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Abstract

A measurement of charm production in charged current (CC) polarized electron-proton deep
inelastic scattering processes with data from the H1 detector at the HERA collider is presented.
This process in principle allows access to the strange quark density in the proton.

In total 5460 CC candidate events in e™p and 6253 in e~ p data are selected in the kinematic
range Q% > 223 GeV? and 0.03 < y < 0.85. The measured CC cross sections are

occ=(289+1.4)4+ P.-(286+£4.7)pb  for e"p and
occ = (49.2+2.3) — P. - (42.5 £ 6.8) pb for e p,

where P. is the lepton beam polarization. While the measured cross section for etp data is
in agreement with the theoretical prediction, the cross section for e”p data shows a weaker
dependence on P. than predicted.

The charm fractions in the selected CC candidate event samples are extracted using the muon
charge asymmetry. Muons originating from charmed hadron decays in CC events at HERA
always have the same charge as the beam lepton. The extracted charm fractions in the selected
CC candidate event samples are

F.=95+89+30% fore'pand
F.=444+69+26%  for e p.

Due to the large statistical errors of the measured charm fractions, the strange quark density
in the proton has not been extracted.

Zusammenfassung

Es wird eine Messung von Charm-Produktion in Ereignissen des geladenen Stromes (Charged Cur-
rent, CC) in polarisierter, tief inelastischer Elektron-Proton-Streuung mit den Daten des Detek-
tors H1 am Speicherring HERA vorgestellt. Dieser Prozess ermoglicht prinzipiell die Messung des
Strange-Quark-Anteils im Proton.

Total wurden 5460 Kandidaten fiir CC-Ereignisse in e™p und 6253 in e~ p-Daten selektiert im
kinematischen Bereich Q2 > 223 GeV? und 0.03 < y < 0.85. Die gemessenen CC-Wirkungsquerschnitte
sind

occ=(289+1.4)+ P.-(286+47)pb  fiir etp und
occc = (49.2+2.3) — P. - (42.5 £ 6.8) pb fiir e p,

wobei P, die Leptonstrahl-Polarisation bezeichnet. Wahrend der gemessene Wirkungsquerschnitt
in eTp-Daten mit der theoretischen Vorhersage iibereinstimmt, zeigt der Wirkungsquerschnitt in
e~ p-Daten eine schwichere Polarisationsabhéngigkeit als erwartet.

Die Charm-Anteile in den selektierten CC-Kandidatsereignissen werden mit Hilfe der Muon-
Ladungsasymmetrie bestimmt. Muonen aus Zerfallen von Charm-Hadronen in CC-Ereignissen bei
HERA haben immer die gleiche Ladung wie das Strahllepton. Die extrahierten Charm-Anteile in
den selektierten CC-Kandidatsereignissen sind

F.=95+89+3.0% fiir e™p und
F.=44+69+26%  fire p.

Aufgrund der grossen statistischen Fehler der gemessenen Charm-Anteile wurde die Dichte der
Strange-Quarks im Proton nicht bestimmt.
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Chapter 1

Introduction

The understanding of the basic building blocks of matter and the interactions between them is one
of the most fundamental questions addressed by philosophers and scientists for thousands of years.
Ancient philosophers in Greece and in east Asia described all matter as being combinations of funda-
mental elements. Most of these theories featured as elements earth (solid states), water (liquid), air
(gas), fire (plasma) and a fifth element sometimes called idea, void, quintessence or aether. The term
“quintessence” (meaning the fifth element) is still used today for the essential point of an idea or a
theory. Also the idea of atoms as basic building blocks of matter originates in ancient Greece. Around
400 BC the philosophers Democritus and Leucippus proposed indivisible particles called atoms (from
the Greek “atomos”, indivisible) as the fundamental building blocks of matter [1]. These atoms al-
ways existed and could not be created or destroyed, but they could be rearranged to form new types
of matter. The macroscopic properties of matter were then determined by the types of atoms in-
volved and the interactions between them. Since it was not possible at that time to test these ideas
experimentally they did not get much attention for more than 2000 years.

The ideas of Democritus came to new life in the very beginning of the 19th century, when John
Dalton tried to explain the so called law of multiple proportions (also called Dalton’s Law) [2]. This
law states that if two elements can combine with each other to form more than one compound, the
weights of one element that combines with a fixed weight of the other are in a ratio of small whole
numbers [3]. For example carbon (C) and oxygen (O) can form carbon monoxide (CO) or carbon
dioxide (COs), where for a fixed amount of carbon the second process will take exactly twice as much
oxygen as the first one. This can be seen as the first experimental evidence for atoms as building
blocks of matter.

In 1909 Ernest Rutherford concluded from scattering experiments that atoms have a structure: A
small, massive and positively charged nucleus orbited by negatively charged electrons [4]. With this
experiment, physicists took over the study of the fundamental structure of matter from philosophers
and chemists and the era of nuclear physics began. In the following decades big advances were made
both in the experimental and theoretical understanding of atoms and their nuclei. It was found
that atomic nuclei themselves have a structure and are made up of smaller particles, the positively
charged protons and the neutral neutrons [5]. At the same time the theory of quantum mechanics
was developed [6, 7], leading to a much better understanding of atoms and their constituents.

The transition from nuclear physics to particle physics in the quest for the fundamental constituents
of matter occurred in the 1960s, when it was discovered that protons and neutrons themselves are
built of even smaller particles, called quarks [8]. A few years later this substructure was confirmed by
experiments [9,10]. These discoveries together with further advances in experimental techniques and
the formulation of quantum field theories led to the still valid Standard Model of Particle Physics [11].

