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Abstract

Open charm production in neutral current deep-inelastic scattering of 27:5GeV positrons and
820GeV protons has been studied at HERA. The integrated luminosity of the data sample,
taken with the ZEUS detector in 1996/97, is 34 pb�1. The semileptonic decay of charmed
hadrons into electrons, c ! e�X, has been used to measure charm production. An inclusive
electron signal has been obtained by combining information about the particle energy loss
due to ionization in the central tracking detector (CTD) with energy deposits in the uranium
calorimeter. The electron acceptance is limited by the method to 1:2 < pelectron < 5:0GeV and
0:65 < �electron < 2:5 rad. Statistical subtraction of the background due to electrons from non-
charm decays, such as photon conversions, beauty and �0 decays has been performed. Cross
sections for charm production with semileptonic decays of the charm quarks have been measured
in the two kinematic ranges 1 < Q2 < 1000GeV2 and 10 < Q2 < 200GeV2 with 0:03 < y < 0:7

for both regions. The measured values � = 532� 27+40
�96 pb and 226� 12+14

�34 pb respectively agree
within errors with theoretical predictions from NLO calculations. Di�erential cross sections
as functions of W; Q2; x; pt electron and �electron show reasonable agreement with theoretical
predictions from NLO calculations. In order to determine the charm contribution to the proton
structure function F c�c

2 , the observed cross section is extrapolated to the full kinematic region
in pelectron and �electron. The measured F c�c

2 agrees within errors with theoretical predictions and
with the measurement made by ZEUS using the D meson decay channel. The ratio of F c�c

2 to
F2 is shown to rise towards low x and high Q2, and can be as high as 30%.

Zusammenfassung

Die Produktion von Charm-Quarks in tiefunelastischen Streuprozessen wurde amHERA-Speich-
erring, wo Elektronen einer Energie von 27:5GeV und Protonen einer Energie von 820GeV zur
Kollision gebracht werden, untersucht. F�ur die Analyse wurden die Datens�atze des ZEUS Ex-
periments aus den Jahren 1996 und 1997 verwendet, welche einer integrierten Luminosit�at von
34 pb�1 entsprechen. Als Nachweismethode f�ur Charm-Produktion wurde der semileptonische
Zerfall charmanter Hadronen in Elektronen verwendet. Ein inklusives Elektronen Signal wurde
mit Hilfe der Information �uber den spezi�schen Energieverlust der Teilchen im F�ullgas der zen-
tralen Spurkammer (CTD) und ihrer Energiedeposition im Uran Kalorimeter gemessen. Auf
Grund der gew�ahlten Methode ist die Akzeptanz der Elektronen auf 1:2 < pelectron < 5:0GeV und
0:65 < �electron < 2:5 rad beschr�ankt. Der Untergrund von Elektronen aus Photonkonversionen
und Zerf�allen anderer Teilchen in Elektronen wurde abgesch�atzt und statistisch subtrahiert. Die
Wirkungsquerschnitte f�ur Charm-Produktion mit semileptonischem Zerfall des Charm-Quarks
wurden in den zwei kinematischen Bereichen 1 < Q2 < 1000GeV2 und 10 < Q2 < 200GeV2 mit
0:03 < y < 0:7 f�ur beide Bereiche zu 532� 27+40

�96 pb und 226� 12+14
�34 pb bestimmt. Die Ergebnisse

stimmen gut mit den theoretischen Vorhersagen aus QCD Berechnungen in n�achstf�uhrender
Ordnung (NLO) �uberein. Au�erdemwurden die di�erentiellenWirkungsquerschnitte, als Funk-
tionen von W; Q2; x; pt electron und �electron bestimmt. Sie zeigen ebenfalls zufriedenstellende
�Ubereinstimmung mit NLO Vorhersagen. Die gemessenen Wirkungsquerschnitte wurden auf
den gesamten pelectron und �electron Bereich extrapoliert, um den Charm-Beitrag F c�c

2 zur Struk-
turfunktion F2 des Protons zu bestimmen. Die gemessene Strukturfunktion F c�c

2 stimmt sowohl
mit den theoretischen Vorhersagen als auch mit den Ergebnissen aus der Messung der D Meso-
nen Zerf�alle bei ZEUS �uberein. Die Messung ergab, da� der Beitrag von F c�c

2 zu F2 zu kleinen
x und gro�en Q2 Werten bis zu 30% ansteigt.
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Chapter 1

Introduction

Electron scattering experiments have for many years played a central part in the endeavour to
understand the structure of matter. In 1967 the �rst deep-inelastic electron proton scattering
experiments were performed at the Stanford Linear Accelerator (SLAC). The experimental re-
sults indicated that the proton consists of point-like constituents, called partons [Blo69, Pan68].
The partons were identi�ed with the quarks, which had been proposed in 1964 by Gell-Mann
and Zweig [Gel64, Zwe64]. They developed a successful scheme, which explained how the then
known hadrons consisted out of three types of fermions, the quarks. The quarks were distin-
guished by their di�erent 
avours, up (u), down (d) and strange (s). All hadrons known at
that point could be built from these three quark types. However, to explain the existence of
the �++ baryon which has spin 3=2 and consists of three identical spin-1/2 u quarks, the model
had to be extended. A hadron consisting of identical quarks in the same quantum state would
violate the Pauli principle. An additional quantum number, called colour, was introduced.

The existence of another heavier fourth quark 
avour - charm (c) - was predicted by Glashow,
Iliopulus and Maiani in 1970 [Gla70]. Only a few years later, in November 1974, the J=	

meson, which is the c�c bound state, was discovered independently by two groups. At SLAC a
very narrow resonance at 3:1GeV was observed in e+e� collisions [Aug74], and at Brookhaven
the same resonance was found colliding protons with a Be-target [Aub74]. A similar narrow
resonance, the � at 9:5 � 10:5GeV was discovered in 1977 [Her77]. It was attributed to the
bound state of an even heavier �fth quark, the beauty (b) quark. This discovery was followed
by the prediction of the sixth quark, the top (t) quark. The observation of the top quark in p�p

collisions at Fermilab in 1995 was a great success for the Standard Model of elementary particle
physics [Aba95, Abe95].

Today the Standard Model is the most successful and widely accepted theory to describe the in-
teraction between quarks and leptons. The three forces of the weak, electromagnetic and strong
interactions are combined in this model. Deep-inelastic lepton-nucleon scattering experiments
play a crucial rôle in understanding the fundamental interactions. At DESY in Hamburg the
HERA collider o�ers the possibility to study deep-inelastic ep scattering processes. The results
from the two HERA experiments, ZEUS and H1, yield new insights into the substructure of the
proton and provide a testing ground for quantum chromodynamics (QCD), the theory describ-
ing the strong interaction between quarks and gluons. A substantial fraction of the inclusive
deep-inelastic ep scattering cross section was found to originate from charm production. Hence
measurements of charm production in these events is of special interest in understanding the
structure of the proton. The predominant production mechanism of charm in deep-inelastic
ep scattering events is the boson-gluon-fusion process, 
�g ! c�c, which means a measurement
of charm production is sensitive to the gluon distribution of the proton. In addition, the high

1



mass of the charm quark provides another hard scale apart from Q2 (negative of the square
of the four-momentum transfer from the scattered lepton to the proton) allowing perturbative
QCD calculations to be performed more reliable.
The �rst measurement of the di�erential charm cross sections and the charm contribution, F c�c

2

to the proton structure function F2 was obtained by ZEUS and H1 using the data taken in 1994
[Adl96,Br97A]. Both experiments observed charm production via the detection of the decay
products of charmed D mesons. Recently ZEUS published new results obtained from the data
taken in 1996/97 in the same decay channel [Br00A]. The luminosity exceeds that for the 1994
analysis by more than a factor ten.
The topic of this thesis is the measurement of charm production in deep-inelastic scattering
events using the semileptonic decay channel of charmed hadrons into electrons. This decay
has a higher branching ratio than the decay channel of the D mesons, and therefore provides
better statistics. The data set from 1996/97 with an integrated luminosity of 34 pb�1 is used.
An inclusive measurement of all electrons in the selected deep-inelastic scattering events is
performed. After estimation of the contribution from electrons from non-charm decays, a charm
cross section, as well as di�erential cross sections and F c�c

2 are determined. For the identi�cation
of the electrons the central tracking detector is used. The measurement of the energy loss due
to ionization of the particles allows electrons to be distinguished from hadrons on a statistical
basis.
This thesis starts with a theoretical description of deep-inelastic scattering processes. The pro-
ton structure function F2 is introduced and its interpretation in terms of QCD is discussed. An
overview of the charm production mechanism, the process of fragmentation and the semilep-
tonic decay of charmed hadrons is given. The third chapter describes the HERA collider and the
ZEUS detector. Emphasis is put on those detector components used for the analysis. Chapter
4 gives a brief overview over the Monte Carlo generators used and the theoretical calculations
used in the physics simulations. The reconstruction and selection of the deep-inelastic ep scat-
tering events is explained in Chapter 5. The further selection of events with semileptonic charm
decays is described in Chapter 6. The use of the energy loss dE=dx to identify electrons is ex-
plained in more detail in the �rst part. The second part of this chapter demonstrates how the
electron background from non-charm decays is estimated. The calculation of cross sections and
the structure function F c�c

2 is presented in Chapter 7. The results are compared with theoretical
predictions as well as with the results obtained via the D meson decay channel. In Chapter 8
the analysis is summarized and some conclusions are drawn.



Chapter 2

Theoretical Overview

For the theoretical understanding of high energy ep scattering three out of the four fundamental
forces of nature are relevant. These are the electromagnetic, weak and strong interactions. They
are all believed to be accurately described by a quantum �eld theory possessing local gauge
symmetries. Quantum electrodynamic (QED) describes the electromagnetic interaction with
the massless photon as the intermediary gauge boson. QED is uni�ed with the weak interaction
in the standard electroweak model. The heavy W� and Z0 particles are the gauge bosons of the
weak interaction. In the 1970s quantum chromodynamics (QCD) was developed as the theory
of strong interactions, describing quark and gluon interactions. QCD is based on a non-abelian
local SU(3) colour symmetry. Each quark appears in one of three colour states. The strong
force is mediated by massless gluons, which themselves carry colour.
This chapter gives a brief overview of the theory describing the physics of the analysis presented
in this thesis. The �rst section explains the kinematics of deep-inelastic ep scattering (DIS)
events in general and their interpretation in the framework of QCD. The production mechanism
of heavy quarks in DIS events, the subsequent fragmentation into hadrons and their semileptonic
decays are discussed in the second section. Further information can be found in textbooks
[Ell96, Hal84].

2.1 Deep-Inelastic Scattering

A lepton-nucleon scattering process is de�ned as a deep-inelastic scattering (DIS) event, if the
exchanged boson in the lepton-nucleon scattering process is highly virtual, i.e. Q2 � O(1GeV2),
where Q2 is the negative of the square of the four-momentum transfer from the scattered lepton
to the proton. Measuring the �nal state of deep-inelastic ep scattering events allows to determine
the structure of the proton. Within the picture of the quark parton model, the proton consists
of quarks and gluons. The highly-energetic incoming electron then probes the structure of the
proton by coupling through the electroweak current to one of the partons inside the proton.
For neutral current (NC) events, e+p �! e+X, the exchanged boson is either a virtual photon

� or a Z0 boson. For charged current (CC) events, e + p �! �e + X, the exchanged boson
is the charged W boson, and the �nal state lepton is a neutrino, which escapes the detector
undetected.

2.1.1 Kinematic Variables

In 1996/97 the center of mass energy
p
s of the ep scattering process at HERA was 300GeV

due to the beam energies of Ee = 27:5GeV for the electrons and Ep = 820GeV for the protons.
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Figure 2.1: Schematic diagram of a deep-inelastic ep scattering event. The four vectors of the
particles are given in parentheses.

Figure 2.1 shows a DIS event schematically. The symbols of the four-vectors of the incoming and
outgoing particles are given in parentheses. Only two variables are needed to fully determine
the kinematics of DIS events. Usually two out of the following three are chosen:

Q2 = �q2 = �(k � k0)2 ;

x =
Q2

2P � q
and (2.1)

y =
q � P

k � P
;

where Q2 is the negative squared four momentum transfer from the incoming electron to the
proton. In the quark parton model, x can be interpreted as the momentum fraction of the
proton carried by the struck parton and is called Bjorken x. The variable y represents the
fractional energy transfered to the proton in its rest frame.
Neglecting the electron and proton masses, me and mp, the three variables are related to each
other by

Q2 = x � y � s : (2.2)

The square of the invariant mass of the hadronic �nal state system X is given by

W 2 = (P + q)2 = Q2(
1

x
� 1) +m2

p : (2.3)

2.1.2 Cross Sections for DIS Events

The main subject of this thesis is the measurement of the cross section for heavy quark pro-
duction in neutral current DIS events. Hence the following discussions will focus on neutral
current events only. The theoretical description of the cross section for deep-inelastic scattering
events consists of a leptonic and a hadronic part

d� � L�� �W�� : (2.4)

The leptonic tensor L�� describes the interaction of the electron with the exchanged boson. L��
is calculable within the electroweak theory. For Q2 �M2

Z0 photon exchange dominates and the
leptonic tensor is described by QED alone. At higher energies, Q2 �M2

Z0 the contribution from



Z0 boson exchange must be taken into account. The interaction of the exchanged boson with
the proton is described by the hadronic tensor W�� . The hadronic tensor is not fully calculable
but it can be parametrized. Assuming Lorentz invariance and four-vector current conservation,
the double di�erential Born cross section of DIS events may be expressed in terms of structure
functions F1; F2 and F3 of the proton 

d2�NC(e�p)

dx dQ2

!
Born

=
4��2

xQ4
[y2xFNC

1 (x;Q2)+(1�y)FNC
2 (x;Q2)�(y�

y2

2
)xFNC

3 (x;Q2)] (2.5)

where � is the electromagnetic coupling constant.
The structure functions express the non-calculable part of the hadronic tensor. The structure
function FNC

3 represents the parity-violating contribution to the di�erential cross section due
to Z0 exchange, and thus only becomes noticeable at very high Q2. For the analysis which is
the subject of this thesis, the important regime is Q2 �M2

Z0 . Hence in the following discussions
only 
� exchange is considered. The structure function F1 is related to F2 and the longitudinal
proton structure function FL by the relation FL = F2 � 2xF1. The contribution of FL to the
cross section is small, and only becomes signi�cant at high y.
The structure functions in Equation 2.5 are de�ned with respect to the Born cross section, thus
no electroweak radiative e�ects are taken into account. The measured cross section however
also includes contributions from radiative processes, such as initial and �nal state radiation,
where a photon is emitted from the electron before or after interacting with the proton. The
measured double di�erential cross section is related to the Born cross section by

 
d2�NC(e�p)

dx dQ2

!
meas

=

 
d2�NC(e�p)

dx dQ2

!
Born

[1 + Ær(x;Q
2)] : (2.6)

The term Ær(x;Q2) contains the electroweak radiative corrections.

2.1.3 The Naive Quark Parton Model

The naive quark parton model describes the proton as consisting of point-like non-interacting
constituents, the quarks. The deep-inelastic ep scattering process is then simply the scattering
of a point-like particle inside the proton, as depicted in Figure 2.2. Thus for large enough
Q2 the point-like constituents of the proton can be resolved. Consequently for even higher Q2

the structure functions, which describe the photon-proton scattering process, should no longer
depend on some length scale 1=Q, characterizing the size of the constituents of the proton.
Therefore, in this model, the structure functions are expected to be independent of Q2 because
no further detailed structure can be resolved. Hence it follows that the structure functions
only depend on one parameter, i.e. on x. This scaling behaviour of the structure functions

�
p(P )


�(q)

X(P 0)

�=)�
q(xP )


�(q)

q(xP + q)

Figure 2.2: For high Q2 the ep scattering process (left picture) becomes an eq scattering process
(right picture).



�� ��
Figure 2.3: The boson-gluon-fusion (BGF) processes (left two diagrams) and the QCD Compton
processes (right two diagrams), O(�s) contributions to ep �! eX.

was predicted by Bjorken, and was observed in DIS experiments at SLAC a short time later
[Bjo69].
In the picture of the quark parton model, the structure function F2 for photon exchange only
can be simply expressed in terms of quark densities fa(x) in the proton,

F2(x) =
X
a

e2axfa(x) (2.7)

where the index a runs over all quark 
avours and ea is the charge of quark a. The structure
functions F1 and F2 are related by the Callan-Gross relation, 2xF1(x) = F2(x). This is a con-
sequence of the quarks being point-like spin 1

2
particles. Hence it follows that the longitudinal

structure function FL = F2 � 2xF1 is zero in the picture of the naive quark parton model.
Another prediction from the naive quark parton model is that the integrated momentum frac-
tion "q =

P
a

R 1
0 dxxfa(x) carried by all quarks inside the proton should be equal to unity.

However measurements showed that only about 50% of the protons momentum is carried by
the quarks. Hence the remaining 50% must be carried by electrically neutral particles, the
gluons described by QCD.

2.1.4 Quantum Chromodynamics

The gluons are the gauge bosons of the strong force. The strong interaction between quarks and
gluons is described by QCD, a non-abelian gauge theory based on the SU(3) colour symmetry
group. Quarks carry colour, the charge of the strong interaction. They appear in one of the
three colours, red, green or blue. Colour is exchanged between the quarks via gluons. As a
consequence of the non-abelian structure of QCD, the gluons themselves carry colour (forming a
colour octet) and therefore interact with each other. The coupling constant of the strong force,
�s, is scale-dependent1 . Towards high Q2, and hence small distances, the coupling decreases.
The dependence on the scale is given by the renormalization group equation. To leading order
the strong coupling constant is given by

�s(Q
2) =

12�

(33� 2Nf) ln (
Q2

�2
)

(2.8)

where Nf is the number of quark 
avours. The parameter � describes the scale at which
the coupling becomes large. For Q2 � �2, �s decreases logarithmically and a perturbative
description of the interaction is possible. This means due to the small coupling at high energies,
the quarks inside the proton may be regarded as free at high Q2 (asymptotic freedom). For
low Q2, i.e. Q2 � O(�2), the coupling becomes large and a perturbative description is no longer
valid. Due to the large coupling at low Q2, and hence at long distances, quarks cannot be
observed as free particles but only as bound states in colourless hadrons. This behaviour is

1�, the electromagnetic coupling constant is also scale dependent, but to a lesser extent.



called con�nement. � is not predicted by theory and so it must be determined by experiment.
It is found to have a value of (100-300) MeV.

Since we have to take gluon radiation into account, the naive quark parton model, described
in Section 2.1.3, which ignores any colour interactions is incomplete. In addition to q
� �! q,
processes like q
� �! qg (QCD Compton scattering) and g
� �! q�q (boson-gluon-fusion, BGF)
also contribute to the cross section for deep-inelastic ep scattering. In the case of QCD Compton
scattering, the quark radiates a gluon either before or after interacting with the virtual photon.
If a gluon splits into a quark antiquark pair, and one of the quarks interacts with the virtual
photon, the process is called boson-gluon-fusion. These two additional processes are shown
schematically in Figure 2.3. In terms of perturbative QCD, the QCD Compton and BGF
processes are leading order (LO) �s contributions to the deep-inelastic cross section.

In the perturbative calculation of cross sections, divergences occur. The divergences can be
interpreted in terms of virtual 
uctuations, such as a gluon 
uctuating into a q�q or gg pair.
The divergences can be absorbed into changes of the strong coupling constant �s. Therefore a
cut-o� parameter, �R, is introduced and all 
uctuations that occur at time scales �t < 1=�R
are absorbed into �s(�R).

2.1.5 Factorization for the Structure Functions

Perturbative QCD permits the calculation of the cross sections for scattering processes like
q
� �! q, q
� �! qg or g
� �! q�q at high Q2 (hard scattering processes) because �s becomes
small. For calculations of ep scattering processes, the distributions of the quarks and gluons
in the proton must be known. These parton densities are not calculable in perturbative QCD
since �s is large (con�nement). The `factorization theorem' de�nes the structure functions as a
convolution of the hard scattering process, F̂ a

i calculable in perturbative QCD, with the parton
densities fa(x) inside the proton [Col85]. The structure functions Fi of the proton may be
written as follows:

Fi(x;Q
2) =

X
a

fa(x; �F )
 F̂ a
i

�
x;

Q

�F
; �s(�R)

�
(2.9)

where the sum runs over gluons and all quark and antiquark 
avours. The factorization of the
structure functions requires the introduction of the factorization scale �F . It divides the soft
physics, namely the parton densities, from the hard physics, which is calculable in perturbative
QCD. The partonic structure function F̂ a

i describes the hard scattering process between the
virtual photon and the parton. Consequently both quantities, fa(x; �F ) and F̂ a

i (x;
Q
�F
; �s(�R)),

depend on the factorization scale �F . The measured quantities are independent of any arbitrary
scale introduced by theory. In principle the factorization scale �F and the renormalization scale
�R can take any values. A straightforward and common choice however is to set �F = �R =

Q = �.

Di�erent schemes exist to de�ne the parton densities and the factorization and renormalization
scale �. Two schemes are used frequently, the MS (minimal subtraction) scheme and the DIS
(deep-inelastic scattering) scheme. In the DIS scheme the corrections to all orders in �s are
absorbed into the parton density functions, such that the structure function F2 is simply de�ned
as F2(x;Q2) = x

P
a e

2
afa(x;Q

2).

In Section 2.1.3 the structure function F2 was already expressed in terms of quark densities of
the proton within the picture of the naive quark parton model. In terms of QCD, Equation
2.7 is the lowest order, O(�0s), calculation of the structure function F2 using the factorization
theorem as in Equation 2.9.
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Figure 2.4: The splitting functions.

The concept of factorization also holds for the fragmentation of the struck partons into hadrons,
where the process of a quark fragmenting into a hadron is also not calculable using perturbative
QCD (see Section 2.2.3).

2.1.6 DGLAP Evolution Equations for Partons

Although the initial parton densities cannot be calculated perturbatively, QCD predicts their
evolution with Q2 if the density at a certain initial Q2 = Q2

0 value is given. The evolution is
described by a set of integro-di�erential equations known as the DGLAP evolution equations
after Dokshitzer, Gribov, Lipatov, Altarelli and Parisi [Alt77, Dok77, Gri72]. The evolution of
the quark density is given by

dqi(x;Q2)

d ln(Q2)
=

�s(Q2)

2�

Z 1

x

dy

y

 
qi(y;Q

2)Pqq

 
x

y

!
+ g(y;Q2)Pqg

 
x

y

!!
(2.10)

and the evolution of the gluon density is given by

dg(x;Q2)

d ln(Q2)
=

�s(Q2)

2�

Z 1

x

dy

y

 X
i

qi(y;Q
2)Pgq

 
x

y

!
+ g(y;Q2)Pgg

 
x

y

!!

where i denotes the quark 
avour, and the sum runs over all quarks and antiquarks of all

avours. Ppp are the splitting functions

Pqq(z) =
4

3

1 + z2

1� z

Pgq(z) =
4

3

1 + (1� z)2

z

Pqg(z) =
1

2
(z2 + (1 � z)2) = Pgq(1� z) (2.11)

Pgg(z) = 6
�
1 � z

z
+

z

1 � z
+ z(1� z)

�

They represent the probability for a quark to radiate a gluon or for a gluon to split into a
quark-antiquark pair. The di�erent processes are shown schematically in Figure 2.4.
The DGLAP equations express the fact that a quark (gluon) with momentum fraction x can
come from a quark or gluon with momentum fraction y > x which either radiated a gluon
or split into a quark-antiquark or gluon-gluon pair. The probability for such a splitting or
radiation is proportional to the respective splitting function. The integral runs over all possible
momentum fractions y > x. Having a starting value for the parton density at �xed Q2

0 the
parton densities can then be evolved to any Q2 value.
Due to the quarks radiating gluons as described by QCD and the gluons splitting into q�q pairs,
the picture of the naive quark parton model is only a �rst order approximation. One of the
consequences is the scaling violation of the proton structure functions. Figure 2.5 shows the
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Figure 2.5: The scaling violation of the proton structure function F2 versus Q2 for di�erent
values of x [Br99A].

proton structure function F2 versus Q2 for di�erent values of x. It can be seen, that only for
x � 0:22 the structure function is independent of Q2, but for lower x, F2 increases signi�cantly
with increasing Q2. The quarks inside the proton produced by gluon splitting are called sea
quarks. Their number increases towards lower x. For increasing Q2 more and more sea quarks
at low x can be resolved. As a consequence the structure function rises with Q2 in this low
x region. Towards higher x the valence quarks carry the proton's momentum and the quark
density decreases. Thus no more detailed structure can be resolved with higher Q2 and the
structure function decreases.

