a layered structure, like the layers of an onion. In the following, the detector com-
ponents responsible for track reconstruction, measurement of the hadronic energy, and muon
identification are described briefly, beginning with the component nearest to the beam pipe.
The components between the time-of-flight detector and the hadronic calorimeter in the barrel
region, the presampler and the electromagnetic calorimeter will be treated in a seperate section
as they are of special interest for the presented analysis.

Electromagnetic calorimeters
Muon detectors
Hadron calorimeters and return yoke
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Original forward detector Time of flight detector
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Figure 3.2: The OPAL detector

The Tracking System

The tracking system consisted of four components:

e the silicon microvertex detector
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e the vertex detector
e the jet chamber

e the z chambers

The Silicon Microvertex Detector

The silicon microvertex detector mounted around the beam axis between the inner and outer
beam pipe consisted of two concentric layers of silicon strip detectors with radii of 6.1 and
7.5 c¢m, respectively. It was installed in 1991 and since then it was upgraded two times. The
detector originally consisted of 11 single-sided devices making up the inner layer and 14 single-
sided devices making up the outer layer. Each of them is 18.3 ¢cm long divided into 3 wafers
providing geometrical acceptances of | cos 8| < 0.83 for the in inner layer and |cosf| < 0.77 for
the outer layer. The intrinsic spatial resolution of this detector configuration was about 10 pm
in the r¢-plane [66]. No spatial information in z direction was given by the microvertex detector
until it was upgraded in 1993. During the winter shutdown 92/93, each single-sided device was
replaced by two single-sided devices glued back-to-back delivering readout capabilities not only
in the r¢- but also in the z-plane where a spatial resolution of about 15 pm was reached [67].
In 1995 this component was upgraded once again increasing the number of ladders to 12 (inner
layer) and 15 (outer layer) and inclining them to close the readout gaps in r¢. Moreover, the
outer layer was expanded from 3 to 5 wafers extending the angular coverage.

The main purpose of the microvertex detector was the reconstruction of the primary and
secondary vertices?.

The Central Tracking System

Surrounding the microvertex detector, the Central Chamber System consisted of three drift
chambers as quoted above. The vertex, jet, and z chambers were installed inside a pressure
vessel. The gas mixture in the chamber system consisted of argon (88.2%), methane (9.8%),
and isobutane (2.0%). The pressure inside the vessel was chosen to be 4 bar. The value was a
compromise in order to achieve a good particle identification through energy loss measurements,
at the same time attaining small multiple scattering and therefore good spatial resolution. The
three compontents of the central chamber system are briefly described now:

The vertex chamber was a drift chamber of 1 m length with an inner radius of 8.8 cm
and an outer radius of 23.5 cm. It consisted of two components which were subdivided into
36 cells. In the inner part of the detector (ranging to a radius of 17.5 cm) each cell contained
12 ’staggered’ signal wires parallel to the beam direction. These so-called axial cells delivered
a spatial resolution in r — ¢ of 551 and in z of 4 cm. The outer part of the central vertex
chamber improved the z resolution. Its 36 so-called stereo cells each contained 6 signal wires
which were oriented such that the angle between them and the axial wires is 4°. The combined
information of axial and stereo wires improved the z resolution to 700 pm [68].

Before the intallation of the silicon microvertex detector, this detector had the tasked of recon-
structing the primary and secondary vertices.

2The term secondary or displaced vertex denotes the reconstructed decay vertex of a short-lived particle
originating from the interaction point of primary vertex.
3 An explanation of this term is given when the jet chamber is described.
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One of the main components of the OPAL Detector was the cylindrical jet chamber, with
an inner radius of 25 cm, an outer radius of 185 c¢cm, and a length along the beam direction
of 4 m. It was a drift chamber providing a measurement of the momentum, the charge and
the flight direction of a charged paricle. It played a substantial role in the geometrical event
reconstruction. Moreover, the jet chamber as it was designed helped in identifying particles by
their specific energy loss dE/dz in the chamber gas exploiting the Bethe-Bloch formula (more
detailed explanations concerning this concept can be found in [69]). Perpendicular to the beam
axis, the jet chamber was subdivided into 24 sectors, so that every sector spanned an angle of
15°. Two adjacent sectors were divided by a plane of cathode wires, whereas in the centre ¢
position of each sector were 160 potential wires alternating with 159 signal wires, parallel to the
beam axis. The signal wires are located 100 um outside the anode wire plane, in alternating
order. This is called ’staggering’ and helped in resolving ambiguities in determining from which
side of the anode wire plane a track has crossed the chamber. This design led to a maximum
drift distance of 25.5 cm. The construction was terminated by conical end plates, so that the
length of the wires varied between 3.44 m for the innermost one and 4.12 m for the outermost
one. The configuration of the potential, anode, and cathode wires guaranteed a homogeneous
electric field and therefore a constant drift velocity for the electrons from gas ionisation as well
as a constant Lorentz angle. The electrons near the signal wires were accelerated by the electric
field and produced secondary electrons in further collsions with the gas molecules. This resulted
in a measurable charge deposition on the signal wires, which were read out on both ends with
flash analog-digital converters. The measured drift times determined the r — ¢ coordinates
of the reading points of a track whereas the z coordinates were measured by comparing the
charge collected on either end of the wires. Thus, an average point resolution of 135 ym in the
r — ¢ plane and 6 cm in z direction was obtained [70]. The sum of the collected and readout
charge on both ends of the wires was required to determine the specific energy loss dE/dz in
the chamber gas. For minimal ionising pions the relative uncertainty of this measurement was
3.8 % if 159 track points could be measured. The whole tracking system was embedded in
a solenoid providing a 0.435 T magnetic field. This was sufficient to bend the tracks of high
momentum charged particles measurably. The average transversal momentum resolution of
this design was found to be [70]

2

o _ \/0.022+ (0.0015-@) | (3.1)

Dy GeV/c
where the constant term was due to multiple scattering in the chamber medium and the second
term took into account the intrinsic resolution and uncertainties of the track reconstruction.
The relative uncertainty of the transversal momentum therefore amounted to 2.5 % for a particle
of p, =10 GeV, while for p pairs with a maximum transversal momentum of p; =45 GeV a
relative error of 6.8 % was obtained.
The precision of the z measurement and thus the precision of the measurement of the polar
angle # of a central track in the barrel region, i.e. |cosfyq| < 0.72, was enhanced by the
outermost subsystem of the central tracking device: the z chamber. It was subdivided into
24 drift chambers surrounding the jet chamber. These relatively flat chambers ( 5.9 ¢cm thick)
contained wires stretched perpendicular to the beam direction. Each z chamber consisted
of 8 sectors with 6 signal wires each. The track points measurement also resulted from the
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measurement, of the drift times of the produced electrons yielding a spatial resolution of this
component of 300 pym in the z direction and about 1.5 cm in the r¢-plane [65].

The Time-of-Flight Counter

The time-of-flight system consisted of 160 scintillation counters forming a barrel of radius
2.36 m which was positioned outside and coaxial to the aluminium coil. Each counter was
6.48 m long so that the barrel part of the time-of-flight system covered the angular region
|cosf| < 0.82. It measured the time-of-flight for particles from the interaction region, in
ete”™ — ptp~ at LEP1 with an accuracy of 460 ps. Thus, it generated fast trigger signals and
helped in the rejection of cosmic rays.

The time-of-flight counter in the endcap region consisting of scintillating tiles with fibre
readout was not installed until the beginning of the LEP2 program. Therefore, it will not be
described in this thesis. A description can be found in [71,72].

The Calorimeter System

The central tracking system was surrounded by a nearly hermetic calorimeter system. It
consisted of a presampler, an electromagnetic calorimeter and a hadronic calorimeter. As
mentioned above, a full description of the presampler and especially of the electromagnetic
calorimeter will follow in a separate section (3.3).

The Hadron Calorimeter
The hadron calorimeter was mounted around the electromagnetic calorimeter. It was the return
yoke of the magnetic coil equipped with thin streamer tubes. Through the alternation of planes
of these tubes and passive iron layers, in which hadronic showers evolve, it formed a so-called
sampling calorimeter for hadronically interacting particles which spanned radii from 3.39 meters
to 4.39 meters. Hence, it was largely made of iron providing 4 or more interaction lengths
of absorber, and it measured the energy of particles which had passed the electromagnetic
calorimeter. There was a certain probability of hadronic interactions being initiated in the 2.2
nuclear interaction lenghts of the material in front of the hadron calorimeter. As a result, the
overall hadronic energy had to be determined by combining signals from the electromagnetic
and hadronic calorimeters. The hadronic calorimeter covered a solid angle of 97% of 4 7 being
constructed in three different parts: the barrel and the endcap hadron calorimeters as well as
the hadron poletip calorimeter. More details about these components can be found in [65, 73].

The Muon Detector

Beyond the hadronic calorimeter, only muons and neutrinos arrived having passed 7 radi-
ation lenghts* of material.® They reached the outermost detector component of OPAL, the
muon detector, which was composed of 4 layers of 110 planar drift chambers in the barrel
region and 4 layers of streamer tubes in the endcap region (two on each side). Location and
direction of incident muons could be measured by these devices. The spatial resolution in the
barrel region was 1.5 mm in azimuthal and 2 mm in z direction. In the endcaps, a spatial
resolution of 1 mm to 3 mm in the zy-plane was achieved.

“for pions

5This is not the full story. Sometimes hadrons were not completely absorbed in the hadron calorimeter and
caused signals in the muon chambers. Therefore the information provided by hadron calorimeter was needed
to guarantee a proper muon identification.
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The Forward Detectors

The forward detectors were installed at both ends of the OPAL detector around, and close to
the beam pipe. Their main purpose was a precise determination of the luminosity, by measuring
the rate of low angle electron-positron pairs coming from Bhabba scattering (eTe™— ete™).5
Two kinds of the forward detectors existed. The older one was a system of drift chambers, scin-
tillators, tube chambers and a lead-scintillator calorimeter which was 24 radiation lengths thick.
These components were mounted between 2 and 3 meters away from the interaction region.
Further components belonging to this originally installed forward system were the far forward
monitor counters, small lead-scintillator calorimeters positioned 7.85 m away from the interac-
tion region on either side of the beam pipe. This design achieved a luminosity measurement
with a systematic error of 0.45%. To improve the systematic error on the luminosity measure-
ment up to the level of the expected statistical error, in 1993 two silicon-tungsten calorimeters
encircling the LEP beam pipe on opposite sides of the OPAL detector were built in. These
again were sampling calorimeters, that measured at very low angles (between # = 25 mrad and
6 = 58 mrad). The systematic error on the luminosity measurement was reduced to 0.034% by
this component [74].

3.3 The Electromagnetic Calorimeter and the Presam-
pler

As the electromagnetic calorimeter (ECAL) and the presampler play a vital role in identifying
highly isolated photons for the present study both components will be discussed in more detail
in this section.

3.3.1 The Electromagnetic Calorimeter of OPAL

Electromagnetic calorimeters are devices to measure the energy, the position and in some cases
the flight direction of electromagnetically interacting particles like electrons, positrons and
photons in the topology of a single high energy physics event.” The OPAL calorimeter was
designed to fully absorb such particles if they have energies ranging from some tens of MeV to
100 GeV. Exploiting an optimal ratio of nuclear interaction and radiation length of the material
and comparing the energy deposition of a particle passing the electromagnetic calorimeter with
its measured momentum in the central detector allowed to seperate electrons from hadrons.
Photons from 7° decays and single photons could be distinguished by the signature they left
in electromagnetic calorimeter.

Design
Consisting of a barrel and two endcap parts overlapping each other the ECAL covered 98%

6Bhabba scattering is the ideal process for such a measurement since its cross-section is dominated by the
t-channel y-exchange, which can be theoretically calculated in the framework of QED with a very high precision.

"Their flight direction can only be measured if one knows or is able to determine where the particles come
from. This information can be provided by assisting detector components or the geometrical design of the
calorimeter itself.
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of the full solid angle. Altogether, it was made off 11704 lead-glass blocks. The magnetic
coil and the pressure vessel of the central tracking chambers positioned inside the calorimeter
caused about 2 radiation lengths of material in front of it, so that most electromagnetic showers
were already initiated before the particle reached the ECAL. As a result, the point and energy
resolution were declined, which could be partly compensated by so-called presamplers installed
in front of the ECAL both in the endcap and the barrel region. They measured the position
and sampled the energy of the preshowers, thus improving the 7%single v and hadron-electron
discrimination and providing information to correct the energy deposited by the preshower in
the electromagnetic calorimeter. The barrel of the electromagnetic calorimeter was a cylindrical
array of 9440 lead-glass blocks situated at a radius of 2455 mm around the beam axis and covered
a polar angle of | cosf| < 0.82 (see figure 3.3).

z
jF7(Z:157.9 mm /=3759.8 mm /

Z= 555 mm R=30 mm

Figure 3.3: The r — z (a) and r — ¢ (b) planes of the electromagnetic calorimeter barrel region.

Each lead-glass block had a volume of 10 x 10 x 37 cm?® with its front area translating into
an angular coverage of 40 x 40 mrad? and its depth translating into 24.6 radiation lenghts of
material. Its longitudinal axis nearly pointed to the interaction region, thereby minimising
the probability of a particle which stemmed from an e*e™ interaction to traverse more than
one lead-glass block. This was the so-called 'pointing geometry’ of which is taken advantage
in the ’Cluster Shape Fit’ being essential for the photon identification in this analysis and
described later (see section 4). The blocks were not perfectly aligned to the nominal interaction
point to prevent neutral particles from escaping through the gaps between the blocks (sketches
in 3.3). The electromagnetic endcaps covered the full azimuthal angle and a polar angle of
0.81 < |cosf| < 0.98% consisting of 1132 lead-glass blocks, respectively. Unlike the barrel
blocks, the endcap blocks were not pointing to the interaction region but they were aligned
parallel to the beam line vertically covering an area of 9.2 x 9.2cm? each.” Particles that
entered the endcap block assembly coming from the interaction region had to traverse at least

8resulting in an overlapping region for the barrel and endcap components on both sides of the detector
between | cosé| = 0.81 and 0.82.
9This was due to the geometrical constraints given by other detector components.
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20.5 radiation lengths of material and typically 22.

Material

The ECAL blocks in the barrel were made of heavy lead-glass of type SF57. This glass consisted
of 75% by weight PbO. In the endcaps the blocks were made of CEREN-25 consisting of 55%
by weight PbO. Further specifications for both materials can be found in [65] and in chapter 4.

Readout

The lead-glass blocks were instrumented with magnetic field tolerant phototubes in the barrel or
vacuum photo triodes in the endcap region. They read out the Cerenkov light which was caused
by charged particles in an electromagnetic shower emerging in the calorimeter blocks. The
readout was controlled by different optical monitoring systems in the barrel and the endcaps.
Moreover, the calorimeter was readout for randomly triggered events, in which no ete™ collision
occured. Blocks showing signals in these events were removed for the actual data analysis. The
layout of one barrel lead-glass block with its readout device is shown in figure 3.4

PHOTOTUBE
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VOLTAGE
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LEAD GLASS SF57 e
SIGNAL
CABLE
13
WRAPPING SHEET PERMALOY SHIELD

OPTICAL FIBRE CONNECTOR
AL REFLECTOR PLATE

Figure 3.4: A lead-glass block as implemented in the electromagnetic calorimeter barrel of the OPAL
detector. Each block was wrapped with a black sheet of vinyl fluoride for optical isolation and its
inner surface was coated with aluminium for efficient reflection of light.

Resolutions
The intrinsic energy resolution of the electromagnetic calorimeter in the barrel region was [65]

g 0.063
— ~0.002 + —F———. 3.2
E VE/(1GeV) (3-2)
In the endcap region the resolution was found to be
oE 0.05 (3.3)

E ~ \/E/(1GeV)

The intrinsic spatial resolution for electromagnetic showers in both the endcap and barrel part
of the calorimeter was 11 mm. These resolutions were worsened by the material in front of
the ECAL causing a variation of the energy resolution that depended on the polar angle of the
measured particle. In the regions 0.72 < |cosf| < 0.81 and 0.92 < |cosf| < 0.98, 8 and 6
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radiation lengths were seen by a traversing particle (compared to the 2 radiation lengths for
particles in the barrel region moving vertically to the beam line). Energy correction algorithms

are utilised in the analysis to take this into account. A picture of one half of the dismantled
ECAL barrel of OPAL can be seen in figure 3.5.
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Figure 3.5: The Electromagnetic Calorimeter of OPAL

3.3.2 The Presampler for the Electromagnetic Calorimeter

The electromagnetic presampler in the barrel region consisted of 16 chambers located in a cylin-
drical fashion around the beam line between the time-of-flight counters and the electromagnetic
calorimeter. The radius of this cylindrical construction was 2388 mm, its lengths was 6623 mm
resulting in a polar angle coverage of | cosf| < 0.81. Each presampler chamber was 3 ¢cm thick
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and made of two layers of limited streamer mode tubes with the wires stretched axially. Each
layer contained 24 cells. On either side of the layers were cathode strips, oriented at 45° to the
wire direction and orthogonal on opposite sides. The charge generated on a wire was readout
on both ends and the position along the wire was measured by charge division. By using the
correlation between the charge collected on a wire and the signals measured by the cathode
strips and applying a fit procedure hits were defined in each sector. The spatial resolution of
the presampler varied between 4 and 6 mm in the plane perpendicular to the electromagnetic
shower for a shower energy between 6 GeV and 50 GeV.

The endcap electromagnetic presampler was an umbrella shaped arrangement of 32 multi-
wire chambers located between the pressure bell of the central tracking system and the endcap
calorimeter. They covered the full azimuthal angle and 0.83 < |cos(f)| < 0.95. The spatial
resolution for an electromagnetic shower depended on its energy and varied between 2 and
4 mm.

3.4 The Simulations

In high energy physics experiments, it is common to use simulation packages, so-called Monte
Carlo programs, to predict or check physics processes on a theoretical basis. These are both,
the processes which are to be analysed as well as any process which might affect the investigated
one. Roughly speaking two types of programs may be distinguished:

e programs generating processes on a pure high energy physics ("HEP’) level where the
four-momenta of all particles produced in a particle collision are simulated as predicted
by theoretical models, and

e programs simulating the response of the detector to these '"HEP’ momenta given that the
corresponding particles live long enough to reach the detector components and to interact
with their material.

Such a simulation package also exists for the OPAL detector and is called GOPAL [83],
which is based on the widely used detector simulation package GEANT [84]. One purpose of the
GEANT package is simulating large detector designs and thereby, evaluating their performance
in the lead time of an experiment. Regarding data analysis, it is additionally used as a tool for
understanding the recorded data and the data taking quality of an existing experiment.