According to the Standard Model, all matter is made from three groups of particles, called fam-
ilies or generations. Each of these families consists of two quarks, one charged lepton (electron-like
particles) and one neutral lepton, called neutrino. While all these particles are fermions (particles
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with half-integer spin), the interactions between them are mediated by bosons (particles with integer
spin). The electromagnetic interaction is mediated by the neutral and massless photons. The weak
interaction is mediated by the massive W and Z bosons, where the W boson carries electric charge
and the Z boson is neutral. Therefore the exchange of photons and Z bosons is called Neutral Current
(NC) and the exchange of W bosons is called Charged Current (CC). The third fundamental inter-
action, the strong interaction, is mediated by gluons. Unlike the other force-mediating bosons the
gluons can also interact among themselves. These different properties of the associated bosons lead
to completely different properties of the electromagnetic, weak and strong interactions, even though
they can all be described in the framework of quantum field theory.

Unfortunately the Standard Model does not contain all fundamental interactions. The fourth, grav-
itation, could not yet be formulated as a quantum field theory and is therefore missing in the Standard
Model. For small masses gravitation is however much weaker than the other three interactions and
can therefore be neglected for the study of fundamental particles.

While one can tell exactly how many protons, neutrons and electrons build a given atom, for the
substructure of protons and neutrons this is not so clear. Due to the complicated properties of the
strong interaction, protons are not static constructs with a fixed number of constituents, but rather
dynamic systems where quarks and gluons are created and annihilated permanently!. To study these
processes and the structure of protons, the HERA accelerator [12] and the experiments H1 [13,14],
ZEUS [15] and HERMES [16] have been built (see chapter 4).

In the work summarized in this thesis, the data of the H1 experiment has been used to study a
specific contribution to the proton structure: The so called strange quarks. Understanding this con-
tribution to the proton structure would mean another small step in the big quest for understanding
what matter is made of, a quest started by ancient philosophers millennia ago.

This thesis is structured as follows: In the next chapter, a short introduction to the theoretical
framework on which this study is based is given. The formalism and kinematics of electron-proton
scattering are also introduced.

The current experimental understanding of the strange quark contribution to the proton is reviewed
in chapter 3. Drawing on the example of neutrino-proton scattering, the use of charm production in
charged current processes for the measurement of strange quarks in the proton, the subject of this
thesis, is introduced.

In chapter 4, the experimental setup for the presented measurement is explained. The HERA
accelerator and the H1 experiment are discussed with a special focus on subsystems relevant for this
thesis.

In the age of fast, distributed computing, the simulation of scattering processes has become an
essential tool of particle physics. It allows to develop and test measurement strategies, study the
effects of various systematic errors on the results of a measurement and compare the results with
theoretical models. The simulated event samples used for this analysis are presented in chapter 5.

The measurement of charged current processes from the selection of data periods to the calculation
of cross sections is discussed in chapter 6.

The selected charged current event samples obtained in chapter 6 are then used to study charm
production in charged current processes. An introduction to this subject is given in chapter 7. Different
methods for the extraction of the charm fraction in charged current are then studied in the chapters
8 and 9.

Finally, the results of this thesis are summarized and discussed in chapter 10.

n principle this is also true for atoms, where the vacuum polarization due to short-lived particle-antiparticle pairs
has very small but detectable effects.



Chapter 2

Theory

2.1 Electron-Proton Scattering

2.1.1 Introduction to ep Scattering

Since the 1960s it is known that protons are not fundamental particles but rather complex constructs.
The macroscopic properties of a proton are determined by its three valence quarks: Two up-quarks u
and one down-quark d. The term valence quarks shows the analogy to atoms, where the macroscopic
chemical properties are determined mainly by the valence electrons. These valence quarks in the proton
interact permanently with each other via the exchange of gluons, the force carrier gauge bosons of the
strong interaction. The gluons themselves can also interact among each other or produce short lived
quark-antiquark pairs, the so called sea quarks. The strong force and the structure of the proton are
described by the theory of Quantum Chromodynamics (see section 2.2.2), which still has many open
questions. Therefore there is great interest in testing QCD by measuring the structure and dynamics
inside the proton.

The reconstruction of a scattering process is much easier if the probing particle is pointlike and
structureless. Furthermore for technical reasons the probing particles should be easy to produce in
big amounts and have a long lifetime. Electrons fulfill all these criteria and are therefore ideal probes
to study the proton structure.

Both quarks and electrons carry electromagnetic and weak charge, but unlike quarks, electrons do
not carry strong charge. This means that while QCD is necessary to describe the structure of the
scattering target, the ep scattering process itself is described by electroweak theory (see section 2.3).
In the scattering process a virtual gauge boson is exchanged. In neutral current (NC) processes a
photon «y or a Z boson is exchanged, in charged current (CC) processes a charged W or W~ boson
is exchanged. In NC reactions an electron is present in the final state (the scattered beam electron)
while in CC reactions a neutrino appears in the final state. These basic scattering processes can be
seen in fig. 2.1.

2.1.2 Kinematics in ep Scattering

In the following k£ and P denote the four-momenta of the electron and the proton in the initial state
and k& and P the four-momenta of the electron (or neutrino) and the proton (or proton remnant) in
the final state. Schematically the ep scattering process can be written as

e(k) +p(P) — e(k') + X(P). (2.1)

The center of mass energy /s of the ep scattering process is related to the energies of the incoming
electron and proton E. and E, with

s=(k+ P)? ~ 4E,E,, (2.2)
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Figure 2.1: Lowest order graphs for ep scattering. a) Neutral current (NC) process with exchange of
a photon or Z boson and the scattered electron in the final state. b) Charged current (CC) process
with exchange of a W boson and a neutrino in the final state.

X

neglecting the particle masses. Therefore the center of mass energy is given by the accelerator and is
fixed unless the beam energies are changed.