For a �xed value of �s the scaling violation of the structure functions is calculable via perturba-
tive QCD. Thus, its measurement allows the extraction of the gluon density in the proton (see
Figure 2.6). It should be noted that QCD predicts that the parton densities are universal. They
do not depend on the probe, and should therefore be independent of the measuring experiment.

QCD also predicts the emission of partons with a non-zero pt with respect to the virtual photon
due to gluon radiation of the quarks. The parton direction can be measured by measuring the
jet of particles produced. A comparison of this measurement with QCD predictions is thus
another important cross-check of the validity of QCD.
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The distribution is obtained from a ZEUS QCD �t to ZEUS and �xed target data as described
in [Br99A].

2.1.7 Parton Parametrizations

In order to extract the parton densities frommeasured proton structure functions, a parametriza-
tion of the densities, with a number of tunable parameters, is �tted to the experimental data.
Once the parameters are tuned at a given Q2

0, the obtained parametrization can be evolved to
any Q2 using the DGLAP evolution equations. Due to the universality of the parton densities
the data used for the �t need not be restricted to ep scattering only, and data from other
experiments, for instance p�p scattering, may be used as well. This approach is used by the
CTEQ collaboration and by Martin, Roberts and Stirling (MRS) [Lai97, Mar94]. They choose
a starting scale Q2

0 of a few GeV2 to �t their parametrization and then evolve to higher Q2 using
the DGLAP equations.

In this analysis a model developed by Gl�uck, Reya and Vogt (GRV) is used [Gl�u92]. They
assume that at a very low scale Q2

0 ' 0:34GeV2 the proton consists only of valence-like quarks
and gluons, which are parametrized. The sea quarks and gluons are then produced from the
valence partons via DGLAP evolution.

2.2 Heavy Quarks in DIS

Quarks with masses which are considerably higher than the value of �, for instance mc=b � �,
with mc = 1:1 to 1:4GeV and mb = 4:1 to 4:4GeV [Cas99], are regarded as so-called \heavy"
quarks. Therefore, in addition to Q2, representing the hard scale for deep-inelastic ep scattering,
another hard scale appears if we consider heavy quark production in such events (�s(� = mc) =

0:39; �s(� = mb) = 0:22 [Cas99]). This makes the measurement of heavy quark production in
DIS an interesting test of perturbative QCD.



2.2.1 Charm Quark Production Mechanism

In this section the heavy quark production mechanisms and their description in theory are
discussed. The focus is on open charm production only, since this is the subject of this thesis.
Two theoretical approaches exist to describe the production of charm in deep-inelastic ep scat-
tering. In the �rst approach no charm inside the proton is present, and it is only produced
extrinsically. Hence, regarding only leading-order processes, charm is produced exclusively via
the boson-gluon-fusion process, 
�g �! c�c, as illustrated in Figure 2.7. In this picture the charm
production cross section is directly correlated with the gluon density in the proton and is there-
fore expected to increase towards low x. Comparisons of experimental results with theoretical
predictions indeed show that the BGF process is the predominant production mechanism for
charm quarks in deep-inelastic ep scattering at HERA [Br97A, Br00A, Adl96, Ad99A].
The second approach is intrinsic charm production, where a c�c is assumed to exist in the
proton bound state. These charm quarks are not produced by gluon splitting and are hence
not described by perturbative QCD. Unlike in extrinsic production, the charm quarks from
intrinsic production carry a larger momentum fraction x of the proton than the light quarks.
Results from EMC �xed target experiments gave indications for this intrinsic charm component
at high x [Har96, Ing91, Ing96]. The 
avour excitation process assumes charm quarks to be
existent in the proton sea. Here the virtual photon excites a heavy parton inside the proton,
which means the process depends on the virtuality of the photon and is kinematically only
possible for Q2 � m2

c .

�g


�

p

e

proton remnant

�c

c

e

Figure 2.7: The boson-gluon-fusion process is the dominant production mechanism for charm
quarks in DIS.

Several schemes exist to perform the calculation of heavy quark production, where the main
di�erence between them is the treatment of the mass of the charm quark.

The zero-mass variable-
avour-number scheme (ZM-VFN) treats the charm quark as a massless
parton. Depending on the scale Q2 of the process, the number of active partons is either four
or �ve. In Equation 2.9 the sum in this scheme runs over a = u; d; s; g for Q2 < m2

c and
a = u; d; s; c; g for Q2 > m2

c . The partonic structure function describes the hard scattering
for all active partons, assigning them zero mass. For charm production this scheme is only
a reasonable approximation for Q2 � m2

c , and clearly becomes unreliable in a region where
Q2 � O(m2

c).
On the other hand, in the �xed-
avour-number scheme (FFN), a �xed number of 
avours,
where all quarks are regarded as massless, are assumed to contribute to the proton sea at all
values of Q2. In the FFN3 scheme only the light partons, a = u; d; s; g, are included in the
proton parton densities fa. The production of the heavy charm quark is calculated via the hard
scattering process, using the exact, thus non-zero charm mass. The perturbative calculation



contains logarithmic factors, ln(Q2=m2
c), which become large if Q2 becomes large. Hence the

FFN scheme is most reliable in a region where Q2 � m2
c , and becomes inappropriate in the

higher Q2 region. The FFN4 scheme also treats charm as a massless active 
avour at all values
of Q2 and therefore is only reliable at very high Q2.
Other schemes exist which try to cover the problematic region between Q2 � m2

c and Q2 �
m2
c where none of the above schemes is appropriate [Buz97]. One of them is the ACOT

(Aivaziz-Collins- Olness-Tung, [Tun97]) scheme, which matches the FFN scheme with the ZM-
VFN scheme with non-zero-mass charm quarks. The problematic terms in the FFN scheme,
ln(Q2=m2

c), can be resummed and become a parton distribution fc without taking the limit
m2
c �! 0 as done in the ZM-VFN scheme.

2.2.2 Charm Contribution F c�c
2 to the Proton Structure Function

The double di�erential cross section for charm production in deep-inelastic scattering events,
e+ p �! e + c+ �c+X, where one of the charm quarks is tagged, can be expressed in terms of
charm structure functions F c�c

i , in analogy to Equation 2.5 in Section 2.1.2. Considering only
virtual photon exchange, and thus neglecting F3, and substituting F1 by ( 1

2x(F2 � FL)), the
following expression is obtained:

d2�NC
c�c

dx dQ2
=

2��2

xQ4
[(1 + (1� y)2)F c�c

2 (x;Q
2)� y2F c�c

L (x;Q
2)] : (2.12)

In the y range covered by this analysis the contribution to the cross section from the longitudinal
structure function F c�c

L is small and therefore neglected. The charm contribution to the inclusive
proton structure function F2 is up to 20% at small x.
A precise measurement of F c�c

2 and its comparison with theoretical predictions is therefore inter-
esting for the understanding of the sea quark and gluon distribution of the proton. As discussed
above, charm production is dominated in leading order by BGF, 
�g �! c�c. Considering Equa-
tion 2.9 the measurable quantity F c�c

2 can therefore directly be related to the gluon density g of
the proton by

F c�c
2 (x;Q2) = g(x; �F )
 F̂ g

2 (x;
Q

�F
) : (2.13)

F̂ g
2 describes the BGF part, which is calculable in perturbative QCD. The extraction of g(x)

from charm measurements and its comparison with the result from the scaling violation of F2
thus provides another consistency check of QCD.
In addition to the LO BGF process, next-to-leading order processes (NLO), in O(�2s), contribute
to the charm cross section. These are the gluon-bremsstrahlung process, 
�g �! c�cg, and
processes of the type 
�q(�q) �! c�cq(�q). The q(�q) is a massless quark, radiating a gluon which
then interacts with the virtual photon. A NLO calculation for the charm cross sections exists
[Ha98A].

2.2.3 Fragmentation of Heavy Quarks

The particles observed experimentally are the decay products of the hadrons resulting from
fragmentation of the charm quarks. Measurements of the charm cross section and the charm
structure function F c�c

2 therefore require assumptions about the fragmentation process and the
branching of the subsequent decay into the observed particles.
To calculate the cross section for processes like ep �! eHX, where H means a heavy hadron,
the process of fragmentation needs to be described theoretically. The hadronization of charm
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Figure 2.9: The inclusive cross section for D0 and D�+ production versus xP = p=pmax [Cas99].
The solid line shows the result of a �t to the data using the Peterson fragmentation function.

since the kinematics at HERA di�er from those at e+e� colliders it is not yet clear whether
this value is applicable to HERA physics. Moreover recent calculations for photoproduction
processes showed, that the value also depends on the treatment of the perturbative part of
the cross sections. NLO calculations require a di�erent value than LO calculations [Ca97A,
Ca97B]. Which value to choose for NLO DIS calculation is not clear [Ha98A].

2.2.4 Semileptonic Decay of Heavy Hadrons

The semileptonic decay of the charm quark is an electroweak process, describable within
the Standard Model. The decay width is proportional to squared elements of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix and for the most probable decay into a strange quark is
given by

�csl � jVcsj
2m5

c (2.15)

depicted in Figure 2.10.
To calculate the decay width of hadrons an assumption has to be made about the in
uence
of the accompanying light quark. In the spectator model any in
uence from the light quark
is neglected. In the hadronic decay of the charm quark the W+ decays into a u �d. The decay
of the W+ into quarks is three times more likely than the semileptonic one into electrons or
muons because of the three colours of the quark. Thus the naive semileptonic branching ratio
in the spectator model, ignoring any e�ects from strong interactions is,

BR(c �! e�X) =
1

1 + 1 + 3
: (2.16)

The semileptonic branching ratio determined from measurements is only about 9:5% [Alb92], in
contradiction to the spectator model result. Moreover the spectator model predicts the lifetimes
for all charmed hadrons to be equal, only dependent on the lifetime of the heavy quark

� =
�h

�leptonic + �SL + �nonleptonic
: (2.17)
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Figure 2.10: Schematic drawing of the semileptonic charm quark decay.

This is also inconsistent with experimental results, for instance

� (D+)

� (D0)
' 2:5 (2.18)

The naive spectator model is not applicable to describe all decay channels of charmed hadrons.
Diagrams involving the spectator quarks must be taken into account. Since the leptonic widths
are negligible and the semileptonic ones are comparable, e.g.

�(D0 ! e+X)

�(D+ ! e+X)
=

BR(D0 ! e+X)� (D+)

BR(D+ ! e+X)� (D0)
= 1:03� 0:12 (2.19)

the failure of the spectator model is due to the di�erent hadronic decay widths of the charmed
hadrons [Bia96]. Strong radiative corrections have to be taken into account as well as non-
spectator diagrams. There is not yet a reliable description of non-leptonic charm decays.





Chapter 3

The ZEUS Detector at HERA

This chapter gives a brief overview of the HERA accelerator complex and the ZEUS detector.
The detector components used for the analysis will be described in some detail. An extensive
description of the whole detector can be found in [Der93].

3.1 The HERA Collider

The construction of the Hadron-Elektron-Ring-Anlage (HERA) was started in 1984 and �nished
in 1990 at the Deutsches Elektronen-Synchrotron (DESY) in Hamburg, Germany. It is the
�rst electron proton collider and is designed to collide 820GeV protons with 30GeV electrons.

10
-1

1

10

10 2

10 3

10 4

10 5

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1
x

Q
2  (G

eV
2 )

y =
 1

y =
 0

.0
05

ZEUS BPC 1995H1 95+96

HERA 1994

HERA 1993

HERA SVTX 1995

HERMES

E665

BCDMS

CCFR

SLAC

NMC

Figure 3.1: The kinematic region covered by HERA experiments in comparison to that of �xed
target experiments.
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Figure 3.2: The HERA storage ring (left) and its pre-accelerator complex (right).

Compared to �xed target experiments the center of mass energy at HERA is an order of
magnitude higher and therefore a new kinematic region is accessible. Figure 3.2 shows the
(x;Q2) plane covered by HERA experiments compared to several �xed target experiments at
SLAC, Fermilab and CERN using di�erent beams (electrons, muons, neutrinos) and targets.
There is an overlap region between the �xed target and HERA experiments which gives the
possibility to compare results from HERA with those obtained at the �xed target experiments.
The HERA tunnel is 6:3 km long and is located 10�20m underground. There are four experi-
ments located at the HERA ring. ZEUS and H1, which reside in the South and North Halls,
make use of head-on electron-proton collisions. The HERMES experiment in the East Hall uses
polarized electrons to study the nucleon spin structure with an internal polarized gas target.
HERA-B is located in the West Hall and is designed to study CP violation in the B �B system.
It uses a wire target in the proton beam halo for the production of B-mesons.
The HERA collider and its pre-accelerator system is shown in the left hand diagram of Figure
3.2. The right hand diagram shows the injection scheme in more detail. The proton acceleration
starts with negative hydrogen ions (H�) from the 50MeV proton linac. After stripping the
electrons o� the H� ions the remaining protons are injected into the proton synchrotron DESY
III where they are accelerated up to 7:5GeV. They are further accelerated in PETRA and at
40GeV injected into the HERA proton storage ring. A similar acceleration scheme is performed
for the electrons. The pre-acceleration starts in a linear accelerator (LINAC) up to 450MeV,
followed by an acceleration in DESY II up to 7GeV. The electrons are then injected into
PETRA, and when they have achieved an energy of 14GeV they are injected into the HERA
electron storage ring. Electrons and protons are grouped into bunches of O(1010) particles
each. 210 bunches of each electrons and protons spaced by 96 ns can be �lled into HERA.
To study beam related background some of the 210 bunches are left empty. These are called
'pilot-bunches'. The length of the bunches is about 0:8 cm for the electrons and 11 cm for the
protons. At the interaction point the transverse dimensions of the beams are made as small as
possible. The electron beam width is designed to be 0:3mm and its height 0:04mm. For protons
the width is designed to be 0:32mm and the height 0:1mm.
The �rst electron proton collisions at HERA occurred in October 1991 and ZEUS took �rst
physics data in spring 1992. From 1994 onwards positrons were used instead of electrons,
because of the longer lifetime of the positron beam. The beam energies in 1996/1997 were



Parameter Design Value Average in 1996/1997

proton beam energy 820 GeV 820 GeV

electron beam energy 30 GeV 27:58 GeV

proton current 160 mA 76 mA

electron current 60 mA 36 mA

number of bunches 210 180

maximal instantaneous luminosity 1:5 � 1031cm�2s�1 1:4 � 1031cm�2s�1

Table 3.1: HERA beam parameters for the 1996/1997 running period compared to the design
values.

27:5GeV and 820GeV for positrons and protons respectively, resulting in a center of mass
energy (

p
s) of 300GeV. Beam parameters, such as lifetimes and currents, are listed in Table

3.1 for the 96/97 running period and are compared to their design values. Since HERA started
operating in 1992, the integrated luminosity gathered each year continuously increased. The
left plot in Figure 3.3 shows the delivered luminosity by HERA for the di�erent years versus the
days of running. The right plot shows the luminosity which was actually taken by the ZEUS
detector. During the 1996 and 1997 running period 38 pb�1 of data were taken by the ZEUS
detector which can be used for physics analysis. As can be seen in Figure 3.3, during 1998
and the beginning of 1999, HERA was running again with electrons. During the 1997/1998
shutdown new pumps were installed in the electron ring to improve the lifetime of the electrons.
In 1998 the proton energy was raised to 920GeV. During the shutdown in the year 2000 the
HERA luminosity upgrade is planned, with the aim to increase the luminosity by a factor �ve.
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3.2 The ZEUS Detector

The ZEUS detector is a multi-purpose detector, built by the ZEUS collaboration in the late
1980s. In spring 1992 it was installed in the South Hall and since then new detector components
have been added continuously. The dimensions of the main ZEUS detector are 12m�10m�19m
and its weight is about 3600 tons. Figure 3.4 shows an overview of the detector. The main
components are labeled. The picture shows a view of the detector in a direction perpendicular
to the beam. The directions of the proton and electron beams are indicated. In the ZEUS
coordinate system the direction of the outgoing protons de�nes the positive Z direction, also
referred to as the forward direction. The right-handed ZEUS coordinate system has its origin
at the nominal interaction point. In this frame the X-axis points towards the center of the
HERA storage ring, the Y -axis upwards. The polar angle � is de�ned with respect to the
positive Z direction. The polar angle is often expressed in terms of pseudorapidity �, de�ned
as � = � ln(tan(�=2)). The di�erence in pseudorapidity, ��, is relativistic invariant under
translation along the Z direction. The azimuthal angle � is measured with respect to the
positive X direction. The ZEUS detector covers most of the 4� solid angle, except for the
regions around the beampipe. As can be seen in Figure 3.4, it has an asymmetric shape. Due
to the large momentum di�erence between the electron and the proton beam, the �nal state
particles are boosted to the forward direction.

The inner part of the ZEUS detector around the interaction point is covered by the central
tracking detector (CTD), complemented by forward and rear tracking detectors (FDET, RTD).
The tracking detectors are surrounded by a super-conducting solenoid producing a magnetic
�eld of 1:43T. Still shown in Figure 3.4 is the vertex detector (VXD) which was removed during
the 1995/1996 shutdown. A new silicon microvertex detector (MVD) is under construction
and will be installed during the shutdown in 2000, [Br97B]. The forward tracking will also be
improved by a straw-tube tracker (STT), [Br98A]. The tracking detectors are surrounded by the
the uranium-scintillator calorimeter, which is split into forward, barrel and rear parts (FCAL,
BCAL and RCAL). Presampler detectors are installed in front of the calorimeter modules.
To improve the discrimination between electromagnetic and hadronic showers for low energy

Figure 3.4: The main ZEUS detector viewed perpendicular to the beam direction.



particles (< 5GeV), silicon diodes have been added in the FCAL and RCAL (hadron-electron-
separator, HES). The small angle rear tracking detector (SRTD) is situated between the RTD
and the RCAL, covering the region around the beampipe. To cover even smaller electron
scattering angles a small electromagnetic beam pipe calorimeter (BPC) was installed in 1995
in the beam hole of the RCAL. In 1997 the position resolution of the BPC was improved by
the installation of a silicon tracker in front of the BPC, the beam pipe tracker (BPT). The
forward plug calorimeter (FPC) was installed in 1998 increasing the acceptance of the FCAL
by one unit in pseudorapidity. The whole uranium calorimeter is enclosed by an iron yoke
which provides the return path for the solenoid magnetic �eld 
ux. The yoke is instrumented
to measure energy leakage of the main calorimeter (BAC). Inside and outside the iron yoke are
installed the muon identi�cation chambers, (FMUI,BMUI,RMUI and FMUO, BMUO, RMUO).

Additional detectors are installed outside the main detector along the beam pipe. A scintillator
counter, the proton remnant tagger (PRT), is installed around the beam pipe, at Z = 5:1m.
Further downstream are located the six components of the leading proton spectrometer (LPS),
at distances from 24m to 90m from the interaction point. A forward neutron calorimeter (FNC)
is installed at Z = 105:6m to measure forward neutrons. In the rear direction at Z = �7:3m a
scintillator hodoscope with iron wall (VETO) is used to reject beam-related background. The
C5 beam monitor located around the beam pipe at Z = �3:15m monitors the beam condition.
The LUMI detectors, consisting of two small electromagnetic calorimeters at Z = �34m and
Z = �107m, measure bremsstrahlung events for the luminosity determination. The LUMI
detectors are also used to tag photoproduction events, as well as the two additional calorimeters
at Z = �8m and Z = �44m.

3.2.1 The Central Tracking Detector

The central tracking detector (CTD) is a cylindrical gas-�lled wire chamber. The gas is a
mixture of 83% argon, 5% CO2 and 12% ethane bubbled through alcohol. Charged particles
traversing the CTD ionize the gas along their trajectory, which amounts to about 10-20 ionized
atoms per centimetre for minimum ionizing particles. The freed electrons drift towards the
positive sense wires, while the positive ions are repelled and drift towards the negative �eld
wires. The freed electrons drift with a velocity of approximately 50�m=ns. In the �eld of the
sense wire, avalanche-like multiplication of the electrons occurs, where the ampli�cation factor
is about 104.

The CTD consists of 72 radial layers of sense wires which are arranged into groups of eight
layers forming nine superlayers (SL). A group of eight wires in the r�� plane of each superlayer
is called a cell. An octant of the CTD is shown in Figure 3.5. The large dots represent the
sense wires, the smaller dots the �eld wires. The chamber consists of 576 drift cells in total,
giving 4608 sense wires and 19584 �eld wires. The orientation of the wires of each cell is tilted
by 45o with respect to the radius. The tilt compensates the Lorentz angle of 45o from the
combined electric and magnetic �eld such that the electrons drift azimuthally towards the the
sense wires. The superlayers are numbered from 1 (innermost) to 9 (outermost). The �ve odd-
numbered superlayers have wires parallel to the chamber axis, and are called axial superlayers.
The three inner axial superlayers are equipped with a z-by-timing system, which measures the
time di�erence between the arrival times of the signal from the opposite ends of the chamber.
It thereby provides fast information about the Z position of a track which is used in trigger
decisions by the �rst level trigger (FLT). The resolution in Z obtained by the z-by-timing
method is of the order of a few centimetres. The four even-numbered superlayers are called
stereo layers, because they are tilted at small angles (� 5o) with respect to the chamber axis.



Figure 3.5: X � Y cross section through one octant of the CTD. Sense wires are indicated by
the large dots.

The tilt is zero at Z = 0 and largest at the ends of the chamber. The stereo layers improve the
Z position resolution to 1:0� 1:4mm.

The overall coverage of the polar angle by the CTD ranges from 11o to 168o. To have appropriate
tracking quality, usually hits in at least the three innermost superlayer are demanded, giving a
coverage in � of 18�160o. The dimensions of the CTD and its angular coverage are summarized
in Table 3.2.

The resolution per hit, which is �-dependent, is approximately 200�m. The position of the hits
is calculated from the information of the arrival time of the pulses on the sense wires, assuming
constant drift velocity and a straight path towards the closest wire. The resolution for the
measurement of the transverse momentum pt of a track depends on the single hit resolution
as well as on multiple scattering e�ects inside and before the CTD. For tracks coming from
the main vertex, passing at least three superlayers and with pt > 150MeV, the resolution can
be parametrized as �(pt)=pt = 0:0058 pt� 0:0065� 0:0014=pt, with pt in GeV. The track �nding
eÆciency for scattered DIS positrons, which have high momentum and are well isolated, is close

radius of active volume 18:2� 79:4 cm

Z of active volume �100 � +105 cm

overall coverage of � 11:3 < � < 168:2o

SL3 coverage of � 18:4 < � < 160:7o

SL5 coverage of � 24:9 < � < 154:0o

SL9 coverage of � 36:1 < � < 142:6o

Table 3.2: Parameters of the CTD.



to 100 %. For hadrons, the �nding eÆciency is roughly 95 %. The CTD is also used to measure
the event vertex. Using stereo layer information it is determined with a resolution of 0:4 cm in
Z direction and with 0:1 cm resolution transverse to the beam.