The GOPAL package describes the components of the OPAL detector in terms of material,
geometry, response and resolution as well as the magnetic field insight the detector. Four-
momenta of particles generated with HEP-packages like JETSET/PYTHIA [50] and HERWIG
[561] serve as input to GOPAL. These are widely used to describe processes in e*e™ collisions,
and in particular processes studied in the present analysis (see section 2.3.1). The particles
generated by the HEP-packages are tracked through the geometry, simulating interactions with
the particles of the detector material. As output GOPAL gives 'raw data’, which is given in
the same format as delivered by the real detector and which can be processed by the OPAL
event reconstruction progam ROPE [85].
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The information supplied by the event reconstruction is analysed for either data and sim-
ulated events in the same manner and the results in both cases can be compared. Thus,
efficiencies of particle detection and resolutions of the various detector components and their
interplay can be determined. Besides, distortions of results and systematic errors of the mea-
surement can be found, investigated and possibly corrected for in the final outcome. In the
present thesis, such studies are important for efficiency and background corrections to extract
the true photon rate on parton level (which as pointed out in chapter 2 we want to measure)
starting from the photon rate measurement on detector level. Further explanations in this
regard will follow in section 5.2.
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Chapter 4

Identifying Photons with the
Electromagnetic Calorimeter of OPAL

In section 3.3, the electromagnetic calorimeter system of OPAL was introduced as the main
tool for identifying photons, electrons and positrons. For this analysis it provides the necessary
information to identify hadronic Z° decays with an isolated photon radiated off the quarks. The
largest background contribution - apart from photons which stem from initial state radiation
off the incoming leptons, and therefore, cannot be distinguished from the final state photons by
the signature they leave in the calorimeter system - is due to neutral hadrons produced in the
fragmentation of the partons. They either produce hadronic showers in the presampler and the
electromagnetic calorimeter (ECAL) or they decay into photons which cause electromagnetic
showers. These 'neutral hadron’ showers have profiles of energy depositions in the lead glass
blocks of the ECAL which are different from the shower profiles generated by single photons. As
discussed in detail in chapter 5, overlapping double-photon showers in consequence of 7 — v
decays are the largest hadronic background contribution and can be distinguished by their
profile from single-photon showers, since, on average, they are broader than the latter.

In the present chapter, an algorithm to identify highly energetic single photons will be described.
It makes use of the pointing geometry and the known material specifications in the barrel region
of the ECAL. This so-called cluster shape fit presented in [86] is based on a program which
was originally designed for the electromagnetic calorimeter of the JADE detector [14,87]. Some
general remarks on electromagnetic showers in materials are made beforehand.

4.1 Showers in the Electromagnetic Calorimeter of OPAL

4.1.1 General Introduction

If a highly energetic photon or electron enters the material of a thick absorber material it
generates an electromagnetic shower consisting of electrons, positrons and photons. Two pro-
cesses contribute to the shower evolution: pair production and bremsstrahlung. High-energy
photons traversing matter convert into ete~ pairs, which then emit bremsstrahlung. The
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| | p(gem™) | Xo(cm) | E.(MeV) |
|SF57| 554 | 15108 | 13.0 |

Table 4.1: The material specifications of the electromagnetic calorimeter in the barrel region of the
OPAL detector. The radiation length is given in cm compared to equation 4.1 where X is scaled to
the density of the material [65].

bremsstrahlung photons in turn convert into further ete™ pairs, and so on. The resulting parti-
cle cascade is called electromagnetic shower, and looks similar independently of whether it was
initiated by a photon or an electron. The shower evolution stops as soon as the energy of the
produced electrons and positrons falls below a certain value, the so-called critical energy E..
The critical energy is sometimes defined as the value at which the electrons in the shower lose
their energy by bremsstrahlung at a rate which is equal to the loss rate due to ionisation.! As
a consequence, no further photons are produced, and particle multiplication in the shower is
stopped. The critical energy E, is material dependent and can be estimated with the empirical
relation E, ~ 800MeV/(Z + 1.2) with Z as the atomic number [10]. The shower development
is usually expressed in terms of the radiation length X, defined as the mean distance over
which an electron loses all but 1/e of its energy by bremsstrahlung. For most materials, it can
approximately be expressed by

716.4g cm 2 A

0= 1) (2877 (4.1)

where Z is the atomic number and A is the atomic weight (in g mol™) of the medium [10].
The mean free path A, which a high-energy photon travels through such a medium before it
converts into an ete™ pair is related to the radiation length via
9
/\pair >~ ?XO (42)
The numbers for the lead glass calorimeter in the barrel region of OPAL are summarised in
table 4.1.2

The evolution of an electromagnetic shower is a statistical process, which is conveniently
expressed in terms of the number of radiation lengths over which the shower has evolved lon-
gitudinally:

where x is the longitudinal distance of a shower point from the shower origin in cm and X
is the radiation length in cm. The total number of particles produced in the shower grows

'In [88] an alternative definition based on [89] is given: The critical energy E. is reached if the energy loss
per radiation length equals the energy of the particle: E. = (—dE/dt)g, with t as the longitudinal distance
from the shower origin.

2In connection with electromagnetic shower descriptions, the Moliére radius is often mentioned. Tt is defined
by Ry ~ Xo - 21MeV/E, [10] where E. is the critical energy as given in [89]. It is a measure of the lateral
electromagnetic shower dimension but it will not be used in the shower parametrisation of the present fit.
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exponentially as a function of ¢, and, at the end of ¢ radiation lengths, it is given by
N(t) ~ 2! (4.4)
assuming Apq;r = Xo. Each of these shower particles has an average energy of

E@:%%:% (4.5)

with Ey as energy of the incident photon or electron. As soon as E(t) is equal to the critical
energy .,

Eq

- 2tmam

E(tmaz)

= E, (4.6)

the maximum penetration depth of the particle cascade,

_ In(Ey/E.)

tmaa: - n?2 ) (47)
is reached, at which the maximum number of particles is produced. Beyond this depth, the
number of generated shower particles falls off exponentially.

The described model is very simple and only gives a qualitative picture of an electromag-
netic shower neglecting energy losses due to ionisation when the shower is still progressing or
energy dependencies of the cross-setions for bremsstrahlung and pair production. More precise
calculations are possible by utilising Monte Carlo techniques.

4.1.2 Shower Parametrisation

The electromagnetic shower profile is well described by a three dimensional function II(Ey, r, t)
which according to [88] can be split up into a longitudinal and lateral part:

7(Eqg, t) and f(Eq, 1), (4.8)

where ¢ is defined by 4.3, and r is the radial distance from the shower origin in radiation
length.® 7(FEy,t) represents, on average, the total number of charged shower particles crossing
a plane perpendicular to the trajectory of the initial photon or electron at distance ¢ from the
shower origin. f(Eq,r) is the corresponding total number of charged shower particles crossing
a cylindrical shell parallel to the trajectory of the initial particle around the shower origin at a
radial distance r. The longitudinal profile is fitted reasonably well with the function

7(Bo,t) = A - 1° - exp(—ft), (4.9)

3 A more general expression for the lateral shower profile additionally depending on the longitudinal distance
t is also given in [88]: f(Fjp,r,t). But the absence of longitudinal segmentation and the pointing geometry of
the ECAL of OPAL results in a simplification of this general expression, so that in the present fit the lateral
spread can be expressed by f(Eq,r).
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where A is a scaling factor, and «a, # are parameters which are obtained by comparing the
results of the profile function with the results of a simulation using GEANT [84].

The lateral profile of an electromagnetic shower in lead glass has been measured, for instance,
in [90] and can be represented as a sum of two exponentials. A narrow exponential describes the
core of the shower, which evolves at the beginning of the particle cascade where bremsstrahlung
by the highly energetic shower electrons and positrons dominates. A broader exponential
describes the halo of the shower, which develops at a later stage of the particle cascade where
the influence of multiple coulomb scattering becomes more important. Thus, the lateral profile
can be expressed by

f(Eo, ) = a-exp(—br) + c- exp(—dr) (4.10)

where a, b, ¢, and d are material dependent parameters which, like & and [ above, are again
obtained through fitting the lateral profile function to the Monte Carlo yields of GEANT. Both,
the longitudinal and the lateral profile function are normalised,

/f(Eo,r)dr =1 and /W(Eo,t)dt =1 (4.11)
0 0
from which follows
a c ﬂa+1
—+-=1 d A= ———. 4.12
b d an T(at1) (412)

The determination of the parameters «, 3, a, b, ¢, and d is performed for photons and electrons
of various incident energies as described in [86]. A cylinder of lead glass of type SF57 with a
radius of 10 and a length (depth) of 40 radiation length is defined in a GEANT environment.
To study the lateral shower profile, this cylinder is subdivided into tubes of 0.25 X thickness.
For each tube, the number of electrons and positrons, which is proportional to the Cerenkov
light emission, are counted taking into consideration that the threshold energy for electrons
emitting Cerenkov light in the lead glass material SF57 is 0.61 MeV, and that the number of
generated Cerenkov photons depends on the velocity of the electrons. Other effects like the
position and wavelength dependence of the light collection efficiency are neglected in this study.
The optimised values for the lateral shower shape function parameters, a, b, ¢, and d are not
found to depend significantly on the particle energy. However, they are corrected according to
the angle of the incident particle, i.e. of the cluster in the ECAL. By this, the different amount
of material which is seen by particles traversing the detector with different angles 6 relative to
the beam line is taken into account. In table 4.2, the parameters are listed for a photon and an
electron coming from the interaction point and moving vertically with respect to the beam axis.
Due to the angular dependent corrections the variables ¢ and d are up to 11% (photons) and
20% (electrons) smaller than the numbers given in table 4.2, whereas the variations of ¢ and b
are in the range of 2 to 3%. This behaviour reflects that showers or clusters with a smaller angle
f relative to the beam line tend to be slightly broader, which can be seen for the photon case in
figure 4.1. The corrections are larger for the shower core (determined by the parameters ¢ and
d) compared to its halo (determined by a and b), and they are larger for electrons compared to
photons. Both trends are consistent with the expected effects of additional material in front of
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Particle ‘ a ‘ b ‘ c ‘ d ‘
0 0.182 | 0.586 | 1.844 | 2.677
e~ 0.173 | 0.570 | 1.649 | 2.367

Table 4.2: The values of the fixed parameters in the lateral shower shape function 4.10 for photons
and electrons moving perpendicularly to the beam axis.

the ECAL. Both electrons and photons may preshower in the coil, the time-of-flight detector
or the presampler. The propability for initiating such a preshower causing in turn a broader
cluster in the ECAL rises with the path length which is covered by both particle types in the
coil or presampler medium. This path length is larger for smaller angles #. Moreover, the
mean free path A, of a photon is approximately related to the radiation length of an electron
by equation 4.2, so that the propability to cause a preshower for photons is smaller than for
electrons. As a result, the parameters and their angular correction in the photon case is smaller
than in the electron case.

In principle, to fix the parameter values of the longitudinal profile function the same pro-
cedure as above is applied defining a block made of SF57 in GEANT and subdividing it into
slabs of equal thickness. However, the energy dependence of o and 3 is considerable and math-
ematical terms have to be specified which properly describe this dependence for shower energies
up to 50 GeV. How these terms are determined will not be depicted in detail here (for further
information see reference [86]), since in the present analysis only the two-dimensional option of
the shower shape fit is used. Performing the three-dimensional shower shape fit is not expected
to result in a significant improvement in the photon identification, since there is hardly any
depth information available in the ECAL of OPAL. It has no longitudinal segmentation and
the lead glass blocks in the barrel region are almost exactly pointing to the nominal interaction
point (c.f. figure 3.3 and the corresponding description of the calorimeter system in chapter 3).

4.2 Photon Reconstruction with the Cluster Shape Fit

In the previous section, it has been described how a shower caused by a single photon or electron
in the electromagnetic calorimeter of OPAL may be parametrised. Moreover, the method for
fixing the free parameters a, b, ¢, and d in the lateral profile function has been outlined. This
shower profile function 4.10 is used to predict the energy fraction deposited in each lead glass
block belonging to an ECAL cluster of a particular, measured energy Ey. To be more precise,
it is assumed that a measured ECAL cluster is caused by a single photon (’photon hypothesis’),
and based on this the expected energies F,,,; in the lead glass blocks are calculated. These
expected energies E,,, ; are compared to the measured block energies Epeqs,i- A x? minimisation
is performed varying the angle of incidence # and ¢ of a hypothetical photon, thus trying to
find the best agreement between expectation and measurement. For the best agreement which
can be obtained a so-called cluster shape variable is defined as a measure of the photon likeness
of a cluster.

In the following, the integration method which is used to calculate the expected block energies
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Figure 4.1: The lateral shower shape functions for a photon moving with an angle of § = 45° and
perpendicularly to the beam line.

is described briefly. Subsequently, some remarks are made on the x? minimisation and finally,
the photon likeness or cluster shape variable C' is defined.

4.2.1 The Calculation of the Expected Block Energies

To calculate the expected energy in each ECAL block affected by a photon shower the con-
tinuous shower profile described by expression 4.10 has to be translated into a discrete grid
pattern of energy depositions in the lead glass blocks of a cluster. The method which is chosen
for the integration of 4.10 is the so-called VEGAS algorithm [91]. The VEGAS algorithm, as
an iterative and adaptive Monte Carlo scheme and as a widely used tool for multidimensional
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integration, shows all the characteristics which are needed to integrate the lateral shower func-
tion over the (z,y) cross-sections of each lead glass block in a defined cluster. The integrand
does not have to be continuous which facilitates the integration over hypervolumes of irregular
shape, and the convergence rate is independent of the dimensions of the integral. The most
important feature of the VEGAS method is, indeed, that it is adaptive. It automatically con-
centrates the evaluations of the integrand in those regions where it is largest in magnitude. The
expected energy deposition in block ¢ contributing to a cluster is calculated as

fr) 1
Erups = Eo - / I dzdy, (4.13)
P J 2mr X¢

where Ej is the cluster energy, S is the cross-section of the lead glass block and 7 is transformed
from the local coordinates (z,y) in the block. The factor 1/X2 is necessary as Jacobian. For the
block in the cluster where the initial photon has impinged a special treatment is necessary. This
block includes the pole of the integrand at » = 0. In order to avoid the pole, the integration in
this block is performed over the (7, ¢) space and the expected block energy is computed as

2T Tmaw

Eeacp,i = EO . / / %de(ﬁ (414)

0 0

The integrand of 4.14 is set to zero, if the local position (z,y) transformed from (r, ¢) is beyond
the limits of this lead glass block. In the above integration, 1.6 ¢cm instead of 1.5108 cm (for
SF57 only) is used as value for X, to compensate the effect of extra material in front of the
ECAL (namely the coil, the time-of-flight detector, and the presampler barrel).

4.2.2 The x? Minimisation

The energy spreading of a hypothetical photon shower over the lead glass blocks in the corre-
sponding measured cluster is calculated with the VEGAS algorithm varying the angles § and
¢ of the impinging photon. The measured cluster energy Ej, however, is fixed. By this, one
obtains an expected energy deposition in each block belonging to the cluster, which depends
on the fixed cluster energy and on the variable photon angles § and ¢: E.;,;(6,¢). The best
fit between photon expectation and measurement is obtained by minimising the value of

Nblocks
Emeasi - Ee:c % 07 2
1=0 ¢

using the SIMPLEX method [92]. Here Eye,s, is the measured energy deposition in the ith
block of the cluster corresponding to the expectation

Eewp,i(ea ¢) = k- E(Q, ¢)> (416)

where F; (0, ¢) is calculated with the integrals in 4.13 and 4.14 for various angles of incidence 6
and ¢ of the photon. It represents the result of the shape function integration over one block
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unit, which is identical to the fraction of the cluster energy Fy deposited in the ith block. The
error o; comprises the intrinsic error of the energy measurement in the barrel region of the
ECAL and the accuracy of the VEGAS integration:

‘71'2 = O-fneas,i + Uzzp,i’ (4.17)
where 045 can be deduced from 3.2 as
Omeassi = 0.002  Epeqsi + 0.063 « \/Erneas i, (4.18)
and 0.y 1S given by
Ocapi = 0.05 Eggp ;. (4.19)

0.05 is the chosen accuracy of the VEGAS integration in the present analysis.

4.2.3 The Cluster Shape Variable C

The cluster shape variable C, i.e. the measure for the photon likeness of an electromagnetic
shower in the barrel region of the ECAL is now defined as the smallest x? which is obtained
after the minimisation of equation 4.15 divided by the total number of blocks belonging to the
cluster:

1
Nblocks

C is plotted in figure 4.2 for neutral clusters which are selected in the barrel part of the elec-
tromagnetic calorimeter (| cosfy| < 0.72) from a sample of multihadronic Z° decays simulated
with JETSET. The discrimination power of C' concerning single-photon clusters against clusters
generated by neutral hadrons or their decay products is evident.

C:

-min(x*(6, ¢)). (4.20)

4.3 Comparison of the C distribution in Data and Monte
Carlo

Because in the present analysis C' is the most important variable to identify photons, and since
the characteristic shape of its distribution will be utilised to estimate the amount of background
in the selected candidates sample (see section 5.2.1.2), it is crucial to check whether the shapes
of the C' distributions agree well in data and Monte Carlo. In order to draw a fair comparison
between simulated and real electromagnetic showers in the ECAL, one has to be able to rely on
a very clean reference sample of single-photon clusters. Such a sample can be extracted from
well defined Z° — p*u~ decays, which are preselected as described in [93,94]. * The selection
criteria in [93,94] are tightened to get a sample which only consists of Z° — u*u~ events:

e Exactly two well measured tracks in the central detector are required, both associated
with a cluster in the electromagnetic calorimeter.

In detail the u pair selection is described in two Technical OPAL Notes [95,96].
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Figure 4.2: Distributions of C for neutral clusters in the ECAL with energies between 10 GeV and
15 GeV. Depicted is the distribution for single-photon clusters generated by initial and final state
radiation as well as the distribution for clusters which are generated by neutral hadrons or their decay
products. The neutral hadron sample mainly consists of 7% and 1 decays and Kg mesons. Each of
the two histograms is normalised to its total number of entries.

e Exactly one additional cluster of at least 7 GeV energy which is not associated to any
charged track is allowed in the ECALL. This cluster is most likely generated by an isolated
photon from initial or final state radiation.

e The cluster must be situated in the barrel region of the ECAL (] cosf.| < 0.72) and its
angular distance to the closest track has to be larger than 10°.

e The invariant mass of the isolated cluster with each track in the event must be greater
than 2 GeV, which is larger than the 7 mass.
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‘ Cluster Energy (GeV) ‘ Efficiency, Data ‘ Efficiency, MC ‘

T<Ey; <10 0.986 £+ 0.005 0.983 £ 0.003
10< Ey <15 0.991 £ 0.004 0.986 4= 0.002
15 < E; <20 0.990 £ 0.005 0.988 = 0.003
20< By <25 0.983 = 0.008 0.983 £ 0.004
25 < Ey <30 0.987 £ 0.008 0.986 £ 0.004
30 < E, <35 1 0.988 £ 0.004
35 < Ey <40 0.993 £ 0.007 0.992 £ 0.004
40 < B,y < 46 1 0.994 £ 0.006

Table 4.3: The efficiencies for photonic clusters selected in radiative Z° — ppu— decays if the cluster
shape variable is required to be smaller than 5. The efficiencies are given separately for eight bins of
measured cluster energies.

e The sum of the angles between the two tracks and between each track and the cluster is
required to be larger than 359°.

e The visible energy of the event estimated from the track momenta and the photon energy
fulfills the condition: 71 < E,;; < 111 GeV.

The selection criteria in [93,94] and the above listed selection criteria, which are inspired
by [97] and by energy resolution studies for photon clusters in the ECAL [98], reject backgrounds
due to multihadronic, 7777, two-photon, and cosmic ray events. The remaining background
from 777~ events with clusters potentially produced by 7° decay products is estimated using
the Monte Carlo KORALZ [99] to be smaller than 0.1%.

2528 events collected at /s &~ mzo between 1990 and 1995 have met the selection criteria.
The same cuts are applied to Z° decays into utp~ which are generated with KORALZ [99].
Here, 9378 events are retained. The distributions of the cluster shape variable C' in eight bins
of the measured cluster energy are plotted in figure 4.3. The energy bins are chosen such,
that the C distributions only depend weakly on the energy distribution of the photon clusters.
Moreover, they are equal to those defined for the actual analysis (cf. section 5.2.1.2). As can
be seen, a good agreement between data and Monte Carlo is achieved . In table 4.3 the photon
efficiencies of the requirement C' < 5 in the appropriate energy bins are listed. Again the
agreement between data and Monte Carlo is good.