The four-momentum ¢ = k — k" of the exchanged boson is equal to the four-momentum transfer
at the electron vertex. Used for describing the scattering process is usually the Lorentz invariant and
positive quantity

@ = =-(k-F) (2.3)
which is called virtuality of the exchanged boson. Q2 is an important characteristic of a scattering
event. Because of their high mass in the propagator (My ~ 80 GeV/c® and My ~ 91 GeV/c”
[17]), W and Z exchange processes are suppressed with Q%/(Q* + M?) relative to photon exchange
[18]. This means that the contribution of W and Z boson exchange to the total ep scattering cross
section depends on Q% and for Q? < M? ep scattering is mediated almost exclusively by photons.
For Q? ~ 0 GeV? the exchanged photon is quasi-real. This regime is called photoproduction. For
Q? > 0 GeV? the photon is virtual and the process belongs to the Deep Inelastic Scattering (DIS)
regime. Furthermore Q2 can be seen as a measure of the spatial resolution of the photon probing the
proton: The wavelength A of the virtual photon is proportional to 1/Q and the minimal size of the
structures that can be resolved is of the order of .

The inelasticity y of the reaction is defined by

_P-a
Pk
In the proton rest frame the inelasticity is the fraction of the incoming electron energy carried by the

exchange boson.
The Bjgrken scaling variable x is defined as

y (2.4)

2

T = @ .

2P - q

Since the proton is not a fundamental particle, the exchange boson interacts with a constituent of

the proton and not with the proton as a whole. In the Quark Parton Model (see section 2.2.1) the

fraction of the proton momentum carried by this constituent is given by zx.

A further quantity sometimes used for characterizing ep scattering processes is the boson-proton

center of mass energy W (identical to the invariant mass of the hadronic final state), given by

W?=(qg+ P)> (2.6)

(2.5)

All the discussed Lorentz invariant quantities can be used to characterize an event. They are
however not independent and linked by the following relations (neglecting particle masses):

Q> = wxys (2.7)
W2 = ys— Q> (2.8)
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Therefore for fixed center of mass energy /s the event kinematics is fully determined by any combi-
nation of two of these quantities. In elastic scattering the additional condition W = M (with M being
the proton rest mass) applies and the event kinematics for the elastic case is even fully determined by
any single quantity.

2.1.3 Elastic Scattering

In elastic scattering the particles in the initial and final state are the same, only their four-momentum
(energy and momentum) change in the scattering process. The discussion of elastic scattering in this
section follows [19]. The non-relativistic cross section for the scattering of electrons off atomic nuclei
with charge Ze into the solid angle element df is given by the Rutherford cross section

d 47202 (hc)2E'"?
(‘7) - O‘(—i). (2.9)
ds Ruther ford |QC|

Here E denotes the energy of the scattered electron and Q? is the negative squared four-momentum
transfer. The constants «, i and ¢ are the coupling constant of the electromagnetic interaction, the
Planck constant and the speed of light. The recoil of the nucleus has been neglected. For relativistic
energies of the electron the spin effects have to be taken into account, resulting in the Mott cross

section (for v, = ¢)
do ) * ( do ) 50
— =(-= - cos” —. (2.10)
(dQ Mott ds2 Ruther ford 2

The asterisk indicates that the recoil of the nucleus has still been neglected and 6 is the scattering
angle. It has been found that experimental data is described by the Mott cross section only for
Q? — 0. For higher values of Q2 the measured cross sections are systematically below the predictions.
This can only be explained if the nucleus has a structure and is not pointlike. Q? is a measure of the
spatial resolution (see section 2.1.2). For large values of Q? the probing photon does not see the whole
charge of the nucleus anymore, but only a fraction. Therefore the cross section, which is proportional
to the square of this charge, gets smaller for higher values of Q2. This effect is parameterized in a

form factor F(Q?), defined by
do do\" 2
— == |F(Q%)]. 2.11
(dQ>exp. (dQ)Mott } (Q )| ( )

In the approximation of negligible recoil of the nucleus the form factor is simply the Fourier transform
of the charge distribution p (77) of the nucleus:

F(Q*) = /eﬁ?/ﬁp(?’) ar. (2.12)

Here ¢ is the three-momentum transfer. The equations (2.11) and (2.12) have a very important
implication: It is possible to get information on the structure of the target (or at least the distribution
of the electromagnetic charge) by measuring the Q? dependence of the cross section in a scattering
experiment.

For electron-proton or electron-neutron scattering (i.e. Z = 1) the recoil of the target cannot be
neglected anymore. This introduces an additional factor E' /E in the cross section and it becomes

do ) ( do ) * E’
—_— = —= B (2.13)
(dQ Mott d2 Mott E

Introducing also the spin of the nucleon (proton or neutron) and the interaction between the electron
current and the magnetic moment of the nucleon, the cross section for electron-nucleon scattering is
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given by the Rosenbluth formula [20)

do (da) _[G%(Q2)+TG?W(Q2)
Mott

+27G%; (@) tan® g , (2.14)

a  \dQ 147
where T = Q?/4M?. G% (Q?) and G3, (Q?) are the electric and magnetic form factors of the nucleon.
In the limit Q% — 0 the electric form factors must be equal to the electric charge of the respective
nucleon (1 for protons, 0 for neutrons in units of the elementary charge e¢) and the magnetic form
factors are equal to the magnetic moment of the nucleon (2.79 for protons, —1.91 for neutrons in
units of the nuclear magneton py). The shape of the form factors at higher values of Q? gives an
interesting insight into the structure of the nucleons. Some experimental results from elastic scattering
are discussed in section 3.2.