Measuring dE=dx with the CTD

Apart from position and momentum measurement, the CTD also provides information about
the particle type via the energy loss due to ionization (see Section 6.3). The energy loss of
a particle is approximately proportional to the number of ions produced in the gas, and thus
proportional to the amount of charge measured as a signal on the sense wires.
All sense wires are read out with an 8-bit 
ash analogue-to-digital converter (FADC). The
signals from the sense wires are digitised by sampling the signal every 9:6 ns. Thus for a given
wire the data is packed into an array of digitised signals in FADC counts in time bins of
9:6 ns. These are called pulse trains. The FADC output is further analysed by digital signal
processors (DSPs) which search the pulse train for groups of time bins having a characteristic
pulse shape. The DSPs then determine the height of the pulse and its arrival time in bins of
2:4 ns using a constant fraction discriminator. The height of the pulse is stored as the relevant
information about the energy loss of the particle rather than the area of the pulse. This is
done, because the height is less a�ected by noise, and overlapping hits can be more easily
disentangled. Studies with 1992 data showed that the height of the pulse is proportional to
its area [Cat95]. The arrival time of the pulse relative to the trigger then gives the drift time.
After track reconstruction the pulse heights can be associated with one trajectory through the
detector and the total energy loss is given by the FADC pulse heights. The shape of the FADC
signal follows a Landau-like distribution, as can be seen in Figure 3.6. Due to the limited eight
bit readout, saturation occurs at 235 FADC counts for very high energy losses.
The energy loss, and thus the pulse height in FADC counts is in
uenced by the trajectory of
the track and detector e�ects. First the correction for the path length dx has to be applied,
which depends on the the polar angle � of the track. In addition the di�erent gain of the sense
wires, the Z position of the hit, the drift distance, di�erences between positive and negative
tracks and the Lorentz angle are taken into account. Finally pulses are not used for the dE=dx
measurement at all if the track is parallel to the drift direction, if the drift distance is near a
cell boundary or if the pulse height is distorted by an earlier hit (within 100 ns) on the same
sense wire.
After these corrections, a certain number of hits form the Landau-like FADC distribution,
which contains the information about the energy loss due to ionization of the particle. It is
assumed to be independent of detector e�ects and the � and � of the track. To avoid the
large asymmetric tail of the distribution a truncated mean is performed, where the 10% lowest
and 30% highest pulses are discarded. If at least four hits remain, the mean energy loss is
then de�ned as the sum over the remaining pulse heights divided by the remaining number of
hits. If the remaining 60% of the pulse heights still contains saturated hits they are removed
in addition, thus resulting in a number of hits below 60%. Saturated FADC pulses occur
predominantly at shallow angles with respect to the beam axis where the path length of the
tracks is long, but the number of hits is low. If the number of saturated hits is higher than
30% they pull the mean dE=dx towards higher values and degrade the resolution. To recover
the normalization of the remaining hits after discarding all saturated hits, a �tted polynomial
correction is applied to the calculation for the mean energy loss [Ha98B,Ver98].
The value of dE=dx for a given particle type in a certain momentum and angular range changes
as a function of time, due to changes in the composition of the gas and the pressure, which
is equal to the atmospheric pressure. A variation in the pressure changes the density of the
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Figure 3.6: The FADC signal for low momentum pions [Wi99A].

gas and thus directly in
uences the number of ions produced. To account for any variation
of dE=dx between di�erent runs1, all measured dE=dx values in one run are normalised to the
energy loss of positive pions with a momentum of 0:3 < p < 0:4GeV in that run. To account
also for pressure variation within a run, the pressure is monitored every 10-20 minutes and a
correction factor is applied to each measured dE=dx value. The longterm variation of dE=dx
with the pressure during a year are large, up to 20%, whereas the variations within a run are
at most 2%.

3.2.2 The Uranium Calorimeter

The ZEUS calorimeter is a sandwich uranium-scintillator calorimeter. It consists of a number
of layers of 3:3mm thick depleted uranium (98:1% U238; 1:7% Nb; 0:2% U235) plates wrapped
in stainless steel foils and 2:6mm thick sheets of plastic scintillators. The uranium plates
act as the absorber material in a sense that the energy of particles traversing the material is
reduced due to shower developement. The scintillators are the actual detectors, measuring the
produced shower particles. The scintillators are read out via plastic wavelength shifters by
photomultipliers. The thicknesses of the absorber and detector plates were chosen such that
the response for hadrons and electrons is equal. Hence it is a compensating calorimeter. Due
to its high atomic number (Z) uranium has a small radiation length X0, which thus allows the
detector to be more compact. The purpose of the stainless steel foils is to reduce the signal
from the natural radioactivity of the uranium. It has to be reduced to a level at which it does
not interfere with the measurements of real physics particles but is still high enough to be able
to use the uranium noise signal for calibration purposes.

At 99.6% of the solid angle, the interaction point is covered almost hermetically by the calorime-
ter. The calorimeter is constructed in three parts, the forward (FCAL), barrel (BCAL) and
rear (RCAL) calorimeter. The FCAL covers polar angles from 2:2o to 39:9o, the BCAL from
36:7o to 129:1o and the RCAL from 128:1o to 178:4o. As can be seen in Figure 3.4 the FCAL is

1A period of data taking, which usually lasts a few hours.



Figure 3.7: The structure of a FCAL module.

deeper (151 cm) than the RCAL (86 cm), to account for the asymmetry of the event topology,
due to the di�erence in electron and proton beam energies. Each of the calorimeter parts is
subdivided into modules, which are segmented into towers. As an example a module of the
FCAL is shown in Figure 3.7. The towers of all modules are further segmented into hadronic
(HAC) and electromagnetic (EMC) cells. The size of the front face of the EMC cells is 5�20 cm2

(FCAL, BCAL) or 10� 20 cm2 (RCAL). The hadronic cells are larger: the cross-section at the
front face is 20 � 20 cm2. The depth of the EMC cells in terms of radiation length X0 and
interaction length � is � 25X0 � 1�, with X0 = 0:74 cm and � = 21 cm. The depth of the HAC
cells varies between � 2� in the BCAL and � 3� in FCAL and RCAL. Each tower consists of
four (FCAL, BCAL) or two (RCAL) EMC cells and one (RCAL) or two (FCAL, BCAL) HAC
cells. The towers are constructed such that the EMC cells are on the inner side of the detector,
pointing to the interaction point. In total there are nearly 6000 cells in the calorimeter which
are read out on both sides by photomultipliers, thus resulting in about 12000 channels.

The energy resolution of the calorimeter determined from test beam measurements with some
of the modules is �h=E = 35%=

p
E for hadrons and �e=E = 18%=

p
E for electrons, with E

measured in GeV. The calorimeter is calibrated on a daily basis using the uranium noise signal
and test pulses to an accuracy of 1%. The timing resolution for energy deposits greater than
4GeV is better than one nanosecond. The energy resolution of the calorimeter su�ers from
showering e�ects in the inactive material in front of the calorimeter, which amounts to up
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to four radiation lengths, depending on the angle. To improve the energy measurement the
presamplers can be used, which consist of segmented scintillator arrays positioned directly in
front of the calorimeter sections. The coverage of the RCAL front face by the presampler is
shown in the left-hand diagram of Figure 3.8.

3.2.3 The Small Angle Rear Tracking Detector

The small angle rear tracking detector (SRTD) was installed in 1994 to improve the angle and
energy measurement of the scattered electron in low Q2 DIS events. It is located on the face
of the RCAL covering the region around the RCAL beam pipe hole. The SRTD is positioned
at Z = �148 cm and its outer dimensions are 68 � 68 cm2, which correspond to coverage of the
polar angle � from 162o to 176o. The upper angular limit is given by the 20� 8 cm2 hole for the
beampipe. The right-hand diagram in Figure 3.8 shows the SRTD geometry.

The detector consists of two orthogonal layers of scintillator strips, each strip 10mm wide
and 5mm thick. The pulse height information is obtained via an optical �bre-photomultiplier
readout. Apart from a precise position measurement, the SRTD is also used to correct for
energy losses in the inactive material in front of the detector, and thus improves the energy
resolution of the calorimeter in the same way as the presamplers. In addition, the SRTD also
provides fast timing information for the �rst level trigger (FLT) to reject beam-gas background.

3.2.4 The Luminosity Monitor

Precise knowledge of the time-integrated luminosity Lint =
R Ldt is required for all cross section

and therefore all structure function measurements. The time-integrated luminosity enters the
calculation of a cross section � directly, via

� =
N

Lint
(3.1)
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Figure 3.9: The luminosity monitor system and the 8 and 44m taggers.

where N is the total number of events for a speci�c process measured during a certain time in-
terval. The integrated luminosity can be obtained by measuring the number of eventsN for pro-
cesses with a well-known cross section �. At ZEUS the number of Bethe-Heitler bremsstrahlung
events, ep �! ep
, is counted. The cross section for this process is high and can be calculated
in QED with an accuracy of 0:5%.
Figure 3.9 shows the luminosity monitor system (LUMI) which was constructed to measure this
process. Photons which are radiated at angles smaller than 0:5mrad exit the beam pipe through
a Cu-Be window at Z = �92m and are then detected in the photon detector. It consists of
a lead-scintillator calorimeter with a position detector made out of scintillator �ngers and is
positioned at Z = �107m. The measured photon rate has to be corrected for background events
originating from bremsstrahlung processes with residual gas molecules. The empty proton
bunches paired with electron bunches are used to determine this background. The accuracy of
the luminosity measurement, which depends on the beam conditions, is about 1:5%.

3.2.5 The ZEUS Trigger System

The layout of the ZEUS trigger system is dictated by the HERA bunch crossing time of 96 ns,
corresponding to a collision rate of � 10MHz. The e�ective total interaction rate, which is
dominated by the proton beam interacting with residual gas molecules amounts to about 10�
100 kHz. To select the interesting physics events, ZEUS uses a three-level trigger system, shown
schematically in Figure 3.10.
The �rst level trigger (FLT), which is pipelined, is designed to reduce the rate to a few 100Hz.
Each of the detector components possesses its own FLT and passes its trigger information on to
the global �rst level trigger (GFLT). The decision is based on properties such as energy sums,
thresholds or timing information. The data is stored in local pipelines awaiting the decision of
the GFLT, which returns its decision to the components after 46 bunch crossings � 4:4�s. If
the GFLT decides to keep the event the data is passed on to the second level trigger (SLT).
The SLT is based on software running on a network of transputers. The SLT is designed to
reduce the rate to below 100Hz. It is organised in a similar way to the FLT, with the global
second level trigger (GSLT) taking the decision to reject or accept the event within 7ms. At the
SLT level, information about the vertex, limited tracking information and calorimeter timing



CTD

CTD
FLT

Global

Accept/Reject

Other
Components

Front End

5
µS

 P
ip

el
in

e

CTD
SLT

Accept/Reject

E
ve

nt
 B

uf
fe

r

CTD ...

Event Builder

Third Level Trigger

cpu cpu cpu cpu cpu cpu

Offline Tape

CAL

CAL
FLT

Front End

CAL
SLT

E
ve

nt
 B

uf
fe

r

CAL ...

First Level
Trigger

Global

Other
Components

Second Level
Trigger

Rate
107 Hz

200 Hz

35 Hz

5 Hz

5
µS

 P
ip

el
in

e

Figure 3.10: Schematic diagram of the ZEUS trigger system.

are available for the decision making. If the GSLT decision is positive all components send
their data to the event builder, which combines the data of di�erent components and makes
it accessible to the third level trigger (TLT). The software-based TLT runs part of the o�ine
reconstruction on a computer farm. Detailed tracking is performed, as well as jet �nding and
tagging of the scattered DIS electron. After the �nal TLT decision the rate is reduced to few
Hz. The accepted events are written to tape, with the typical event size of � 100 kBytes, to be
processed by the full ZEUS reconstruction software.

3.2.6 Monte Carlo Simulation of the ZEUS Detector

To correct the measured data for detector e�ects, a Monte Carlo (MC) simulation of all de-
tector components is available. The initial physics processes are generated by event generators



(see Section 4.1). The path of the produced particles through the ZEUS detector, including
particle decays, multiple scattering or energy loss is then described by the ZEUS MC program
MOZART. MOZART is based on the GEANT detector simulation package [Bru89]. It con-
tains subprograms for the simulation of the trigger (ZGANA) and the o�ine reconstruction
(ZEPHYR). The detector simulation is based on the current understanding of the detector
from physics studies and test beam measurements, taking care of the di�erent materials and
the exact geometry. The aim of the detector simulation is to produce signals as close as possible
to real raw data signals, so that the same o�ine reconstruction software can be used for both
MC and data.
In the CTD simulation a hit on a sense wire is produced when a charged particle crosses the
corresponding drift plane. The drift time is obtained assuming constant drift velocity in the
same way as in data. The pulse height is determined from GEANT, which gives a conversion
factor for the energy loss of the particular particle in the gas of the CTD. Thus no information
of the pulse shape is available. The MC does not simulate the avalanches nor the drift of
the ionization to the sense wire. Therefore, e�ects caused by the ionization behaviour which
then show up in the shape of the pulses are not described by the MC. The MC provides the
information of the signals after digitization, i.e. the output of the DSPs. The signals are then
further modi�ed to account for e�ects such as double hits on a wire and chamber geometry in
the same way as it is done in data. Due to the lack of a proper simulation of the ionization
e�ects, the dE=dx information in simulations has to be used with care.





Chapter 4

Physics Simulation

In order to study the detector response for certain physics events, it is necessary to obtain an
event sample in which the deep-inelastic ep scattering process is simulated (event generator)
followed by a full detector simulation. The basis for these simulations are Monte Carlo (MC)
techniques.
The event generator used for this analysis will be described in the �rst section. The second
section describes a NLO calculation for charm production in DIS events, which will be used for
the acceptance correction of the �nal physics results.

4.1 Event Generators

The ZEUS detector is a complex system, and its eÆciency and resolution for determining
particle momenta and positions must be accurately determined. The measured data must be
corrected for these detector e�ects in such a way that the results are detector-independent and
can be compared with other experiments and with theoretical predictions.
The initial physics scattering process is simulated by event generators. They use as theoretical
input the perturbatively calculable QCD for the hard part of the scattering process and phe-
nomenological models to describe the soft physics , such as the parton density functions and the
fragmentation process. In the next step the produced collection of particles, namely hadrons
and leptons, are propagated through the ZEUS detector taking account of decays, multiple
scattering or ionization as described in Section 3.2.6.

4.1.1 RAPGAP

The Monte Carlo event generator used in this analysis is RAPGAP [Jun95]. The generator
starts the physics simulation by generating the four-momenta of the particles involved in the ep
scattering process according to theoretical predictions. The hard scattering process is calculated
using perturbative QCD. The parametrization of the parton densities of the proton can be
selected. For the MC data produced for this analysis the GRV model was chosen, using the
GRVHO94 [Gl�u95] parametrization from the PDFLIB software package [Plo93] (see Section
2.1.7). The generator takes care of radiative processes before or after the actual ep scattering
process, i.e. initial and �nal state radiation. For the QED radiative process along the electron
line, RAPGAP uses the HERACLES event generator [Kiw92] to generate the (e 
� e) vertex
including initial and �nal state radiation as well as virtual corrections. QCD radiative processes
are simulated in QCD parton showers based on the DGLAP evolution equations to leading order
in �s. For a more detailed simulation of the LO processes the exact matrix elements for the
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speci�c process can be included. This is done in case of heavy quark production via the BGF
process. In RAPGAP the BGF process is the only production mechanism for heavy quarks if
the GRV parton density is chosen. Parton showers are used to approximate higher order QCD
corrections in case of BGF heavy quark production.
For the fragmentation of the generated partons into hadrons RAPGAP uses the Lund-string
model as implemented in JETSET [Sj�o94]. In this model a colour string connects the proton
remnant with the produced coloured partons. The further the parton moves away from the
proton remnant, the more energy is stored in the colour string and it breaks up by the production
of q�q pairs. By this method light q�q pairs are produced between the outgoing partons and the
proton remnant. The production of heavy quarks in this process is heavily suppressed due to
their large mass and hence they are not expected to be produced via fragmentation but only
in the hard scattering process. The treatment of the proton remnant is done by the program
LEPTO [Ing97]. In the case of BGF a colour octet gluon is removed from the proton producing
a q�q pair. Two colour strings are produced connecting each of the quarks with parts of the
proton remnant.
To describe the fraction of the charm quark's momentum carried by the charm hadron, RAP-
GAP o�ers a choice between di�erent fragmentation functions. The fragmentation function
taken by default is a modi�cation of the `Lund symmetric fragmentation function' [Sj�o94] for
heavy quarks. It is of the form

f(z) /
1

z1+rQbm
2
Q

za�
�
1� z

z

�a�
exp

 
�
bm2

?

z

!
; (4.1)

where a� and a� are separate parameters for the di�erent 
avours participating, b is a universal
parameter, rQ can be set to di�erent values for charmed or beauty hadrons andm? = m2+p2x+p

2
y

is the hadron's transverse mass. Due to the di�erent parameters for di�erent 
avours, the
momentum spectra of the di�erent charmed hadrons are allowed to be di�erent. Another
possible choice is the Peterson fragmentation function (Equation 2.14). Here the "Q is the only
free parameter speci�c for the di�erent charmed hadrons. However only one value for "Q can be
chosen if the Peterson fragmentation is used for the fragmentation of heavy quarks. Although
"Q is expected to vary with the mass of the picked up light quark (see Section 2.2.3), recent
NLO �ts yield an "Ds equal within errors to "D� [Br00B].
The MC data used in this analysis was produced using the default RAPGAP fragmentation
function. For comparison a small MC sample using the Peterson fragmentation function with
"Q = 0:035 was also generated (see Section 2.2.3). The distribution of interest is the momentum
distribution of the charmed hadrons which decay semileptonically. The left plot in Figure 4.1
shows the momentum distribution of di�erent charmed hadrons in the laboratory frame pro-
duced by RAPGAP with the default fragmentation function. No signi�cant di�erence between
the distributions is seen. The middle and right plot show a comparison between the Peterson
fragmentation function and the default Lund fragmentation function. In case of the charmed
hadrons (middle plot) as well as of the electrons from semileptonic charm decays (right plot)
the momentum distributions produced with the two di�erent fragmentation functions agree
well.
Assumptions have to be made about the multiplicity distributions of the di�erent charmed
hadrons. Exclusive fragmentation fractions have been measured by e+e� collider experiments.
This is also true for the branching ratios of the decays for many charmed hadrons. In particular
the decays of the D0 and the D� have been well studied. If the explicit branching ratios for the
decay is known, RAPGAP uses the value as given by the PDG. For those not yet measured the
values are estimated. The branching ratios are tuned such that the inclusive branching ratios
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of the electrons is negligible. The lower left plot shows the momentum distribution of electrons
from di�erent charmed hadron decays in the laboratory frame. They are also in good agreement.
For comparison the electron spectrum was also obtained using another MC generator, HERWIG
[Mar92]. HERWIG is a general purpose event generator using the cluster hadronization model
to simulate the process of fragmentation. The composition of hadrons is slightly di�erent for
HERWIG. The agreement between RAPGAP and HERWIG is reasonable.
Figure 4.3 shows the pt and � distribution of charm quarks, D� mesons and electrons from
semileptonic charm decays as calculated in NLO with the HVQDIS program. The kinematic
range for the calculation was 0:04 < y < 0:7 and 10 < Q2 < 100GeV2. For the fragmentation
of the charm quark into the D� meson the Peterson fragmentation function was used with
"Q = 0:035. Due to the soft fragmentation, the pt of the charmed meson is only slightly lower
than that of the charm quark and the � distributions agree very closely. Since the electrons only
get a small fraction of the hadron's energy (see Figure 4.2) the transverse momentum clearly
is shifted towards lower values compared to the D� meson resulting also in a more central �
distribution.
The overall cross section for the process c! e�X is �xed by the branching ratio. The di�erential
cross sections also depend on the value chosen for the Peterson parameter, "Q. The HVQDIS
program allows one to compute kinematic distributions for electrons from the semileptonic
decay of single charmed hadrons. The used input momentum distribution for the electrons
from the semileptonic decay is always the same as obtained from RAPGAP. Thus for a correct
calculation of the kinematics, the program would have to be run for all kinds of charmed
hadrons, with the corresponding parameter "Q for the fragmentation. It was shown in the last
section that the momentum distributions of the di�erent charmed hadrons agree well.
The e�ect of a variation of the Peterson parameter, "Q, on the electron distributions is demon-
strated in Figure 4.4. The pt and � distribution of electrons from semileptonic charm decays
are shown for D� production using "Q = 0:035 and "Q = 0:085. A higher "Q value chosen for
the fragmentation corresponds to a lower momentum fraction of the charmed meson and hence
results in a lower momentum of the electron as can be seen in the left plot. Although the
parameter "Q was varied rather drastically the e�ect on the resulting momentum and polar
angular distributions of the electron is small. As mentioned in the last section, recent NLO �ts
resulted in the same parameter "Q = 0:035 for D� and Ds production. Hence this theoretical
uncertainty is neglected in the following.
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Chapter 5

Reconstruction and Selection of the

Inclusive DIS Sample

In this chapter the selection of the inclusive DIS data sample is discussed. First the reconstruc-
tion of DIS events is explained. In the second section the trigger selection and o�ine cuts used
for this analysis are discussed. In the �nal section the agreement between the selected data
sample and a Monte Carlo sample is investigated.

5.1 Reconstruction of DIS Events

To measure the proton structure function F2 in NC DIS events, precise determination of the
kinematic variables x; y and Q2 is necessary. Therefore the measurable quantities, such as energy
and angle of the scattered DIS positron and the hadronic energy 
ow, must be reconstructed
with high accuracy.

5.1.1 The Final State of DIS Events

Figure 5.1 shows schematically a neutral current deep-inelastic scattering event in the ZEUS
coordinate system. The positron is coming from the negative z direction having four-momentum
k before, and k0 after emitting the virtual photon. The polar scattering angle of the positron
�e is measured with respect to the positive z direction. The proton is moving in the positive z
direction with four-momentum P . The struck quark fragments into a jet of particles referred
to as current jet. The four momentum of the entire hadronic system in the �nal state, thus
including the current jet and the proton remnant is P 0. 
h is the polar angle between the current
jet and the positive z direction. Neglecting masses of positron and proton, the four momenta
of the particles can be written as

k =

0
BBB@

Ee

0
0

�Ee

1
CCCA ; k0 =

0
BBB@

E 0

e

E0

e cos (�e) sin (�e)
E0

e sin (�e) sin (�e)
E0

e cos (�e)

1
CCCA ; P =

0
BBB@

Ep

0
0
Ep

1
CCCA ; P 0 =

0
BBB@

P
h EhP
h px;hP
h py;hP
h pz;h

1
CCCA : (5.1)

The sum
P

h runs over all hadronic particles in the �nal state.
In the naive quark parton model the two body �nal state of the e+p scattering process is
completely constrained using two variables, for example the polar angle and energy of the
scattered positron. In this picture the angle 
h is simply the polar angle of the struck quark.
Similarly the kinematics of DIS events can be reconstructed using two measurable quantities.
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Figure 5.1: Schematic drawing of a deep-inelastic ep scattering event.

Which quantities to choose and how to measure them with high accuracy will be discussed in
the next two sections. The determination of x; y and Q2 from the measured quantities will then
be discussed in section 5.1.4.

The appearance of the �nal state of a typical NC DIS event in the detector can be seen in an
event display. Figure 5.2 shows the ZEUS event display for a high Q2, Q2 � 800GeV2, neutral
current event. The typical signature is the well-isolated positron scattered opposite to the
current jet. Both are in this case detected in the BCAL. Some energy deposit from the proton
remnant around the FCAL beampipe region can also be seen.

5.1.2 Identi�cation of the DIS Positron

The measurement of the positron's kinematic variables requires �rst of all the identi�cation
of the scattered DIS positron using electron �nders. The electron �nder used in this analysis
is based on a neural network trained with MC data (named SINISTRA, [Abr95,Sin97]). The
�nder is based on the di�erent shower development of electromagnetic and hadronic particles
in the calorimeter. The cells in the calorimeter are combined to form islands. Starting from
a local energy maximum as a seed point, neighbouring cells above a certain energy threshold
are added. The geometry of the calorimeter, including the gaps between the BCAL and F-
and RCAL is taken into account. Electromagnetic showers are shorter than hadronic showers.
Thus they are concentrated on the EMC part of the calorimeter, whilst energy deposits from
hadronic particles occur also in the HAC part. The di�erent shower depths of the positron and
the hadronic particles can be seen in Figure 5.2.

The output of the neural network is the probability that the island was produced by the
scattered positron. If the probability is above 90% the found island is de�ned to be a positron
candidate. Among the candidates the most probable one is chosen to be the scattered DIS
positron. Figure 5.3 shows the positron �nding eÆciency of the electron �nder versus the true
energy of the scattered positron obtained from a DIS MC sample with Q2 > 1GeV2. Above
positron energies of 10GeV the eÆciency is above 80% and reaches almost 100% for even higher
energies. Low energy positrons produce hadron-like showers, complicating the electron �nding.
Also preshowering of the positron due to inactive material in front of the calorimeter or non-
isolated positrons worsen the identi�cation of the positron. In addition photons or low-energetic
hadrons may fake an electromagnetic cluster, which is then misidenti�ed as the positron.