Clusters with an energy between 3 GeV and 7 GeV have also been studied. Their C
distributions in data and Monte Carlo are shown in figure 4.4(a). In the first bin of the C
distributions, which is the bin with the largest statistics, a significant discrepancy between
data and Monte Carlo is visible. Several checks have been performed to identify the reason for
this. These include the investigation of possible background sources in the sample (like single
photons from 7° decays in 777~ events), and the search for general failures in the simulation
of isolated photon clusters which might have an impact on the C' distribution. In figure 4.4(b)
and (c), two cluster variables are plotted for data and Monte Carlo: Npyeks, the number of
blocks contributing to the cluster, and W, the energy weighted first moment of the angular
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Figure 4.3: The distributions of the shape variable C' for photon clusters in u*p~ events for data

and Monte Carlo classified in eight bins according to their measured energy. The distributions are
normalised to the data statistics.

block distribution in the cluster which is defined as
N, ocks 0 o
W = \/Zzzbi k Emeas,i((d)i - ¢z)2 + (HZ — 01)2)
Zi:1 Emeas,z'

where E;, ¢;, and 6; are the energy deposited in block 7, its azimuthal, and its polar angle. The
7% background has been found to be negligible, the variables Nyocs, W, and other investigated

(4.21)
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variables have not revealed a non-ambiguous correlation to the C discrepancy (although the
distributions of W show small deviations for data and simulation). A satisfactory explanation
for the deviation of C' in data and Monte Carlo has not been found. To be safe from biases,
clusters with energies below 7 GeV are therefore excluded from the analysis. They would not
contribute significantly anyway. This is due to the fact that the photon rates as explained in
chapter 2 are measured y.,-dependently, and the y-cut also narrows the phase space for the
photon candidates in terms of their energy.
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Figure 4.4: The distributions of the shape variable C, the number of blocks, and the first moment
W, defined by equation 4.21, for photon clusters with energies below 7 GeV in pu* ™~ events in data
and Monte Carlo. The distributions are normalised to the data statistics.

From the studies carried out, it can be concluded that the shape of photonic clusters in
the barrel region of the electromagnetic calorimeter of OPAL is understood well and simulated
correctly by the detector Monte Carlo for cluster energies larger than 7 GeV. Especially, the
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cluster shape variable C', as most important parameter of the photon identification, and its
simulated distribution can be used to reject and estimate the backgrounds in the selected
candidates sample of isolated clusters. How the candidate selection and background estimation
works is described in the following chapter.

A summary of further tests using other algorithms for the photon identification in the
electromagnetic calorimeter of OPAL may be found in the appendix.
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Chapter 5

The Analysis

The analysis consists of three parts: the first part deals with the extraction of the candidates
sample out of the whole data measured by the detector; the second part contains the identifi-
cation and estimation of possible background sources in this sample as well as the estimation
of efficiencies of the measurement; finally, the third part treats the identification, estimation,
and calculation of measurement errors. These three steps are described in more detail in the
following sections. The chapter is completed by the calculation and discussion of the couplings
which are determined by the photon rate measurement.

5.1 Event Selection

As described in chapter 2 the aim of the analysis is to determine the rate of final state photons
out of bremsstrahlung off quarks relative to the total number of multihadronic Z° decays. So
firstly, such decays have to be defined.

5.1.1 Selection of Multihadronic Z° Decays

Standard selection criteria of multihadronic Z° decays are specified for the OPAL detector [100]
using multihadronic Z° events simulated with the JETSET Monte Carlo, which is tuned accord-
ing to studies of global event shape variables [93,101] and fed into the OPAL detector simulation
GOPAL [83] (c.f. section 3.4). The resulting hadronic event selection in general exploits infor-
mation delivered by the central detector and the electromagnetic calorimeter, namely track and
cluster multiplicities as well as information on the energy flow in the electromagnetic calorime-
ter. First of all, ’good’ tracks and ’good’ electromagnetic clusters have to be defined. Good
tracks are selected with at least 20 measured space points in the tracking system, a distance of
closest approach from the nominal interaction point of less then 2 cm in (7, ¢) and of less than
40 cm along the z (beam) axis. Moreover, a minimum momentum of the track in the direction
transverse to the beam axis of 0.05 GeV is required. By these requirements it is ensured that
only well measured tracks originating from the true interaction point are selected. The cut on
the minimum transverse momentum rejects tracks of low energetic charged particles that curl
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inside the tracking system because of its magnetic field. Good clusters in the barrel region
of the electromagnetic calorimeter are required to have an energy of at least 0.1 GeV. In the
electromagnetic endcap region, only clusters with an energy of more than 0.2 GeV shared by at
least two adjacent blocks are accepted as good. The purpose of these selection cuts is mainly
to reject electronic noise in the calorimeter.

An event measured by the OPAL detector is classified as a multihadronic Z° decay if it
fulfills the following requirements based on the above defined good tracks and clusters:

e There must be at least five good tracks and seven good clusters in the electromagnetic
calorimeter. By this, events with relatively high particle multiplicities are selected and
Z° decays into two charged leptons are rejected. Besides, events triggered by cosmic rays
are removed from the sample since all good tracks are defined such that they originate
from the true interaction point.

e The sum of the energies of all good clusters in the electromagnetic calorimeter is required
to amount to at least 10 % of the centre-of-mass energy:

Z Ecluste'r/\/g 2 0.1. (51)

This requirement serves the purpose of rejecting two-photon events, where a large fraction
of the centre-of-mass energy is carried away by the outgoing electron and positron which
move with a very small angle along the beam direction, and which are therefore invisible
for the detector. In addition, fake events caused by interaction of beam particles with
gas molecules remaining within the beam-pipe and other machine-related backgrounds
are discarded.

e The imbalance of the energy flow in the lead glass calorimeter with respect to the beam
axis should not be too large. This is ensured by

Z(Ecluste'r - COS ecluster)
Z Ecluster

where E.jyster and 6.ster are the energy and polar angle of one good cluster. The sums
in the numerator and the denominator take into account all clusters accepted as good in
the electromagnetic calorimeter. The above cut rejects events generated in beam-related
background interactions, among them collisions with gas molecules (see preceding item),
interactions of beam-particles with the material of the beam-pipe, or so-called beam-halo
events where muons are produced in beam-related reactions outside the detector.

< 0.65 (5.2)

The overall efficiency of this hadronic event selection is determined to be 98.6 % + 0.4 % [100].
In addition to these global event shape requirements, demands on the detector performance are
made. At least, the central jet chamber and the electromagnetic calorimeter have to be fully
functioning.

The present analysis is based on data which were collected by the OPAL detector during the
years 1990 to 1995 at a centre-of-mass energy approximately equal to the Z° mass. From the
full data sample 3022897 multihadronic Z° decay candidates are selected by the given criteria.

1S0-called off-peak data taken at centre-of-mass energies around the Z° mass between /s &~ mzo — 2 GeV
and /s & mzo + 2 GeV are not analysed.

96



5.1.2 Selection of Isolated Photon Clusters

Within the selected sample of hadronic Z° events electromagnetic clusters generated by photons
radiated off the final state quarks are searched for. As discussed in detail in section 2.1.1 only
isolated photon candidates are considered. In this section, it will be described how photon
clusters are identified and how their isolation from the hadronic rest of the event is defined.

Ebeam 45.61 Evis 91.1 Emiss .2 Vix ( -.04, .04, .67) Muon(N= 0) Sec Vtx(N= 1) Fdet(N= 0 SumE= .0)
Bz=4.350 Bunchlet 1/1 Thrust= .7722 Aplan= .0073 Oblat= .3843 Spher= .5226

Run:event 5367:157970 Date 940821 Time 065944 Ctrk(N= 24 Sump= 33.6) Ecal (N= 47 SumE= 70.4) Hcal (N=12 SumE= 10.9) d B

. Status
Event type bits Det Tr
4 Low mult presel
5 RGN MUTE VG E0- -+ wenesnereesenseeesneeeeseeen e : E\J/ ’3‘ g
12 Tagged two phot : : : CzZ 30
13 Higgs high mult : : : TB 3 3
16 TKMH multihadron : : : PB 2 0
22 'S phot muon veto eI : EB 3 3
23 S phot beam-wal | LT P : PE 2 3
25 S phot EM and TOF : : : EE 3 3
26 S phot In-time TOF : : : HT 3 1
27 S phot EM clis : : : HS 3 3
28 S phot High pT trk : : : HP 3 1
31 long-lived decays : MB 3 3
32 "Physl" selegtion eI : ME 3 3
170 type physics : FD 3 0
: ; - . : Sl 30
SW 3 3
O
i E X
Z
‘ 200. cm. ‘ ‘ 510 20 50 GeV
Centre of screen is ( .0000, 0000, .0000) | | [T T |

Figure 5.1: A candidate for a hadronic Z° decay with a final state photon: Z° — ¢gy. Two jets are
clearly distinguishable in the detector. The jets are not aligned back-to-back due to the recoil of the
radiated photon which generates a highly isolated cluster visible in the electromagnetic calorimeter.
The measured photon energy is 18.6 GeV.

In figure 5.1 a candidate for a Z° decay with an isolated photon produced in bremsstrahlung
off the final state quarks is depicted. Candidates for events with isolated photons have to meet
the selection criteria, which first of all are outlined briefly and subsequently are described in
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more detail:

e Only neutral clusters are considered.

e The candidate cluster is found in the non-overlapping region of the electromagnetic
calorimeter barrel. Its polar angle 0yser has to fulfill the condition | cos Oyster| < 0.72.

e The corrected energy of the cluster is larger than 7 GeV.

e The cluster is shaped as expected for a single photon. This affects the number of lead
glass blocks which contribute to the cluster, as well as the energy weighted first moment
of the cluster W, and the cluster shape variable C.

e The cluster is isolated and has survived two isolation requirements:

The first requirement demands that there is no cluster or track with an energy of more
than 0.25 GeV within a cone of half opening angle 0.255 rad (14.61°) around the candidate
cluster.

The second requirement ensures that the cluster is well separated from each jet in the
event. The reason for the second isolation criterion is discussed in the theory chapter
section 2.1, some general remarks on jet finder schemes and their usage in the present
analysis can be found in 2.3.4.

The selection criteria are designed such that they reject clusters generated by two classes
of background sources. The first class includes all backgrounds due to neutral hadrons, which
may directly produce a highly energetic cluster in the electromagnetic calorimeter, or which
decay into photons which then produce a highly energetic cluster. Such clusters tend to be
wider than clusters generated by single photons. The second background source is initial state
radiation off the incoming leptons which also produces highly energetic single photon clusters
but is expected to show an energy and angular spectrum which is different from that of photons
radiated off the outgoing quarks.

For the first requirement in the above list of selection cuts, neutral or unassociated ECAL
clusters have to be defined beforehand. This is done in the framework of an algorithm called M'T
(Matching Tracks’). It is described briefly in [102] and detailed in [103,104]. The principle idea
is given here. Charged particles may produce signals in both the central tracking system and
the calorimeter system, resulting in a potential double counting of contributions to the total
visible energy in the detector. The MT algorithm aims for the definition of four-momenta,
which are corrected for this effect. In the end, only four-momenta of tracks and of clusters
which are not associated with any track are retained. In this context, on the one hand an
ECAL cluster is called neutral if no track extrapolation points to it. On the other hand, an
ECAL cluster associated with a track may also be called neutral after the expected calorimeter
energy for the corresponding track momentum is subtracted from the cluster energy. However,
neutral clusters belonging to this second category are usually rejected by the first isolation
criterion.

The second requirement of the above list affecting the polar angle of a cluster in the lead glass
calorimeter is explained by the fact that the identification of photons in the barrel region for
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polar angles with | cos @] > 0.72 and in the endcap region of the calorimeter is more difficult than
in the barrel region for polar angles with |cosf| < 0.72. This is a consequence of the amount
of material in front of the calorimeter?, which significantly degrades its spatial and energy
resolution and introduces additional difficulties in the evaluation of the systematic errors of the
photon rate measurement. Moreover, the cluster shape fit algorithm, which was described in
chapter 4, and which is the most powerful tool to estimate the hadronic background contribution
can only be applied in the barrel region because it makes use of the pointing geometry of the
lead glass blocks. Moreover, it yields the most reliable results within an angular acceptance
for clusters of 0.72 < | cos |, which is also due to the larger amount of material in front of the
calorimeter for polar angles § with 0.72 < |cosf| < 0.82. Finally, the statistics which would
be gained by taking into account the endcap region between 0.82 < |cosf| < 0.92 (at the
same time collecting more background due to initial state radiation, see figure 5.2) has been
estimated not to result in a significant improvement of the error on the measured photon rate.

The distributions of cosf for the candidate samples selected in data and Monte Carlo is
plotted in figure 5.3. A good agreement is observed.

The third requirement, that the corrected cluster energy has to be larger than 7 GeV

is introduced for two reasons. One reason is given by the expected energy spectra of the
different sources which might generate electromagnetic clusters. Going to lower cluster energies
the background contribution by photons from decaying neutral hadrons and from initial state
radiation is rising faster than the signal contribution by final state radiation. This can be seen
in figure 5.4, where the energy distributions of photons from initial state radiation and final
state radiation are compared. The other reason is, that the agreement between data and Monte
Carlo for the cluster shape variable C' is not good enough at cluster energies below 7 GeV, as
discussed in section 4.3.
The corrected cluster energy, which is used in the analysis, is deduced from the raw cluster
energy FEjy which is the sum of the energies deposited in each lead glass block belonging to the
cluster as follows. Firstly, the raw cluster energy is corrected applying a #-dependent algorithm
which is derived by Monte Carlo studies with the OPAL detector simulation GOPAL. Then
this energy is additionally corrected according to the equation [98]

Ey = E.orr — 0.400GeV + 0.02 - Mpp, (5.3)

using signals from the electromagnetic presampler chambers (see section 3.3). Mpp is the
measured multiplicity in the presampler barrel region which is assigned to the cluster in the
electromagnetic calorimeter and E,,.. is the angular corrected cluster energy. The total reso-
lution of the corrected energy is found to be [98]

o(Eq) _ 0.129 +0.010
Ecl Ecl/(lGeV)

@ (0.022 + 0.003) (5.4)

for cluster energies larger than 5 GeV. The resolution is determined using radiative lepton pair
events (c.f. section 4.3) and employing massless particle kinematics to obtain a reference value
of the photon energy.

Z¢.f. section 3.3: eight and six radiation lengths for 0.72 < | cos 6| < 0.81 and 0.92 < | cosf| < 0.98 compared
to two in the ’good’ part of the barrel region.
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Figure 5.2: The distribution of the absolute value of cos 8 for prompt photons generated by initial and
final state radiation in the Monte Carlo generator JETSET. The contributing photons have an energy
of at least 5 GeV and have passed a .yt for the jet-photon separation (here, 4., = 0.06 in the Jade
scheme). The contribution from initial state radiation rises exponentially for cos 6., approaching one.
By comparison, the run of the curve for photons from final state radiation is flat. Both behaviours are
a consequence of the fact that the cross-section for bremsstrahlung rises exponentially for low angles
with respect to the radiating particle, which is the incoming e~ () for the initial state and the outgoing
(anti) quark for the final state radiation. The differently shaded areas denote the different regions in
the lead glass calorimeter which are discussed in the text.

The fourth requirement concerns the shape of an electromagnetic cluster. A Cluster is
accepted if it consists of less than 16 lead glass blocks, each block with an energy deposition
of more than 0.02 GeV. Moreover, for each candidate cluster, it is required that the energy
weighted angular width W defined by equation 4.21 is smaller than 30 mrad. The third attribute
in the photon likeness of a cluster candidate is the shape variable C. C is required to be smaller
than 5 for each cluster candidate. The requirements on the shape variables are illustrated by
three histograms in figure 5.5, showing the simulated background (neutral hadrons) and signal
(ISR+FSR) distributions of Ny,eks, W, and C for isolated clusters in the barrel region of the
ECAL (| cosByster] < 0.72) with a corrected energy of more than 7 GeV. The W distribution
is plotted for clusters fulfilling the requirement Nyers < 16, the C distribution is plotted for
clusters with Nyoers < 16 and W < 30 mrad, indicating that C' has the greatest discrimination
power for background clusters produced by neutral hadrons. In figure 5.6 the Nyoes and W
distributions for the reference sample of photon clusters selected from measured and simulated
p-pair events as described in section 4.3 are shown. The corresponding C' distributions have
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Figure 5.3: The distribution of cos @ in data and JETSET for the selected photon candidates. The
histograms are normalised to the data statistics.

been displayed in figure 4.3. The agreement between data and Monte Carlo is good in the case
of W and C, whereas the simulated distribution of Ny, is shifted to larger values compared
to the measured one. The reason for this could not be identified, but the efficiency of the
requirement Ny,.xs < 16 has been checked in the ™ p~y reference sample and in both, data
and Monte Carlo amounts to 100% for photon clusters. Thus, it is not expected that the cut
on the number of blocks introduces a bias in the candidate selection.

The last item of the requirement list contains two isolation criteria. The first one is moti-
vated by the needs of background reduction, the second by the needs of the theoretical final
state photon rate calculation.

The first isolation criterion requiring an isolation cone around the candidate cluster with little
energy deposition rejects background mainly due to the neutral hadrons which are produced
in the fragmentation of the partons. In this analysis, cone isolation means that the scalar
sum of additional track and cluster energy in a cone of half angle o e = 0.255 rad is less
than 0.25 GeV. In figure 5.7 two plots are displayed illustrating the cone isolation. The left
plot shows the energy inside a cone of oy, = 0.255 rad for data and Monte Carlo, the right
plot shows the number of events with an energy of less than 0.25 GeV inside cones of various
half opening angles. The bins which are of interest in the present study are denoted with
an arrow. As can be seen in the left plot of figure 5.7, raising the energy cut in the case of
Qeone = 0.255 rad would not result in a significant gain of efficiency. This plot looks similar for
different opening angles. The right plot of figure 5.7 shows that there is a range of cone angles
Qeone Which are possible to choose. Indeed, one of the important systematic checks deals with
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Figure 5.4: The energy distribution of prompt photons generated by initial and final state radiation in
the Monte Carlo generator JETSET. The polar angle of the contributing photons fulfill the requirement
| €08 Ocpyster] < 0.72 and have passed a ygy for the jet-photon separation (here, yey: = 0.06 in the Jade
scheme). The shaded area denotes the region of photon energies which are excluded from the analysis.

varying the isolation cut (see section 5.4.2.2). The agreement between data and Monte Carlo
is not as good as in the case of the shape of photon clusters. This might be due to the fact,
that the signal-to-background ratio in the selected sample is simulated incorrectly by JETSET.
In any case, the energy flow around the photon candidate is subject of extensive systematic
studies.