2.1.4 Deep Inelastic Scattering

Scattering processes in DIS are described by form factors as in elastic scattering, but in the inelastic
case they are called structure functions F; and Fs. Unlike in elastic scattering the condition W =
M does not hold for DIS events. Therefore cross sections and structure functions depend on two
parameters instead of one. Instead of the Rosenbluth formula (2.14) the differential cross section for
the deep inelastic case becomes

d?o B 2o

dedQ? T 2QF (140 -9)°) B (2,Q%) = y*F1 (2,Q%)] (2.15)

with the longitudinal structure function

Iy, (ac,Qz) =F (x,Q2) —2zF (x,Q2) . (2.16)

Again as in elastic scattering it is possible to determine the structure of the proton by measuring the
ep scattering cross section. In the DIS case it is however more complicated since it is necessary to
measure double differential cross sections instead of single differential ones and the structure functions
depend on two parameters. The longitudinal structure function Fp, is equal to zero in a simple Quark
Parton Model (see section 2.2.1) and only appears at higher order in «y, where gluon radiation takes
place (see section 2.2.2). Therefore the contribution to the inclusive ep cross section from Fj, is much
smaller than from F5 and is only relevant for y ~ 1. In most measurements of F5 the contribution
from F7y, is neglected.
Some experimental results from DIS are discussed in section 3.3.

2.2 DIS in the Quark Parton Model and QCD

2.2.1 Quark Parton Model

By the end of the 1960s the framework of Quantum Electrodynamics (QED) was well established and
the electromagnetic interactions between charged particles well known. But inelastic electron-proton
scattering was still not understood because one question was still open: What is the probing electron
actually scattering on? The proton is not fundamental and must have some structure. In the Quark
Parton Model proposed by Feynman [21] in 1969 the proton consists of non-interacting pointlike
constituents (partons). The partons have spin % and carry a fraction = of the proton momentum. In
this picture inelastic electron-proton scattering in fact can be seen as elastic electron-parton scattering
as shown in fig. 2.2. Elastic scattering on a pointlike particle implies a constant structure function, i.e.
F (Jc, QQ) should only depend on x, but not on @? for high values of Q? (for low Q? this is not true
since in this regime there is elastic scattering on the proton instead of the parton). This prediction is
known as Bjgrken scaling [22]. In [23] Bjorken and Paschos further refine the predictions and identify
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p () X

Figure 2.2: DIS Feynman graph according to the Quark Parton Model.

Feynman’s partons with Gell-Mann’s quarks [8]. The QPM gained credibility when Bjgrken scaling
was confirmed by experiments [9, 24].
The cross section for elastic scattering of an electron e and a quark g; calculated in QED gives

d*c 2ra? 9
= e; (1+(1— oz — &), 2.17
(zoage) = Tgret(rt-os—g (2.17)
where e; is the charge of the quark and £ is the fraction of the proton momentum carried by the struck
quark. The é-function shows the interpretation of z in the QPM as the proton momentum fraction
taking part in the interaction. The parton density functions (PDF) ¢;(£) parameterize the probability
to find a quark with type (“flavor”) i and a proton momentum fraction £ in the proton. Using these
PDF's the inclusive cross section can be written as

2 1 2
é@:;A@MNQ@Lw% 2.18)
Inserting (2.17) in (2.18) and comparing with (2.15) the structure functions in the QPM become
Py (2,Q) = z) elqx) (2.19)
Fp (z,Q*) = o. Z (2.20)

These structure functions are independent of Q2, Bjgrken scaling is a direct consequence of the QPM.
From (2.20) and (2.16) follows the Callan-Gross relation [25]

Fy(x) = 22 Fy (o). (2.21)

The QPM has later been identified with the leading order (in aj;) approximation of Quantum
Chromodynamics (see the next section).

2.2.2 Quantum Chromodynamics (QCD)

When experiments a few years later gained access to higher values of Q2 and lower x, deviations
from a perfect scaling behavior of the structure functions in DIS were observed [26]. These scaling
violations could not be explained by the QPM. Furthermore it is not possible in the QPM to explain
why there are never free quarks observed in the final state even though they appear quasi-free inside
the proton in the scattering process itself. These problems are solved by the theory of Quantum
Chromodynamics (QCD) [11]. In QCD a new fundamental force is introduced and described, the
strong force, in addition to the already known gravitational, electromagnetic and weak forces. The
strong force acts on a new kind of charge, the so called color charge, which can have six possible
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values: Red, blue, green and their anticolors (sometimes denoted as cyan, magenta and yellow). The
carriers of this charge are the quarks introduced already by Gell-Mann [8] and the QPM. A bound
state of quarks as a whole is always colorless (i.e. rotationally invariant in color space SU(3)). As for
the other fundamental forces there is also a force mediating boson for the strong force, the gluon (so
called because it “glues together” the quarks in the nucleons).

The gluons themselves also carry color charge and can therefore interact with other gluons. For
instance a gluon can split into a pair of gluons, a process not possible for photons in QED. This gluon
self-interaction leads to a completely different behavior of the strong force compared to the electroweak
interactions. While the electroweak coupling constant « increases with higher Q? (corresponding to
short distances), the strong coupling constant a, decreases. This is known as asymptotic freedom
[27], [28] and explains why the quarks in the scattering process appear to be quasi-free. For low Q?
and corresponding long distances ay gets large, effectively binding quarks together. This is called
confinement and also explains why no free quarks can be observed. The behavior of a; as a function
of Q? (called “running”) can be written in leading order perturbation theory (pQCD) as

as (Q%) = 2 (2.22)

(83— 2Ny) - In (Q*/ABep)

Here Ny denotes the number of active quark flavors with mass mg < Q% The parameter Agcp

determines the scale at which a becomes large, so that perturbation theory is not applicable anymore.
If s is measured at any scale Q? it can be determined at any other scale by using equation (2.22).