Figure 5.2: Event display of a neutral current DIS event.

Measurement of the Scattering Angle of the Positron

Once the scattered positron has been identi�ed by the electron �nder, its position and energy
must be determined as precisely as possible. The position measurement is used to reconstruct
the polar positron scattering angle �e, which enters directly into the calculation of x and Q2.
Therefore, especially at small scattering angles, a precise determination of the positron position
is required. In the rear direction the SRTD is used for position measurement (see Section 3.2.3).
The SRTD position resolution is better than 3:0mm. Outside the SRTD region the energy share
between the left and right photomultiplier of a calorimeter cell is used. The overall angular
resolution varies between 0:1 to 0:2o.

Energy Measurement of the Scattered Positron

The energy of the scattered positron is determined using the calorimeter. To improve the
energy resolution the RCAL presampler is used if there is some energy deposit produced by the
positron in this detector component. In addition the SRTD is used as a presampler, whenever
there is a hit from the positron in the detector.
The basic principle of a presampler is the measurement of the multiplicity of the particle
shower. If the particle showers in inactive material in front of the detector, then the multiplicity
increases. Thus the measured multiplicity contains information about the energy loss in inactive
material, and thereby improves the energy measurement of the calorimeter. The applied energy
correction is a simple linear ansatz,

Ecor = Ecal + �pres=SRTD �Epres=SRTD (5.2)

where Ecal is the energy measured with the calorimeter and Epres=SRTD is the energy measured
with the presampler and SRTD respectively. The parameter � is obtained from data using
over-constrained events where the positron energy is known or could be obtained without using
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Figure 5.3: The eÆciency of the electron �nder SINISTRA (left plot) versus the true energy of
the scattered positrons. The positron energy (right plot) in a DIS data sample before (shaded
histogram) and after SRTD and RCAL presampler energy corrections (empty histogram).

the calorimeter. These are for instance kinematic peak events, which are constrained to the
very low-y region, where the scattered electron energy is close to the electron beam energy and
can be accurately determined from the scattering angle. Also used are QED Compton events
(ep ! ep
), where the electron and the photon are contained in the calorimeter and are fully
determined by the measured scattering angles. The achieved accuracy for the corrected positron
energy is 2%. This linear ansatz does not take into account any variation of the thickness of
the inactive material. The right plot in Figure 5.3 shows the e�ect of the energy correction.

5.1.3 The Hadronic Energy Flow

The measurement of the hadronic particles in the �nal state is fully based on the calorimeter.
All calorimeter cells which are not assigned to the scattered positron are considered to belong
to the hadronic �nal state. Therefore the suppression of noise originating from the uranium
and from the electronics is important.

Noise Suppression

To study the noise behaviour of the calorimeter random trigger events have been selected
which contain no particles thus only noise contributes to the signals in the calorimeter. The
predominant noise contribution originates from the uranium radioactivity. The uranium signals
amount to a few tens of MeV per cell, where the energy is the sum of the energy measured by
the two photomultipliers of each cell. The uranium noise signals are distributed equally over
the whole calorimeter. A lower energy cut of 60MeV for every EMC cell and 110MeV for every
HAC cell is applied, to avoid any contribution from uranium noise to the real physics signals.
For isolated cells the minimum energy is required to be even higher, 100MeV for the EMC cells
and 160MeV for the HAC cells. In case only one of the photomultiplier �red or large di�erences
between the two signals of one cell occurred the imbalance, (E1�E2)=(E1+E2), of any cell has
to be lower than 50%, and the cell is removed otherwise. Finally the behaviour of the cells
over a long run range is monitored. Those cells, which show a signi�cantly higher signal than



the others, are not used for the reconstruction of the hadronic variables.

Reconstruction of Hadronic Quantities

The determination of the hadronic parameters su�ers from the limited acceptance of the
calorimeter, where particles can escape undetected in the direction of the beampipe. In addi-
tion the reconstruction of angle and energy becomes complicated for events which do not show
the typical structure as in Figure 5.2, for instance multiple-jet events. To minimize the e�ect
of energy losses along the beampipe the di�erence between the energy and the momentum in
z direction, Æh =

P
h(Eh � pz;h) is used as a measurable quantity for the reconstruction of the

event kinematics. As a second variable the transverse momentum PT;h =
q
(
P

h p
2
x;h) + (

P
h p

2
y;h)

is chosen. The angle 
h can be determined from these quantities by

cos 
h =
P 2
T;h � Æ2h

P 2
T;h + Æ2h

: (5.3)

5.1.4 Reconstruction of the Kinematic Variables

In Section 2.1.1, Equation 2.1 the commonly used kinematic variables x; y and Q2 were de�ned.
They are dependent on the four momenta of the incoming and outgoing particles, which are
fully determined by measurable quantities. At a �xed center of mass energy, the �nal state is
determined by only two variables. This is no longer true if the center-of-mass energy changes
due to the positron radiating o� a photon before interacting with the proton. This process is
called initial state radiation.

Assuming the initial beam energies are known, measuring the positron and hadron quantities
leads to an overconstrained system. Therefore di�erent methods are possible to reconstruct
x; y and Q2, of which the three most accurate and commonly used methods will be explained
in more detail. The accuracy of the di�erent reconstruction methods varies strongly over the
phase space depending on the detector qualities for the di�erent measurements.

Electron Method

The electron method only uses the measured quantities of the scattered positron, its polar angle
�e and its energy E0e. The formula for x; y and Q2 can be derived from Equation 2.1 substituting
the four vectors as de�ned in Equation 5.1.

xe =
Ee

Ep

E0

e(1 + cos(�e))

2Ee � E 0
e(1� cos(�e))

; (5.4)

ye = 1 �
E0

e

2Ee
(1 � cos(�e)) ; (5.5)

Q2
e = 2EeE

0

e(1 + cos(�e)) : (5.6)

Jacquet-Blondel Method

Another possibility is to use only the hadronic quantities to determine the event kinematics.
This method was developed by Jacquet and Blondel (JB) [Jac79]. Using q = k � k0 = P 0 � P

and transverse momentum conservation, pT;e = pT;h, the kinematic variables are given by
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h in the (x;Q2) plane. See text
for further explanation.

yJB =
Æh
2Ee

; (5.7)

Q2
JB =

p2T;h
1� yJB

; (5.8)

xJB =
Q2
JB

s � yJB
: (5.9)

Double Angle Method

A third reconstruction method only uses the measured angles, �DA and 
, and therefore is
independent of any energy scale. The method is called double angle method (DA), and yields
the following expressions for x; y and Q2:
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Figure 5.5: Comparison of the di�erent reconstruction methods. The true variables are plotted
versus the reconstructed ones. The �rst row shows the resolution of the electron method, the
second row the resolution of the double angle method and the third row the resolution of the
Jacquet-Blondel method.

xDA =
Ee

Ep

sin 
h + sin �e + sin (�e + 
h)

sin 
h + sin �e � sin (�e + 
h)
; (5.10)

yDA =
sin �e(1� cos 
h)

sin 
h + sin �e � sin (�e + 
h)
; (5.11)

Q2
DA = 4E2

e

sin 
h(1 + cos �e)

sin 
h + sin �e � sin (�e + 
h)
: (5.12)

Comparison of the Reconstruction Methods

The quality of the di�erent reconstruction methods depends on the accuracy of the measured
quantities used for the reconstruction. To understand the resolution in di�erent regions of the



phase space Figure 5.4 shows isolines of the measured quantities in the (x;Q2) plane. In general
a variable can be measured with high resolution if the isoline density is high, because then shifts
in the measured quantity due to detector e�ects give only small changes of the variable. This
is true only if the isolines run almost perpendicular to the variable. If the isoline is running
parallel to the kinematic variable a change of the measured quantity does not e�ect the variable
at all.
Figure 5.4 a) shows lines of constant energy E0e of the scattered positron. The dotted diagonal
lines indicate di�erent y ranges and the kinematic limit at y = 1. Low positron energies
correspond to high y values, whereas high energies populate the high-Q2 region. In the region
of low Q2 and high y the isolines are dense and parallel to y. Thus the resolution of the
electron method in this region is good, but deteriorates towards low y values, where E0e is
almost constant. Plot b) shows the positron scattering angle isolines as dashed lines. The solid
lines indicate the coverage of the di�erent detector components. The SRTD covers the low-Q2

region where the isolines are further apart towards lower Q2. Thus the precision of the �e
measurement dominates the resolution of Q2

e.
Figure 5.4 c) and d) show the hadronic quantities. The current jet energy is de�ned as the total
hadronic energy, which is a good approximation since the proton remnant disappears through
the forward beampipe in most events. The coverage of 
h by the di�erent calorimeter sections
is indicated by the solid lines.
The Jacquet-Blondel method is very sensitive to noise e�ects in the calorimeter. Especially
in the region of low y and low Q2 small uncertainties in the energy scale can lead to large
migrations of the reconstructed variables.
The resolution of the di�erent methods is shown in Figure 5.5. The true variables are plotted
versus the reconstructed ones for a sample of DIS MC events. The poor resolution of ye in the
low-y region can be seen, as well as good resolution of yJB in this region. Overall the values of
yJB are shifted towards lower values, leading to large migration e�ects. In addition compared to
the other methods, the Jacquet-Blondel method has a poor resolution in x and Q2. The double
angle and electron methods show a comparable resolution in Q2. In x and y the electron method
yields slightly better resolution, whereas overall the resolution of the double angle method is
more stable. Since the double angle method is to �rst order independent of the energy scale
and less sensitive to initial state radiation, this method was chosen for the reconstruction of
the event kinematics.
The three reconstruction methods introduced above can also be combined to the so-called
`mixed methods'. Additional reconstruction methods exist, e.g. the `� method' or the `PT
method'. The `� method' uses the energy and the angle of the scattered positron, E0e and
�e, and the hadronic quantity Æh = � =

P
h(Eh � pz;h). This method often is combined with

the electron method, using Q2
e and y� = �=(� + E0e(1 � cos �e)), called `e� method'. The `PT

method' combines all information of the scattered positron and the hadronic �nal state. The
reconstruction of x; y and Q2 then follows from energy and momentum conservation (for further
information about the reconstruction methods see e.g. [Def99, Fri99, Qua96]).

5.2 Selection of the DIS Data Sample

In this section the selection of the DIS events used for this analysis is outlined. First the trigger
selection will be discussed, followed by a description of the o�ine cuts. Both are based on the
identi�cation of the scattered DIS positron. In addition, several cuts are applied to reject
non-physics or non-DIS background events.
The detector performance was monitored during the whole running period. All runs which



were a�ected by detector problems, such as a large number of bad cells in the calorimeter or
very low statistic runs, which makes the dE=dx corrections worse, were discarded. The total
integrated luminosity taken during the 1996 and 1997 running period and used for the analysis
is Lint = 34:0 pb�1.

5.2.1 Trigger Selection

In Section 3.2.5 the ZEUS trigger system was introduced. Di�erent physics �lters are used
at each trigger level. Each of the physics �lters is designed to trigger events from a certain
process. During the 1996/1997 running period no special trigger existed to trigger DIS events
with a semileptonic decay. Thus for this analysis the inclusive DIS trigger were used to select
the events. The DIS �lters are based on tagging the scattered positron.
In addition at all three trigger levels background events can be rejected using timing informa-
tion. All ZEUS detector components are gated by the HERA clock. They are calibrated in such
a way that for collisions at the nominal interaction point their time is zero. Thus interactions
outside the interaction region produce positive or negative time shifts. Requiring the time to
be within a certain time window is an e�ective way to reject beam gas events, occuring outside
the interaction region.

First Level Trigger (FLT)

At the FLT level, information about energy deposits in calorimeter sections is available. In
addition the calorimeter cells are searched for isolated energy deposits. The CTD provides
information about the existence of tracks pointing to the interaction region. Timing information
from the C5 counter or the VETO wall is used to reject background from beam gas events.
For this analysis three of the DIS �lters were used to select events. Two of them require an
isolated electromagnetic energy deposit in the RCAL of more than � 2GeV as a crude electron
�nding algorithm. In addition the two �lters ask for di�erent combinations of energy in the
di�erent calorimeter sections above a threshold of a few GeV, a track found in the CTD or a hit
in the SRTD. The third �lter requires some energy thresholds in connection with a found track
in the CTD. All �lters require certain timing conditions as measured by the VETO counters to
reject background events. The selection eÆciency for DIS events with this �lter combination is
close to 100% in the kinematic region of this analysis.

Second Level Trigger (SLT)

At the SLT level the calorimeter timing information is used to reject non-physics events. The
time is calculated separately in each of the calorimeter sections as a mean of the time measured
by each photomultiplier. If any of the quantities jtRCALj; jtFCALj or jtFCAL�tRCALj is larger than
8 ns, or the mean of the entire calorimeter time is larger than 10 ns the event is not accepted
by the SLT. This cut removes beam-gas events. To reject cosmic events a cut on the time
di�erence between the upper and lower BCAL halves is applied, (jtup� tdownj < �10 ns). Empty
events, where none of the calorimeter cells has a signal above some threshold, are also removed.
Additional events are rejected, which have low overall activity in the calorimeter, but one high
and isolated energy deposit. This is likely to be due to a noisy cell and not due to a physics
event.
To select DIS events at the SLT level, energy cuts on the di�erent calorimeter sections similar
to those of the FLT are applied. In addition, a logical OR out of the FLT DIS �lters is required.
The speci�c SLT �lter used for this analysis requires (E� pz +2ELumi


 > 29GeV). The quantity



(E � pz) is obtained by summing up all calorimeter cells, (E � pz) =
P

i(Ei � pi;z). ELumi

 is

the energy measured with the photon detector of the luminosity system. For an event fully
contained in the detector, momentumconservation requires (E�pz) to be the same in the initial
and in the �nal state. Hence it follows that it is expected to be twice the incoming positron
energy ((E�pz) = (E�pz)proton+(E�pz)electron ' (Ep�Ep)+(Ee�(�Ee)) = 2Ee = 55GeV). For
DIS events, where the scattered positron is measured somewhere in the detector the (E � pz)

is indeed around 55GeV (see Section 5.2.2 Figure 5.7). Photoproduction events, where the
positron escapes down the beampipe, or beam gas events initiated inside the detector both
show lower values for (E � pz). Cutting away the lower (E � pz) region therefore e�ectively
reduces background events. Due to initial state radiation the initial positron energy is lower
than 27:5GeV. To recover the measured (E � pz) for some of these events the photon energy is
added if it is measured with the luminosity calorimeter. An upper cut on (E � pz) of 100GeV
is also applied to further reduce background like beam gas events or events with noisy cells.

Third Level Trigger (TLT)

At the TLT, combined information from di�erent detector components is available. Di�er-
ent electron �nders are used to identify the scattered DIS positron. Timing cuts to reject
background events are applied, which are similar to the SLT but slightly tighter. The TLT
DIS �lters require the logical OR out of the FLT DIS �lters, (E � pz + 2ELumi


 ) > 30GeV and
(E � pz < 100GeV).
To select the DIS events for this analysis at the TLT level, two di�erent �lters were used. Both
require that at least one out of four electron �nders found a candidate for the scattered positron
with E0e > 4GeV. The electron �nder used for the o�ine selection is one of the four �nders.
The di�erence between the two �lters is the cut on the position of the scattered positron. If
the scattering angle �e is large, the positron hits the SRTD close to the beampipe. In order
to avoid energy leakage at the detector edges, it is necessary to reject hits which are inside
a box of (jX j = 12 cm; jY j = 6 cm) around the beampipe (box cut). High �e corresponds to
low Q2 events. Since the cross section for DIS events increases rapidly towards low Q2 values
the cut on the positron position around the beampipe can be increased to reduce the trigger
rate. One of the TLT �lters only requires the minimal cut at jX j = 12 cm and jY j = 6 cm,
but was prescaled by a factor of 100 for most of the running period during 1997 to reduce the
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Figure 5.6: EÆciency for the di�erent TLT �lters versus the true Q2 of the event, determined
from a sample of DIS MC (0:04 < ytrue < 0:7).



high rate of low Q2 events. The second �lter used changed during the running period 1996.
Initially events were only taken if the positron position was outside a box of jX j = 14 cm and
jY j = 14 cm around the beampipe. This cut was increased to a radial cut of rpositron > 25 cm

for the remaining running period. The events are selected with a logical OR of the two �lters.
Due to the prescale of the �lter with the minimal cut on the positron position, the statistics of
the �nal sample are reduced in the low Q2 region. Figure 5.6 shows the eÆciency of the three
di�erent TLT �lters. The di�erent cuts on the positron position directly correspond to cuts on
Q2. The TLT �lter using only the radial cut of 25 cm is reasonably eÆcient above Q2 values
of � 20GeV2. About 70% of the integrated luminosity was taken with the TLT �lter with the
radial cut and a prescale of 100 on the low-Q2 trigger with the (6� 12) cm2 box cut.

O�ine Bits

The ZEUS physics groups de�ne �lter bits which are calculated during reconstruction. These
bits can be used o�ine for a fast access to the desired data. To select the DIS event sample,
the general neutral current DIS bit was used, which requires the neutral current TLT �lters to
have taken the event.

5.2.2 O�ine Cuts

For the o�ine selection of the DIS event sample the fully reconstructed data was available. Thus
the kinematic variables were calculated using corrections, such as energy or noise corrections,
wherever possible. Some of the cuts applied are similar to those used at the trigger level, but
more stringent.

Cut on the Vertex Z-position

The Z vertex distributions for selected DIS events after the trigger selection are shown in the
left plot of Figure 5.7 for data and MC. The distribution of the data, represented by the stars,
shows a peak around Z = 0 cm. The width of 10 cm is caused by the proton bunch length. A
second peak at Z = 70 cm can be seen, as well as another smaller one at Z = �70 cm. They are
called satellite peaks. They are produced by events where the positrons interact with protons
which were trapped in a neighbouring RF bucket and are therefore ahead or behind the main
proton bunch, by 4:8 ns. A cut on the Z-position of the event vertex of �40 cm is applied mainly
to avoid any contribution from beamgas events. Thereby also the satellite peak events are cut
away. The events from positrons scattering o� the satellite protons are however good physics
events which contribute to the total integrated luminosity. Therefore a good description of
the Z vertex by MC data is necessary to calculate the correct detector acceptance using the
MC events. The black dots in Figure 5.7 show the vertex distribution given by MC. It does
not accurately describe the satellite peaks in the data distribution. For this reason a vertex
reweighting routine was developed, which uses a minimum bias sample from data to reweight
the MC according to the data vertex distribution [Qua98]. The open dots show the reweighted
MC distribution, which gives a better description of the data. The agreement is not perfect
because the data shown is only a small subsample of the 1996 data and not the whole data set
from which the minimum bias sample was extracted.



Zvertex (cm) (E-pz) (GeV) 

Figure 5.7: The left plot shows the Z position of the event vertex for a data sample (stars),
a MC sample (dots) and a reweighted MC DIS sample (open dots). The right plot shows the
(E � pz) distribution of MC DIS events (Q2 > 1GeV 2). The hatched histogram is the subset of
events with a found DIS positron candidate. The dashed line indicates the cut applied o�ine.

The (E � pz) Cut

A lower (E � pz) cut of 38GeV is applied to reduce background from photoproduction events
as well as events with initial state radiation. The right plot in Figure 5.7 shows the (E � pz)

distribution for a sample of DIS MC events (Q2 < 1GeV2). The hatched histogram shows the
subset of those events where a positron candidate inside the detector was found by the electron
�nder. Both distributions show a peak at 55GeV and a long tail towards low (E�pz) from events
with initial state radiation. The events missing in the hatched histogram are those in which the
positron left the detector undetected through the beam pipe. To avoid these ineÆciencies, and
to remove the events with initial state radiation as well as background from photoproduction
events, a cut at 38GeV is applied.

Positron Candidate

The electron �nder SINISTRA described in Section 5.1.2 is used to identify the scattered DIS
positron. To have high �nding eÆciencies (see Figure 5.3) and avoid large impurities due to
misidenti�ed positrons at low energies, the corrected energy of the found candidate is required
to be ESINISTRA

e > 10GeV. A cut on the positron position of (jxj = 12:5 cm; jyj = 6:5 cm) around
the RCAL beampipe is applied, which is slightly tighter than the one applied on TLT level for
the low Q2 con�guration.

Cut on ye

The phase space for the scattered positron with E0e < 27:5GeV to reach the FCAL is limited
(see Figure 5.4). For small positron energies this refers to the region of high y. In this low
energy region the probability is high that the electron �nder falsely identi�es a �0 as the
scattered positron. To avoid contamination of the sample by photoproduction events which
have a misidenti�ed positron candidate, an upper cut of ye < 0:95 is applied.
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Figure 5.9: The (E � pz) (a), yJB (b), 
had (c), ye (d), �e (e) and the corrected positron energy
(f) of the selected data sample (dots) in comparison with an inclusive DIS MC sample (solid
line).

5.3 Comparison of Data and MC

In this section a comparison is made between data and an inclusive DIS MC sample for some
of the relevant variables. DJANGO [Sch91] was used for the generation of the DIS events,
which is an interface between HERACLES [Kiw92] and LEPTO [Ing97] (see Section 4.1.1).
The events are selected with the same criteria in data and MC. The cuts are applied according
to the above discussion in the kinematic region 0:03 < yDA < 0:7 and 1 < Q2

DA < 1000GeV2.
Only the 1996 subsample, corresponding to about L96 = 9:5 pb�1 out of L96=97 = 34:0 pb�1, is
shown in the following �gures. The MC is normalized to the data.

Figure 5.9 a) shows a discrepancy of the (E� pz) distribution between data and MC. The data
is shifted towards lower values. The corrected positron energy in Figure 5.9 f) also shows some
disagreement. The data overshoots the MC in the kinematic peak region around ESINISTR

e =

27:5GeV. A possible explanation for this disagreement could be the SRTD and presampler
energy corrections which are di�erent for data and MC. This is also likely to be the reason for
the shift in the (E � pz) distribution. Figures 5.9 b) and d) show the variables log (yJB) and
log (ye). Both show similar disagreements. The data is below the MC in the high-y region but
overshoots it towards lower y values.

The hadronic angle 
had and the polar angle of the scattered positron �e are shown in Figures 5.9
c) and e) respectively. Good agreement between data and MC is found for these two quantities.

The kinematic variables log (xDA); log (yDA) and Q2
DA are shown in Figures 5.10 a), b) and c)

respectively. The agreement between the data (dots) and the DIS sample (solid line) is good.
Also shown are the distribution for the charm MC sample (dashed line), exhibiting the di�erent
kinematics of charm production in DIS events. Figures 5.10 d) and e) show ptrack and �track
for all tracks coming from the main event vertex. The agreement between data and the DIS
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Figure 5.10: The kinematic variables log(xDA) (a); log(yDA) (b) and Q2
DA (c) of the selected data

sample (dots) compared to an inclusive DIS MC sample (solid line) and the charm MC sample
(dashed line) are shown. The lower three plots show the momentum (d) and the polar angle (e)
of all tracks coming from the event vertex, and the number of tracks itself (f).

and charm MC samples is reasonable. To enhance the number of candidate events for the
later semileptonic charm analysis, only events with at least one track with ptrack > 1:0GeV and
0:55 < �track < 2:6 rad were selected. This results in small peaks at 1 GeV in the momentum
distribution and at 0:55 and 2:6 rad in the polar angle distribution. The total number of tracks
coming from the event vertex is shown in Figure 5.10 f). The number of tracks in the DIS
MC events is shifted towards slightly lower values compared to the data. Due to the decaying
charmed hadrons the average track multiplicity of the charm events peaks at higher values than
for the inclusive DIS events.
The eÆciency corrections to the data are done with the exclusive charmMC sample as described
in Section 4.1.1. Hence the above discussion served only to demonstrate the general shape of
the di�erent variables of the selected DIS sample. The disagreement between the data and the
inclusive DIS MC for the quantity (E�pz) and the positron energy ESINISTRA

e are accounted for
by varying the cuts on these quantities as a systematic check. However, the kinematic variables
x; y and Q2, which directly enter into the calculation of the cross sections are suÆciently well
described for the measurement.