The second isolation criterion ensures that the underlying premises of the matrix element
calculations, which are used to extract the coupling constants from the measurement, are still
valid. As discussed in section 2.1.2, the perturbative calculations, based on first principles of
QED and QCD only yields reliable predictions for the photon rate in a restricted region of the
phase space. The restriction is implemented by imposing y parameters which are defined as in
equation 2.11. In order to be able to compare measured and theoretically predicted FSR event
shapes and rates, in addition jet recombination schemes are used to put the measured hadronic
decays in a structure which is comparable to the theoretical prediction only existing on the level
of partons. Two jet finder schemes are used according to those applied to the matrix element
based Monte Carlo: the Jade E0 and the Durham scheme, which are both explained in section
2.3.4. As denoted there, the isolated photon selection follows a two-stage procedure. At the
first stage, the jet finder algorithms are applied to the hadronic part of the Z° decay excluding
the photon candidate thus ordering the central tracks and ECAL clusters of the event in jets.
At the second stage, the value of the resolution parameter y,; between each jet ¢ in the event
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Figure 5.5: Three Monte Carlo distributions describing the shape of a neutral cluster candidate in the
barrel region of the electromagnetic calorimeter with an energy of more than 7 GeV: The number of
lead glass blocks Nyjoers assigned to the cluster, its energy weighted angular width W (first moment of
cluster), and the respective cluster shape variable C, which both are defined in the previous chapter.
The overall contribution from all possible hadronic background sources - mainly my decays to two
photons - is also shown (hatched histogram) and motivates the cut values which are indicated as
arrows. The distributions are normalised to the available Monte Carlo statistics.

and the photon candidate is required to be greater than the same minimum value y.,; as used
for the jet definition. For each jet finder twelve values of y.,; are considered. The range of
Yeur Values covers the phase space region where the matrix element calculations are available
(cf. table 2.2). The input four-momenta for the jet finder schemes are provided by the MT
algorithm mentioned above only taking into account the information from the central tracking
system and the electromagnetic calorimeter.
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Right plot: the number of events with an energy of less than 0.25 GeV inside cones of various half

opening angles q¢one for data and Monte Carlo.
Both plots are normalised to the Monte Carlo statist

ics.

A total of 10400 events are retained as candidates for hadronic Z° decays with photon
bremsstrahlung off the final state (anti)quark after all cuts except for the y cut. The number of
events retained after additionally imposing the various y cuts in the applied jet finder algorithms

are summarised in table 5.1.
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Jade EO Durham (k;)

Yeut ‘ Candidates | Yeu ‘ Candidates
0.005 7708 0.002 8022
0.01 6896 0.004 7326
0.02 5931 0.006 6753
0.04 4751 0.008 6358
0.06 3913 0.01 5908
0.08 3299 0.012 5573
0.1 2741 0.014 5229
0.12 2358 0.016 4964
0.14 2114 0.02 4546
0.16 1938 0.04 3422
0.18 1830 0.06 2962
0.2 1754 0.1 2566

Table 5.1: Number of candidate events selected with the Jade and Durham algorithm applying twelve
different values of cy;.

5.2 Backgrounds and Efficiencies

To obtain the true final state photon rate in multihadronic Z° decays the selected sample has
to be corrected for both background contamination and measurement efficiencies.

In the first part of this section, it is described in more detail which kind of backgrounds to the
measurement are expected, how these are identified, and how their contribution to the selected
candidate sample is estimated. The y.,,~dependently measured numbers of hadronic Z° decays
with FSR which are listed in table 5.1 are then corrected for the estimated background fractions.
In the second part of this section, limiting factors of the measurement, like background rejection
requirements as well as detector deficiencies are discussed. Based on this, the efficiencies of the
measurement are determined and all y.,,-dependently measured numbers of candidate events
are corrected accordingly in both jet finder schemes.

5.2.1 Background Sources and their Estimation

As mentioned earlier, two categories of background sources exist which dilute the measured rate
of hadronic Z° events with an additional isolated photon emitted by a quark in the final state.
Such background events leave two kinds of signatures in the OPAL electromagnetic calorimeter:

1. The first category contains events in which isolated neutral clusters are generated by
neutral hadrons or their decay products. Such ECAL clusters can be distinguished from
real single-photon clusters by their shape.

2. The second category contains events where photons are emitted by the initial leptons.
In such events, the selected isolated ECAL clusters may be generated by single photons
from ISR, and thus cannot be separated from the FSR signal clusters by their shape.
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5.2.1.1 Background due to Neutral Hadrons and their Decay Products

The composition of the hadronic background in the selected candidate sample as simulated by
JETSET 7.4 is shown in figure 5.8. The largest background contribution comes from 7° mesons
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Figure 5.8: The hadronic background composition of the cluster candidate sample as given by JET-
SET 7.4. The fraction for each source is shown with respect to the total number of selected hadronic
clusters in the ECAL.

decaying into two photons which are not resolved in the electromagnetic calorimeter. These
7% mesons are either direct fragmentation products (indicated as primary) or decay products
of other hadrons (indicated as secondary). The second largest contribution comes from KV
mesons which may deposit enough energy in the ECAL and thus directly generate clusters.
The third largest contribution is due to 1 particles which like the 7° mesons decay into two
photons generating one cluster. Neutrons, w and p decays, and other sources® contribute at or

below the percent level.

As discussed in chapter 4, ECAL clusters of these sources differ from single-photon clusters
by their shape. This is utilised for the estimation of the hadronic background contribution in
the selected sample. The distribution of the cluster shape variable C' possesses the necessary
discrimination power and a satisfactory agreement for photons in data and Monte Carlo as is
proven in the section 4.3 and can be seen in the figures 4.2 (discrimination) and 4.3 (data-Monte
Carlo comparison). The C' distribution is shown separately for the largest hadronic background
sources as generated with JETSET 7.4 in figure 5.9. The inclusive shape of the total "hadronic’
C distribution is dominated by ECAL clusters originating from 7° decays into two photons.
Their C' distribution peaks below C=1 whereas the C distributions of all other neutral hadron
sources are broad. This results from the kinematics of a two-body decay: the higher the energy
of the ¥ the smaller is the angle between the two photons, which therefore produce a narrower

3Among these are long lived hadrons (e.g. A°), which deposit enough energy in the ECAL, and charged
particles (e.g. 7*) which may have not been selected by the quality criteria as good tracks or which may come
from neutral hadron decays.
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Figure 5.9: The C distribution of the different hadronic background sources in the candidate sample.

cluster of a shape which is similar to the shape of a single-photon cluster. In comparison with
the 7°, the n meson decays with a larger opening angle between the two photons because of its
mass which is more than four times larger than the 7° mass. Therefore, 7 clusters are wider
and less photon-like than 7° clusters at high energies of the mesons, which involves a broad C
distribution for electromagnetic showers caused by photons from an 7 decay.*

K? mesons as well as neutrons may also produce clusters in the ECAL via hadronic interactions
with the lead glass. Such clusters have different shapes compared to electromagnetic clusters
because hadronic cascades are composed of an electromagnetic component due to 7° production
and a component due to low-energy hadronic activity, and the cascade development is thus more
complicated than in the purely electromagnetic case.® Therefore, a broad distribution of the
photon likeness parameter C is expected and indeed produced by the K9 clusters in the selected

4On the other hand, the probability that one photon from the decay n — <y generates an isolated single-
photon cluster which survives the selection cuts is very small. An  meson with an energy of, say, 7 GeV decays
into two photons with a minimum opening angle of 7.5° (most probable case of symmetric decay). Consequently,
the cluster of one decay photon would most likely lie inside the isolation cone around the cluster of the other
one which thus would be rejected, and vice versa.

5The length scale appropriate for hadronic interactions is the nuclear interaction length A\;. The longitudinal
as well as the transverse dimensions of hadronic showers scale as Ay, which in general is much larger than the
radiation length X, in massive materials.
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Monte Carlo sample, as can be seen in figure 5.9.
The C' distribution of all remaining hadronic background sources is shown in figure 5.9, too.
However, its contribution to the overall ’hadronic’ C shape is only marginal.

5.2.1.2 The Hadronic Background Estimation

The shape of the C distribution is used to estimate the fraction of clusters in the selected
candidate sample truly generated by isolated single photons. The corresponding distributions
for hadronic ECAL clusters and for single-photon clusters caused by initial and final state
radiation are obtained from simulated multihadronic Z° decay samples which are generated
with JETSET 7.4 at a centre-of-mass energy of exactly the Z° mass, and which are then
processed with the OPAL detector Monte Carlo program GOPAL. A sample of 8416033 such
hadronic events are available from which between 19463 and 5903 (depending on the value of
Yeur and the jet finder scheme) with final state photon candidates are selected passing the same
cuts which are applied to real data.

The C' distribution of the selected data clusters is then fitted with a linear combination of
the C' distributions of single-photon and of hadronic Monte Carlo clusters. As a technique, a
binned maximum likelihood method is applied, which takes into account the limited statistics
of the utilised Monte Carlo distributions [105]. As starting point of the algorithm serves the
expression for the predicted number of events in a bin i:

g(CY = pyy - g(C)] + Phaa - 9(C)1, (5.5)

where p, and pp.q are called strength factors which include the normalisation factors of the
three distributions and which are related to the source fractions f, and fyqq by

Py =fy- %—? and  Phad = Shad - ]]\de (5.6)
where Np, N,, and Nj,q are the total number of events in the data, single-photon, and neutral
hadron input histograms. ¢(C)] and g(C)?¢ are the unknown, expected number of events
in each bin 7 for the two sources, whereas G(C)] and G(C)!? are the corresponding num-
ber of events generated by JETSET 7.4. Considering the correlation between the signal and
background fraction,

Jhaa =1 = [, (5.7)
the logarithm of the likelihood L,

Nbins

InL = ZG C) In g(C)ret — g(C)re?

Mbins Mbins
- Z G(C)!Ing(C - Z G(C)] Ing(C)j* — g(C)r*,  (5.8)
is maximised in a one-parameter fit using the software package MINUIT [106]. As can be seen,

the total likelihood is the combined probability of the observed data events G(C)%?% and the

68



Jade EO Durham (k;)

Yeut ‘ Single-photon fraction | ey ‘ Single-photon fraction
0.005 0.9006 &+ 0.0094 0.002 0.8882 4+ 0.0097
0.01 0.9118 4+ 0.0095 0.004 0.8968 + 0.0099
0.02 0.9162 £ 0.0107 0.006 0.8925 + 0.0106
0.04 0.9190 £+ 0.0117 0.008 0.8922 + 0.0107
0.06 0.9124 +£0.0134 0.01 0.8912 4+ 0.0107
0.08 0.8904 + 0.0153 0.012 0.8950 + 0.0100

0.1 0.8835 + 0.0171 0.014 0.8940 4+ 0.0120
0.12 0.8635 + 0.0199 0.016 0.8903 + 0.0126
0.14 0.8300 £ 0.0231 0.02 0.8860 £ 0.0128
0.16 0.8057 £ 0.0242 0.04 0.8378 + 0.0175
0.18 0.7723 + 0.0332 0.06 0.7997 + 0.0204

0.2 0.7345 £+ 0.0287 0.1 0.7800 % 0.0237

Table 5.2: Single-photon fractions for the Jade and Durham algorithm with twelve different values

of yYeyt- The errors are the combined data and Monte Carlo errors as given by the binned maximum
likelihood fit.

observed Monte Carlo events for each source G(C)] and G(C)#*% in all n bins of the distribution.
More details about the solution of equation 5.8 (e.g. special considerations which apply if one
or more of the source Monte Carlos in one bin are zero) may be found in [105].

The fit is based on C' distributions in the range between 0 and 5, and performed separately in
eight bins of cluster energy. The bins are chosen in such a way that C, and Cj,q distributions
only show a small dependence on the cluster energy. The C' distributions resulting from the
fit together with the C' distributions in data are plotted separately for the eight bins of cluster
energy in figure 5.10. As an example, the y.,; value 0.06 in the Jade scheme is chosen. The
values for x? only taking into account the statistics of the data distribution vary between 19.4
and 55.5 per 19 d.o.f.. The fractions yielded by the fit in the eight energy bins are shown
in figure 5.11. As expected, they vary depending on the measured cluster energy, with lower
single-photon fractions at higher cluster energies, which is due to the increasing 7° background
as argued above (smaller opening angle of 7° decay at larger energies). To get the overall
single-photon fraction in the selected sample, the weighted mean of the resulting fractions in
the eight energy bins taking into account the statistics in each bin is calculated. These overall
fractions are listed for both jet algorithms and their twelve different y.,; values in table 5.2.
The assigned errors are calculated accordingly from the errors given by the binned maximum
likelihood fit based on equation 5.8, and thus take into account the effect of finite Monte Carlo
statistics. In both jet finder schemes, with increasing y.,; values also the errors on the fractions
grow, since fewer and fewer events in Monte Carlo as well as in data pass the y.,. Hence,
not only for physics but also for technical reasons the analysis will focus on a moderate Y.y,
range, where the measured couplings will be extracted. Especially, for very high values of vy
the input information to the maximum likelihood fit becomes very poor in the lowest cluster
energy bin, and for the respective C' distributions statistics is lacking.
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Figure 5.10: The data distributions of the cluster shape variable C in eight bins according to the
measured cluster energy and the corresponding fit result in each bin.

To estimate the contribution to the total fit error from the data and Monte Carlo samples
used, the error is split up in two according to the statistics of the two samples for each value
of Y.yt in the two jet recombination schemes. The resulting errors are listed together with the
total fit errors in table 5.3.
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Figure 5.11: The fractions of true single-photon clusters as obtained from the fit in eight energy bins

shown in figure 5.10.
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Jade EO Durham (k)

Yeut ‘ tot. error ‘ data ‘ MC Yeut ‘ tot. error ‘ data ‘ MC

0.005 | 0.0094 | 0.0079 | 0.0050 | 0.002 | 0.0097 | 0.0082 | 0.0053
0.01 0.0095 | 0.0080 | 0.0051 | 0.004 | 0.0099 | 0.0084 | 0.0053
0.02 0.0107 | 0.0091 | 0.0057 | 0.006 | 0.0106 | 0.0090 | 0.0057
0.04 0.0117 | 0.0100 | 0.0062 | 0.008 | 0.0107 | 0.0091 | 0.0057
0.06 0.0134 | 0.0114 | 0.0070 | 0.01 0.0107 | 0.0091 | 0.0057
0.08 0.0153 | 0.0130 | 0.0080 | 0.012 | 0.0100 | 0.0085 | 0.0053
0.1 0.0171 | 0.0146 | 0.0088 | 0.014 | 0.0120 | 0.0102 | 0.0063
0.12 0.0199 | 0.0171 | 0.0101 | 0.016 | 0.0126 | 0.0108 | 0.0066
0.14 0.0231 | 0.0209 | 0.0116 | 0.02 0.0128 | 0.0110 | 0.0066
0.16 0.0242 | 0.0210 | 0.0120 | 0.04 0.0175 | 0.0151 | 0.0089
0.18 0.0332 | 0.0289 | 0.0164 | 0.06 0.0204 | 0.0177 | 0.0102
0.2 0.0287 | 0.0251 | 0.0140 | 0.1 0.0237 | 0.0206 | 0.0118

Table 5.3: The absolute errors on the photon fraction as given by the binned maximum likelihood fit

and their estimated contributions from data and Monte Carlo statistics.

5.2.1.3 Cross-Check of the Hadronic Background Estimation

To verify that the binned maximum likelihood method yields reliable results in the estimation
of the hadronic background in the selected cluster sample, it has been cross-checked against
statements on the rate of isolated neutral hadrons® in other measurements by the experiments

6Here, isolation means an additional energy of less than 500 MeV in a cone of half angle 0.255 rad around
the ECAL cluster is allowed. The isolation of the candidate from the jets in the event is not required.
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OPAL [107] and L3 [59]. In [107] it is pointed out that JETSET underestimates the rate of
isolated n mesons with an energy of E, > 4.5 GeV by a factor of 2.07 £ 0.11, and the rate of
isolated 7 mesons in an energy range of 4.5 — 22.825 GeV by a factor of 1.99 4 0.05. L3 [59]
measures the rate of isolated clusters in their ECAL from all possible neutral hadron sources
to be by a factor of 1.88 + 0.08 larger than predicted with JETSET.

To test the binned maximum likelihood fit which is used in the present analysis, it is performed
in 10 bins of cluster energies between 4.5 GeV and 46 GeV using the C' distributions of clusters
which have passed all cuts except for the y cut. The results are compared with the rate of
isolated neutral hadrons as predicted by JETSET. According to the likelihood fit, JETSET
underestimates the rate by a factor of

1. 2.02 4 0.04 for cluster energies between 4.5 to 20 GeV, and
2. 2.05 £ 0.03 for all cluster energies greater than 4.5 GeV,

where the errors represent the uncertainties of the fit results accounting for both data and Monte
Carlo statistics. The above factors are similar to those observed in [107] and [59]. Moreover, the
tendency of the hadronic background behaviour as seen by L3, which is, that the data-Monte
Carlo discrepancy increases with a tighter isolation cut and is largest for intermediate cluster
energies (here: 10 < E < 30) [108] has been confirmed by studies with the present likelihood
method.

From these observations it can be concluded that the background estimations resulting from
the fit are reliable.

5.2.1.4 Background due to Initial State Radiation

The second group of background contributions to the selected candidate sample, clusters gen-
erated by initial state photons is not distinguishable from the signal clusters by means of ex-
perimental methods, since the shape of ECAL clusters generated by ISR is the same. Though
the ISR background is already reduced by the cuts on the cluster energy and angle, it is still
expected to amount to a few percent of the isolated single-photon clusters. The only possibility
to estimate the initial state radiation is to rely on Monte Carlo calculations. Here, the recently
released Monte Carlo LK [109] is used. It is based on the calculation of photon emission from
the incoming ete  beams up to the second order QED, includes electroweak corrections in
first order with higher order extensions, and the exact matrix elements for up to two photons.
Because the KIC Monte Carlo is only available on tree level and not as fully processed detector
data set, the background due to initial state radiation has to be subtracted on the tree (hadron)
level.

Efficiency Correction, Part 1

As a consequence, the rate of single photons, which is estimated with the binned maxi-
mum likelihood fit, has to be corrected for detector and measurement effects. The efficiency
corrections are calculated for each 7.,; value in the two jet finder schemes,

ISR+FSR( )

_ hadron Yeut 5.9

Yeut) = ISRAFSE(y V' (5.9)
detector Yeut

CISR—|—FSR(
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Jade EO Durham (k;)
Yeut ‘ Correction factor | Yeus ‘ Correction factor

0.005 1.127 £ 0.005 0.002 1.128 £ 0.005
0.01 1.124 £ 0.006 0.004 1.134 £0.005
0.02 1.128 + 0.006 0.006 1.142 £ 0.005
0.04 1.138 £ 0.007 0.008 1.140 £ 0.006
0.06 1.141 £ 0.007 0.01 1.144 £+ 0.006
0.08 1.147 £ 0.008 0.012 1.141 £+ 0.006

0.1 1.142 £ 0.010 0.014 1.129 £ 0.006
0.12 1.127 £ 0.011 0.016 1.125 £ 0.007
0.14 1.113 + 0.012 0.02 1.110 £ 0.007
0.16 1.086 = 0.012 0.04 1.092 £ 0.009
0.18 1.072 £ 0.013 0.06 1.074 £ 0.009

0.2 1.067 £ 0.013 0.1 1.055 £ 0.011

Table 5.4: The correction factors ¢/ S#+FSE(y ,), which take into account detector inefficiency.

using a sample of events with final or initial state photons selected from the existing 8.4 million
multihadronic Z° decays generated with JETSET and processed with GOPAL. The photon
energy, polar angle, and isolation cuts described previously are applied on the detector and on
the hadron level of the JETSET sample, as well in the KX Monte Carlo, which is linked with
the PYTHIA 6.1 Package [110] for the hadronisation of the final partons. The resulting factors
cISEAFSR(y . ) are listed in table 5.4 together with their errors due to the limited Monte Carlo
statistics. They correct for detector effects and reflect efficiency losses due to photon conversions
in the beam pipe and in the central tracking system of the detector, and also distortions of
the y.,-dependent photon rate due to incorrect measurements of the photon, jet, and visible
energy as well as of the stable particle directions.