QCD also changed the picture of the proton. While in the QPM the three valence quarks are
non-interacting, in QCD there is a permanent exchange of gluons between them. Besides the already
mentioned self-interaction, gluons can also split into quark-antiquark pairs. These short-lived quarks
and antiquarks are called sea quarks. The (simplified) picture of the proton in the QPM and in QCD
is illustrated in fig. 2.3.

Figure 2.3: The proton structure in the QPM on the left side and in QCD on the right side. The
colored balls are the valence quarks, the spiralling lines correspond to gluons and the solid lines to
quarks and antiquarks in the sea.
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2.3 Electroweak Processes: NC and CC Interactions

2.3.1 NC and CC Cross Sections

While QCD describes the dynamics inside the proton and therefore the target the electron is scat-
tering on, the electron-proton scattering process itself proceeds via electroweak interactions described
by QED. As already briefly explained in section 2.1.1, different types of interactions can occur. In
the case of an electromagnetic process, the electron interacts with the quark via the exchange of a
photon . Also possible are weak interactions with exchange of a neutral Z or a charged W boson.
The properties of these different types of electroweak interactions are discussed in this section [18].

The exchange of a photon or a Z boson is called neutral current (NC). Its cross section is given by

d2ojevié’ _ 2ra? [ 1 77 etp 9 93
dzd@? ~  z |Q2| N (2:23)

with the reduced NC cross section
et
V& = YiFs (2,Q%) — y°FfF (2,Q%) FY_aF; (2,Q%). (2.24)

The helicity dependence of the weak Z exchange is contained in Y. = 1+ (1 — y)2. The longitudinal
structure function Fj, is only relevant at high y and low x and Q2. In the kinematic range of this
thesis, the contribution from F, can therefore be neglected. The structure functions F5 and F3 contain
terms from ~ exchange, Z exchange and vZ interference. In the Quark Parton Model (see section
2.2.1) F5 is given by

Fy =3 A(Q) - (24i (2,Q%) +2ai (2.Q%)), (2.25)
where for unpolarized lepton scattering
A (Q?) = €] — 2evive Pz + (v7 + a?) (vf + af) P. (2.26)

Here v; and a; denote the NC electroweak vector and axial couplings of quark i and v, and a. the
corresponding couplings of the electron, e; is the quark charge. The first term in (2.26) contains
the pure photon exchange and corresponds to equation (2.19). The term in Pz contains the vZ
interference and the term in PZ the pure Z exchange. Due to the large masses of the weak exchange
bosons (My ~ 80 GeV and My ~ 91 GeV [17]) compared to the massless photon, weak interactions
are suppressed. The suppression of Z exchange relative to v exchange is given by

Q° 1

P = : 2.27
77 Q2 + M2 sin? 20 (2:27)
with the Weinberg angle fy,. The structure function zFj is given by
2Py =) B (Q°) - (vq: (2.Q°) - 2q; (¢,Q7)). (2.28)
with
B} (Q%) = —2eia;a. Pz + da;viveac Py. (2.29)

The structure function F3, which does not contain pure photon exchange, violates parity. This feature
of the weak interaction is explained in more detail below.

The exchange of a charged W boson is called charged current (CC). Since there is no charged
exchange boson of the electromagnetic interaction, CC interactions are always weak processes. The
CC cross section can be written in a similar way as the NC cross section with

et 2
Foce _ Gh My PEEP (2.30)
drdQ? — 27w Q2+ M2, | T '
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where the reduced CC cross section is given by

o = % YyW5 (2,Q%) —y* Wi (2,Q%) T Y_aWy (2,Q7)] . (2.31)

G is the Fermi coupling constant given by

yes

Gpo— ™
V2 sin? Ow M3,

(2.32)

Since there are no contributions from electromagnetic interactions in CC, the structure functions are
much simpler than in NC and can be written in the Quark Parton Model (where the longitudinal
component Wi, vanishes) as

W (2,Q%) = > o (q:(z, Q%) +@(=, Q%) (2.33)

?

W3 (J:, QQ) = Zx (qi(x, Q?) — Gi(x, QQ)) . (2.34)

?

From (2.30) it can be seen that like Z exchange also W exchange is suppressed compared to ~y ex-
change due to the W mass. Therefore electron-proton scattering is dominated by the electromagnetic
7 exchange and the cross section for NC is much higher than for CC. Only for Q? > M2 ~ MZ,, i.e. at
high energies, the electromagnetic and weak interactions are of comparable strength. This electroweak
unification at high energies can be seen in fig. 2.4.

Neutral and Charged Current
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Figure 2.4: NC and CC cross sections in bins of Q% measured by the H1 Collaboration [29] in deep in-
elastic e~p and e*p scattering. At high values of Q% the NC and CC cross sections become comparable,
demonstrating electroweak unification at high energies.
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2.3.2 Parity Violation

An important feature of the weak interaction is the wviolation of parity, implied by the structure
functions Fj in equation (2.28) and W3 in (2.34). Parity is often referred to as the mirror symmetry,
transforming right-handed into left-handed states and vice versa, in analogy to a man standing in
front of a mirror. Formulated in a more scientific way, the parity operation changes the helicity of a
particle, given by

- -

S-p

|51 1P

(2.35)

Here §'is the spin of a particle and p'its momentum. Particles with h = +1 (spin parallel to momentum)
are called right-handed and particles with A = —1 (spin antiparallel to momentum) left-handed. The
electromagnetic and strong interactions conserve parity, i.e. they do not depend on the helicity of
a particle. In 1957 Wu and collaborators discovered that the weak interaction behaves differently
and indeed violates parity [30]. Massive particles always have a left-handed and a right-handed
contribution, but massless particles such as the neutrino v! can only be either fully left- or right-
handed. Soon after the initial discovery of parity violation the famous Goldhaber experiment [32]
showed that neutrinos are always left-handed. This result not only confirms maximal parity violation
in weak interactions, it also indicates the V' — A type of the interaction (the vector contribution
cy and axial vector contribution ¢4 of the matrix element satisfy the relation |cy | = —|ca|). This
means that the weak exchange bosons Z and W only couple to left-handed fermions and right-handed
anti-fermions.