Chapter 6

Charm Selection

In this chapter the selection of charm candidate events from the inclusive DIS sample will be
discussed. In the �rst two sections a general overview is given about charm tagging at ZEUS.
In the third section the use of the CTD for particle identi�cation by the measurement of the
particle's energy loss (dE=dx) due to ionization is explained. The necessary corrections that
have to be applied to use dE=dx in this analysis are presented. In the fourth section, the method
used to identify electrons and the estimation of background electrons from non-charm decays
is explained.

6.1 Identi�cation of Charm with the ZEUS Detector

The identi�cation of charm production in DIS events proceeds via the measurement of the
decay products of charmed hadrons. In the case of open charm production the predominantly
produced hadrons are D mesons. Only a small fraction of the produced charm quarks form
baryons, e.g. �c, �c, �c or 
c. To form a D meson, the charm quark most likely picks up a u

or a d quark forming a D0( �D0) or a D� either in the ground state or in one of the short-lived
excited states such as D�0 or D��. A smaller fraction of the charm quarks fragments into a Ds

meson by picking up an s quark. The produced c�c pair may also form a bound state, such as the
J=	. The contribution of these processes to the inclusive charm cross section in deep-inelastic
ep scattering events is small, between 2:5% and 4:5% [Br99B,Br00A].
Charmed hadrons, which have charged decay products, can be observed in the central track-
ing chamber (CTD). At HERA the production mechanisms of D0, D��,Ds or J=	 have been
investigated [Adl96, Ad99A, Ad99B, Br97A, Br99B, Br99C, Br00A, Br00B]. Measurements of
exclusive decay channels such as J=	! e+e�(�+��) or D0 ! K��+ provide clean signals, but
su�er, especially in the case of D meson production, from small branching ratios for the speci�c
decays. The statistics of the charm signal can be improved using inclusive channels such as the
semileptonic decay of charm quarks, requiring either a muon or an electron in the �nal state.
Since the lifetimes of the ground states of the charmed hadrons are large, O(10�12) s, their decay
vertices are well separated from the primary interaction vertex. A method commonly used by
other experiments to improve charm tagging is to identify these secondary vertices. At HERA
the separation of the decay vertex from the primary vertex is � 100�m. The resolution of the
ZEUS detector is currently not adequate to resolve the secondary vertices. With the installation
of the microvertex detector (MVD) [Br97B] and the straw-tube tracker (STT) [BR98A] in the
year 2000, the general tracking, especially in the forward region, will be substantially improved,
allowing secondary vertices to be tagged.
The results from the analysis of semileptonic charm decays in this thesis will be compared to
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those obtained from the ZEUS measurement of D� production in DIS events using the same
1996/97 data set [Br00A]. The D� method is therefore explained in more detail below.

The D� Decay Channel

Charm production in DIS, as well as in photoproduction, was observed at ZEUS via the mea-
surement of D�� production [Br00A,Br99C] in the following two decay channels,

D�+ �! D0 + �+s
,! K� + �+ (6.1)

,! K� + �� + �+ + �+ ;

and in their charge-conjugate channels1. Due to the small mass di�erence between the D�+

and the D0 meson, �M =M(D�+)�M(D0) = (2010� 1865)MeV = 145MeV, the momentum of
the pion in the D�+ rest frame is very low, hence the subscript \slow" �+s . The mass di�erence
�M can therefore be measured more accurately than the mass of the D�+ or D0 meson itself.
The decay D�+ ! D0�+s has a branching ratio of � 68%. The probabilities for the subsequent
decay of the D0 into charged particles is low, 3.85% for the D0 ! K��+ decay and 7.6%
for the D0 ! K����+�+ decay. Compared to the (K��s) channel, the (K����s) channel has
the advantage of the higher branching ratio but su�ers from larger background due the larger
number of tracks to be combined.
The selection of the desired events starts with the forming of a D0 candidate. In case of the
D0 ! K�+�+ channel, pairs of oppositely-charged tracks are alternately assigned the masses of
a charged kaon and a charged pion. An additional slow track with opposite charge to that of the
kaon track and an assigned pion mass is combined with the D0 to form the D� candidate. For
the selection of the D0 ! K����+�+ channel the same procedure is followed but two negative
and two positive tracks are combined to form the D0 candidate.
Cuts on the pT and � of the di�erent tracks are applied to achieve good tracking resolution and
to reduce the combinatorial background. The kinematic region of the measured D� candidate
is then 1:5 < pT (D

�) < 15GeV and j�(D�)j < 1:5 for the (K��s) channel, and 2:5 < pT (D
�) <

15GeV and j�(D�)j < 1:5 for the (K����s) channel.
The M(D0) signals are obtained by selecting events with 143 < �M < 148MeV. To pick out
the �M signal, a cut on M(D0) is applied: 1:80 < M(D0) < 1:92GeV for the (K��s) channel
and 1:81 < M(D0) < 1:91GeV for the (K����s) channel. The obtained M(D0) distributions are
shown in Figures 6.1 a) and c) for the (K��s) and (K����s) channels respectively and Figures
6.1 b) and d) shows the �M distribution for the two channels. The distribution of M(D0) for
the (K��s) channel exhibits a second peak around 1.6 GeV. These are events originating from
D0 ! K����0 decays where the neutral pion is not reconstructed.
The dashed lines in Figures 6.1 c) and d) represent the background events of the (K����s)

channel. The background events are obtained using events from side-bands in the �M dis-
tribution outside the signal region to form the D0 background and vice versa for the �M

background distribution. The distributions are �tted and the measured values for the mass of
the D0 and the mass di�erence �M agree well with the PDG values [Cas99]. M(D0)K��s =

1863:2�0:8MeV; M(D0)K����s = 1862:7�1:5MeV; M(D0)PDG = 1864:6�0:5MeV and �MK��s =

145:44� 0:05MeV; �MK����s = 145:61� 0:05MeV; �MPDG = 145:397� 0:030MeV. The number
of selected D�� events for the (K��s) channel is 2064 � 72, determined from a �t to the �M

distribution. For the (K����s) channel a signal of 1277 � 124 D�� events was obtained by
subtracting the background events estimated from the side-bands.

1In the following the charge-conjugate is always implied.



Figure 6.1: a) and c) show the mass distributions M(D0) for the (K��s) and (K����s) channels
respectively. b) and d) show the �M signals for the (K��s) and (K����s) channels respectively
[Br00A].

For the extraction of the charm contribution to the proton structure function F c�c
2 , the measured

D�� cross section has to be extrapolated to the full phase space in pT (D
�) and �(D�). The

acceptance of the D�� candidates varies between 25% and 65% for the (K��s) channel and
between 10% and 25% for the (K����s) channel. To convert the measured cross section for
D�� production into a charm cross section, the hadronization fraction f(c ! D��) = 0:222�
0:014� 0:014, as measured by the OPAL collaboration, is used [Ack98].

The Semileptonic Decay

The D� channel provides a clean charm signal, but due to the low overall branching ratio of
BR(c ! D� ! D0�s ! K��s(K����s)) = 0:6% (1:2%) the statistics are very limited. The
semileptonic decay of charm quarks into electrons or muons yields better statistics due to
the higher branching ratio of BR(c ! e�X(��X)) � 10%. However, since it is an inclusive
measurement, the background of electrons or muons that do not stem from semileptonic charm



p
 (G

e
V

) 

arbitrary units

Θ
 (ra

d
) 

arbitrary units

F
igu

re
6.2:

M
om

en
tu
m

(left
plot)

an
d
theta

(right
plot)

distribu
tion

s
of

e
�
(solid

lin
e)

an
d
�
�

(dashed
lin
e)

from
sem

ilepton
ic

charm
decays

obtain
ed

from
a
R
A
P
G
A
P
D
IS

M
C

sam
ple

of
charm

even
ts.

d
ecay

s
m
u
st
b
e
estim

ated
.

F
igu

re
6.2

sh
ow

s
th
e
m
om

en
tu
m

an
d
th
eta

d
istrib

u
tion

s
of

lep
ton

s
from

sem
ilep

ton
ic
ch
arm

d
ecay

s
in

th
e
lab

oratory
fram

e.
T
h
e
d
istrib

u
tion

s
are

ob
tain

ed
u
sin

g
a
D
IS

M
C
sam

p
le
(Q

2
>

0
:6
G
eV

2)
of
ch
arm

even
ts
gen

erated
w
ith

R
A
P
G
A
P
.
T
h
e
m
om

en
tu
m
d
istrib

u
tion

s
for

b
oth

th
e

electron
s
an
d
th
e
m
u
on
s
p
eak

at
low

m
om

en
ta

b
etw

een
0
:2
to

0
:6
G
eV
.
T
h
e
m
u
on

sp
ectru

m
is

sh
ifted

to
sligh

tly
h
igh

er
m
om

en
ta

com
p
ared

to
th
e
electron

s.
T
o
tag

th
e
m
u
on
s
from

sem
ilep

ton
ic
d
ecay

s
at

Z
E
U
S
th
e
m
u
on

ch
am

b
ers

are
gen

erally
u
sed

(see
S
ection

3.2).
H
ow

ever,
in
ord

er
to

reach
th
e
in
n
er
m
u
on

ch
am

b
ers

th
e
m
u
on

h
as

to
traverse

th
e
calorim

eter,
an
d
to

reach
also

th
e
ou
ter

ch
am

b
ers

th
e
b
ack

in
g
calorim

eter
also

h
as

to
b
e

p
assed

.
H
en
ce

th
e
m
u
on

m
om

en
tu
m

d
istrib

u
tion

m
easu

red
w
ith

th
e
m
u
on

ch
am

b
ers

h
as

an
im

p
lied

low
er
m
om

en
tu
m
cu
t
of
ab
ou
t
2
G
eV
,
cu
ttin

g
aw

ay
m
ost

of
th
e
sign

al
(see

F
igu

re
6.2).

U
sin

g
on
ly

th
e
C
T
D

an
d
th
e
calorim

eter
to

tag
m
u
on
s
is
n
ot

feasib
le,

b
u
t
th
ey

are
u
sed

in
com

b
in
ation

w
ith

th
e
m
u
on

ch
am

b
ers

to
im

p
rove

th
e
track

in
g
resolu

tion
.

T
h
e
d
etection

of
electron

s
d
oes

n
ot

en
tail

su
ch

a
severe

m
om

en
tu
m
cu
t.
T
h
ey

can
b
e
id
en
ti�

ed
u
sin

g
for

in
stan

ce
th
e
calorim

eter
an
d
th
e
H
E
S
or

th
e
p
resam

p
ler

d
etectors.

T
h
e
m
eth

od
u
sed

in
th
is
an
aly

sis
m
akes

u
se
of
th
e
en
ergy

loss
m
easu

red
w
ith

th
e
C
T
D
com

b
in
ed

w
ith

in
form

ation
ab
ou
t
th
e
en
ergy

d
ep
osit

in
th
e
calorim

eter.

6
.2

S
e
m
ile
p
to
n
ic

D
e
c
a
y
s
o
f
C
h
a
rm

Q
u
a
rk
s
in
to

E
le
c
-

tr
o
n
s

A
t
Z
E
U
S
th
e
p
ossib

ility
of

m
easu

rin
g
electron

s
from

sem
ilep

ton
ic

ch
arm

d
ecay

s
u
sin

g
th
e

m
easu

rem
en
t
of
th
e
en
ergy

loss
d
E
=
d
x
w
ith

th
e
C
T
D
w
as

�
rst

in
vestigated

w
ith

th
e
1993

d
ata

set
[W

ou
95].

T
h
e
resu

lts
w
ere

lim
ited

b
y
th
e
sm

all
statistics

an
d
relativ

ely
p
oor

u
n
d
erstan

d
in
g

of
d
E
=
d
x
.
Im

p
roved

resu
lts

w
ere

ob
tain

ed
w
ith

th
e
1995

d
ata

set
d
u
e
to

larger
statistics

an
d

a
b
etter

u
n
d
erstan

d
in
g
of

d
E
=
d
x
.
U
sin

g
th
is
d
ata

set
th
e
ch
arm

con
trib

u
tion

to
th
e
p
roton

stru
ctu

re
fu
n
ction

,
F
c
�c

2
,
w
as

ex
tracted

for
th
e
�
rst

tim
e
u
sin

g
th
e
sem

ilep
ton

ic
d
ecay

ch
an
n
el

[H
eb
99,

V
er98].

T
h
e
1996/97

d
ata

set
p
rov

id
es
a
factor

of
six

m
ore

lu
m
in
osity

th
an

th
e
1995

set.
D
u
e
to

th
e
in
creased

statistics
fu
rth

er
d
etailed

stu
d
ies

con
cern

in
g
d
E
=
d
x
an
d
its

ap
p
lication

in



this analysis could be performed. A similar method was used to extract a beauty cross section
in photoproduction with the 1996/97 data set [Wi99A, Wi99B].

Although the branching ratio of the semileptonic charm decay is about a factor of 10 higher
than for the D� channel the absolute gain in statistics by this method is lower, about a factor
of 3 to 4. This is due to the limited electron acceptance and will be further discussed in Section
7.5.6, where the results of the two independent decay channels will be compared.

The use of dE=dx in combination with the calorimeter information as explained in Section 6.4
allows the measurement of an inclusive electron signal. Thus the background from electrons
from non-charm decays must be estimated and subtracted (see Section 6.4.1).

6.3 Particle Identi�cation using the CTD

Particles traversing the volume of the CTD lose energy by ionization of the gas molecules. The
amount of the energy loss per unit length along the path (dE=dx) depends on the particle's
velocity and therefore on its mass. This means that the measurement of the energy loss with the
CTD o�ers the possibility of distinguishing between di�erent particle types. The transformation
of the raw pulse size into the quantity dE=dx and the corrections applied during reconstruction
are described in Section 3.2.1. This section gives a brief overview of the expected energy
loss from a theoretical point of view and a comparison with dE=dx measurements at ZEUS.
Additional o�ine corrections which are applied to be able to use the dE=dx information for this
analysis are also explained.
For charged particles other than electrons the energy loss whilst traversing matter proceeds
predominantly via ionization. The mean energy loss dE per path-length dx for a particle with
charge z and velocity � = v=c is described theoretically by the Bethe-Bloch equation [Cas99]

�
dE

dx
= Kz2

Z

A

1

�2

 
1

2
ln
2mec

2�2
2Tmax
I2

� �2 �
Æ

2

!
; (6.2)

where K = 4�NAr
2
emec

2, A is the atomic mass of the material and Z is the atomic number.
I is the mean excitation energy, which is diÆcult to calculate, but may be determined from
measurements for di�erent materials. For materials with Z > 20 it is given approximately by
I = Z 10 eV . Tmax is the maximum kinetic energy which can be transfered to an electron in
one single collision allowed by the kinematics. A good approximation is Tmax = 2mec

2�2
2

for particles with mass M , where M � me [Leo92]. Æ is the density e�ect correction which is
important at high energies. Polarization of the atoms along the path of the charged particle
leads to a shielding e�ect for electrons far from the particle path. This leads to a reduced
energy loss of particles at high energies. The size of the e�ect depends on the density of the
material. The mean energy loss in one single collision is small, O(10�6 � 10�5GeV=cm), when
compared to the total energy of the particles. Therefore the assumption that the momentum
of the particles stays constant on their way through the CTD, and hence the mean energy loss
per path-length dE=dx is the same in each collision is justi�ed.
The Bethe-Bloch equation describes the energy loss as a function of � = v=c =

p
1� 1=
2 =

cj~pj=E, which dependends on the momentum and mass of the particle. The left plot in Figure
6.3 shows the predicted energy loss for pions, kaons and protons according to the Bethe-Bloch
formula. The density correction is neglected. The energy loss is normalized to the energy loss of
pions with 0.3 GeV momentum. At non-relativistic energies the energy loss, dominated by the
1=�2 factor, decreases until p=(Mc) = �
 ' 3 (minimum ionizing particles). For higher energies
the energy loss rises logarithmically. Taking the density corrections into account cancels the
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Figure 6.5: The dE=dx distribution of electrons from photon conversions (left plot) and for neg-
atively charged hadrons (right plot). The electron sample contains a small fraction of hadrons,
which have dE=dx values around 1 mip (see Section 6.4.1). All tracks are required to have
ptrack > 1:2GeV and 0:65 < �track < 2:5 rad. The distribution for the electrons is also plotted in
the right plot for comparison (dashed histogram).

tivistic limit at lower momenta than hadrons. Therefore their energy loss does not exhibit
the momentum dependence, and is expected to be constant in the momentum region under
consideration.

At ZEUS a dE=dx parametrization and a dE=dx likelihood for particle identi�cation was de-
veloped [Dep99]. The solid lines in Figure 6.4 show the �tted dE=dx parameterizations for the
di�erent particle types. Of interest for this analysis is the separation between electrons and
hadrons. The dE=dx distribution for electrons is almost constant with momentum. At low
momenta, below 1GeV, the energy loss of hadrons varies strongly with momentum and thereby
overlapping with the constant value of the electron energy loss. Thus a separation between
electrons and hadrons in this region is not feasible. At high momenta however the dE=dx of
hadrons forms a broad band which is separated from that for electrons. The dE=dx resolution
and the separation between electrons and negatively charged hadrons in the high momentum
region is demonstrated in Figure 6.5. All tracks have ptrack > 1:2GeV and 0:65 < �track < 2:5 rad.
The cut on the � range ensures that the tracks pass through all nine superlayers of the CTD,
thus producing the maximal number of hits. For tracks outside this angular region the dE=dx

dE/dx  (mip) dE/dx  (mip) 

Figure 6.6: Comparison of the dE=dx distribution of tracks from positively (solid histogram)
and negatively (dashed histogram) charged particles for an inclusive sample of tracks with 0:2 <

p < 0:5GeV (left plot) and p > 3:0GeV (right plot). The shoulder at 1:5mips in the distribution
for positively charged particles in the right plot stems from the scattered DIS positrons.



resolution decreases rapidly, because the number of hits which are used for the dE=dx mea-
surement decreases. The dE=dx resolution in this central region of the CTD is about 10%.
The dE=dx distribution of the electrons in Figure 6.5 is broader than the hadron distribution.
This is caused by the momentum and polar angular distribution of the electrons from photon
conversions. The momenta of the electrons are lower compared to the hadrons, and they are
predominantly produced at shallow angles with respect to the beam axis. Both aspects decrease
the resolution of the dE=dx measurement.
All studies concerning dE=dx measurements must be performed separately for negatively and
positively charged particles. Due to the CTD geometry there is a di�erence in tracking eÆciency
and FADC pulse shape between positive and negative particles, especially for low momentum
tracks [Cat95,Dep99]. Due to the form of the magnetic �eld close to the sense wires of the CTD,
the electrons from positive tracks arrive over a shorter time interval than those from negative
tracks. This results in a di�erent pulse shape for tracks from negatively and positively charged
particles and a lower pulse height for negatively charged particles. The e�ect diminishes for
increasing momenta. Figure 6.6 demonstrates the dE=dx di�erence for positively and negatively
charged particles. The left plot shows the shift of dE=dx towards lower values for an inclusive
sample of negatively-charged particles in the low momentum range, 0:2 < p < 0:5GeV. This
shift vanishes at high momenta, as can be seen in the right plot. The tracks stem predominantly
from pions and therefore peak around 1 mip. The shoulder at dE=dx � 1:4mips in the dE=dx
distribution for the high momentumpositive tracks originates from the scattered DIS positrons.

6.3.1 Corrections to dE=dx

At ZEUS the measured energy loss is given as truncated mean of the FADC signal, normalized
to the mean energy loss of minimum ionizing positive pions as described in Section 3.2.1. Several
corrections for chamber e�ects and track geometry are applied in the reconstruction software,
such that the value of dE=dx is only expected to depend on the particle type, its charge and its
momentum. Nevertheless, a dependency of dE=dx on the polar angle of the track and on the
event multiplicity was found. All studies described in the following were performed with the
inclusive DIS sample (see Section 5.2) thus the obtained correction functions are optimized for
this analysis. Considering the di�erence between positive and negative tracks all corrections
have to be determined for each charge separately.

Dependence of dE=dx on the Polar Angle of the Track

In 1994 the dependence of the measured energy loss on the polar angle of the track was observed
for the �rst time. The mean energy loss decreases towards steep angles with respect to the beam
axis, and increases for shallow angles with respect to the beam axis. The dashed histogram in
Figure 6.7 shows the mean energy loss versus the polar angle � of the track for a clean sample of
electrons from photon conversions measured with the 1996/97 data set (see Section 6.4.1). The
distribution exhibits a clear dip around � = 90o. For electrons the energy loss varies up to 7%
but it is less pronounced for particles with lower energy loss. The dotted histogram shows the
mean energy loss for an inclusive sample of negatively charged hadrons with p > 1:2GeV. No
e�ect can be seen. However the hadron sample is a mixture out of di�erent particles, mainly
pions but also anti-protons and kaons.
The reason for this angular dependency is the so called \space-charge" e�ect. At polar angles
around 90o the amount of charge produced per centimetre along a wire due to the energy loss by
ionization is larger than at shallower angles. Thus a saturation of the gas ampli�cation occurs
at the wire. This e�ect is even more pronounced for large energy losses. From 1995 onwards,
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Figure 6.7: Dependence of the energy loss dE=dx on the polar angle � of the track for electrons
from clean photon conversions and for hadrons (p > 1:2GeV ). The solid line shows the angular
behaviour of the dE=dx for electrons after applying the space charge correction. To obtain the
mean energy loss, a Gaussian function was �tted to the dE=dx distribution in each � bin. The
error on the mean is the error on the peak position.

the size of this e�ect was reduced by lowering the high voltage of the CTD, thus by reducing
the gain. However to have reasonable tracking eÆciency the high voltage cannot be lowered
any further, and so a correction for this e�ect has to be applied.

To obtain the correction function the dE=dx distribution for electrons in Figure 6.7 was param-
eterized with respect to the polar angle. Since the energy loss of electrons does not depend on
the momentum of the particles, all clean conversion electrons tagged in the 1996/97 data set
with p > 0:2GeV were used. The corrected energy loss for electrons is shown in the same �gure
by the solid histogram. This correction function is only valid for electrons but is in fact applied
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Figure 6.8: The dependence of dE=dx on the track multiplicity of the event. The shaded his-
togram in the left two plots shows the dE=dx distribution for hadrons (p > 1:2GeV; 0:65 < � <

2:5 rad; q = �1) in events with only 1-3 tracks, compared to the distribution for tracks from
events with 10-12 (left plot) and 22-24 (middle plot) tracks. The right plot shows the mean
energy loss versus the track multiplicity of the event. The error on the mean is the error on the
peak position.
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Figure 6.9: The dependence of dE=dx on the track multiplicity of the event for DIS positrons
measured in the BCAL (dashed histogram) compared to positrons from photon conversions (solid
histogram).

for all tracks, as will be discussed in the next section. Another possible correction function
taking the di�erent size of the e�ect for di�erent values of dE=dx into account is also possible.
The latter method will be used as a systematic check (see Section 7.2).

Dependence of dE=dx on the Track Multiplicity

The dependence of the measured energy loss on the track multiplicity of the event was �rst
observed during the analysis of the 1995 data set [Heb99]. The e�ect is demonstrated in Figure
6.8. The mean energy loss increases if the number of tracks in the event increases. The left
two plots show dE=dx distributions of negatively charged hadrons with ptrack > 1:2GeV and
0:65 < �track < 2:5 rad. The shaded histogram represents tracks from events with only 1-3 tracks
whereas the points show the distribution for the same kind of particles but out of events with
10-12 (left) and 22-24 (right) tracks. Only those tracks which are measured to come from
the main interaction vertex are included. In addition to the vertex tracks, a large number of
additional tracks exist which do not stem from the interaction vertex, for instance those from
backscattering particles. About 50% of all tracks are measured to originate in the event vertex,
but this fraction varies strongly with the kinematic region (x;Q2) of the event (see Figure C.2
in Appendix C).