ISR Subtraction

After the correction has been applied to the estimated single photon rate on detector level
the number of events with an isolated initial state photon of an energy larger than 7 GeV
and within a polar angle range of |cos#f,| < 0.72 as calculated with LK is subtracted. The
corresponding numbers of ISR events are given in table 5.5. They are calculated based on 16
million hadronic Z° decays, in which the events with initial state radiation passing the above
cuts are counted and then are normalised to the 3022897 multihadronic Z° events which have
been collected by the OPAL detector. The given errors in table 5.5 are merely due to the Monte
Carlo statistics. Since the interference between initial and final state radiation is expected to
be small on the Z° peak, its contribution to the photon sample is neglected here. Possible
systematic effects from ISR-FSR interference will be discussed later on in subsection 5.4.1.2.

The entirely background and partly efficiency corrected event numbers in the framework of
the two jet finder schemes,

FSR _ FSR

Neorr1 (yCUt) = Npqw (yCUt) : f’Y(yCUt) ’ CISR+FSR(yCUt) - nk‘SI'CR(yCUt)’ (510)
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Jade EO Durham (k)

Yeut ‘ Number of ISR events | yeut ‘ Number of ISR events
0.005 342 £ 8 0.002 366 £ 8
0.01 326 £ 8 0.004 351 £38
0.02 296 £ 7 0.006 326 £ 8
0.04 256 £ 7 0.008 302 £8
0.06 219+6 0.01 282+ 7
0.08 180+ 6 0.012 254+ 7

0.1 141 +5 0.014 2371+ 7
0.12 122+ 5 0.016 217+ 6
0.14 107+ 4 0.02 194+ 6
0.16 96 -4 0.04 148 &5
0.18 88 £4 0.06 125+ 5

0.2 8244 0.1 108 £5

Table 5.5: The number of expected background events in the selected candidates sample due to initial
state radiation as calculated by the XX Monte Carlo generator on hadron level. The errors reflect the
available Monte Carlo statistics.

Jade EO Durham (k;)

Yeut ‘ Corrected number of events | Yeyu: ‘ Corrected number of events
0.005 7484 4+ 68 £ 58 0.002 7668 £ 74 4+ 60
0.01 6744 + 62 £ 53 0.004 7101 £ 69 + 57
0.02 5833 + 61 £ 50 0.006 6557 + 69 + 55
0.04 4714 £ 54 + 44 0.008 6165 + 66 + 53
0.06 3853 + 51 £ 41 0.01 5745 £+ 61 4+ 50
0.08 3189 + 49 + 40 0.012 5435 + 54 + 46

0.1 2624 + 46 + 37 0.014 5040 + 60 + 48
0.12 2174 + 45+ 35 0.016 4755 + 60 + 48
0.14 1846 4+ 47 4+ 35 0.02 4278 + 55 + 44
0.16 1601 4+ 44 + 32 0.04 2984 + 56 + 42
0.18 1427 £ 57+ 37 0.06 2418 £+ 56 4+ 40

0.2 1292 4+ 47 4+ 32 0.1 2003 £+ 56 4+ 39

Table 5.6: The number of selected candidate events in data corrected for background contributions
and detector inefficiencies. The first error contribution represents the statistical uncertainty from
data, which has been estimated as explained at the end of section 5.2.1.2. The second contribution
combines the statistical uncertainties of the background and efficiency estimation coming from the
JETSET and XK Monte Carlo samples.

are summarised in table 5.6. The added errors are the combined errors from data and Monte
Carlo statistics, which enter through the background estimation and the efficiency correction.
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Jade EO Durham (k;)

Yeut ‘ Correction factors | yeu ‘ Correction factors
0.005 1.708 £ 0.009 0.002 1.780 £ 0.009
0.01 1.588 £ 0.009 0.004 1.646 £ 0.009
0.02 1.507 £ 0.008 0.006 1.596 £ 0.008
0.04 1.447 £ 0.008 0.008 1.559 + 0.008
0.06 1.428 + 0.009 0.01 1.538 £+ 0.008
0.08 1.428 + 0.010 0.012 1.522 + 0.009

0.1 1.441 £+ 0.011 0.014 1.516 + 0.009
0.12 1.465 + 0.013 0.016 1.510 £ 0.009
0.14 1.494 + 0.015 0.02 1.509 £ 0.009
0.16 1.532 £0.016 0.04 1.542 £+ 0.012
0.18 1.559 £0.018 0.06 1.622 £+ 0.014

0.2 1.611 +£0.019 0.1 1.816 +£0.018

Table 5.7: Efficiency corrections for the Jade and Durham algorithm with twelve different values of
Yeut calculated based on a sample of 8.4 million multihadronic JETSET events.

5.2.2 Efficiency Correction, Part 11

In order to compare the measured final state photon rate with the yield of the O(aa;) matrix
element Monte Carlo GNJETS, the rate has to be corrected for the remaining cuts, which are:

e the polar angle requirement: |cosf| < 0.72, and

e the first (cone) isolation requirement: E,y,.(0.255 rad) < 0.25 GeV,

as well as for fragmentation effects. The latter may also influence the number of jets which
are defined in an event, and affect the second isolation criterion, requiring the radiated photon
to be isolated from any jet in the event. It is not corrected for the energy requirement as
GNJETS allows to compute the exclusive rate of FSR photons with a minimum energy of
7 GeV (c.f. section 2.3.1.5), so that further systematic uncertainties due to such a correction
are avoided. As in the case of the detector efficiency correction before the ISR background
subtraction, correction factors are determined for each of the twelve y.,; values in the two jet
finder schemes using the JETSET generator. The final state photons on hadron level meeting
all the above requirements and the final state photons on parton level only meeting the jet
finder requirement are counted and the correction factors are calculated as

NFSR u
parton(y t) (511)

ycut) = NFSR

FSR
Y )
hadron (yCUt)

The hadron-to-parton level corrections ¢"“%(y,,;) are listed in table 5.7 for the Jade and Durham
algorithm. The listed errors are due to the limited Monte Carlo statistics, which is given by
the overall sample of about 8.4 million multihadronic Z° decays. The efficiency loss due to the
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Jade EO Durham (k;)

Yeut ‘ Corrected number of events | yeus ‘ Corrected number of events
0.005 12786 + 117 £+ 154 0.002 13648 + 132 + 167
0.01 10707 £ 99 £ 125 0.004 11685 + 114 + 137
0.02 8788 + 92 + 105 0.006 10466 +£ 110 £ 125
0.04 6822 4+ 78 + 86 0.008 9611 £1024+ 115
0.06 5503 £ 73 £ 77 0.01 8835 +94 + 107
0.08 4554 + 70 £ 73 0.012 8271 + 82+ 100

0.1 3780 + 66 + 69 0.014 7642 + 91 + 99
0.12 3184 + 67 + 66 0.016 7182+ 91+ 96
0.14 2758 + 70 + 66 0.02 6456 + 84 + 90
0.16 2454 + 68 + 63 0.04 4601 4+ 87 + 83
0.18 2225+ 88+ 70 0.06 3922 4+91+ 85

0.2 2081 + 76 + 65 0.1 3638 + 101 £ 97

Table 5.8: The corrected number of selected candidate events in the two jet finder schemes for twelve
different values of y.,¢. The first error contribution is due to the uncertainty from data statistics, the
second contribution represents the combined uncertainty from the Monte Carlo statistics.

polar angle cut as calculated with JETSET amounts to around 30% of the isolated and highly
energetic photons independent of the y.,;. The isolation cut rejects between 5 and 18% (Jade)
resp. 8 and 22% (Durham) of the highly energetic final state photons. The loss is larger at
small values of y.,;, is getting smaller with increasing values and rises again for very high values
of Yeus- Small values of y.,; mean a weak isolation of the photon candidate from the jets in the
event, large values of y.,; force most of the events in a 1-jet structure. In both cases, efficiency
losses due to the cone isolation become more important.

5.3 The Total Corrected Number of Events with an Iso-
lated Photon

The corrected numbers of final state photons generated by radiation off the final state (anti)quarks
in 3022897 multihadronic Z° decays,

FSR FSR

ncorr2 (ycut) = ncorrl(ycut) ' CFSR(ycut)a (512)

are summarised in table 5.8. The errors represent the uncertainties due to the limited data and
Monte Carlo statistics.

5.4 Systematic Errors

The description of the systematic studies is ordered according to the analysis steps described
in the preceding sections.
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5.4.1 Uncertainties of the Background Estimation
5.4.1.1 Estimation of Hadronic Sources

The amount of hadronic background clusters in the selected candidate sample is estimated
using a binned maximum likelihood fit as described in section 5.2.1.2. This method relies on
a proper simulation of the detector, especially on the simulation of electromagnetic showers in
the ECAL, and on a correct simulation of the hadronic background composition as generated
with JETSET 7.4. Thus, the results of the likelihood fit have to be checked for dependences on
possible Monte Carlo deficiencies, both on the detector and the event generator side. The main
sources of systematic uncertainties which have been checked are listed in table 5.9 together
with the relative error resulting from the fit regarding data and Monte Carlo statistics (column
labelled with C’X/}}(L/?d, cf. table 5.2). The estimation of possible systematic biases is described in
the following.

For all the subsequently described studies, the likelihood fit has been repeated with C distri-
butions which are differently generated or modelled, depending on which source of systematic
uncertainty has been investigated. In each case, the difference between the y.,,-dependent frac-
tion originally resulting from the fit and the fraction obtained with the modified C' distributions
is quoted in table 5.9.

In the column labelled with Cgef, the systematic error contribution originating from in-
adequate simulation of single-photon clusters in the ECAL is listed. To quantify this, the
maximum likelihood fit has been repeated in each cluster energy bin with C distributions of
prompt photons selected with almost hundred percent purity from the ptu~ vy reference data
sample as signal distributions instead of the C distributions of ISR and FSR clusters selected
from multihadronic decays simulated with JETSET. For most of the y.,; values, the devia-
tion is smaller than the combined statistical error from data and Monte Carlo given by the fit
(cf. column one). Note also that the errors resulting when performing the fit with the reference

photon sample are larger than the original fit errors.

The second and third column (labelled with Clgy ¢ and CPad, . ;) contain the devia-
tions reflecting the sensitivity of the likelihood fit to the hadronic background composition.
For the numbers quoted in the second column, the fit has been repeated using the C"%¢ distri-
bution as resulting from the background spectrum predicted by the HERWIG generator. The
observed differences between the fractions of prompt photons obtained from the data fitted
with the distribution of C"%? generated with HERWIG and JETSET are large for high and low
(only in the Durham scheme) values of y.,;. Note however, that the statistics provided by the
HERWIG Monte Carlo is smaller than that of JETSET (2.4 million multihadronic Z° decays
generated with HERWIG compared to 8.4 million generated with JETSET). The values of x?
resulting for the fits only taking into account the statistics of the C' distributions in data are
always larger in the HERWIG than in the JETSET case. Therefore, considering this deviation
in the systematic error combination results in a conservative estimate.

The numbers in the third column reflect the variation of the resulting signal fraction if the
likelihood fit is repeated with C"%¢ distributions which are modelled by reweighting the rel-
ative hadronic background spectrum according to inclusive measurements of neutral hadron

"which is also used for the data and Monte Carlo comparison described in section 4.3.
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Jade EO
Yeut ‘ C;\yi’gld ‘ C;yef ‘ C?I%RWIG C"{Leazgeigh,ted Cismear
0.005 | +£1.0 | -2.2 -0.2 -0.6 0.5
0.01 +1.0 | -1.9 -2.8 -0.7 0.1
0.02 +1.2 | -1.8 1.5 -0.6 1.6
0.04 | £1.3 0.6 2.4 -0.8 2.2
0.06 | £1.5 | 0.7 -1.2 -0.9 0.9
0.08 | x£1.7 | 1.7 3.3 -1.0 0.9
0.1 +1.9 5.8 2.1 -1.5 -0.1
0.12 +2.3 | -1.2 2.6 -0.9 -0.1
0.14 | £2.8 | -04 2.8 -1.3 -0.3
0.16 +3.0 0.4 -2.7 -2.8 -1.9
0.18 +4.3 1.4 8.3 -5.0 -1.0
0.2 +3.9 4.7 10.3 -3.6 1.2
Durham (k;)
Yeut ‘ Cﬁ’gd ‘ C:ef ‘ CII:T%RWIG ‘ Cfggeighted Cismear
0.002 | +£1.1 | -1.5 -6.0 -0.8 0.4
0.004 | £1.1 | -1.5 -3.6 -0.7 0.1
0.006 | £1.2 | -1.1 -2.2 -0.8 0.7
0.008 | +£1.2 | -0.4 1.8 -0.8 0.8
0.01 +1.2 | -0.1 1.3 -0.9 0.8
0.012 | +£1.1 | -04 1.3 -1.1 0.6
0.014 | +£1.3 | -1.2 1.8 -1.1 0.1
0.016 | +=1.4 | -0.8 1.7 -1.2 0.1
0.02 +1.4 0.4 3.1 -1.2 -0.8
0.04 +2.1 0.5 4.8 -1.9 -0.7
0.06 +2.6 2.3 4.5 -2.5 0.2
0.1 +3.0 3.0 5.2 -2.2 3.1

Table 5.9: Systematic error contributions to the single-photon fraction as resulting from the binned
maximum likelihood fit. Listed are the uncertainties relative to the single-photon fraction (%). For
comparison, the error contributions due to finite Monte Carlo and data statistics of the C distributions
(the mere fit error contributions, see table 5.2) are also given in the column labelled with C’X;gld. For

details concerning the studied systematics see text.
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production in Z° decays as performed for 7° and 7 in [107], and for K9 in [111]. By combin-
ing the results of these publications, the relative proportions of 7%, 7, and K? are estimated
depending on the energy of the meson. These proportions are compared to the proportions in
the hadronic background sample selected from the JETSET events in the corresponding energy
bins without applying the isolation requirements. Thus, eight weight factors are extracted,
which are applied to the contributing hadronic sources in the candidate sample selected in the
corresponding energy bins in consideration of the cone and the y,,; isolation. The remodelled
C distributions of the hadronic background are used in the fit. For all y., values, the fitted
single-photon fractions are below the results using the JETSET distributions. One has to keep
in mind, however, that the results for each y.,; are correlated.

In the last column, labelled with Cj,,cq., the variation of the single photon fraction is listed
for the case that the fit is performed after the tracking parameter resolutions are deteriorated
by 10%. This might influence the sample composition, as the selection of isolated clusters is
affected. Although the results mostly agree with the originally fitted fractions within the errors,
the differences are listed here.

Further systematic studies have been carried out. For instance, it has been checked whether
the fit result depends on the bin size of the C' distribution, which has been changed by a factor
of two. In addition, the entire analysis has been repeated for a different upper C' boundary,
which has been moved from five to ten. No significant change in the resulting signal rate is
detected.

The errors listed in table 5.9 are added up quadratically to the total error on the hadronic
background estimation.

5.4.1.2 Estimation of Initial State Radiation

The precision of the integrated cross-sections on which the generation of initial state radiation
by the LK Monte Carlo is based varies between 0.02 —0.2% [109]. Comparing a sample of K
events generated with and without ISR-FSR interference an average difference of the photon
yields in both scenarios of 1.5% relative to the ISR yield is determined. This number is assigned
as a systematic uncertainty of the estimated background from initial state radiation. However,
one has to keep in mind, that although initial-final state QED interference is included in the new
KIC Monte Carlo, QED-QCD corrections are not. The emission of final-state gluons by quarks
which competes with final-state photon radiation is neglected when calculating the ISR-FSR
interference. This may change the interference corrections for hadronic final states. In [112] a
conservative estimate of 50% is given for this change.

5.4.2 Uncertainties of the Efficiency Correction

Since the determination of the efficiency corrections is based on Monte Carlo, both the event
generation and the detector simulation have to be reviewed to search for potential deficiencies
in their description of real data.
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(Ecl — Ev)/Ecl
E, [98] ‘ figure 5.12
7.5—10 GeV | 4.7+ 0.3 | 4.5+ 0.09
10— 15 GeV | 4.8+0.2 | 4.0+ 0.06
15—20 GeV | 3.5+0.2 | 3.1+0.05
20—35GeV | 3.7£0.2 | 3.0£0.03
35—-50GeV | 2601 2.2+0.04

Table 5.10: A comparison of the calculated energy resolutions in [98] and in this thesis.

5.4.2.1 Uncertainties due to Deficiencies of the Detector Simulation (Uncertain-

ties of CISR+FSR(ycut))

The following systematic studies have been carried out to determine possible systematic uncer-
tainties of the photon selection due to an inadequate detector simulation:

e The efficiency of the single-photon selection has been compared earlier for the reference
sample of puy events in data and Monte Carlo. The cluster shape properties which were
reviewed are: the number of ECAL blocks contributing to a photon cluster (Nyoers < 16),
its energy weighted first moment (W < 30 mrad), and the cluster shape fit variable
(C < 5). A good agreement was observed for cluster energies larger than 7 GeV (c.f. table
4.3, and the figures 4.3, and 5.6(b)). The shift of the Ny distribution in data compared
to the simulation (c.f. figure 5.6(a)) was found to not result in different efficiencies.

e The accuracy of the track parameter measurement in the central detector has been wors-
ened by 10% which may have an effect on the jet finding and both isolation criteria.

e The energy resolution of the ECAL has been deteriorated by 20%. This number has

been chosen because the energy resolution of isolated prompt photon clusters selected
in the hadronic JETSET sample and in the puy reference data sample differ by up to
20% depending on the cluster energy. The results of the fit which has been performed
to estimate the resolution in the JETSET sample in energy bins corresponding to those
in [98] can be seen in figure 5.12. In table 5.10, the resolutions obtained by the fit are
compared to those in [98]. The relevant expression for the resolution as measured in [98]
is quoted as equation 5.4 in this thesis.
The corrected cluster energies have also been shifted by 0.1-0.2 GeV. The numbers reflect
the difference in the mean values of the distribution of of E;; — E., in the simulation and
of E, — Ey;, in data, where Ey;, is the kinematically reconstructed energy of the isolated
photon in the pu~y reference sample.

e The angular resolution of the photon clusters has been worsened by 30%.
All those studies result in variations of the photon rate which are much smaller than the

statistical errors. The effect on the correction factors c/SE+SE(y .) listed in table 5.4 is at or
below the per mille level.

80



.§ 100 ;I7.I5 |Gé _]-lo |G|8\} | T T T T T T T |£ lg ;llol G|e|\/-]-|5 |Ge|V| T T T T T T T |§
= - 12150 |- =
w75 |- quo F :
S - 1% 100 [ —
g O 1z | 1
E 5| JE 21 |
=) H =] - ]
Z 0 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 11 Z 0 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
-0.1 -0.05 0 0.05 0.1 -0.1 -0.05 0 0.05 0.1
(Eqg - Ey)/EcI (Eqg - Ey)/EcI
§ 150 ;llé éelv_lzcl) IGeIVI | I L |7: ? 300 ;|2(|) (I;eIV_SIS (I;elvl LI S I |{
'E B ] E B ]
w100 {2200 | -
O - 1 - .
& 50 |- 18100 |- -
= - 1€ - N
> - 1 3 | i
Z O 1 1 | I | | T I | | [ Z 0 L1 11 | L1 1 1 | 1 1
-0.1  -0.05 0 0.05 0.1 -0.1 -0.05 0 0.05 0.1
(Ecl ) Ey)/EcI (Ecl ) Ey)/EcI
[T T T | T T | T T T | T T ]
? 150 |35 Gev-50 Gev ]
= - .
W00 | =
O - ]
& 50 [ .
& N 1
2 O L1 A B R R L]
-0.1 -0.05 0 0.05 0.1
(Eq - Ey)/Ecl

Figure 5.12: The resolution of the corrected energy E.; defined by equation 5.3 as obtained with
prompt photons selected from a JETSET sample.