For DIS parity violation leads to a dependence of the cross sections on the Polarization P, of the
lepton beam, given by

_ Nr—Ng

= 2.36
Np+ Np, ( )

with N and Ny the number of right- and left-handed leptons in the beam. Since the weak exchange
bosons only couple to left-handed electrons and right-handed positrons, the cross section will be
higher for negatively polarized compared to positively polarized electron beams and for positively
polarized compared to negatively polarized positron beams. This effect is much larger for CC than
for NC, because NC is dominated by electromagnetic v exchange while in CC there are only weak
interactions. The polarization dependent cross section for CC contains an additional factor compared
to (2.30) and becomes

d20.g:ép,polarized G2 M2 2 1
T9c _ _(1+p) F [W] o (2.37)
dzdQ? o | Q2 + M3,

This polarization dependence as a result of the parity violation in weak interactions can be seen in
fig. 2.5.

INeutrinos are massless in the Standard Model. In 2001 neutrino oscillations have been detected, indicating very
small but not vanishing neutrino masses [31].
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Figure 2.5: The polarization dependent CC cross sections measured by the H1 Collaboration [33].
The data is compared to the Standard Model prediction.

2.3.3 Electron-Proton vs. Positron-Proton Scattering

It is shown in fig. 2.5 that the total CC cross section for e~ p scattering is higher than for e™p scattering
at P, = 0. The main reason for this is simple charge conservation: e~ p scattering is sensitive to the
up valence quark density in the proton (e~ u — dv, on parton level), while e*p scattering is sensitive
to the down valence quark density (etd — ui,). Since the proton contains two up and only one down
valence quark, this gives roughly a factor of two in the inclusive CC cross section. At high values of
Q? the different = dependence of the up and down valence quark densities also leads to a different x
dependence of the e”p and eTp CC cross sections.

Furthermore the angular dependence of the final state in the center-of-mass system is different
in e”p and etp scattering. As already mentioned above, the W boson only couples to left-handed
fermions and right-handed anti-fermions. In the case of e™p scattering, this means that the initial
state consists of a left-handed electron and a left-handed quark, which results in an isotropic state with
spin J, = 0 in the center-of-mass (CM) system. The neutrino in the final state can be scattered in any
direction with equal probability (the distribution of the polar angle 6 of the neutrino is flat). In the
case of eTp scattering however, the initial state consists of a right-handed positron and a left-handed
quark, which results in a J, = 1 state in the CM system. Due to angular momentum conservation, the
right-handed anti-neutrino in the final state cannot be back-scattered and a (1 — cos 0)2 dependence
on the polar angle is introduced. This is illustrated in fig. 2.6. This argument is reversed if a (right-
handed) anti-quark in the proton sea takes part in the interaction instead of a (left-handed) quark.
Since over a wide kinematical range the valence quarks are dominating CC interactions, the influence
from anti-quarks is small.
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Figure 2.6: Angular momentum conservation in the center-of-mass system in CC interactions. The
thin red lines correspond to the spin direction of the particles. The W boson only couples to left-
handed fermions and right-handed anti-fermions. In a) a typical CC process for e™p scattering is
shown. The overall spin is zero. In b) a typical CC process for e p scattering is shown. The overall
spin is one. The anti-neutrino cannot be back-scattered since this would violate angular momentum
conservation. The anti-neutrino in this case has a (1 — cos 9)2 dependence on the polar angle 6.

2.3.4 The CKM-Matrix

Unlike the electromagnetic and strong interactions, the weak interaction can transform one quark
type (flavor) into another one. Due to charge conservation this is always the case for CC interactions.
Flavor changing neutral currents (FCNC) with Z exchange have never been observed at tree level in
the quark sector up to now. This changing of quark flavor under weak interactions can be explained
when the weak eigenstates d/, s and b are not equal to the mass eigenstates d, s and b, but rather
mixings (rotations) of these states. This mixing is parameterized in the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. The elements of this matrix have to be measured experimentally and their current
values are [17]

/

d Vaa Vus Vi [d 0.974  0.226 0.004\ /d
S| =(Vea Ve V| |s] =1 0230 0957 0042](s]. (2.38)
b Vie Vie Vi) \b ~0.007 ~004 ~1 b

The probability for a transition of a quark with flavor i to a quark with flavor j in a weak interaction
. . . . 2

is proportional to the square of the corresponding matrix element |V;;|”. For example, a strange quark
interacting with a W boson has a high probability of transforming into a charm quark (Vs = 0.957),
a much smaller probability of transforming into an up quark (V,,s = 0.226) and will hardly ever trans-
form into a top quark (Vs = 0.04), even though this transformation also conserves charge.

The features of weak interactions play an important role in the subject of this thesis, the measure-
ment of charm production in CC processes. The parity violating structure of the weak interaction
mainly influences the inclusive CC cross sections by introducing a polarization dependence of the cross
sections. This will be seen in chapter 6. The quark mixings parameterized in the CKM-matrix are
important in understanding the production mechanisms of charm quarks in CC processes, as will be
explained in chapter 7.
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Chapter 3

The Strange Content of the Proton

3.1 Introduction

The valence quark content of all ordinary matter (matter built from atoms) is made up entirely of
up and down quarks. So why are other quark flavors, such as strange quarks, important? As already
explained in section 2.2.2, at high spatial resolutions (corresponding to high values of Q?) the valence
quarks of the nucleons (protons and neutrons) are not isolated anymore, but embedded in a sea
of gluons and short-lived quark-antiquark pairs. In this sea all quark flavors are present, including
strange quarks (heavy quarks are suppressed and only become important at high Q% and low x).