The overall shift of dE=dx amounts to at most 4%. Since most tracks are part of a jet of

vertex

-Ω cone

0.7 rad

Ω

r

R(candidate track)

(track i)

Figure 6.10: Illustration of the 
-cone, to de�ne the isolation of a track.
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Figure 6.11: The dependence of dE=dx on the isolation of the track. The shaded histogram in
the left two plots shows the dE=dx distribution for well isolated tracks, with no other track inside
a cone of 0.7 rad. In comparison the distribution for tracks with three (left) and six (middle)
other tracks inside a cone of 0.7 rad is shown. The right plot shows the mean energy loss versus
the number of tracks inside a cone of 0.7 rad.

particles, the e�ect is more likely to depend on a local track multiplicity than on the overall
event multiplicity. To test this idea the energy loss of DIS positrons detected in the BCAL
was investigated. The scattered DIS positron is isolated (see Figure 5.2) balancing the pT of
the current jet. To have a reasonable dE=dx resolution the scattered positron is required to be
found in the BCAL, equivalent to 0:64 < �DIS e+ < 2:25 rad. About 15000 events were found in
the 1995-97 data sets. The dE=dx dependence of these tracks on the event multiplicity is shown
in Figure 6.9, compared to the dE=dx of positrons from photon conversions in these events.
No e�ect can be seen for the isolated DIS positrons. The conversion positrons show a shift
towards higher dE=dx for higher multiplicities, which is of the same order as the one for the
hadron sample in Figure 6.8. However the mean dE=dx value for the scattered DIS positrons
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Figure 6.12: dE=dx versus the number of tracks inside a cone of 0.7 rad for electrons (left),
before correction (solid histogram) and after correction (dashed histogram). The isolation of
the tracks versus the event multiplicity (middle). The dependence of dE=dx on the closest other
track for the inclusive hadron sample tracks (right).



di�ers from that of the conversion positrons even in the lowest multiplicity bin. This can be
explained by the chamber geometry, similar to the di�erence between positively and negatively
charged particles, as already mentioned above. A study of the momentum dependence of the
energy loss of positrons and electrons from photon conversions has shown that for electrons
dE=dx is constant with respect to the momentum as expected from theoretical predictions.
Positrons however show a shift of dE=dx towards lower values for high momenta. This e�ect is
also existent for hadrons in addition to the momentum dependence as predicted by the Bethe-
Bloch formula. Therefore for the high momentum DIS positrons the dE=dx is shifted towards
lower values compared to the low momentum conversion positrons even though both tracks are
almost isolated in the lowest multiplicity bin.
To parameterize the isolation of tracks, the number of vertex tracks inside a cone around
the candidate track is counted, as illustrated in Figure 6.10. The angle 
 is de�ned as cos 
 =

~r � ~R=(j~rjj~Rj). Tracks which do not stem from the interaction vertex cannot be taken into account
in this procedure, since their polar and azimuthal angle is not precisely de�ned with respect
to the ZEUS coordinate system. The dependence of the dE=dx of a track on the isolation can
be seen in Figure 6.11 for a hadron sample selected in the same way as for the multiplicity
dependence study shown in Figure 6.8. The shaded histograms in the left two plots show the
dE=dx distribution for well isolated tracks where no other vertex track was found inside a cone
of 
 = 0:7 rad. The points show the shift of dE=dx towards higher values for three (left plot)
and six (middle plot) other tracks inside a cone of 0.7 rad. The right plot shows the mean
dE=dx versus the number of tracks inside a 
-cone of 0.7 rad. A clear shift to higher dE=dx
values for less isolated tracks can be seen. The overall shift amounts to up to 4%. Thus it is
of the same order as the shift with multiplicity.
Another indication that the e�ect depends on the isolation of the tracks and not on the overall
track multiplicity of the event can be seen in in the rightmost plot of Figure 6.12. It shows the
mean dE=dx of the hadron sample tracks versus the distance �
 in (�; �) to the closest other
vertex track. The more separated the next track, the lower the dE=dx of the track. The middle
plot in Figure 6.12 shows the track multiplicity of the event versus the isolation of the tracks.
As expected a clear correlation is seen.
To correct for this e�ect, the 
 distribution in the right plot in Figure 6.11 is used. For each
track the number of tracks, Ntrack, inside a cone of 0.7 rad is determined and its dE=dx value
corrected to that of an isolated track: 

dE

dx

!
corrected

=

 
dE

dx

!
measured

�

0
@ dE

dx

!
(Ntrack)�

 
dE

dx

!
(Ntrack = 0)

1
A : (6.3)

The shift of the dE=dx value with the number of tracks inside the cone is of the same order
for electrons and for hadrons. This allows the use of the correction obtained from the inclusive
hadron sample for any particle type. In the case of electrons, the left most plot in Figure 6.12
shows that the e�ect for conversion electrons (solid histogram) is suÆciently corrected (dashed
histogram) by this method. To resolve the multiplicity problem, the chosen 
-cone has to be at
least 0.7 rad. Using a smaller cone for the correction does not correct entirely the multiplicity
dependence. The same problem exists if the distribution of the closest other track (right plot
in Figure 6.12) is used for the correction.
Figure 6.13 shows the mean dE=dx versus the track multiplicity of the event before (dashed
histogram) and after (solid histogram) the applied 
 correction, for the inclusive hadron sample
(left plot) and electrons from photon conversions (right plot). The correction seems to fail for
the highest multiplicity bins. Since the statistics in those bins are low, the expected e�ect of
this remaining multiplicity dependency is expected to be negligible.
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Figure 6.14: The ratio EEMC=Etot of the matched condensates for hadrons (left plot) and elec-
trons (right plot) obtained from MC data.

local cluster of calorimeter cells. The aim is to gather together cells which belong to the energy
deposit of one single particle. The condensates are built in a similar way as the islands in
Section 5.1.2, but are generally smaller objects. To match the condensate with a particle, the
track of the particle is extrapolated to the calorimeter surface. The condensate closest to the
extrapolated track is taken as the matched one. Isolated tracks are usually found to belong to
only one condensate, whereas nearby particles in dense jets may be merged into one condensate.
Since electromagnetic showers are typically shorter than hadronic showers, electrons predom-
inantly produce signals in the EMC part of the calorimeter. Hence the fraction of energy
deposited in the EMC part (EEMC) compared to the total energy deposit (Etot) contains infor-
mation about the particle type.
Figure 6.14 shows the ratio EEMC=Etot of condensates from hadron tracks (left plot) and electron
tracks (right plot), obtained from an inclusive DIS Monte Carlo sample. For electrons the
ratio, EEMC=Etot, of the matched condensate peaks at 1. The condensates with low EEMC=Etot

values originate from mismatches, where the wrong condensate is matched to the electron
track. Increasing the matching quality by lowering the distance between the extrapolated track
and the condensate increases the fraction of condensates with EEMC=Etot = 1. Most of the
condensates produced by hadrons also have major energy deposits in the EMC part. However
a substantial amount of hadronic tracks leave energy in the HAC part, producing condensates
with EEMC=Etot below 50%. Hence a cut on the quantity EEMC=Etot allows one to obtain an
almost purely hadronic sample of tracks. Selecting tracks with matched condensates having
EEMC=Etot > 0:9 on the other hand results in a sample of predominantly hadronic tracks but
also containing the tracks that stem from electrons. The quantity EEMC=Etot of the matched
condensates is used in this way to produce two samples of tracks:

� the signal sample: all tracks that have a matched condensate with more than 90% of its
energy in the EMC part of the calorimeter (EEMC=Etot > 0:9).

� the background sample: all tracks that have a matched condensate with less than 40%
of its energy in the EMC part (EEMC=Etot < 0:4) and an energy of at least 300 MeV
deposited in the HAC section to avoid noisy cells (in addition the the general noise cuts
which are already applied to all calorimeter cells, see Section 5.1.3).

Statistically subtracting the dE=dx distribution of the appropriately normalized background
sample from the signal sample should yield the dE=dx distribution of the electrons in the
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Figure 6.15: The dE=dx distributions of the signal sample (upper plots) and the background
sample (lower plots) for negatively (left plots) and positively (right plots) charged particles, as
obtained from a DIS MC. The di�erent particle types are plotted separately. All tracks have
ptrack > 1:2GeV and 0:65 < �track < 2:5 rad.

selected events. Since the measured energy losses for positive and negative tracks for particles
of the same type and momentum di�er, the whole method has to be performed for positive
and negative tracks separately. The subtraction method only works if the background sample
describes the dE=dx distribution of the hadrons in the signal sample exactly. Several aspects
in
uence the dE=dx of a track and therefore have to be taken into account.

� Although the hadrons form a broad dE=dx band at high momenta (see Figure 6.4) the
mean dE=dx values are still di�erent for kaons, protons and pions. The majority of
hadronic tracks originate from pions. However the mixture of hadronic particles should
be the same in the signal and in the background sample.

� The energy loss of hadrons rises with increasing momentumwhereas the dE=dx of electrons
stays constant. The background sample tracks have higher momenta than the signal
sample tracks due to the requirement of at least 60% energy deposit in the HAC part.
Hence the background sample tracks have to be reweighted to match the momentum
distribution of the signal sample.

� The measured energy loss of a track depends on the polar angle and on its isolation as
discussed in the last section. The correction functions have to be optimized for the selected
sample of tracks. The correction for the space charge e�ect is obtained for electrons only
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Figure 6.16: The pion (upper plots), kaon (middle plots) and proton (lower plots) fraction of all
hadrons for the signal (solid histogram) and background sample (dotted histogram). Negatively
(left plots) and positively (right plots) charged particles are shown separately.

but is applied to any track. Since the � distributions of the signal and background samples
are di�erent, a reweighting of the background sample in � has to be performed.

In order to study the hadron mixture in the two samples, a DIS MC sample is investigated.
Figure 6.15 shows the dE=dx distributions for the signal and background samples for positively
and negatively charged particles separately. It should be noted that the dE=dx distributions
are only used to represent the hadron fractions. As already discussed in Section 3.2.6 the MC
simulation of the energy loss in the CTD has to be used with care, and does not describe all
e�ects correctly. The majority (about 70%) of all tracks stems from pions, whereas the fraction
of kaons and protons varies. Figure 6.16 shows the ratio of the di�erent hadron types to all
hadrons.

The Positron Channel

For positively charged particles a clear di�erence between the signal and the background samples
is observed in the kaon fraction. The background sample consists of about 24% kaons whereas
the signal sample only contains about 13% kaons. The fraction of signal sample protons is
small, about 10%, and slightly lower in the background sample. The particle ratios stay
constant with momentum, so an increased momentum cut does not bring the kaon fraction
of the two samples into agreement. Variation of the EEMC=Etot cut does not in
uence the
ratios considerably either. The correct simulation of the hadron tracks in the signal sample
by the background sample is the basis of the statistical subtraction method. Due to the large
kaon di�erence the method is not directly applicable to the positive channel. Performing the
method with positive tracks indeed gave no clear electron signal but a double peak structure.
In addition a sizeable background from scattered DIS positrons is expected [Ver98]. This is



possible if a photon from initial state radiation is misidenti�ed as the scattered positron and
the DIS positron is then selected as a signal sample track. Finally the whole analysis should
be done separately for negative and positive tracks due to the di�erent dE=dx systematics.
The above considerations lead to the decision to analyse only the negative channel.

The Electron Channel

For negative tracks the fraction of kaons in the signal and background samples are the same
within errors. The overall fraction of kaons amounts to about 17%. The relative number of
protons is small, but di�ers for the two samples. About 12% of the tracks in the signal sample
stem from protons whereas the background sample contains only 6% protons. The fraction of
protons does not vary with an increase of the momentum cut or a variation of the EEMC=Etot

cut. The estimation of the systematic e�ect on the electron signal due to the di�erent proton
fraction will be discussed in Section 7.2.
The �nal track selection is optimized to achieve good tracking and dE=dx resolution and clean
matching. The detailed track requirements are the following:

� Given the fact that the resolution of the ZEUS detector during 1996 and 1997 was not
adequate to resolve secondary vertices, the track is required to come from the main event
vertex.

� Track momentum: 1:2 < ptrack < 5GeV, where the upper cut avoids contamination in the
dE=dx region of electrons by highly relativistic hadrons. Since the momentum spectrum
of the electrons from semileptonic charm decay drops rapidly, only a small fraction of the
signal is being cut away.

� Track polar angle: 0:65 < �track < 2:5 rad, where the dE=dx resolution is best ( � 10%).

� Track charge: qtrack = �1.

� Matching condensate: a condensate must be associated with the track. The distance of
closest approach on the calorimeter surface has to be less than 20 cm.

� The condensate energy should roughly match the track momentum, 0:2 < Econd=ptrack <

3:0. This cut removes accidental matches especially in the signal sample and thus improves
the matching quality (see Figure 6.17).
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Figure 6.17: The quantity Econd=ptrack for the selected tracks in the signal (left plot) and back-
ground sample (right plot). The applied cut is indicated by the dotted lines.



Θ
 (rad) 

signal tracks

p  (G
eV

) 
Θ

 (rad) 

background tracks

p  (G
eV

) 
Θ

 (rad) 

weight

p  (G
eV

) 

F
igu

re
6.18:

p
versu

s
�
of

the
sign

al
sam

ple
tracks

(left
plot)

an
d
backgrou

n
d
sam

ple
tracks

(m
idd

le
plot).

T
he

resu
ltin

g
rew

eightin
g
fu
n
ction

is
show

n
in

the
right

plot.

�
Isolated

track
on

th
e
calorim

eter
su
rface.

E
very

track
is
ex
trap

olated
to

th
e
calorim

eter
su
rface.

If
an
y
oth

er
track

is
closer

th
an

20
cm

to
th
e
can

d
id
ate

track
it
is
rem

oved
.

T
h
is
cu
t
im

p
roves

th
e
m
atch

in
g
q
u
ality.

In
p
articu

lar,
m
ism

atch
of
electron

s
to

h
ad
ron

ic
con

d
en
sates

is
avoid

ed
,
w
h
ich

w
ou
ld

oth
erw

ise
b
e
su
b
tracted

from
th
e
actu

al
electron

sign
al.

T
o
avoid

an
y
in


u
en
ce

on
th
e
d
E
=
d
x
of

th
e
track

d
u
e
to

th
is
ad
d
ition

al
isolation

cu
t,
th
e
sam

e
cu
t
is
ap
p
lied

to
th
e
sign

al
an
d
b
ack

grou
n
d
sam

p
les.

T
h
e
d
raw

b
ack

of
th
is

ad
d
ition

al
isolation

cu
t
is
a
d
ecrease

of
th
e
accep

tan
ce

for
th
e
sem

ilep
ton

ic
track

s.

�
T
h
e
track

sh
ou
ld

n
ot

p
oin

t
to

th
e
con

d
en
sate

of
th
e
fou

n
d
D
IS

p
ositron

or
b
e
id
en
tical

to
th
e
track

assign
ed

to
th
e
D
IS

p
ositron

.

T
h
e
d
E
=
d
x
correction

fu
n
ction

s
for

th
e
isolation

e�
ect

an
d
th
e
�
d
ep
en
d
en
ce

w
ere

ob
tain

ed
for

track
s
selected

accord
in
g
to

th
e
ab
ov
e
criteria.

A
s
a
con

seq
u
en
ce

of
th
e
E
E
M
C
=
E
to
t
<
0
:4
cu
t,

th
e
n
u
m
b
er
of
track

s
in
th
e
b
ack

grou
n
d
sam

p
le
is
ab
ou
t
30

%
sm

aller
th
an

in
th
e
sign

al
sam

p
le.

F
or

th
e
statistical

su
b
traction

m
eth

od
h
igh

statistics
for

th
e
b
ack

grou
n
d
sam

p
le
are

d
esired

.
A
ssu

m
in
g
th
at

th
e
corrected

en
ergy

loss
of
a
p
article

on
ly
d
ep
en
d
s
on

th
e
m
om

en
tu
m
an
d
p
olar

an
gle

of
th
e
track

,
th
e
statistics

of
th
e
b
ack

grou
n
d
sam

p
le
can

b
e
in
creased

b
y
ad
d
in
g
track

s
from

an
y
k
in
em

atic
ran

ge.
H
en
ce

in
th
e
follow

in
g
th
e
b
ack

grou
n
d
sam

p
le
con

tain
s
track

s
from

th
e
w
h
ole

p
reselected

d
ata,

i.e.
after

trigger
selection

an
d
som

e
soft

cu
ts
(see

S
ection

5.2.2).
in
ord

er
to

m
atch

th
e
m
om

en
tu
m
an
d
p
olar

an
gle

d
istrib

u
tion

s
of
th
e
b
ack

grou
n
d
sam

p
le
track

s
w
ith

th
ose

of
th
e
sign

al
sam

p
le,

a
tw
o-d

im
en
sion

al
rew

eigh
tin

g
in

p
an
d
�
is
p
erform

ed
.
F
igu

re
6.18

sh
ow

s
th
e
th
e
m
om

en
tu
m

v
ersu

s
th
e
p
olar

an
gle

of
th
e
track

s
for

th
e
sign

al
sam

p
le
(left

p
lot)

an
d
th
e
b
ack

grou
n
d
sam

p
le
(m

id
d
le
p
lot).

T
h
e
d
i�
eren

t
m
om

en
tu
m

sh
ap
e
d
u
e
to

th
e

cu
t
on

E
E
M
C
=
E
to
t
can

b
e
seen

.
T
h
e
d
istrib

u
tion

in
�
is
also

d
i�
eren

t.
T
h
e
sign

al
sam

p
le
h
as

m
ore

track
s
at

sh
allow

an
gles

th
an

th
e
b
ack

grou
n
d
sam

p
le.

T
h
e
electron

s
from

tagged
p
h
oton

con
version

s
(see

n
ex
t
section

)
w
ere

su
b
tracted

from
th
e
sign

al
sam

p
le
to

red
u
ce

th
e
electron

con
trib

u
tion

to
th
e
sam

p
le.

T
h
e
righ

t
p
lot

sh
ow

s
th
e
sign

al
sam

p
le

(p
;�)

d
istrib

u
tion

d
iv
id
ed

b
y
th
at

of
th
e
b
ack

grou
n
d
sam

p
le.

T
h
e
resu

ltin
g
d
istrib

u
tion

is
u
sed

as
a
rew

eigh
tin

g
fu
n
ction

,
w
h
ere

a
w
eigh

t
is
ap
p
lied

to
each

b
ack

grou
n
d
sam

p
le
track

accord
in
g
to

its
m
om

en
tu
m

an
d

p
olar

an
gle.

A
fter

rew
eigh

tin
g,

th
e
b
ack

grou
n
d
sam

p
le
m
u
st

b
e
n
orm

alized
to

th
e
sign

al
sam

p
le.

T
h
is
is

d
on
e
in

th
e
ran

ge
0
:8
<
d
E
=
d
x
<
1
:1
w
h
ere

on
ly

h
ad
ron

ic
track

s
are

ex
p
ected

in
b
oth

sam
p
les.

D
u
e
to

th
e
rew

eigh
tin

g
p
roced

u
re,

th
e
n
orm

alization
factor

�
is
ex
p
ected

to
h
ave

a
valu

e
close

to
1.

V
ary

in
g
th
e
low

er
b
ou
n
d
of
th
e
n
orm

alization
area

from
0.8

to
0.0

h
as

alm
ost

n
o
im

p
act

on



d
E

/d
x  (m

ip
) 

tracks

d
E

/d
x  (m

ip
) 

tracks

d
E

/d
x  (m

ip
) 

electrons

d
E

/d
xcu

t
    (m

ip
) 

purity and statistical error  (%) 

F
igu

re
6.19:

T
he

d
E
=
d
x
distribu

tion
of

the
sign

al
an
d
backgrou

n
d
sam

ple
on

a
lin
ear

(u
pper

left
plot)

an
d
a
logarithm

ic
(u
pper

right
plot)

scale.
T
he

dotted
lin
es

in
the

u
pper

left
plot

in
dicate

the
n
orm

alization
ran

ge.
T
he

d
E
=
d
x
distribu

tion
of

the
electron

sign
al

resu
ltin

g
from

the
statistical

su
btraction

(low
er

left
plot).

T
he

relative
statistical

error
an
d
the

pu
rity

of
the

electron
sign

al
versu

s
d
E
=
d
x
cu
t
(low

er
right

plot).

th
e
resu

ltin
g
n
u
m
b
er

of
electron

s
after

th
e
su
b
traction

.
T
h
e
e�
ect

is
less

th
an

0.5
%
.
H
ow

ever
th
e
u
p
p
er

valu
e
sh
ou
ld

n
ot

b
e
greater

th
an

1.1
b
ecau

se
for

h
igh

er
d
E
=
d
x
valu

es
th
e
fraction

of
electron

s
en
terin

g
th
e
n
orm

alization
region

b
ecom

es
sign

i�
can

t.

T
h
e
resu

ltin
g
d
E
=
d
x
d
istrib

u
tion

s
of
th
e
sign

al
an
d
th
e
rew

eigh
ted

an
d
n
orm

alized
b
ack

grou
n
d

sam
p
le
are

sh
ow

n
in
th
e
u
p
p
er

tw
o
p
lots

of
F
igu

re
6.19.

T
h
e
electron

s
in

th
e
sign

al
sam

p
le
are

v
isib

le
as

a
sh
ou
ld
er

in
th
e
d
istrib

u
tion

arou
n
d
d
E
=
d
x
valu

es
of

1.4
m
ip
s.

T
h
e
low

er
left

p
lot

sh
ow

s
th
e
electron

sign
al
after

statistical
su
b
traction

of
th
e
b
ack

grou
n
d
sam

p
le
from

th
e
sign

al
sam

p
le.

T
h
e
sh
ap
e
of

th
e
d
E
=
d
x
d
istrib

u
tion

s
of

th
e
tw
o
sam

p
les

in
th
e
n
orm

alization
area

is
n
ot

in
p
erfect

agreem
en
t.

T
h
is
resu

lts
in

an
u
n
d
ersh

oot
an
d
oversh

oot
of

th
e
electron

sign
al

after
th
e
su
b
traction

in
th
is
region

.
N
ote

h
ow

ever
th
at

th
e
error

b
ars

are
su
ch

th
at

th
e
valu

e
is
con

sisten
t
w
ith

zero.
T
h
e
electron

sign
al
is
�
tted

w
ith

a
con

strain
ed

�
t
from

a
clean

sam
p
le

of
electron

s
from

p
h
oton

con
version

s
(see

n
ex
t
section

for
fu
rth

er
ex
p
lan

ation
).

A
t
d
E
=
d
x
valu

es
of

arou
n
d
1
m
ip,

tw
o
very

large
an
d
sim

ilar
n
u
m
b
ers

are
su
b
tracted

,
an
d
so

th
e
statistical

errors
are

large.
In

ord
er

to
op
tim

ize
th
e
statistical

error,
a
d
E
=
d
x
cu
t
valu

e
is

d
e�
n
ed

an
d
th
e
n
u
m
b
er
of
track

s
is
on
ly
cou

n
ted

for
d
E
=
d
x
valu

es
greater

th
an

th
is
cu
t
valu

e.



The number of electrons in the signal nelectron is then given by,

nelectron(dE=dx > dE=dxcut) = nsg(dE=dx > dE=dxcut)� � � nbg(dE=dx > dE=dxcut)

� =
nsg(0:8 <

dE
dx

< 1:1)

nbg(0:8 <
dE
dx

< 1:1)
(normalization factor); (6.4)

where nsg and nbg are the number of tracks in the signal and in the background sample respec-
tively. The remaining part of the electron signal is estimated using the constrained �t from a
clean photon conversion electron sample (see Section 7.3).

The most suitable dE=dx cut value is at the minimum of the relative statistical error, which
is de�ned as the total statistical error �tot(nelectron) divided by the number of electrons nelectron
for dE=dx > dE=dxcut in each case. The behaviour of the relative statistical error is shown in
the lower right plot of Figure 6.19. Also shown in this plot is the purity of the electron signal,
de�ned as the number of tracks in the electron signal divided by the total number of tracks in
the signal sample, nelectron(dE=dx > dE=dxcut)=nsg(dE=dx > dE=dxcut). At dE=dx = 1:4mips the
statistical error shows a minimum of � 5% . The purity of the electron signal if one cuts at
this dE=dx value is about 75%.