Another and one of the largest contributions to the systematic uncertainty on the correc-
tion factor c/SETFSE(y ) comes from the inadequate simulation of photon conversions. An
estimated error of £10% ( [113]) on the simulated conversion rate of around 8% (slightly in-
creasing with higher y.,; values) translates into a relative error on the efficiency correction of
up to nearly 1% (absolute values of up to 0.01).

The systematic studies described so far are sensitive to the photon selection efficiency on
detector level, disregarding possible biases introduced by a potential misrepresentation of the
measured jet energy and jet direction in the simulation. To estimate the quality of the jet finding
in data and Monte Carlo, events with two jets plus one isolated photon candidate selected as
described in section 5.1 are used. The quality of the energy measurement is estimated as
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suggested in [64] by applying the relation

. sin o
E =Fp—=— 5.13
recon sz Sin oy, ( )
which is valid for three massless particles. E!_. is the energy of the jet 7, and a; is the

opposite angle between the other jet and the photon candidate. The sum goes over all three
angles between the jets and the photon candidate. Equation 5.13 allows a determination of the
jet energies rather independently of the energy resolution of the detector. The shift

) _ Emeas - Erecon
E B Emeas

(5.14)

has been calculated and compared between data and Monte Carlo with full detector simulation
and as usual using JETSET as event generator. The distribution of the energy resolution as
calculated in the Jade scheme with a value of y.,; = 0.06 as well as in the Durham scheme with
a value of y.,; = 0.01 is displayed for data and Monte Carlo in the top row of figure 5.13.

The differences of the average shifts < E/E >4, — < 0E/E >p¢ vary between 0.026 +
0.010 (Yeut = 0.005) and 0.0003 £ 0.004 (yeye = 0.08) in the Jade scheme as well as 0.019+0.006
(Yeuwr = 0.004) and 0.002 £ 0.004 (Yyeue = 0.04) in the Durham scheme. Allowing an energy
shift according to these numbers leads to a y.,-dependent change of the calculated photon rate
between 0.1% and 0.6% in the Jade case as well as between 0.1% and 0.2% in the Durham case.

The angular resolution of the jet direction is estimated as follows: the hadronic part of the
event is boosted into its rest frame where the boost vector is given by the momentum and the
recoil mass of the selected photon candidate,

Mrecoz'l = \/(Ecm - l;cl)2 - ECQZ = l;'cm\/1 —2- Ecl/Ecm- (515)

Here, E, is the corrected energy of the photon candidate as defined by 5.3. In this system,
the two jets should be colinear. The distributions of the acolinearity angle Aa between the
boosted jets in data and Monte Carlo are shown in the bottom row of figure 5.13 for the y.u:
values of 0.02 (Jade algorithm) and 0.006 (Durham algorithm). The mean values of these
particular distributions are 7.08° 4= 0.17° in data and 8.00° £ 0.13° in the simulation for Jade
resp. 6.64° £ 0.17° and 7.75° £ 0.14° for Durham. A rescaling of the jet-to-photon candidate
angle by +da, where da = | < Aa >ga0 — < Aa >pr¢ |, depending on the value of yeyu, to
represent the mean deviations of the simulation from data results in a relative change of the
photon efficiency between 0.1 and 1.5%.

The relative systematic uncertainties due to the photon conversion rate as simulated by
the detector Monte Carlo, due to the misrepresentation of the jet energies and directions are
summarised in table 5.11, together with the errors coming from Monte Carlo statistics. The
listed contributions are combined in one error on the efficiency correction ¢/S#+¥ SR(ycut).
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Figure 5.13: The top row shows the energy resolution of the reconstructed jets dE/E in data and
Monte Carlo for the two jet finder algorithms and some representative y.,; values. The bottom row
shows the acolinearity angle of the jets from events with two jets plus one photon candidate, after
they have been boosted into the hadronic rest system.

5.4.2.2 Uncertainties due to Deficiencies of the Event Generation (Uncertainties
of CFSR(ycut))

Studies with Different Parton Shower Models

Here, the corrections c%(y.,;) obtained with the JETSET model have been compared
to those obtained with the HERWIG and ARIADNE model, which are described in section
2.3. The three models use different parton showering schemes, and moreover, in the HERWIG
case a different fragmentation scheme is utilised. All Models are tuned in order to yield a
good description of the global characteristics of hadronic Z° decays [93,101]. In table 5.12, the

83



Jade EO Durham (k)
Yeut ‘ stat. ‘ Conv. ‘ Jet energy ‘ Jet angle | yeu ‘ stat. ‘ Conv. ‘ Jet energy ‘ Jet angle
0.005 | £0.5 | £0.7 +0.5 +1.2 0.002 | £0.4 | +0.7 +0.1 +1.2
0.01 | £0.5 | 0.7 +0.5 +1.5 0.004 | £0.5 | +0.7 +0.2 +1.4
0.02 | £0.5 | +0.7 +0.6 +1.3 0.006 | £0.5 | +0.7 +0.2 +1.3
0.04 | £0.6 | +0.7 +0.4 +1.1 0.008 | £0.5 | +0.7 +0.1 +1.1
0.06 | £0.6 | +0.7 +0.3 +1.1 0.01 | £0.5 | +0.7 +0.1 +1.1
0.08 | £0.8 | +0.7 +0.1 +0.9 0.012 | £0.5 | +0.7 +0.1 +1.1
0.1 | £0.9| £0.7 +0.1 +0.9 0.014 | £0.6 | +0.7 +0.1 +1.1
0.12 | £1.0 | £0.8 +0.5 +0.7 0.016 | £0.6 | +0.7 +0.1 +1.1
0.14 | £1.1 | +0.8 +0.2 +0.4 0.02 | £0.6 | £0.7 +0.1 +1.1
0.16 | £1.1 | £0.8 +0.5 +0.3 0.04 | £0.8 | £0.8 +0.1 +0.6
0.18 | £1.2 | £0.8 +0.5 +0.1 0.06 | £0.9 | £0.8 +0.1 +0.4
0.2 | £1.2| £0.8 +0.3 +0.2 0.1 | £1.0| £0.8 +0.2 +0.1
Table 5.11: The relative systematic uncertainties of the correction factor c/SE+FSE(y ), which are
most significant (in %).
Jade EO Durham (k)

Yeur | stat. | HERWIG | ARIADNE | y., | stat | HERWIG | ARIADNE

0.005 | 0.5 —11.2 —11.2 0.002 | £0.5 —12.8 —12.0

0.01 | £0.5 —-7.2 —6.8 0.004 | £0.5 —-9.2 —-8.9

0.02 | £0.5 —-4.1 —4.2 0.006 | £0.5 7.7 7.4

0.04 | £0.6 —1.7 —1.4 0.008 | £0.5 —6.1 —5.7

0.06 | £0.6 —1.2 —1.0 0.01 | £0.5 —4.9 —4.8

0.08 | £0.7 —-0.9 0.1 0.012 | £0.6 —4.3 —-3.8

0.1 | £+0.8 -0.3 —-0.1 0.014 | £0.6 —-3.8 3.7

0.12 | +£0.9 -0.3 0.2 0.016 | £0.6 —-3.6 -3.0

0.14 | +£1.0 —-1.6 -0.9 0.02 | +£0.6 -3.5 —-2.8

0.16 | £1.1 —4.2 —-1.4 0.04 | £0.7 —4.0 -2.1

0.18 | £1.1 —-5.8 —-1.5 0.06 | £0.9 —-7.1 —2.8

0.2 | £1.2 —7.4 —1.0 0.1 | £1.0 —13.3 —6.2

Table 5.12: The relative deviations of the correction factors calculated with HERWIG or ARIADNE
from the ones calculated with JETSET. For comparison, the relative statistical errors on the factors
calculated with JETSET are also listed (in %).

relative deviations of HERWIG and ARIADNE from JETSET are compared to the relative
statistical error on the correction factors calculated using JETSET. The available statistics for
HERWIG and ARIADNE with 8 million generated hadronic Z° decays each is of about the
same size as for JETSET.

The relative deviations are larger for lower and higher values of y.,; with a largest deviation
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of —13.3% (for HERWIG and the Durham algorithm). The deviations are small in the inter-
mediate range of y.,; values for both jet finder schemes. The deviations stem from the different
particle flow around the FSR photons in the three models. As a result, in the JETSET case
more photons are rejected on hadron level than in the HERWIG or ARIADNE cases due to the
cone isolation requirement. This effect is softened in regions of intermediate y.,; values, where
the efficiency loss caused by the cone isolation criterion is smallest.

Studies with ’Differential’ Correction Factors

The measured photon rates are correlated for different values of y.,;. Therefore, it is difficult
to quantify the degree of agreement between the theoretical predictions of the matrix element
calculation and the data. In [30], it was suggested to study the differential distribution of
the photon rates, which is almost statistically independent for the different values of ..
Calculating the ’differential’ correction factors for the three available parton shower models
provides an additional systematic cross-check of the y.,,-dependent efficiency correction. The
differential distribution is defined as

1
DFSR(ycut) = NMH5 [NFSR(ycut - 5/2) - NFSR(ycut + 5/2)]
_ NMH6[Z Ni—oreject ZNreject—n]’ (516)

where Npgg is the number of final state photon candidates, and N,y is the number of hadronic
Z° decays. N'7Téiect is the number of events that have a jet multiplicity ¢ at Y., — 6/2 but
that are rejected at y.,; + 6/2, whereas N7¢¢“" is the number of events that are rejected at
Yeut — 0/2 but are retained at y.u; + 0/2 with a jet multiplicity 7. The gains and losses for each
1 jet event class are statistically independent, so that the ’differential’ correction factors,

i—reject reject—i
i—reject __ ~ parton reject—i __ - parton
¢ - i—reject and ¢ - reject—i (517)
N, N,
hadron hadron

are almost statically independent, too. The differences between the various parton shower
models observed for these differential corrections are largest between HERWIG and JETSET
and for small values of y.,;. They amount up to around 32% in the Jade case and up to
around 27% in the Durham case. For y,,; > 0.04 in the Jade scheme, the differential correction
factors agree within 10%. In the Durham scheme, they agree within 10% for 4.,; > 0.014. The
emerging deviations are also due to the cone isolation criterion.

The results obtained for the y.,~dependent integral cross-sections calculated with the inte-
gral correction factors of tables 5.4 and 5.7 and calculated with the JETSET correction factors
differentiated according to the the number of jets in an event agree within 2% (Jade scheme)
and 5% (Durham scheme) for all values of ;.

Studies with the Isolation Cone

Finally the entire analysis has been repeated for different isolation cones, varying the iso-
lation angle between 0.175 and 0.335 rad and allowing up to 0.5 GeV of additional energy
deposition in the isolation cone. The largest deviations are observed for a cone half angle of
0.175 rad. For the Jade jet finder, they are below 4% for y.,; < 0.1 and have a peak value
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of 7.3% for Y.+ = 0.2. The deviations calculated in the Durham scheme are larger, with the
highest value of 7.8% at the largest ¥.,; = 0.1 and values of around and mostly below 5% for
Yeut S 0.04.

Summary

Because the previous considerations are not independent, the estimate which gives the
largest positive and the largest negative contribution to the systematic uncertainty for each vy,
scenario has been assigned as systematic error on ¢"*£(y.,;). Four contributions corresponding
to the performed studies have been compared:

e the size of the difference between the corrections from different QCD shower models,

e the size of the uncertainty of the losses due to the cone isolation requirement, where
the relative untertainty has been chosen according to the relative differences between the
differential corrections in the different QCD models,

e the size of the difference between the integral cross-sections calculated with the integral
correction factors and with the correction factors differentiated according to the number
of jets in the event,

e the size of the largest deviations in the photon rates if the analysis is repeated for various
cone isolations.

The first two are observed as negative, the other two as positive systematic biases for all values
of Yeus- The dominant contribution to the negative systematic error is given by the second
one from the studies with the differential correction factors. Especially, for small values of vy
this systematic uncertainty is much larger than the discrepancy between the integral correction
factors, whereas at higher values of y., also the latter begins to play a role. The positive
systematic error is merely due to the last item of the above list. For both jet finders and all
values of ¥.,; the variation of the isolation criterion gives the largest systematic deviation. The
outcome of the comparison defining the largest deviation as systematic error is listed in table
5.13 together with the correction itself and its error from Monte Carlo statistics.

5.5 Corrected Numbers of Events with an Isolated Pho-
ton

The completely background and efficiency corrected numbers of hadronic Z° decays with final
state radiation normalised to 1000 hadronic Z° decays are summarised in this section. In
addition to the total numbers, the numbers of FSR events with 1, 2, 3, and more than 3
jets are also measured and displayed in the following. The section concludes with a discussion
containing a comparison of the measurement with predictions of the matrix element calculation
which is introduced in chapter 2.
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Jade EO Durham (k)
Yeut ‘ Correction factors | yeu ‘ Correction factors

0.005 | 1.71+0.0273% [0.002] 1.78 £0.0173 1"
0.01 | 1.59+0.0175% 10.004 | 1.65=+0.0177%
0.02 | 1.5140.0170% [0.006 [ 1.60+0.01707
0.04 | 1.454+0.0170% [0.008 | 1.56 +0.0170%
0.06 | 1.43+0.0179% [ 0.01 | 1.54=+0.0170%
0.08 | 1.43+0.0170% [0.012| 1.52=+0.0170%
0.1 | 1.44+0.0173% [0.014] 1.52+0.0170%
0.12 | 1.46+0.0179%7 10.016 | 1.51£0.0173%
0.14 | 1.4940.0170%T [ 0.02 | 1.51 +0.017077
0.16 | 1.53+£0.02750s | 0.04 | 1.54+0.01700
0.18 | 1.56+0.02700% | 0.06 | 1.62+£0.01757;
0.2 | 1.61+0.027012 | 0.1 | 1.82+0.027034

Table 5.13: The correction factors cpsg(yeyt) with their error contributions due to Monte Carlo
statistics and estimated from the described systematic studies.

5.5.1 The Total Number

The total number of events with final state photons normalised to 1000 multihadronic Z° decays,

NZ°—)(nJets+'y) (ycut)

Rz0_(niets+) Yeur) X 1000 = X 1000 = Rrsr(Yeut)

N 79— Hadrons
for the Jade and the Durham scheme are listed in table 5.14. The error contributions in order
of appearance are from the data stastics, from the hadronic background estimation, from the
ISR estimation, from the efficiency correction ¢/SE+SE(y_.) and from the efficiency correction
"SR (y.us). As can be seen, in general the largest uncertainty comes from c£(y,,;), which
corrects for hadronisation effects, for the polar angle cut of |cosf| < 0.72, and the isolation
cone around the photon. The uncertainty is mainly caused by the isolation requirement as the
previous systematic studies comparing various parton shower models have shown. The second
largest contribution is due to the uncertainty of the hadronic background estimation. Here, a
significant error source is insufficiently modelled hadronic background, the possible influence
of which has been estimated using reweighted hadronic cluster samples as well as hadronic
samples selected from HERWIG.

Potential correlations between ¢/S#T5E(y .} and f, have been investigated, since their deter-
mination is done with the same Monte Carlo sample of 8.4 million hadronic Z° decays generated
with JETSET. Studies performed with various subsamples have not detected any correlation
between ¢/SRHFSR(y ) and f,, so that these are treated as uncorrelated when calculating the
total error.

The numbers of the FSR yields in the matrix element Monte Carlo GNJETS and the parton
shower model Monte Carlos JETSET, HERWIG, and ARITADNE, which are tuned to describe
the global event shapes, are also listed in table 5.14. The agreement between GNJETS and
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Jade EO

Yeut ‘

Data

[ ME

‘ JETSET ‘ HERWIG ‘ARIADNE

0.005

4.23 +0.0579% 4 0.005 + 0.077045

3.33 £ 0.02

4.11 £0.02

4.74 +£0.03

0.01

3.54 £ 0.0470% £ 0.005 £ 0.0670 1

2.87£0.02

3.48 £0.02

4.07£0.02

0.02

2.91 + 0.047007 £ 0.004 + 0.057 019

2.8770-11

2.40£0.02

2.85£0.02

3.37 £0.02

0.04

2.26 + 0.047003 + 0.004 + 0.047057

2.287008

1.88 +=0.01

2.20£0.02

2.64 +0.02

0.06

1.82 £ 0.0370% £ 0.003 £ 0.0370%

1.89700

1.52 £0.01

1.77+0.01

2.15+£0.02

0.08

1.50 £ 0.0370% +£0.003 + 0.0370%

151700

1.23 £0.01

1.42 +0.01

1.76 + 0.02

0.1

1.25 £ 0.037041 £0.003 + 0.0270%

1.2270%

1.01 £0.01

1.16 £0.01

1.45+0.01

0.12

1.05 £ 0.037003 £ 0.002 + 0.0270 55

1.0375:57

0.85+£0.01

0.98 £0.01

1.25 £0.01

0.14

0.91 & 0.037097 £ 0.002 £ 0.0270%

0.92700%

0.73£0.01

0.85 +£0.01

1.09 £0.01

0.16

0.81 £ 0.037902 £ 0.002 &+ 0.027053

0.8370-0

0.66 = 0.01

0.75£0.01

0.99 £ 0.01

0.18

0.74 + 0.0470%

0.767003

0.60 +0.01

0.68 +0.01

0.92 £0.01

0.2

+0.002 £+ 0.01700%
0.69 = 0.03*010 £ 0.002 £ 0.0170°%

0.7375:5%

0.58 £0.01

0.63 £ 0.01

0.89 £ 0.01

Durham

Yeut ‘

Data

‘ME

[ JETSET | HERWIG | ARTADNE

0.002

4.51 £ 0.0573% £ 0.006 + 0.07702%

3.58 £ 0.02

4.45£0.02

5.11 +£0.03

0.004

3.87 £ 0.0570.9% + 0.005 + 0.067)-19

3.10 £ 0.02

3.81 £ 0.02

4.42 4+ 0.03

0.006

3.46 +0.057993 + 0.005 + 0.0570 55

3.46709

2.80 £ 0.02

3.39 £ 0.02

3.97£0.02

0.008

3.18 £ 0.04FJ% £ 0.005 £ 0.047012

3.1570%

2.55+£0.02

3.08 £ 0.02

3.65 £ 0.02

0.01

2.92 £ 0.0470% £ 0.004 £ 0.047012

2.87 000

2.37£0.02

2.83 £0.02

3.37£0.02

0.012

2.74 £ 0.0470% £ 0.004 £ 0.04701!

2.697008

2.20 £ 0.02

2.60 = 0.02

3.13 £ 0.02

0.014

2.53 £ 0.047097 £ 0.004 + 0.0470-1

2.517008

2.06 £0.02

2.43 £0.02

2.92 +£0.02

0.016

2.38 + 0.0470% £ 0.004 £ 0.037919

2.3770%5

1.94 £0.02

2.27+0.02

2.75£0.02

0.02

2.14 £ 0.0470.19 £ 0.003 £ 0.027010

2.1570%

1.74 +0.01

2.02+£0.02

2.49£0.02

0.04

1.52 4 0.047309 4+ 0.003 & 0.027007

1.597002

1.27+0.01

1.43 +0.01

1.84 +0.02

0.06

1.30 = 0.0473% 1+ 0.003 = 0.0270%

1.357008

1.10£0.01

1.19£0.01

1.60 £ 0.02

0.1

1.20 £ 0.047999 4+ 0.003 £ 0.0270 19

1.3079%

1.00 £0.01

1.04 £ 0.01

1.47+0.01

Table 5.14: The background and efficiency corrected numbers of events with isolated final state

photons per 1000 multihadonic Z° decays. The prediction of the O(aagl)) matrix element (ME) Monte
(

Carlo for asl) = 0.18 is also listed, as well as the FSR yield in the three considered parton shower
models of JETSET, HERWIG, and ARIADNE. The different error contributions to the measurement
in order of appearance are from the data stastics, from the hadronic background estimation, from
the ISR estimation, from the efficiency correction c¢/S#+FSE(y . ,), and from the efficiency correction
cFSB(y.1). The errors of the ME based predictions are due to a variation of agl) and of the phase
space cut-off in the perturbative calculations, whereas the errors of the photon yields in the parton

shower model are merely statistical.
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data is very good. In contrast, as expected from other measurements [30,31,57-59|, which are
mentioned at the end of section 2.3.1.4, the FSR yield of JETSET is globally smaller than the
yield measured in data.