The interest in the strange sea was triggered with the proton spin crisis in 1988. The European
Muon Collaboration (EMC) found that polarized proton-muon DIS data cannot be explained by the
valence quark spin components alone and concluded, that “the total quark spin constitutes a rather
small fraction of the spin of the nucleon” [34]. The interpretation of this experimental result started
a fierce discussion among theorists. In this debate the EMC results were even taken as evidence
against QCD and it was claimed that other theories such as Quark Geometrodynamics and Anisotropic
Chromodynamics manage to describe the data better than QCD [35]. Reacting to these claims F. E.
Close published a paper titled ”Polarized strange quarks in the proton and the validity of quantum
chromodynamics”, where he states that claims to overthrow QCD arise from an overestimation of the
polarization of the strange sea [36].

Following this theoretical dispute about the EMC results and their interpretation, several exper-
iments dedicated to the measurement of sea quarks, in particular strange quarks, in protons and
neutrons have been done. In this chapter, the experimental results on the strange sea in the proton
and the neutron are summarized.

3.2 Elastic Scattering

3.2.1 Formalism and Measured Quantities

In elastic scattering two types of quantities are usually measured: Form factors and helicity asym-
metries of cross sections [37]. Form factors have already been introduced in section 2.1.3. Measured
are the electric and magnetic form factors Gg and Gy as given in the Rosenbluth formula (2.14).
The total form factors for the proton G%, ,, are composed of the different quark contributions in the
proton with l

2 u 1 ,d 1 ,S
GYE‘}?M = gGl}j,M - gG%,M - gGZ;«J,M~ (3.1)

An analogous relation is also valid for the neutron. Here it is assumed that contributions from
heavier quarks can be neglected at the energies of elastic scattering experiments. The goal of these
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measurements is to determine the strange quark form factors G%°,,. Usually charge symmetry between
proton and neutron is assumed:

p,u n,d p,d n,u | DS _ n,s __ £l
GE,M = GE,]\/[’ GE,M = GE,M7 GE,M = GE,M =G um- (3.2)

Using these relations it is possible to gain information on the proton form factors by studying the
neutron. But since there are no free neutron targets, information on neutrons has to be gained by
scattering on deuterium or helium.

Even using the charge symmetry relations (3.2) it is not possible to disentangle the different
contributions to the total proton and neutron structure functions without using additional information.
This information is provided by the parity violating asymmetry Agry of the cross sections for elastic
electron-nucleon scattering, defined by

OR — 0L

. 3.3
OR+ 0L (3:3)

Apr =

Here op(r) is the cross section for right- (left-) handed electrons. This asymmetry arises from the
parity violating structure of the weak Z exchange (see section 2.3.2). Since the total elastic electron-
nucleon scattering cross section is dominated by the helicity independent photon exchange, Agy, is
very small (in the ppm range). Both vyp and Zp scattering access the same flavor structure in the
proton, but with different coupling constants. While the form factor for vyp scattering is given by
(3.1), for Zp scattering it can be written as

2 1 2. w 1 1. y .
G2y = (4 — 5 sin? ew) GoYy + (—4 + 5 sin’ ew) G5+ Gl (3.4)

where Oy is the Weinberg angle. Using Agy, to determine the electromagnetic and weak contributions
to elastic scattering, it is possible to measure individual quark contributions to the total proton form
factor. For instance scattering off the *He nucleus is directly sensitive to G% [37]. For this case, and
neglecting radiative corrections, the asymmetry is given by

Ac He — Aoz (4sin? 0y + _ 26k , (3.5)
G% + G%,
with 7 = Q*/4M,, and
G pMp?
Ag = P _ 316.7 ppm. (3.6)

V2ra

3.2.2 HAPPEX

The HAPPEX experiments are located at the Thomas Jefferson National Accelerator Facility and are
dedicated experiments to measure the strange contribution to the proton electric and magnetic form
factors using elastic scattering of electrons on protons and *He. The first HAPPEX experiment took
data in 1998 and 1999 at a scattering angle of 12.3° in the lab system and Q2 = 0.5 GeV?2. The strange
contribution was found to be (G%; + 0.392G%,) = 0.025 £ 0.020 + 0.014, consistent with zero [38].

The second HAPPEX experiment (HAPPEX-II) took data in 2005 at a scattering angle of 6° in
the lab system and Q? ~ 0.1 GeV?. The results for the strange contributions to the proton were
G5, = 0.002 £ 0.014 £+ 0.007 and (G% + 0.09G%,) = 0.007 £ 0.011 £ 0.006 [39], providing even stricter
limits on the role of the strange quarks in the nucleon. This result is illustrated in fig. 3.1.

The next HAPPEX generation, denoted HAPPEX-III, is already approved and will take data in
2009 at Q2% = 0.62 GeV?2.
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Figure 3.1: Measurement of the strange form factors by the HAPPEX collaboration [39]. The ellipses
correspond to the 68 % and 95 % C.L. regions. For references to the individual measurements and
predictions see the publication.