6.4.1 Electron Background

The electron signal contains electrons from various sources, including photon conversions, b-
quarks, c-quarks, pions and other decays. In order to obtain the number of electrons from
semileptonic charm decays, the non-charm electron background must be estimated or measured.
The major contribution to the electron background comes from photon conversions, Dalitz
decays of �0s and beauty decays. The additional background from other miscellaneous decays
into electrons is small. It has been estimated fromMC data to be less than 1% in the acceptance
region [Ver98] and is therefore neglected in the following.
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Figure 6.20: The radius (left plot) and the XY position (right plot) of the origin of photon
conversions found by the conversion �nder in data. The beampipe and the inner CTD wall can
be seen in both plots. The �nder only considers tracks as coming from a photon conversion if
the origin is further than 5 cm away from the interaction point.
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Figure 6.21: A schematic diagram of a photon converting into an electron-positron pair in
inactive material. The left �gure shows the XY view, the right one the RZ view.

Electrons from Photon Conversions

The major contribution to the electron background results from photons converting into electron-
positron pairs either in the beampipe or within other inactive material in front of the tracking
detector. Figure 6.20 shows the measured origin of photon conversion processes tagged with
a conversion �nder as described below. The beampipe and inner CTD wall are clearly visible.
The probability for the process 
 ! e+e� is proportional to the thickness of inactive material
traversed. Therefore the number of electrons produced by photon conversions increases towards
shallow angles with respect to the beam axis (see Figure 6.24). In the central region of the
ZEUS detector, the combined inactive material from the beampipe and the inner CTD wall
amounts to about 0:03X0 [Hal99]. The converting photons are predominantly produced by �0
decays. This leads to about one detectable photon conversion per 10 DIS events. The energy of
the photons is relatively low, and the resulting momentum distribution of the electron-positron
pairs peaks at 0:5GeV, similar to that of electrons from semileptonic charm decays (see Figure
6.24).

Since the photon conversion process has a relatively clean signature it can be tagged eÆciently
with a geometrically based conversion �nder, [K�op94]. Figure 6.21 shows a schematic diagram
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Figure 6.22: The �XY (left plot) and �� (right plot) distribution of a clean conversion sample
in data.
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Figure 6.28: Landau-like �t to a sample of clean conversion electrons. The open stars represent
all electrons from opposite-charge pairs, the solid stars the background from equal-charge pairs
and the solid dots the clean electron sample after background subtraction.

Figure 6.28 shows the dE=dx distribution of a clean conversion sample. The selection criteria
for the tracks are the same as those for the signal sample, and all dE=dx corrections are applied.
The distribution is �tted with the following `Landau-like' function:

L(x) = P1 e
�P4 P3

�
x�P2
P3

+e
�
x�P2
P3 �1

�

where the �rst parameter de�nes the height of the peak, the second the peak position (most
probable value), the third the symmetric width and the fourth the asymmetry of the Landau
function. These parameters are used later on for the constrained �t to the inclusive electron
signal, where only the height (P1) of the distribution is a free parameter.

Electrons from Dalitz Decays of �0

Another signi�cant source of background electrons are �0s decaying in the Dalitz mode into
e+e�
. As the branching ratio for this process is known, their contribution to the inclusive
electron signal can be estimated from track multiplicities in the data.

Relying on the assumption that the number of �0s isN�0 = (N�++N��)=2 (by isospin symmetry),
it is only necessary to measure the number of charged pions in the data. The multiplicity
distribution of �+; �� and �0s in an inclusive DIS MC sample is shown in the left plot of
Figure 6.29, con�rming the assumption made above.
The charged pions cannot be measured directly, since they are not suÆcienctly separated from
other hadrons. However the fraction of pions out of all tracks, which predominantly stem from
hadrons, can be determined from MC. The right two plots in Figure 6.29 show the measured
fraction of charged pions out of all measured tracks versus the track momentum(upper plot) and
versus the polar angle (lower plot). The ratios stay almost constant in the selected momentum
and angular range (indicated by the dashed lines). A �t in the acceptance region yields a pion
fraction of 70:0� 0:4%. Hence the number of pions in the selected sample can be estimated in
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Figure 6.30: �b(b! e�X)=�c(c! e�X) versus Q2; x and W as obtained from RAPGAP for Q2 >

0:6GeV 2. The solid dots represent all electrons from semileptonic b and c decays, whereas the
open dots represent those electrons in the acceptance region of this analysis, 1:2 < p < 5:0GeV

and 0:65 < � < 2:5 rad.

show the cross section ratio for electrons with 1:2 < p < 5:0GeV and 0:65 < � < 2:5 rad. The
di�erent acceptance of electrons from semileptonic charm and beauty decays can also be seen
in Figure 6.31. The ratio of the background from beauty decays into electrons to the inclusive
electron signal is around 4%. This ratio depends on the kinematic region of the events and
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Figure 6.31: The upper left plot shows the momentum distribution of electrons from semileptonic
charm and beauty decays with 0:65 < �electron < 2:5 rad. The upper right plot shows the �

distribution for 1:2 < pelectron < 5:0GeV . The distributions for the beauty decays are normalized
to one of the charm decays. The lower two plots show the polar angle versus the momentum of
the electrons from beauty (left) and charm (right) decays.
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Figure 6.32: The inclusive electron signal for the kinematic range 1 < Q2 < 1000GeV 2 and
0:03 < y < 0:7. The contribution from the various non-charm background electrons is indicated.
The �t to the electron sample is the constrained �t from the clean conversion sample obtained
from data.

increases in the high-Q2 high-y region to up to 10%.
In order to estimate the number of background electrons from MC, those electrons from beauty
decays which satisfy the signal sample selection cuts are counted, and corrected for the di�erent
luminosities of data and MC.

Summary of Background Electrons

The contributions from the di�erent background sources to the inclusive electron signal is shown
in Figure 6.32. The total number of electrons in the inclusive signal is 7888, measured in the
kinematic range 1 < Q2 < 1000GeV2 and 0:03 < y < 0:7.
The number of tagged conversions is indicated by the open dots. The Tsai correction for the
missing fraction of very asymmetric e�e+ pairs due to the 200MeV momentum cut increases
the number of conversions by about 20%. After correction for the conversion �nding eÆciency
the total number of electrons from photon conversions in the inclusive sample amounts to 40%.
The background from Dalitz decays and beauty decays is also indicated. They contribute about
8% and 4% respectively.
In order to obtain the signals for the calculation of di�erential cross sections and to measure
F c�c
2 , it is necessary to repeat the whole electron �nding method in each bin separately. In doing

this, the background sample tracks are always taken from the overall sample and are reweighted
in (p; �) to match the (p; �) distribution of the signal sample in each of the bins. The electron
background must be estimated and subtracted in each kinematic bin.

6.4.2 Comparison of Data and MC

The selection of charm events described in the last section is an inclusive method, and hence
no pure charm distribution can be measured to be compared with MC data. Nevertheless, a



subsample consisting of approximately 50% electrons from semileptonic charm decays can be
selected in data. The lower right plot in Figure 6.19 shows the purity of the signal sample.
Selecting signal sample tracks with dE=dx > 1:4mips yields a highly enriched electron sample
with about 20% tracks produced by hadrons. Considering the background electrons from
photon conversions, Dalitz and beauty decays, about 50% of the signal sample tracks with
dE=dx > 1:4mip stem from semileptonic charm decays. Out of the selected DIS sample only
those events having a charm candidate track are selected. Figure 6.33 shows the comparison
for some kinematic variables and track quantities between the selected charm candidates and
a charm MC generated with RAPGAP. In the MC data only events that have at least one true
electron track from a semileptonic charm decay are selected, which matches the signal sample
requirements.
Figures 6.33 a), b) and c) show the yDA, Q2

DA and xDA of the event respectively. The yDA in the
MC is shifted towards higher values compared to the data. The Q2

DA distribution also shows a
disagreement, the charm MC having fewer events at low Q2 values. Considering Figure 5.10,
where the inclusive DIS sample was compared with an inclusive DIS MC and the charm MC
sample, the di�erences in Figures 6.33 a), b) and c) can be attributed to the 50% of non-charm
events in the data. The number of vertex tracks is shown in Figure 6.33 d). Here the selected
charm candidate events match the charm MC better than the inclusive DIS sample as shown
in Figure 5.10 f). The momentum and polar angle of the tracks in Figures 6.33 e) and f) agree
well within errors.
The MC sample is used to determine the matching and EEMC=Etot cut eÆciency. Therefore a
good description of the data by the MC is needed for the quantity EEMC=Etot and the distance
of closest approach (DCA) between the extrapolated track at the calorimeter surface and the
matched condensate. The agreement between data and MC for those two variables is reasonable
as can be seen in Figures 6.33 g) and h). Figure 6.33 i) shows the isolation of the tracks at the
calorimeter surface. Only tracks having no other track within 20 cm are selected as signal and
background sample tracks. The tracks in the data are less well isolated than the tracks in MC,
which is most likely due to the additional conversion electrons in the data.



yDA

N
e

ve
n

ts

Q2
DA  ( GeV 2 ) 

N
e

ve
n

ts
log(xDA)

N
e

ve
n

ts
Ntracks

N
e

ve
n

ts

ptrack  (GeV) 

N
tr

a
ck

s

θtrack (rad) 
N

tr
a

ck
s

EEMC/Etot

N
tr

a
ck

s

DCA  (cm) 

N
tr

a
ck

s

∆closest track  (cm) 

N
tr

a
ck

s

Figure 6.33: Comparison between data (dots) and MC (shaded histogram). All selected events
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Chapter 7

Cross Sections and F c�c
2

In this chapter the results for the charm cross section and the F c�c
2 will be presented. In the

�rst section the calculation of the eÆciencies, in particular the track �nding eÆciency will
be explained. The second section gives an overview of the systematic checks that have been
performed. The results for the integrated and di�erential cross sections are presented in sections
three and four. The �fth section explains the unfolding procedure, which is used to obtain F c�c

2 ,
and presents the results. The last section contains a comparison between the results from the
semileptonic analysis and the analysis using the D� channel.

7.1 Determination of the EÆciencies

The determination of the eÆciency to select charm events of the kind �c! e���X is split into two
steps. First the event selection eÆciency is determined using the charm Monte Carlo sample
generated with the RAPGAP program (Q2

true > 0:6GeV2) (see Section 4.1.1).
In a second step the eÆciency to �nd the electron tracks from the semileptonic charm decays
within the selected events is determined, using the same Monte Carlo sample. The track
�nding eÆciency refers to the eÆciency to �nd a track from semileptonic charm decay in the
signal sample. No simulated dE=dx distributions are used, and the statistical subtraction is
not performed on the Monte Carlo data. Thereby any use of dE=dx from Monte Carlo data is
avoided, which is desirable, since the energy loss does not model the data correctly.

7.1.1 Event Selection EÆciency

The event selection eÆciency is calculated for each kinematic bin in (x;Q2) for the cross sections
and for F c�c

2 as well as for each of the di�erential cross section bins,

"event selection =
selected events in reconstructed kinematic region

all events in true kinematic region
: (7.1)

Only events which have a true electron track from a semileptonic charm decay with 1:2 <

pelectron < 5:0GeV and 0:65 < �electron < 2:5 rad are considered. The kinematic region in the
numerator is de�ned in terms of reconstructed variables, such as Q2

DA or xDA, whereas in the
denominator it is de�ned in terms of true variables as they are generated in the Monte Carlo.
Thereby migration e�ects resulting from the reconstruction of the event kinematics (see Section
5.1.4 Figure 5.5) are taken into account. Figure 7.1 shows the event selection eÆciency versus
the true Q2 and y of the event, for the three di�erent third level trigger (TLT) con�gurations
(see Section 5.2.1). To obtain the �nal eÆciency for the total data sample, the eÆciencies for
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Figure 7.2: Track �nding eÆciencies versus momentum and polar angle of the electron from
semileptonic charm decays. The eÆciencies are obtained from a charm Monte Carlo sam-
ple generated with RAPGAP. The eÆciencies for each selection step are shown, a) and b)
"vertex track, c) and d) "matching, e) and f) "EEMC=Etot>0:9 and g) and h) "isolation.

and hence on the value of y of the event. Therefore the �nal track �nding eÆciencies have to be
determined for each kinematic bin separately. This is done in a two-dimensional way in (p; �),

"track finding =
(reconstructed electron tracks in signal sample)1:2<preconstructed<5:0GeV0:65<�reconstructed<2:5 rad

(true electrons)1:2<ptrue<5:0GeV0:65<�true<2:5 rad

: (7.2)

Instead of relying on Monte Carlo to determine the track �nding eÆciency, a sample of clean
photon conversion electrons from data could be used. Figure 7.3 shows the comparison for
"matching and "EEMC=Etot>0:9 between electrons from semileptonic decays in Monte Carlo (open
dots) and electrons from clean photon conversions found in data (solid dots). The results were
obtained with the 1995 data set. The eÆciencies obtained with the electrons from photon



lo
g

(p
/G

e
V

)

εmatching

θ (ra
d

)

εmatching

lo
g

(p
/G

e
V

)

εE-EMC / E-tot

θ (ra
d

)

εE-EMC / E-tot

F
igu

re
7.3:

M
atchin

g
an
d
E
E
M
C
=
E
to
t
cu
t
eÆ

cien
cy

versu
s
m
om

en
tu
m

an
d
polar

an
gle

o
f
the

electron
s
obtain

ed
w
ith

the
1995

data.
C
om

parison
betw

een
electron

s
from

sem
ilepton

ic
decays

in
M
on
te
C
arlo

(open
dots),

clean
con

version
electron

s
from

data
(solid

dots),
clean

con
version

s
fou

n
d
in

M
on
te

C
arlo

(solid
trian

gles)
an
d
tru

e
con

version
electron

s
in

M
on
te

C
arlo

(open
trian

gles).

con
version

s
from

d
ata

are
clearly

b
elow

th
e
eÆ

cien
cies

ob
tain

ed
w
ith

th
e
sim

u
lated

electron
s

from
ch
arm

d
ecay

s
in

M
on
te

C
arlo.

A
lso

sh
ow

n
are

th
e
eÆ

cien
cies

ob
tain

ed
for

tagged
clean

p
h
oton

con
version

s
in

M
on
te

C
arlo

(solid
trian

gles)
an
d
for

electron
s
from

tru
e
M
on
te

C
arlo

p
h
oton

con
version

s
(op

en
trian

gles).
T
h
e
eÆ

cien
cies

for
th
e
M
on
te

C
arlo

con
version

s
agree

very
w
ell

w
ith

th
e
on
es

for
th
e
clean

con
version

s
fou

n
d
in

d
ata.

T
h
e
reason

for
th
e
d
i�
eren

ce
b
etw

een
th
e
con

version
electron

s
an
d
th
e
electron

s
from

sem
ilep

ton
ic
ch
arm

d
ecay

s
w
as

fou
n
d

to
b
e
d
i�
eren

ces
in

th
e
recon

stru
ction

q
u
ality.

E
lectron

s
from

p
h
oton

con
version

s
d
o
n
ot

stem
from

th
e
even

t
vertex

b
u
t
origin

ate
som

ew
h
ere

in
in
activ

e
m
aterialin

th
e
b
eam

p
ip
e
or

th
e
C
T
D

w
all.

N
everth

eless
a
large

fraction
of

su
ch

track
s
are

recon
stru

cted
as

com
in
g
from

th
e
v
ertex

an
d
th
ereb

y
en
d
u
p
in
th
e
sign

al
sam

p
le.

A
n
ex
trap

olation
of
th
ese

p
oorly

recon
stru

cted
track

s
to

th
e
calorim

eter
su
rface

d
eteriorates

th
e
m
atch

in
g
eÆ

cien
cy

com
p
ared

to
real

v
ertex

track
s,

su
ch

as
th
e
electron

s
from

ch
arm

d
ecay.

F
u
rth

erm
ore,

th
e
q
u
ality

of
th
e
m
atch

in
g
d
ecreases

for
th
e
track

s
from

p
h
oton

con
version

s,
as

can
b
e
seen

in
th
e
low

er
E
E
M
C
=
E
to
t
cu
t
eÆ

cien
cy,

m
ean

in
g
th
at

th
e
n
u
m
b
er

of
m
ism

atch
es
is
h
igh

er
for

th
ese

track
s
th
an

for
th
e
tru

e
electron

s
from

ch
arm

d
ecay

s
(for

fu
rth

er
d
iscu

ssion
see

[H
eb
99]).



7.2 Systematic Uncertainties

In the following the systematic checks which were performed for this analysis are discussed.
They are grouped into three subjects: checks performed on the charm selection method, checks
performed on the DIS selection and theoretical uncertainties. In this discussion the resulting
error from the uncertainty on the cross section is given. The di�erent systematic uncertainties
are added in quadrature to form the total systematic error. A more detailed study of the
systematic uncertainties in the (x;Q2) bins for the F c�c

2 measurement will be presented in Section
7.5.5.

7.2.1 Systematic Checks Performed on the Charm Selection Method

Acceptance Variation of the Electrons from Semileptonic Decays

The acceptance region for the electrons is optimized to maximize the available statistics while
still allowing the analysis to be performed.
The lower momentum cut is given by the dE=dx distribution. For track momenta lower than
1:2GeV, the dE=dx distribution of anti-protons starts to overlap with the dE=dx distribution
of electrons (see Figure 6.4 in Section 6.3). Hence a variation of the momentum cut a�ects the
purity of the measured electron signal (see Figure 6.19). The cut on the polar angle is chosen to
achieve optimal dE=dx resolution. Tracks outside the range of 0:65 < � < 2:5 rad do not pass all
nine superlayers, and hence have a lower number of hits deteriorating the dE=dx measurement.
In addition both the polar angle and the momentum cut, a�ect the acceptance whereas the
variation of the lower momentum cut is a dominating e�ect.
The systematic uncertainty on the momentum cut was estimated to � 0:1GeV and for the �

window to � 0:05 rad. The changes are applied in the data, in the Monte Carlo and in the NLO
calculation used for the extrapolation. The e�ect of these changes on the resulting charm cross
section amounts to �10% to +5%.

Selection of the Signal and Background Sample

The matching quality is improved by reducing the distance of closest approach between con-
densate and track by 3 cm. The change of the resulting semileptonic charm cross section is less
than 1%.
The uncertainty on the isolation cut on the calorimeter surface is estimated to be � 5 cm. The
resulting change of the cross section is between +2:5 and �6:0%.

Corrections to dE=dx

A modi�ed � and dE=dx dependent space charge correction is used. No correction is applied for
dE=dx = 1:0mip and the usual correction for electron tracks with dE=dx = 1:4mips. The values
for 1:0 < dE=dx < 1:4mips are obtained via linear interpolation. The e�ect on the resulting
electron signal is negligible.

Electron Background

The quality of the conversion �nding is varied by changing the quantity D by �3. This results
in a variation of the semileptonic charm cross section between �1% and +3%.
Recent measurements of the beauty cross section at HERA exist. The H1 results exceed the
predicted cross section from NLO calculations by a factor of two, whereas the ZEUS results show



agreement within large errors with the predictions from a LO Monte Carlo [Ad99C, Wi99B].
The uncertainty on the beauty background is estimated to � 50%, resulting in a variation of
the cross section by � 3%.
The uncertainty on the background from Dalitz decays of �0s, which are estimated from the
track multiplicities in the data, is � 30%. This results in a variation of the cross section by
� 4%.

Extraction of the Signal

A variation of the dE=dx cut value changes the statistical error as well as the purity of the
electron signal (see Section 6.4, Figure 6.19). The uncertainty on the dE=dx cut value is
estimated to be � 0:05mip. The resulting variation of the cross section is between +1% and
�2:5%.

Estimation of Background from Anti-protons

To estimate the systematic uncertainty due to the di�erent fractions of anti-protons in the
background and signal samples, Monte Carlo data is studied. Since the energy loss in Monte
Carlo does not describe the data well, the dE=dx distributions in data were optimized by using
data. It should be noted that the simulation even after this optimization is not perfect and
only serves as a method to estimate the systematic error. The energy loss of electrons in data
is well known from the clean conversion sample. Comparing data and Monte Carlo, the dE=dx
in the simulation is o� by about +15% with respect to the pion peak position. Hence the peak
position of the electron dE=dx distribution was shifted by �15% in the Monte Carlo to describe
the data. The entire analysis procedure is then performed with a sample of inclusive DIS Monte
Carlo. The dE=dx in Monte Carlo is measured in FADC counts, because no normalization to
minimum ionizing pions is performed. A lower dE=dx cut at 64 FADC counts, which refers
to 45:8% of the electron signal in the same way as in data, is applied (see Section 7.3). The
resulting dE=dx distributions for the signal and the background samples, as well as the resulting
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Figure 7.4: The dE=dx distribution of signal and background sample as obtained from a sample
of inclusive DIS Monte Carlo is shown in the left plot. The right plot shows the resulting
electron signal after statistical subtraction, with and without electrons. The shaded histogram
shows the pure electron distribution.



electron signal after subtraction are shown in Figure 7.4. The subtraction is performed twice,
once including the electron tracks and once without the electron tracks. The two resulting
distributions are shown in the right plot of Figure 7.4. Also shown is the pure electron signal
as a shaded histogram. The inclusive electron signal obtained from the subtraction procedure
(solid squares) describes the pure electron signal quite well above the dE=dx cut value. For
lower dE=dx values the contribution from hadrons, which are mainly anti-protons (see Figure
6.15) becomes signi�cant. The ratio of the background from non-electron tracks to the signal
above the dE=dx cut value is 2:0%. The di�erent fraction of electrons in the signal sample in
Monte Carlo compared to data is taken into account. The background from non-electron tracks
depends strongly on the dE=dx cut value chosen and on the anti-proton fraction in the signal
sample. A variation of the dE=dx cut value by � 2 FADC counts and a change of the anti-proton
fraction by 50% and 200% results in a background contribution of between 0 and 8%. Hence
the systematic error on the inclusive electron signal is estimated to be �8%. Since about 50%
of the tracks in the inclusive signal are tracks from semileptonic charm decays (see Section
6.4.1), the systematic error on the charm cross section is therefore about �16%. However, the
error varies with the di�erent background fractions of electrons from non-charm decays in the
inclusive signal.

7.2.2 Systematic Checks Performed on the DIS Selection

Only a few checks have been performed on the DIS selection, since the e�ect of those is only
a minor contribution to the overall systematic error in comparison to the checks on the charm
selection. Further studies concerning the e�ect of systematic uncertainties on the inclusive F2
measurement can be found in [Def99, Fri99]. The following checks were performed in order to
study the DIS event selection uncertainties:

� The cut on yJB is removed. This allows to study the simulation of the hadronic �nal state
and the description of noise in the uranium calorimeter.

� In order to study possible background from photoproduction events as well as the simu-
lation of the hadronic �nal state, the (E � pz) cut is changed by � 2GeV.

� The cut on the energy of the scattered DIS positron is varied by � 1:0GeV. This estimates
the uncertainty in the reconstruction and simulation of the energy measured in the SRTD,
the presampler and the calorimeter.

The systematic e�ect of each of the checks is less than � 2%. An additional uncertainty arises
from the overall normalization due to the error on the luminosity measurement of � 1:65%.

7.2.3 Theory Related Systematic Uncertainties

The Charm Quark Mass

For the Monte Carlo generation a charm quark mass of mc = 1:5GeV was used in RAPGAP.
This value is also used for the acceptance corrections calculated with the HVQDIS program
and the unfolding of the F c�c

2 . The in
uence of the charm mass is studied by allowing it to vary
by � 0:2GeV in the HVQDIS calculations and the unfolding procedure.



The Branching Ratio c! e�X

The overall e�ective branching ratio for the decay c ! e�X represents another uncertainty
in the calculation of the charm cross section and therefore in the extraction of the structure
function F c�c

2 . As discussed in Section 2.2.4, the spectator model is a reasonable assumption to
describe semileptonic decays of heavy hadrons, but fails for the description of hadronic decays.
The overall branching ratio for the decay c! e�X therefore depends of the exact composition
of di�erent hadrons. Using spin counting and isospin symmetry the expected production ratio
of D� : D0 : D�� : D�0 is 1 : 1 : 3 : 3, which is approximately the branching fraction used by
RAPGAP to simulate the production of charmed mesons in deep-inelastic ep scattering events
(see Section 4.1.1). In addition RAPGAP uses the explicit branching ratios for the dominating
decays of the charmed mesons as taken from the PDG [Cas99]. Those branching ratios not yet
measured are estimated, but are only for a minor fraction of the decays. Since the resulting
inclusive branching ratio for the semileptonic decay of 9:5% in RAPGAP is found to be in
agreement with the measurements performed at e+e� collider experiments, no systematic error
is applied to account for the hadron composition in e+e� and ep scattering events.