The distribution of the measured total FSR photon numbers normalised to 1000 multi-
hadronic Z° decays depending on the value of y.,; is shown in ﬁ%ure 5.14 together with the
range of the matrix element predictions using various values for a" (0.15 — 0.22) and for the
theoretical cut-off parameter y, (0.0005 — 0.001). These parameter ranges have been fixed
adopting suggestions in previous publications ( [30,44,114]) and results for ol derived from
a fit to the jet rates in the inclusive sample of hadronic Z° decays ( [115]). The lowest two
values of 9., in both jet finder schemes are not considered for the matrix element calculation,
because it is not able to describe final states containing more than three partons, whereas in
data the contribution to the total number from FSR events with more than three jets is large.
As can be seen for both jet finder algorithms, the measurement errors in the intermediate v,
range are smaller than in the regions of small and large y.,; values. In these regions, the result
is in particular sensitive to the isolation cone requirement causing an efficiency loss, which can
only be estimated with Monte Carlo generators. The large error asymmetry visible there is also
caused by the systematic uncertainty of ¢/"5%(y,,;), which has been discussed in section 5.4.2.2.

5.5.2 The 1, 2, and 3 Jet Numbers

The numbers of events containing an isolated, highly energetic final state photon measured
separately for 1, 2, 3, and more than 3 jets in the event are listed in the tables 5.15 (Jade
EO algorithm) and 5.16 (Durham algorithm). The numbers are again normalised to 1000
multihadronic events, and the separate error contributions are given in the same order as for
the measured total number in the last section. The estimation of the ISR background, and the
determination of the efficiency corrections ¢/*B+F5E(y . ) and 5B (y,,;), as well as the related
systematic studies have been repeated separately for each jet multiplicity. However, for lack of
statistics this is not possible for the hadronic background estimation. The number of selected
events with 1 jet is too small for low values of ¥.,;, the number of events with 3, and more than
3 jets is too small for high values of y.,;. This in particular affects the hadronic background
distributions of C' (in eight separate energy bins), where the statistics is getting very low. As a
consequence, the binned maximum likelihood fit does not deliver reliable results. Therefore, the
estimation of the hadronic background contribution for the n jet events (n = 1,2,3, > 3) has
been extrapolated from the fit results in the overall FSR sample, taking into account particular
weights for each energy bin according to the statistics of n jet events in this bin. The related
relative systematic uncertainties of the fitted true photon fraction f, are taken accordingly
from the studies with the overall sample. The proportions of the diverse error contributions are
similar to those of the results obtained in the overall sample with the uncertainties due to the
efficiency corrections ¢! SR(ycut) and due to the hadronic background estimation being largest.

The distributions of the normalised number of events depending on the values of vy, for
events with 1, 2 and 3 jets are displayed in figure 5.15. The matrix element (ME) predictions
for those event topologies are also indicated, again as bands of widths, which are fixed by the

. . (1) .
photon yield for various values of a5~ and y, (cf. last section).
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Jade EO

Yeut 1 Jet ‘ 2 Jet
0005 0.99 £ 0.0175.9 & 0.003 £ 0.027) %0
0.01 | 0.01 £ 0.000%050) = 0.000 & 0.001%pp; | 1.46 = 0.027007 & 0.003 & 0.0275 5
0.02 | 0.02+0.0017900; £ 0.001 £+ 0.0017995, | 1.83 £ 0.037905 £ 0.003 £ 0.027 8
0.04 | 0.05 4 0.001%0707 £ 0.001 4 0.002%5 57 | 1.83 £ 0.08%557 & 0.003 + 0.0275,
0.06 | 0.08 + 0.002t30;8031§ +0.001 & 0.003230;80313 1.59 + 0.03$§;§‘f% +0.003 & 0.0213);2%
0.08 | 0.13 4 0.003%y 93 = 0.001 + 0.004 5o, 1.30 £ 0.037007 £ 0.003 £ 0.02700

01 [ 017+ 0.005t3é)8§? +0.001 + 0.004t§;§§4 1.03 + 0.02t§;§§ +0.002 + o.o1t§;§31i
012 | 0.224+ 0.006t006011 +0.001 + 0.005t00;00025 0.70 + 0.02t8;8g +0.002 £ 0'01f8:8%
0.14 | 0.27 £ 0.009¥0:0 + 0.002 £ 0.0057008° | 0.57 £ 0.02¥0:07 + 0.002 £ 0.0170 07
0.16 | 0.32:+0.01%, = 0.002 £ 0.0067 5, 0.46 £ 0.0270U £ 0,001 £ 0.01700
018 | 0.39 %+ 0.027007 £ 0.002 £ 0.007705; | 0.32 0.0270:03 £ 0.001 £ 0.0173%2
0.20 | 0.4440.0275:7 + 0.002 = 0.00877 05 0.22 £ 0.01%0¢7 & 0.001 + 0.017 51"

| Yeur 3 Jet | S

0.005 |  1.81 4 0.02777; & 0.003 & 0.0379 57 1.50 + 0.0175:0; £ 0.003 + 0.03757;
0.01 1.50 &+ 0.02t§;§§ +0.003 & 0.03i§;§i 0.70 + 0.01t§;08%‘i +0.002 + 0.01%(2);%}i
0.02 | 086+ 0.017, +0.002 + 002747, 0.31 & 0.003" 09T £ 0.000 £ 0.0170F
0.04 | 0.29 £ 0.004¥g0y, + 0.001 £ 0.015G7; | 0.03 £ 000275507 + 0.000 + 0.00475]
0.06 | 0.08 £ 0.00173 005 & 0.001 £ 0.0175.50" 5

0.08 | 0.02+ o.oootg(;)gégéoi 0.000 £ 0.003f3(;)8§§1 3

0.1 [ 0.005 £ 0.000X5:000 = 0.000 £ 0.00275:00; .

0.12 : -

0.14 : -

0.16 3 -

0.18 3 -

0.20 3 -

Table 5.15: The background and efficiency corrected numbers of events
photons per 1000 multihadron events in the Jade EO scheme listed separately according to the jet
multiplicity in the event. The error contributions are given in the same order as for the total number.

If the number of events are per 1000 multihadronic decays is below 0.005, it is not quoted.
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Durham

Yeut ‘ 1 Jet ‘ 2 Jet
0.002 | 0.02 £ 0.0005065 = 0.000 £ 0.002 0505 | 1.60 % 0027515 + 0.003 + 002703
0.004 | 0.04 = 0.00179007 £ 0.001 £ 0.00370007 | 1.95 & 0.0270:3% = 0.003 £ 0.0370 5%
0.006 | 0.07 +0.00175-55% +0.001 & 0.004750% 2.05 4 0.037952 + 0.003 £ 0.037)%
0.008 | 0.08 & 0.001 75007 £ 0.001 4 0.00475 903 2.05 £ 0.037005 £ 0.003 4 0.03799;
0.01 | 0.11 £ 0.00275 505 & 0.001 & 0.00575 505 1.97 £ 0.037092 £ 0.003 £ 0.03709;
0.012 | 0.14 £0.00275505 = 0.001 & 0.00575 9, 1.93 £ 0.037002 £ 0.003 £ 0.037)0
0.014 | 0.15 %+ 0.00270%1 0,001 + 0.0170%% | 1.83 % 0.0370% £ 0.003 & 0.02701L
0.016 | 0.18 4 0.003%500; & 0.001 & 0.0155> 1.75 + 0.03799% + 0.003 + 0.0277
0.02 | 0.21+0.00379%, +0.001 £ 0.0179% 1.59 & 0.037007+ 0.003 £ 0.027091
0.04 0.37 £ 0.0179:92 £0.002 £ 0.01 730! 1.06 £ 0.03737 £ 0.002 + 0.02700
0.06 0.51 £ 0.0170% £ 0.002 + 0.01750! 0.71 £ 0.0273%5 £0.002 £ 0.017003

0.1 | 0.72£0.027% £0.003 £ 0.01700 0.43 & 0.02707, &+ 0.001 & 0.0179 51

| Yew | 3 Jet | > 3 Jet

0.002 | 1.56 + 0.02¥J9 +0.003 = 0.0379% 1.35 £ 0.0173%0 £ 0.003 £ 0.0270%
0.004 | 1.25+0.017J00 +£0.003 = 0.03709: 0.70 = 0.017399F £ 0.002 + 0.01 779
0.006 | 0.96 + 0.0170.91 & 0.003 + 0.0273% 0.47 £ 0.005739% 4 0.001 £ 0.01709
0.008 | 0.78 £0.017092 £ 0.002 + 0.02737¢ 0.38 & 0.0047J0T, +0.001 £ 0.0175%}
0.01 | 0.66=0.01700 £0.002 £ 0.0279% | 0.26 £ 0.0027)503 & 0.001 = 0.01790%
0.012 | 0.3+ 0.017997 £0.002 £ 0.0170%2 | 0.21 =+ 0.002¥5:5% £ 0.000 + 001750
0.014 |  0.43£0.017091 £0.002 £ 0.0150% | 0.17 £ 0.00273903 £ 0.000 £ 0.01 7000
0.016 | 0.35+0.01%77] £0.002+0.0175:03 | 0.14 & 0.002*7905 £ 0.000 & 0.005*7 7%
0.02 | 026+ 0.00%80;(%)5 +0.001 = 0.011;%;%%3 0.15 £ 0.001 %3995 1 0.000 £ 0.01 7000
0.04 | 0.05 £ 0.001730% £ 0.000 £ 0.00470-3% -

0.06 | 0.007 £ 0.00075:3%% + 0.000 + 0.0017 530 -

0.1 - -

Table 5.16: The background and efficiency corrected numbers of events with isolated final state
photons per 1000 multihadron events in the Durham scheme listed separately according to the jet
multiplicity in the event. The error contributions are given in the same order as for the total number.

If the number of events are per 1000 multihadronic decays is below 0.005, it is not quoted.
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Figure 5.14: The total number of events with FSR per 1000 multihadron events in two jet finder
(1)

schemes and for twelve values of y.y:. The prediction of the O(aws’) matrix element Monte Carlo is

also shown. The band width of the theoretical prediction is a result of a variation of agl) and of the
phase space cut-off in the perturbative calculations.

In general, the agreement between ME prediction and measurement is very good for the
total, and reasonable for the n-jet rate of events with isolated final state photons. This applies
for both jet finders.
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Figure 5.15: The number of events with FSR per 1000 multihadron events in two Jet finder schemes
and for twelve values of y.,; depicted separately for 1, 2, and 3 jets in the event. The prediction of

the O(aagl)) ME Monte Carlo is also shown. The band width of the theoretical prediction is derived
as has been described earlier.

In the following, the comparison between measurement and theoretical prediction will be dis-
cussed in more detail.
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5.5.3 Discussion of the Measured Photon Numbers and Comparison
with Matrix Element Predictions

As expected, in figure 5.14 for both, data and ME Monte Carlo, a decrease of the photon rate
with increasing y.,; is observed for the two recombination schemes. At the lowest considered
value of y.,; the 3-jet+v rate dominates (Jade EO) or is at least almost equal to the 2-jet+~
rate (Durham). The 3-jet+ rate is steeply falling with increasing y.,; values in both jet finder
schemes, whereas the 1-jet4+ rate is rising steadily, but not as fast. The 2-jet+~ rate also
decreases, so that at the largest two y.,; values in the Jade and at the largest y.,; value in the
Durham scheme the 1-jet++ rate dominates over the 2-jet++ rate.

As pointed out earlier, the uncertainties of the measurement of the total rate are smallest
for the intermediate range of y.,; values. This is true as well for the uncertainties of the
theoretical calculation. In figure 5.16, the ratio of the total photon yield as predicted by the
ME Monte Carlo over the measured photon yield is shown as function of .. The error bars
in the plots represent the relative experimental error, the lines are the results of the ratio for
different Monte Carlo input values of agl) (0.15, 0.18, 0.22). The larger the value for agl) in
the ME calculation is chosen, the smaller is the predicted photon rate. This is because gluon
emission, the cross-section of which is proportional to agl), diminishes the available phase space
for photon emission. For the considered values of agl), the obtained ME results agree with the
measurement well within the errors over the whole range of y.,; values, except for very large
values of y.,; in the Durham scheme, where an excess of photons is observed in the ME Monte
Carlo relative to the data. However, the size of the deviation is hardly greater than one sigma.
It has to be kept in mind, that the ratios are highly correlated for the different y.,; values.

The dependence of the individual n-jet+vy yields on otV is larger than that of the total
cross-section. In figure 5.17, the ratios of the 1-, 2-, and 3-jet+~ rates as predicted by the ME
Monte Carlo over the measured photon yield are display as functions of y.,;. Like in figure
5.16, the relative experimental errors are represented by the error bars, the resulting ratios for
ol = 0.15, 0.18, and 0.22 are indicated as lines of different gray scales. Since the cross-section
for gluon radiation from either a quark or antiquark is proportional to «g, the 3-jet+~ rates
predicted by GNJETS for the two considered jet finder algorithms increase with increasing
values of agl). In contrast to the 3-jet-++ rates, the 1-jet++ (over the full y.,; range) and the 2-
jet+y rates (for small values of y.,;) decrease as a function of increasing o). The sensitivity of
the 1-jet+~ can be explained if one considers the case of hard photon radiation off a soft quark.
The quark pair in such an event may be combined in one single jets. However, additional gluon
emission by one of the quarks increases the invariant mass of the hadronic part of this event.
As a result, it is more probable that its hadronic system is combined in two jets instead of one,
and thus the event does not appear in the 1-jet+7v record. The decreasing 2-jet+~ for small
values of y.,; with increasing o, can be understood similarly. Increasing gluon radiation leads
to more events being recombined into 3 jets, which might be either assigned to the 3-jet++ rate
or rejected at all by the requirement y;ey < Yeye- But in this regard, it should be stressed, that
the o dependence of the 2-jet+v rate is much weaker than that of the other two individual
rates. This applies in particular to the intermediate y.,; range of the Jade, and the upper g,
range of Durham recombination scheme. From the above considerations it can be concluded,
that the oy sensitivities of the n-jet+~ rates cancel each other at least partially, so that the «;
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Figure 5.16: Prediction-to-measurement ratio of the total FSR yield in hadronic Z° decays as a
function of .y in the two jet finder schemes. The prediction is again calculated with the Monte Carlo

GNJETS, which includes matrix elements up to O(acw;s). The lines denote the ME results for three

different values of agl). The error bars on the data give the relative experimental error.

dependence of the total cross-section is weaker than for the individual rates.

The 1-jet+v rate is overestimated by the O(aal’) calculations for the central value of
ol = 0.18, in the Jade more noticeably than in the Durham scheme. In contrast, it has been
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Figure 5.17: Prediction-to-measurement ratio of the FSR yield in hadronic Z° decays as a function of
Yeut in the two jet finder schemes, differentiated according to the jet multiplicity in the event. Further
explanations, see previous figure 5.16.

observed in [114], that the 1-jet+~ rate is reproduced well by GNJETS for most y.,; values.
The measured 1-jet+7 rate of the present analysis is also smaller than the corresponding rate
measured in [30].

The 2-jet+~ rate in the Jade scheme agrees well with the prediction of the ME calculation
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for most ., values. An upward fluctuation of the prediction-to-measurement ratio is visible
at Yeur = 0.02 (ozgl) = 0.15) and at y.,; = 0.12 (for all values of agl)) the former probably being
due to the limited order of the ME calculations. Choosing the central value of ot =0.18 as
input for GNJETS generally leads to a good description of the measured 2-jet++ rate in both
jet finder schemes. In the Durham case, however, again a slight photon excess at high values
of Yeus is observed for the 0(aas )) prediction, as previously seen in the total and the 1-jet+7y
rate.

The 3-jet+~ rate in the Jade recombination scheme is underestimated by GNJETS. The
discrepancy is becommg more significant with increasing y.,;. The decrease of the 3-jet rate as
predicted by the O(aas ') calculation is faster than in data (see also figure 5.15). This definite
tendency is not seen for the Durham algorithm, where the 3-jet rate is overestimated at low
and high values of y.,, and reproduced fairly well at intermediate values (at least as far as the
central value of af” = 0.18 is concerned). The behaviour in both cases is most probably due

to higher order QCD corrections, which are not included in the present matrix element Monte
Carlo.

5.6 Results

Following the previous general discussion of the y.,-dependent final state photon numbers in
data and matrix element Monte Carlo, showing that its (’)(aagl)) calculations yield reliable
results, the fixing of the strong coupling constant in first order olV as input parameter of the
Monte Carlo, and the determination of the electroweak couplings using this Monte Carlo are

adressed now.

5.6.1 Discussion of the Strong Coupling Constant in First Order

Referring to the considerations in section 2.2.1 and to equation 2.18 representing the ratio of
3-jet+7y events to the sum of 2- and 3-jet+7 events, values for ol can be determined. The
measured ratios Ry, as well as the corresponding values of ol are listed in table 5.17 for the
two jet recombination schemes and different y.,; values. In the Jade recombination scheme
a tendency to higher values of agl) for increasing y.,; values becomes visible (see also figure
5.18). This observation is in accordance with what has been stated in the previous section
when discussing the measured and the predicted 3-jet++v event numbers. The increasing excess
of 3-jet+ events in data compared to the perturbative prediction for increasing values of vy
consequently requires higher values of agl). Such a trend of increasing agl) with increasing
Yeut values has already been observed at the same scale by OPAL [114], and by DELPHI [31],
but the errors in these publications have been larger and most values agreed well within their
errors.

L3 gets values of ol between 0.163 and 0.171 from a simultaneous fit of results from ME
calculations described in [116] to three data distributions (photon energy, photon angle to
nearest jet, and transverse photon energy with respect to the thrust), whereas OPAL obtains
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Jade EO
Yeut I Rg3 I agl)
[0.02 ] 0.319 £ 0.00475075 [ 0.177 £ 0.00275 0%
[0.04]0.138 % 0.0037075 | 0.240 £ 0.0047007%
0.06 ] 0.050 & 0.00175 567 | 0.267 & 0.006 75 00
[0.08 [ 0.017 £ 0.00175,003 | 0.281 = 0.008¥0.05;
Durham
Yeut I R I oy
[0.01 [ 0.251 = 0.00475:037 T 0.179 & 0.00270 035
[0.02 [ 0.141 + 0.003¥5.008 | 0.218 + 0.00570072

Table 5.17: The measured ratios Rj; defined by equation 2.18, and the resulting values for agl)

extracted from a comparison with the matrix element MC for various values of y¢,;. The first error
contribution comes from the data statistics, the second from the combined systematic uncertainties.
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Figure 5.18: Values of o’ depending on yey as determined from the jet ratios Rj; in the two
recombination schemes. The error bars represent the combined experimental and theoretical errors.

o

values between 0.045 and 0.193 from fitting an alternative ME Monte Carlo (EEPRAD, [40])
to the same distributions.

Moreover, values of ozgl) have been obtained from fits to jet rates in inclusive hadronic
samples: OPAL measures 0.177 in the Jade and 0.21 in the Durham recombination scheme
[30,115], L3 measures 0.19 [32].