The inclusive semileptonic branching ratio measured by the ARGUS collaboration is B(c !
l+) = 0:095� 0:009, where the lepton is either a muon or an electron [Alb92]. A more recent
measurement, made by the OPAL collaboration, yields the same branching ratio into leptons,
B(c ! l�X) = 0:095� 0:006+0:007

�0:006 , and in addition quotes B(c ! e�X) = 0:103� 0:009+0:009
�0:008 for

the semileptonic charm decay into electrons only [Abb99].

For the extraction of the charm cross section the branching ratio of BR(c ! e�X) = 0:095 is
used. In addition to the 9% error given by the measurement of c ! e�X itself, another 10%
error accounts for the di�erence between the B(c! e�X) and B(c ! l�X) ratios. This results
in a total error of � 13% due to the uncertainties in the branching ratio.

1 < Q2 < 1000 GeV2 10 < Q2 < 200 GeV2

nsg(dE=dx > 1:4mips) 4828 3597
nbg(dE=dx > 1:4mips) 1246 880
nsg(0:8 < dE=dx < 1:1mips) 140733 94803
nbg(0:8 < dE=dx < 1:1mips) 144361 97719
nelectron signal(dE=dx > 1:4mips) 3613 � 78 2743 � 64
nelectron signal 7888 � 171 5989 � 139
nconversions 3079 � 100 2334 � 87
nDalitz 648 435
nsemileptonic b decay 255 188
nsemileptonic c decay candidates 3906 � 199 3032 � 164
"event selection 35:1% 68:2%
"track finding 61:5% 57:7%

�measured 532 � 27+40�96 pb 226 � 12+14�34 pb

�NLO 558+89�80 pb 206+27�22 pb

Table 7.1: Numbers used to calculate the cross sections in a limited kinematic range.
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Figure 7.5: The upper two plots show the signal and the background sample for the two kinematic
regions, 1 < Q2 < 1000GeV 2 and 10 < Q2 < 200GeV 2. The lower plots show the resulting
electron signal after the statistical subtraction. The contributions from the di�erent classes of
background electrons are also shown.

7.3 Cross Section in a Limited Kinematic Range

The cross section for charm production with semileptonic decays of the kind �c! e� ��eX in NC
deep-inelastic ep scattering events, �(e+p! e+e�X), can be calculated in the following way,

�(e+p! e+ e� X) =
Ne�(1:2 < p < 5:0GeV; 0:65 < � < 2:5 rad)

"event selection "track finding L
: (7.3)

Ne� is the number of electron candidates found that originate from semileptonic charm decays.
The kinematic region of the electrons is limited to the acceptance window in momentum and
polar angle, 1:2 < p < 5:0GeV and 0:65 < � < 2:5 rad. "event selection and "track finding are
the event selection and track �nding eÆciencies, respectively. L denotes the total integrated
luminosity, which amounts to 34:04 pb�1. The cross section is extracted in two kinematic regions,
1 < Q2 < 1000GeV2 and 10 < Q2 < 200GeV2, with 0:03 < y < 0:7 for both regions.
The dE=dx distributions of the signal and the background samples for the two kinematic regions
are shown in the upper two plots in Figure 7.5. The lower two plots show the resulting electron
signal after the statistical subtraction. A clear signal is obtained for both regions. The fractions
of background electrons from the di�erent sources are shown.



A detailed list of all necessary numbers which are needed to calculate the cross section in the
two kinematic regions is given in Table 7.1. nsg(dE=dx > 1:4) and nbg(dE=dx > 1:4) are the
number of tracks with dE=dx > 1:4 in the signal and background samples, respectively. The
next two numbers are used for the normalization of the background sample to the signal sample.
The normalization factor for the background sample is calculated as � = nsg(0:8 < dE=dx <

1:1)=nbg(0:8 < dE=dx < 1:1). All numbers concerning the background sample are determined
for the integrated reweighted histograms. The original background histogram taken from the
preselected DIS sample contains about 172; 000 tracks, and is the same for the determination
of the cross sections, the di�erential cross sections and the (x;Q2) bins shown in the sections
below.
The number of electron tracks in the inclusive electron signal nelectron signal(dE=dx > 1:4mips) is
obtained according to Equation 6.4. The acceptance of the signal region for dE=dx > 1:4mips

amounts to 45:8%, as obtained from the Landau-like �t to a clean sample of conversion electrons.
Hence dividing nelectron signal(dE=dx > 1:4mips) by the acceptance yields the total number of
electron candidates in the inclusive electron signal, nelectron signal.
In order to obtain the number of electron candidates coming from semileptonic charm decay,
nsemileptonic c decay electrons, the background electrons must be subtracted. nconversions gives the
number of electrons from photon conversions, already corrected for eÆciency. nDalitz is the
number of electrons from Dalitz decays of �0s and nsemileptonic b decay is the background from
electrons that stem from beauty decays (see Section 6.4.1).
Also given in Table 7.1 is the theoretical prediction for the cross section as calculated at NLO
with the HVQDIS program. They are obtained using the GRV model for the proton parton
density function (GRVHO94 [Gl�u95]). The charm mass was set to mc = 1:5GeV and the
renormalization and factorization scales were set to, �2F = �2R = �2 = Q2 + 4m2

c. The Peterson
fragmentation function was used with "Q = 0:035 and the overall cross section was �xed by using
a branching ratio for the semileptonic decay of the charmed hadrons of BR = 9:5%. Unless
otherwise stated these parameters are used below for calculations made with the HVQDIS
program. The measured cross sections and the theoretical predictions agree within errors. The
�rst error on the measured cross section corresponds to the statistical error, and the second
two errors to the systematic uncertainties. The error on the calculated cross section refers to a
variation of the charm mass by �0:2GeV. The additional error of 13% from the uncertainty in
the branching ratio is not taken into account.

7.4 Di�erential Cross Sections

Di�erential cross sections are extracted in the kinematic region, 1 < Q2 < 1000GeV2 and
0:03 < y < 0:7. The signal sample tracks are binned according to pt and � of the track and W; x

and Q2 of the event.
The inclusive electron signals obtained for the di�erent bins can be found in Appendix B Figures
B.1 to B.5. The background contribution to the inclusive electron signal in each of the bins
is shown in Figure 7.6. The major contribution comes from photon conversions. The fraction
stays almost stable withW , Q2 and x of the event, but clearly depends on the track quantities pt
and �. Towards high pt the contribution from conversion electrons decreases (see Figure 7.6 d),
due to the low momentum spectrum of these electrons in combination with their polar angular
distribution (see Figure 6.24). The conversion fraction increases towards shallow angles, as can
be seen in Figure 7.6 e). This is expected, since more inactive material has to be traversed by
the photons (see Section 6.4.1).
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Figure 7.11: The upper plot shows the contribution from the di�erent electron background
sources for each (x;Q2) bin. The lower plot shows the event selection and track �nding ef-
�ciency for each bin.

7.5 Extraction of F c�c
2

This section describes the unfolding procedure which is used to obtain F c�c
2 , the charm contri-

bution to the proton structure function. The �rst two sections explain the binning in (x;Q2)

and how to extrapolate from the limited acceptance of the electrons from semileptonic decays
to the full p and � range. The third section describes the unfolding method and presents the
resulting F c�c

2 . In the fourth section the systematic uncertainties in the di�erent (x;Q2) bins
are discussed. The last section compares the results from the semileptonic decay analysis with
those obtained from the D� decay channel.

7.5.1 Binning in x and Q2

In order to obtain the measured cross section in (x;Q2) bins, the signal sample is binned
according to Table 7.2. The bin size is optimized such that the number of electrons is roughly
the same in each bin. Figure 7.10 shows the de�nition of the bins in the (x;Q2) plane. The
numbers indicate the bin number.
To obtain the electron signal for every bin the statistical subtraction procedure is performed in
each bin. The dE=dx distribution for the signal and background sample in each (x;Q2) bin can
be found in Appendix C Figure C.1. Figure 7.12 shows the resulting inclusive electron signals.
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obtained:
d2�c�c

dxdQ2
=

2��2

xQ4
(1 + (1 � y)2)F c�c

2 (x;Q
2) : (7.4)

To obtain the charm cross section, �c�c, the measured cross section has to be extrapolated to
the full p and � range as discussed above. Assuming a branching ratio of BR(c! e�X) = 9:5%

for the semileptonic decay of charmed hadrons into electrons, the total charm cross section in
the respective kinematic region may be extrapolated.
The measured F c�c

2 can be unfolded in the following way:

F c�c
2;measured(xi; Q

2
i ) =

�bin i
measured(e

+p! e+e�X)

�bin i
theoretical(e

+p! e+e�X)
F c�c
2;theoretical(xi; Q

2
i ) ; (7.5)

where xi,Q2
i is the center of gravity of the bin i. The cross section, �bin i

measured(e
+p ! e+e�X),

is measured in the limited momentum and polar angular range of the electrons and it is not
corrected back to the full charm cross section. The theoretical cross section is also obtained for
the semileptonic decay into electrons in the limited phase space using the HVQDIS program at
NLO. Hence the extrapolation factors are not directly used for the unfolding procedure, and are
implicitly assumed to be correct. To calculate the cross sections with the HVQDIS program,
the branching ratio of BR(c! e��X) = 9:5% is used for the overall normalization of the charm
cross section. The theoretical value of the structure function, F c�c

2;theoretical, is calculated from
NLO coeÆcient functions as implemented in [Rie95]. The same set of parameters is used for
this calculation as for the HVQDIS calculations.

7.5.4 F c�c
2 Results

Figure 7.15 shows the measured F c�c
2 as a function of x at the di�erent Q2 values. The solid line

is the theoretical prediction, as used for the unfolding procedure. The dotted lines indicate the
e�ect of the variation of the charmmass by � 0:2GeV. The inner error bars refer to the statistical
error only, and the outer ones to the combined statistical and systematic error, which are added
in quadrature. The scale is the same for all plots. The impact of the di�erent systematic
uncertainties on the systematic error will be discussed in more detail in the next section.
The dashed line shows the theoretical prediction for F c�c

2 using the CTEQ parameterization
(CTEQ4M) for the parton density functions instead of the GRV model. In the kinematic
region of this analysis the theoretical F c�c

2 varies by up to 10% when changing to a di�erent
parton density function. Overall a good agreement between the measured F c�c

2 values and the
theoretical prediction is observed. The values for the measured data points and the full error
can be found in Appendix C, Table C.1.
The structure function, F c�c

2 , rises towards low values of x. The rise becomes steeper with
increasing Q2. This behaviour shows the direct dependency of the charm production process
on the gluon density of the proton. Figure 2.6 in Section 2.1.6 shows the same behaviour of the
gluon density as a function of x for di�erent Q2 values. The data seem to favour a steeper rise
than the theoretical prediction, but still agree within errors. In the highest Q2 bin the data
are systematically above the prediction. This behaviour will be further investigated in the next
section.
Figure 7.16 shows the measured F c�c

2 versus Q2 at di�erent values of x. To obtain the measured
F c�c
2 values at the �xed x values, the unfolding procedure (Equation 7.5) was repeated with

slightly shifted x values. The solid lines correspond to the theoretical prediction and the dotted
lines to the uncertainty due to the charm mass. The F c�c

2 values are scaled by 4i, where i

corresponds to the value of xi. Except for the highest Q2 bin, the agreement between the data
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Figure 7.18: The variation of the measured F c�c
2 values, using the background sample correspond-

ing to the kinematic bin instead of the overall background sample.

lower bins, where the extrapolation factors are large, are particularly sensitive to this variation.
The measured F c�c

2 values are above the theoretical prediction in the high-Q2 range. The same
e�ect is observed for the di�erential cross section as a function of Q2. In addition the F c�c

2

values measured in the high-y region tend to be systematically higher than the prediction from
theory. A likely reason for these e�ects is the di�erent distribution of tracks due to the event
kinematics. The number of tracks per event is high for high-y events, and decreases towards
low y. In addition there is a Q2 dependence, such that the number of tracks per event rises
with increasing Q2. The multiplicity distribution for events, which have at least one signal
sample track, can be found in Appendix C Figure C.2 for the di�erent (x;Q2) bins. Also shown
is the multiplicity distribution for the background sample events, which is the same for each
bin. Assuming the isolation correction of dE=dx obtained for the overall y and Q2 range is not
perfect, the results may be systematically shifted, due to the di�erent multiplicity distributions
of the signal and background samples.
To have better agreement of the multiplicity distribution between signal and background sample
events, the background sample tracks should only be taken from the corresponding kinematic
bin. Due to the smaller statistics of the background sample, the quality of the resulting electron
signal decreases (see Appendix C, Figure C.3). Figure 7.18 shows the shift of the F c�c

2 values,
when only tracks from the corresponding bin are taken for the background sample instead
of using all tracks. A tendency is visible of the F c�c

2 values to shift towards lower values in
the high-Q2 and high-y bins. However, since the signals obtained with the smaller bin-by-bin
background samples show large statistical 
uctuations, this additional uncertainty is not added
to the systematic errors.
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The semileptonic channel has the advantage of the higher branching ratio. Considering the
smaller overall acceptance of between 5% to 25% compared to 25 � 65% in case of the (K��s)

channel, the e�ective gain in statistics is about a factor �ve. This decreases further due to the
method itself, mainly the dE=dx cut, which reduces the signal by another 50%. The remaining
advantage of the higher statistics for the semileptonic decay channel su�ers from the large
systematic uncertainties, which are about two times higher than the statistical error. Due to
the clean signature of the D� decays the systematic uncertainties in that channel are smaller,
and are of the same order as the statistical errors.
Both methods used the NLO calculation performed with the HVQDIS program for the ex-
trapolation to the full charm cross section. However, in case of the D� decay channel a
modi�ed version was used. The di�erential cross sections for D�� production as a function
of �(D�) and x(D�) showed signi�cant disagreement with the theoretical prediction from the
HVQDIS program. x(D�) is the fractional momentum of the D� in the 
 p center-of-mass frame,
x(D�) = 2j~p�(D�)j=W , where ~p�(D�) is the D� momentum in the 
 p center-of-mass frame. The
calculations showed a shift with respect to the data to larger x(D�) values and an excess of
the data in the forward � region when compared to the calculations [Br00A]. This e�ect was
presumed to be a result of the use of the Peterson fragmentation function. No interactions
between the colour charges of the c quark and the proton remnant are taken into account,
which is called `beam-drag e�ect' [Br00A,Nor99]. To account for these fragmentation e�ects,
RAPGAP charm quark distributions were reweighted to match the charm quark distributions
as calculated with HVQDIS. Hence the resulting HVQDIS distribution used the simulation of
the fragmentation as implemented in RAPGAP, which includes parton shower evolution. The
resulting di�erential cross sections gave a better description of the data, and were used for the
extrapolation to the full charm cross section.
The di�erential cross section in � of the electrons from semileptonic charm decays also shows a
tendency to be above the HVQDIS prediction in the forward region, but it is an insigni�cant
e�ect, and hence no further corrections have been applied.

7.6 Summary of Results

In this chapter the results obtained for the cross sections, di�erential cross sections and F c�c
2

are presented. The cross sections are found to agree in absolute value and in shape with the
theoretical predictions from NLO QCD calculations for charm production, which are based
on the boson-gluon-fusion process with three 
avours of massless light quarks. The measured
charm contribution to the proton structure function F c�c

2 rises towards low values of x, whereas
the rise becomes steeper with increasing Q2. This shows the direct correlation of charm pro-
duction with the gluon density of the proton due to the boson-gluon-fusion process being the
predominant production mechanism. The agreement of the measurement with the theoretical
predictions con�rms the factorization theorem, whereby the same gluon density of the proton
describes the inclusive F2 and the charm production in DIS events (see Section 2.2.2).
The semileptonic decay analysis also shows good agreement with the measurement performed
by ZEUS using the D� channel. The agreement of the results shows the reliability of this
completely independent decay channel.
However, the method is dominated by systematic uncertainties. One of the dominating system-
atic e�ects, the variation of the dE=dx cut, depends on the statistics of the signal. Hence, the
measurement could be improved in the future with more luminosity. A systematic shift of the
data with respect to the theoretical prediction in the high Q2 and high y region is found. This
may be attributed to the multiplicity dependence of dE=dx. The obtained correction function



is obtained for the overall sample. Due to limited statistics it is not possible to obtain di�erent
correction functions for the di�erent kinematic regions separately. An increase in luminosity
would allow to improve this correction procedure and thereby improving the results.





Chapter 8

Summary and Conclusions

In this thesis a measurement of charm production in deep-inelastic ep scattering events has been
presented. Di�erential cross sections and F c�c

2 , the charm contribution to the proton structure
function, were calculated. The data was taken with the ZEUS detector during 1996/97 and
amounts to an integrated luminosity of 34:04 pb�1.

The reconstruction and selection of the DIS events followed the standard procedures, which have
also been used in inclusive F2 analyses. The selection of events with charm production was made
using the semileptonic decay of charmed hadrons into electrons. An inclusive electron signal was
obtained using the energy loss (dE=dx) information measured with the central tracking detector
(CTD). Special emphasis was put on the understanding of dE=dx. After several corrections had
been applied during reconstruction a dependency of the energy loss on the polar angle of the
track and on the track multiplicity was observed. Correction functions for these two e�ects were
obtained from the data. For ptrack > 1:2GeV the measured energy loss dE=dx allowed electrons
to be distinguished from hadrons. Due to most tracks being hadronic a statistical subtraction
procedure, using the information of calorimeter clusters matched to the tracks, was performed
to obtain an electron signal.

Only the charm decay into electrons, �c ! e� ��eX was analysed. The analysis method is not
applicable to the decay into positrons, due to the di�erent hadron compositions of the two
samples which were used for the statistical subtraction.

The obtained electron signal consisted of only about 50% electrons from semileptonic charm
decays. Almost 40% of the signal arose from photon conversions, 
 ! e+e�. Due to their
decay signature, they can be identi�ed e�ectively using a topological conversion �nder. Further
background of about 8% came from Dalitz decays of �0 mesons. Their contribution to the
electron signal was estimated from track multiplicities in data. The third source of background
electrons was beauty decays. Using Monte Carlo data they were estimated to contribute about
4% to the overall signal.

Cross sections for charm production with semileptonic decays of the charm quarks were mea-
sured in the two kinematic ranges 1 < Q2 < 1000GeV2 and 10 < Q2 < 200GeV2 with 0:03 < y <

0:7 for both regions. The results of 532� 27+40�96 pb and 226� 12+14�34 pb agree within errors with
theoretical predictions from NLO calculations. The acceptance of the electrons was limited to
1:2 < pelectron < 5:0GeV and 0:65 < �electron < 2:5 rad.

Di�erential cross sections as a function of W; Q2; x; pt electron and �electron were presented. The
agreement within errors with theoretical predictions from NLO calculations was reasonable.

The charm contribution to the proton structure function F c�c
2 was calculated, and was presented

as a function of x at di�erent Q2 values, as well as a function of Q2 at di�erent x values.
The measurement agreed within errors with theoretical predictions and with the measurement
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made by ZEUS using the D meson decay channel. The ratio of F c�c
2 to F2 as a function of x was

presented. The F2 values were obtained from a ZEUS NLO QCD �t. The charm contribution
to the inclusive proton structure function rises towards low x and high Q2 and can be as
high as 30%. The overall agreement between the measurement and the predictions from NLO
calculations provides a consistency test of perturbative QCD and demonstrates the universality
of the gluon density of the proton.
The agreement of the results from the semileptonic decay analysis with those obtained from the
D meson decay channel, using the same data set, demonstrates the reliability of this completely
independent and di�erent method. The statistics of the semileptonic decay channel are better
than in case of the D meson decays. However, the semileptonic analysis su�ers from large
systematic errors. These are mainly caused by the limited acceptance of the electrons and

uctuations of the electron dE=dx distribution. A systematic shift is observed in the high-Q2

region. This may be attributed to the dE=dx correction for the multiplicity dependence.
With the increased luminosity expected after the HERA upgrade, it should be possible to reduce
the systematic uncertainties thanks to the better statistics which will be available to obtain
the correction functions. In addition an extension of the kinematic range, for instance towards
higher Q2 values, should be possible. Already during 1998 a new DIS trigger was developed to
select semileptonic charm decay events. This improved in particular the low-Q2 region, which
su�ered from the prescale on the inclusive DIS trigger during 1996/97.
Another future prospect could be the measurement of beauty production in DIS events. Beauty
decays were treated as background in this analysis, but contribute about 4% to the inclusive
signal. A beauty measurement has been already performed in the photoproduction region,
for Q2 � 0GeV2 [Wi99A, Wi99B], using the same electron identi�cation method as in this
thesis. If one measures di�erential cross sections as a function of the transverse momentum of
the electrons relative to a jet axis, it is possible to separate beauty and lighter quark decays.
Beauty decays are expected to produce electrons with higher transverse momentum relative to
the jet due to the larger mass.
Thus this thesis presented an alternative charmmeasurement, which was found to yield compat-
ible results to the D� method. Furthermore the kinematic range is extendable with increasing
luminosity in the future, and the same method may be used to measure beauty cross sections.



Appendix A

QED Calculation for Pair Production

by Tsai

The cross section for photons with momentum k producing an electron with momentum pe� =

x � k and a positron with momentum pe+ = k � pe� is given by:
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� �
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Z : atomic number; Z � 5 ;

� : �ne structure constant ;

r0 : classical electron radius ;
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Appendix B

Signals for Di�erential Cross Sections
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Figure B.1: The inclusive electron signal in bins of pt. The bin range in GeV is given in each
plot. The background from electrons from photon conversions is also shown.
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Figure B.2: The inclusive electron signal in bins of �. The bin range is given in each plot. The
background from electrons from photon conversions is also shown.
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Figure B.3: The inclusive electron signal in bins of W . The bin range in GeV is given in each
plot. The background from electrons from photon conversions is also shown.
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Figure B.4: The inclusive electron signal in bins of x. The bin range in log(x) is given in each
plot. The background from electrons from photon conversions is also shown.
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Figure B.5: The inclusive electron signal in bins of Q2. The bin range in GeV 2 is given in each
plot. The background from electrons from photon conversions is also shown.



Appendix C

Binning in (x;Q2)

bin number Q2=GeV2 x F c�c
2 (x;Q2)

1 2:5 3:1 � 10�4 0:021� 0:009+0:019
�0:016

2 2:5 6:5 � 10�5 0:110� 0:016+0:028�0:044

3 6:5 9:6 � 10�4 0:076� 0:015+0:026�0:030

4 6:5 3:4 � 10�4 0:115� 0:019+0:046
�0:040

5 6:5 1:4 � 10�4 0:188� 0:036+0:106
�0:085

6 12:0 1:6 � 10�3 0:101� 0:020+0:030
�0:036

7 12:0 6:5 � 10�4 0:216� 0:030+0:052
�0:074

8 12:0 2:7 � 10�4 0:203� 0:036+0:104�0:070

9 20:0 3:2 � 10�3 0:112� 0:024+0:034
�0:050

10 20:0 1:1 � 10�3 0:178� 0:020+0:038�0:050

11 20:0 4:4 � 10�4 0:376� 0:044+0:104
�0:108

12 32:5 5:1 � 10�3 0:114� 0:028+0:039�0:057

13 32:5 1:8 � 10�3 0:205� 0:023+0:052
�0:066

14 32:5 7:2 � 10�4 0:381� 0:055+0:106�0:144

15 55:0 3:6 � 10�3 0:191� 0:031+0:055�0:061

16 55:0 1:4 � 10�3 0:405� 0:043+0:082�0:112

17 100:0 6:5 � 10�3 0:161� 0:038+0:056�0:067

18 100:0 2:5 � 10�3 0:446� 0:062+0:152�0:146

19 565:0 2:8 � 10�2 0:155� 0:022+0:037�0:049

20 565:0 1:2 � 10�2 0:251� 0:047+0:071�0:093

Table C.1: The measured F c�c
2 values. The �rst error corresponds to the statistical error, the

second to the systematic error.
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Ntracks

Figure C.2: The number of all tracks (dotted line) and vertex tracks (solid line) per event in
(x;Q2) bins. The event has to have at least one track which full�ls the requirements of the signal
sample. Also shown is the number of vertex tracks for events of the background sample, which
is the same for all bins (dashed line).
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