The spread of these results are not only due to limited statistics, but also caused by the
limited order of the available matrix element calculations. Besides, the different approaches
which are chosen to restrict the phase space in which the photon yield is calculated lead to
different sensitivities of the various results to non-perturbative effects like divergences due to
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radiated photons collinear with soft quarks [40-44]. However, the sensitivity of the presented
analysis to the latter should be small, because all numbers are measured far away from the
phase space boundaries. The trend to higher values of agl) for larger y.,; values seen in the
Jade case of the present analysis may be explained by higher order gluon radiation occurring
in data but not implemented in GNJETS. For large values of y.,;, decays with multiple gluon
radiation may be subsumed in the measured 3-jet+~ rate, which thus is greater than predicted
by the O(aas”) Monte Carlo for the central value of ai"” = 0.18.

As input value to the matrix element Monte Carlo, agl) = 0.18 has been chosen to calculate

the electroweak coupling constants and relatedly Z° decay widths into up- and down-type
quarks.

5.6.2 Determination of the Z° Decay Widths into Up- and Down-

type quarks
After having narrowed the range of values for of? from the relative jet rates independently
from the electroweak couplings c,, and cgouwn, the latter and relatedly the decay widths I'y,—sype

and I'gown—type can be calculated. In accordance with the previous studies and with other

. . . 1 . .
measurements quoted in the previous section, af” = 0.1879-02 is chosen as central input value

for the ME Monte Carlo GNJETS, which is used to calculate the O(aas) corrections F'(Yeut)
in equation 2.8. From the partial width of Z° — hadrons + v decays the following correlation

of the decay widths into up- and down-type quarks is derived:

a F(ye
Logy = ['(Z° — nJets + ) (Yeur) = 18x K(Z;/C;) (8T y—type + 3L a—type)- (5.18)

['(Z° — nJets+7)(yeu) can be expressed in terms of the total hadronic width and the measured
FSR rate, thus one gets:

8Fu—type + 3Fd—type = RZ°4(nJets+’y) (ycut) X F(ZO — hadrons)— (519)

« F(ycut)

Taking the world average of a;; = 0.1184(12) and of I'y,q = I'(Z° — hadrons) = 1.7438(22) GeV
as quoted by the PDG [10] one derives

8T _type + 3Ld_type = 3.46 £ 0.12132H0-2540-05 GeV

in the Jade scheme at a value of y.,; = 0.08, where the theoretical and experimental errors are
smallest. Accordingly, the value calculated in the Durham scheme at y.,; = 0.016 is

8Ty type + 3T4 type = 3.47 £0.10101310474098  GeV.

In both expressions, the first error contribution is from the data statistics, the second from the
background estimation, the third from the efficiency correction, and the fourth from theoretical
uncertainties, mainly due to the ME calculation. The correlation of the Z° decay widths into
up- and down-type quarks is illustrated in the top plot of figure 5.19. The coordinates of the
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Figure 5.19: Top: Correlation of the decay widths of the Z° into up- and down-type quarks. Shown
are the relations obtained within one standard deviation from the measured hadronic width (world
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widths of the Z° decay into charm and bottom quarks are also indicated.

standard model value (Tg—type, Du—type) ™

100

are also indicated, being well within the intersection
region of I'n,g and I'yg,, which is defined by the size of one standard deviation of the present
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Coupling Jade EO Durham Standard model

Yout = 0.08 | Yeur = 0.12 | Yoy = 0.016 | yeur = 0.04 prediction
Cup 110770058 [ 116170158 [ 111675155 | 1.00875 7o 1.148

Ciown | 1.508TO0 171 4727007211 50270035 | 1.574750%¢ 1.477

Table 5.18: The electroweak couplings ¢,y and cgewn and their total error as extracted from the FSR
rate. For comparison, the standard model values are also listed.

I',5y measurement and of the world average of I'y,q. The additional information from I'y,g =
2Ty type + 34— type finally leads to widths of the Z° decay into up and down-type quarks of (cf.
equation 2.23)

Ly type = 286 £ 1213572542 ©MeV and Ca_type = 390 £ 855121, MeV
in the Jade scheme (yq,; = 0.08), and
Cyuitype = 288 £ 1071313748 MeV  and  Ty_gype = 388 £ 653257, MeV

in the Durham scheme (yq,; = 0.016), where the uncertainties are given in the same order as
above. The standard model prediction for I'y_sype and ['y_type is:

Ly—type =292 MeV and Lg—type =386 MeV.

In the bottom plots of figure 5.19 the measured values of I',_;y,. and I'q_yyp. are sketched in
the (I'4—sype, [u—iype) plane. Since the results are fully negatively correlated the one standard
deviation contour degenerates to a narrow bar, as can be seen in the two dimensional represen-
tation. For comparison, the partial widths of the Z° decays into charm and bottom quarks [10]
are also indicated.

The relevant values for the couplings c,, and cgoun are listed in table 5.18 together with the
numbers extracted at the two y.,; values, for which the second smallest errors are observed.
The standard model prediction introduced in chapter 2 is also given. All results determined at
different y.,; values as well as with different jet recombination schemes agree well within their
errors, suggesting that the analysis method is stable.

5.6.2.1 Comparison with other Measurements

There exist measurements of the prompt final state photon production rate in hadronic Z° de-
cays by all four LEP experiments [30-32,58]. Three of them have also extracted values for the
electroweak coupling constants c,, and cgewn from their measurement. These are listed with
their total errors in table 5.19, together with the results of the presented analysis.

Sharing the principle idea of measuring c,;, resp. cquwn by taking advantage of the photon
coupling to charge, the analyses in particular differed in their methods of background estima-
tion. OPAL [30] estimated the fraction of selected candidates coming from neutral hadrons
exploiting isospin symmetry: the measured rate of isolated charged tracks was translated into
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| Measurement | Cup Cdown

OPAL( [30]) 0.94+0.18 [ 1.62 + 0.12
L3( [32]) 0.92+0.22 | 1.63+0.15
DELPHI( [31]) 091752 [ 1.6273%

this measurement
Jade EO: ye = 0.08 | 1113017 | 1.51+0:0
Durham : y,; = 0.016 | 1.127733 1.507508

Table 5.19: Comparison with other measurements using prompt final state photon production to
measure cyp and Cqoun.-

the rate of isolated neutral particles. Folding the latter with corrections like the hadron re-
jection efficiency of the requirements on the shape of a shower in the ECAL, which had been
determined with the detector simulation, the fraction of neutral hadrons in the selected can-
didate sample was derived. L3 [32] directly identified and rejected low-energy neutral hadron
background by its characteristic shower shape in the ECAL, and estimated the remaining high-
energy background from a sample of Monte Carlo events. DELPHI [31] in principle estimated
the fragmentation background with JETSET 7.3 [117], but the simulated neutral hadron con-
tamination was rescaled depending on the energy according to cross-checks which had been
performed with a sample of non-isolated clusters in the ECAL which could be combined with
other clusters and with a sample of isolated cluster candidates anti-tagged by the shower shape
requirements.

The background due to initial state radiation was estimated using JETSET 7.3 (OPAL) and
DYMU3 [118] (DELPHI), describing ISR in highest order and thus with the highest precision
availabe at that time.

The theoretical framework, in which the O(aq;) corrections F(yey:), the missing link between
Yeut-dependent FSR rate and cross-section, were calculated, was the same for OPAL and DEL-
PHI, namely GNJETS [44] and EEPRAD [40], whereas L3 used a different approach [116].

As can be seen in table 5.19, the three previous measurements have derived numbers for c,,
(Cdown), which are very similar and shifted towards smaller (higher) values than predicted by
the standard model. However, the observed shifts are not significant. The results reflect the
observation by all four LEP experiments of slightly lower photon rates than predicted with the
help of various matrix element calculations at values of " between 0.118 and 0.21 [30-32,58].

The present measurement may also be compared to measurements of the branching fractions
of the Z° into heavy and light quarks. The average values of the Z° decay widths I'. and T,
as given by the PDG are indicated in the bottom plots of figure 5.19 (as pointed out earlier
in this section). The decay widths into u, d/s quarks can be inferred from a publication by
OPAL [119], where a measurement of the branching fractions of Z° into up- and down-type light
quarks employing high-momentum stable particles in a jet as tag for the quantum numbers of
the according primary quark is presented. To obtain the branching ratio R, = I'zo_,45/Thad
from this measurement of
_ L'gq _ R,

Fjg+ T+l Rg+ R, + R;

Ry

102



‘ this Measurement ‘ Ryp—type ‘ Raown—type ‘

Jade EO: Yoy = 0.08 0.16479 07 0.2247 0076
Durham : e = 0.016 0.16570019 0.22375 073
[ OPAL[119] | R, | Ras |

| | 0.160 & 0.019 £ 0.019 | 0.230 £ 0.010 £ 0.010 |

Table 5.20: Comparison with a measurement of branching fractions of the Z° into light quarks.

Relative error in % for EO scheme

| |
| OPAL( [30]) | this measurement |
| Yeut [0.005 | 0.06 | 0.20 | Yeut [0.005 [ 0.06 | 0.20 |
‘ Statistics ‘ 3.7 ‘ 4.9 ‘ 7.6 ‘ Statistics ‘ 1.1 ‘ 1.9 ‘ 4.5 ‘
| Monte Carlo statistics | 2.2 | 2.6 | 3.9 | Monte Carlo statistics | 1.2 | 1.4 | 3.1 |
| Background | 41 |34 ] 32 | Background N
Jet energies
Acceptance of multihad. | 1.2 | 1.7 | 1.8 CISRAESR(y 1) 1.7 | 1.6 | 1.4
Photon efficiency
Energy and isolation cut | 13.0 | 5.0 | 7.0 IR (Yeut) +3.7 | +3.3 | +7.3
-233 | -1.7 | =74
| Sum | 143 [ 8.4 [11.6 | Sum | 140 | 6.6 | 14.2 |

Table 5.21: Comparison of the error contributions in the former and the present analysis of FSR
events.

the constraint
R;+R,+R,=1—R.— Ry

assuming R.+ R, = 0.380+£0.010 is used, which results in the values listed in table 5.20 together
with the branching ratios R,,_type and Rgouwn—type as obtained from the measured final state
photon rate.

5.6.2.2 Discussion of Measurement Errors

In table 5.21, the uncertainties of the previous and the present measurement of prompt photon
production in hadronic Z° decays to determine Cup aNd Ciopn With the OPAL detector are
compared. The relative error contributions at three y.,; values in the EO scheme are listed.
Due to the different methods of background estimation, they cannot be given in exactly the
same manner. Therefore, the uncertainties given in [30] are rearranged such, that they account
for similar effects as studied in the present measurement. As explained in section 5.2.1.2, to
estimate the size of the effect from either Monte Carlo or data statistic on the background
estimation the error contributions have been scaled corresponding to the data and Monte Carlo
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statistics available for the fit (c.f. table 5.3). The error contribution from data is as expected
larger than that from Monte Carlo. To the Monte Carlo statistics uncertainty quoted in table
5.21 not only the error of the binned maximum likelihood fit contributes but also the statistical

error from the efficiency correction which is estimated using JETSET and the detector Monte
Carlo GOPAL.

Except for y.,; = 0.20, the sums of the errors in the present measurement (building the
average of the positive and the negative contribution) are smaller. The ranking of the error
contributions according to their size is similar in both measurements with the last uncertainty
listed being largest, and the background uncertainty being second largest. However, a large
asymmetry of these errors is visible in the present measurement. For both contributions,
the systematic error estimates are conservative, always taking the largest deviation observed
for each y., (and in the likelihood fit case also for each study) as uncertainty. The largest
deviation noticed in the systematic study of the binned maximum likelihood fit for almost
all values of y.,; is, for example, caused by using C' distributions of neutral hadron clusters
generated with HERWIG. However, the available sample of HERWIG events is with about
2.4 million hadronic Z° decays much smaller than the JETSET sample, which is utilised for
the fit. Studying the efficiency corrections (cf. table 5.21, row labelled energy and isolation cut
and c5%(y,,;)) also HERWIG gives the largest systematic deviation yielding smaller correction
factors ¢, and thus, producing the large error asymmetry in particular at small values of
Yeut- SUch an asymmetry is not seen for the errors as given by the previous OPAL measurement,
although the authors of [30] note, that for larger y.,; HERWIG gives somewhat smaller c/"5E.
Remarkably, the error on ¢% in the present measurement are not smaller than in [30], even
though there, in contrast to the present measurement, the photon rates have also been corrected
to compensate the losses due to the cut on the photon energy. One may conclude from this,
that the systematics of the efficiency corrections is dominated by the uncertainty in the Monte
Carlo description of the energy flow around the photon candidate. Especially, the estimation
of this effect seems to be more pessimistic in the present analysis compared to [30]. A less
strict cone isolation requirement, allowing more energy inside the isolation cone might lead to
a smaller systematic uncertainty.
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Chapter 6

Summary and Conclusions

In this thesis, a determination of the electroweak couplings to up- and down-type quarks has
been presented. The determination is based on the measurement of the number of prompt
photons radiated off the final state quarks in ete™ reactions at the Z° resonance. The whole
data sample of multihadronic Z° decays taken by the OPAL experiment during the LEP1
phase between 1989 and 1995 is used for the measurement, and a total of 10400 candidates for
decays with radiated isolated photons are selected. The main effort in this analysis has been
put into the estimation of the hadronic background to the selected candidate clusters in the
electromagnetic calorimeter of OPAL. Compared to earlier measurements of the isolated final
state photon cross-section, an alternative method has been applied in this thesis, employing
a binned maximum likelihood fit of simulated distributions of a photon likeness variable C' to
the relevant data distributions of C'. It has been shown in studies of simulated and measured
shower shapes produced by photons when interacting with the lead glass of the calorimeter,
that the showers are described well by the detector simulation and that the binned maximum
likelihood method yields reliable results. The background due to photons produced by initial
state radiation of the incoming leptons has been calclulated by using the new Monte Carlo
generator KIC.

Applying two jet finder algorithms, Durham and Jade EO, to the selected events allows a
comparison of the measured number of photons produced by final state radiation with the
yield of matrix element calculations of O(aas). A good agreement is observed between data
and theoretical predictions. From the measurement of the ratio of events with three jets and
a photon to those with two jets and a photon, a value of a, in first order of 0.177f8:8‘1’§ is
determined. This «;, value serves as input parameter for O(aa;) matrix element calculations
which are then used to determine the electroweak coupling constants. The resulting couplings
are

Cup—type = 1.10710 058 and Cown—type = 1.50815993. (6.1)
They are related to the partial decay widths
Cup type = 286753MeV  and  Tyoun type = 390750 MeV. (6.2)

The error is dominated by the systematic uncertainties due to the cone isolation requirement
and the overall modelling of parton showers in hadronic final states at the Z° resonance. The
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values are in good agreement with the Standard Model expectation of
Lup—type = 292MeV and I down—type = 386MeV. (6.3)

The measurement result also agrees with an earlier measurement performed by OPAL based
on lower data statistics and utilising alternative methods for the background estimation [30],
and with the results of the other LEP experiments [31,32,119].
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Appendix A

Comparing Different Cluster Shape Fit
Programs

To get the best possible photon identification three different algorithms to identify photon
clusters in the barrel region of the electromagnetic calorimeter were compared. The one which
is chosen is described in chapter 4. The other two are briefly recapulated here. The first one is
a maximum entropy fit (MEF) which is described in [120]. It is based on Bayes’ Theorem.

The results of the comparison between the x? cluster shape fit (CSF) and the maximum
entropy method are shown in figure A.1. The purities and efficiencies for six different energy bins
are plotted. Four variables are under investigation, two from the maximum entropy method,
two from the x? fit. The number of maxima or four vectors that could be fitted in the cluster
Nyyee and the variable MOM (a kind of “moment of inertia”) are the figures of merit for the
maximum entropy method in this comparison. The variables supplied by the 2 fit are C which
is defined in chapter 4 and R,,0m. Rmom is defined by

Nbiock
R . Ei:loc °r; (Emeas,i - Eemp,'i)
mom — n
Ei:lEmeas,i

(A1)

and corresponds to the difference of the weighted averages of the radial distance from the shower
origin, i.e. <7 S5 — < T >egp- If Ryom is less than zero the cluster is smaller than an ideal
photon cluster. From both, efficiency plot and purity plot in figure A.1, it becomes evident
that the x? method yields a better performance than the maximum entropy fit. Both variables
of the maximum entropy fit are less powerful in identifying photons in the electromagnetic
calorimeter and separating them from clusters caused by hadronic background. Therefore the
maximum entropy is not used in our anlysis. For the two cluster shape fit variables R,,,, and
C more detailed studies were carried out which showed that C' always yields higher purities at
comparable efficiencies.

The third cluster shape fit under investigation is implemented in the x? fit routine but it
is based on an analytical integration mode compared to the VEGAS integration used in the
‘old’ version. The 'new’ cluster shape fit is based on a so called ’ring fraction’ method where
for each calorimeter block, a fixed number of rings are defined centred around the origin of the
electromagnetic shower [121]. By integrating the same two dimensional, empirically determined
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Figure A.1: Efficiencies and purities in the single-photon identification for two different cluster fit
methods. Two cut variables are from the maximum entropy fit (MEF) and two are from the cluster
shape fit (CSF).

shape function as introduced in chapter 4 over these ring segments the energy deposited in the
ring fractions lying in each calorimeter block is derived. Thus, as for the ’old’ fit one gets an
expected energy E;"? for each block in the cluster depending on the set of angles (6,4) of the
shower origin. The procedure in the 'new’ version is the same as for the ’old’ one apart from
the block integration and the same variables C and R, are calculated. The 'new’ algorithm
is much faster (about four times according to its author) but has the disadvantage that the
defined rings in the integration are equidistant therefore are independent of the curve shape of
the energy profile function. The flexible VEGAS algorithm on the other hand automatically
concentrates the evaluations of the integrand in those regions where the values of the integrand
become very large. As a result the performance of the VEGAS method should be better. To
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archieve a comparable performance to that of the VEGAS integration the ring distances have
to be chosen smaller in particular around the assumed shower origin to account for the profile
function.!

In figures A.2 the photon efficiencies that were calculated for the 'new’ and the ’old’ version
of the CSF are compared for data and Monte Carlo. This is again done for six bins of the cluster
energy. The sample of Z° — u* = events was selected from data taken at the Z pole between
1990 and 1995 as described in section 4.3. The Monte Carlo sample corresponds to the 1994
detector configuration, i.e. the year in which most of the data were collected. The figures A.2
reveal a weakness of the ring fraction method for higher cluster energies where the efficiency
of the 'new’ CSF version is declining. At the same time, the efficiency derived with the ’old’
version does not depend on the cluster energy. In addition, a large discrepancy between data
and Monte Carlo efficiency is observed for the 'new’ version at cluster energies larger then 25
GeV. This might be a consequence of the simpler ring integration with a step size fixed by
the radii of the rings around the cluster centre regardless of its profile. Figure A.3 shows that
the efficiencies of the new’ and ’old’ CSF are of the same magnitude except for the already
mentioned two highest energy bins.

For the analysis, the VEGAS based cluster shape fit is finally chosen despite its CPU con-
sumption because it showed an overall performance that was better than the two alternatively
studied shower shape fit methods.

In this case the “ring fraction” integration would become more time consuming but this has not been
quantified yet.
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Figure A.2: Efficiencies of the single-photon identification in Z° — ptpu~y Monte Carlo (94) and
data (90-95) for two different cluster fit methods: the ’ring fraction’ method ('new’ ,the bottom plot),
and the VEGAS method (’old’, the top plot). For details see text.
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