3.2.3 GO

Like the HAPPEX experiments, the GO experiment is located at the Thomas Jefferson National
Accelerator Facility and was taking data in 2004-2006. The main physics goal of the GO experiment is
to determine whether the strange form factors of nucleons are non-zero. Polarized electrons with an
energy of 3 GeV were scattered on a 20 cm liquid hydrogen target. The recoiling elastic protons were
also measured, allowing for simultaneous measurements in the range 0.12 < Q2 < 1.0 GeV?. The G0
measurements indicate non-zero, Q* dependent G% and G4, [40], as can be seen in fig. 3.2.

3.2.4 A4 and SAMPLE

The A4 experiment at MAMI (Mainzer Mikrotron) is taking data since the year 2000. A4 uses a
polarized electron beam with energies from 315 MeV to 855 MeV and liquid hydrogen and deuterium
targets. Measuring the strange form factors is one of the main physics goals. A measurement at
Q? = 0.1 GeV? yields a parity violating asymmetry Agry, = (—1.36 + 0.29 & 0.13)-10~°, corresponding
to a positive strange contribution G% + 0.106G%5, at the 20 significance level [41].

The SAMPLE experiment at the MIT-Bates Linear Accelerator Center took data in 1998 and
1999 and specifically focused on backward angle scattering at low energy, which isolates the magnetic
structure of the nucleon. Therefore SAMPLE results mainly constrain G3,.

The constraints on the strange form factors from the A4 and SAMPLE experiments can be seen
in fig. 3.3.
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Figure 3.2: Measurement of the strange form factors by the GO collaboration [40]. The grey bands
indicate systematic uncertainties. The lines in the lower plot correspond to different models. For
explanations of these models see the publication.
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Figure 3.3: Measurement of the strange form factors by the A4 collaboration [41]. The solid lines
correspond to the 1o error band of A4, the dashed lines to the 1o error band of SAMPLE. The
dotted lines represent a lattice gauge theory calculation. The black squares represent different model
predictions. For references see the publication.
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3.3 Neutrino-Nucleon Deep Inelastic Scattering

3.3.1 Formalism

In neutrino-nucleon scattering the parameters x and « are usually used to parameterize the strangeness
contribution to the nucleon sea. The strangeness suppression factor x is related to the overall
strangeness content in the nucleon and is defined by

Jy [os (2, QR) + a5 (2, Q3)] dr
fol [xﬂ (z,Q3) + zd (z, Qg)] dx

(3.7)

R =

Here g (amQQ) (with ¢ = u,d,s) are the PDFs introduced in section 2.2.1, = is the Bjgrken scaling
variable and @) is a reference scale. The dependence of x on the reference scale can be neglected within
the kinematic range of a single experiment and is usually also neglected when comparing results from
different neutrino DIS experiments. x = 0 means a vanishing contribution of strange quarks to the
nucleon sea, while kK = 1 implies a flavor symmetric sea with the same amount of up, down and strange
quarks. The dependence of the strange sea on x is parameterized by «. It is defined relative to the
shape of the non-strange sea by

o TU (a:, QQ) + xJ(x, Q2)
2 b

zs (z,Q%) = As(1 —z) (3.8)
with xs (x, QQ) =5 (x, QQ). A value of a = 0 implies that the strange and non-strange sea have the
same x dependence. The normalization constant A can be computed numerically for given values of
x and a. Ag becomes identical to s if @ = 0.

3.3.2 Dimuon Events

In neutrino DIS, strange quarks in the nucleon are usually accessed using charm production in charged
current. In order to produce a charm quark in CC, a down or strange quark in the nucleon has to
take part in the interaction. This is illustrated in fig. 3.4 for the case of a v, beam, where a W+
boson is exchanged. For a 7, beam a W~ boson is exchanged and a ¢ quark produced. At high values
of x, W7 exchange processes are dominated by valence d quarks. At lower x there is a significant
contribution from s quarks, since the CKM matrix element V., is about four times larger than V.4
(see equation (2.38) in section 2.3.4).

zZ

Figure 3.4: Feynman graph for charm production in charged current in neutrino DIS.

For the analysis of charm production in CC dimuon events are used, i.e. events where in addition
to the primary muon produced directly in the CC process a second muon is produced from the decay of
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the charmed particle. As can be seen in fig. 3.4, this muon and the primary muon must have opposite
charge. This results in a very clear experimental signature which can be triggered and selected with
high efficiency. A dimuon event in the CHARM II calorimeter can be seen in fig. 3.5.

Figure 3.5: Dimuon event in the CHARM II calorimeter. Figure taken from [42].

3.3.3 CHARM II

The CHARM II experiment was located at CERN and used the wide band neutrino and antineutrino
beams at the Super Proton Synchrotron (SPS). The CHARM II detector consisted of a massive, low-
density target calorimeter followed by a toroidal iron muon spectrometer equipped with scintillator
planes and drift chambers. The data was taken from 1986 to 1991.

4111 v, and 871 7, induced opposite sign dimuon events have been observed at Q? > 5.5 GeVZ.
The strangeness suppression factor has been found to be x = 0.39 &+ 0.09, indicating a significant
contribution from strange quarks in the nucleon sea [42]. The quark mass m. and the CKM matrix
element |Vgq| have also been constrained. The CHARM II results are summarized in table 3.1.

Table 3.1: CHARM II fit results of the free parameters for the dimuon cross section with statistical
errors only [42]. m, is the charm quark mass, B,, denotes the branching ratio of charm hadrons into
muons and € is a free parameter describing the fragmentation of charm quarks using the Peterson
fragmentation function [43].

me (GeV/c?) K ! B, (%) €

0.26 0.074 0.78 0.7 0.010
1797028 0.388T0 05t 1124078 9.0570 %8 0.072715009

3.3.4 NuTeV and CCFR

The NuTeV and CCFR experiments were located at Fermilab. CCFR took data from 1979 (then still
called CCFRR) until 1988. The NuTeV collaboration used for their data taking in 1996 and 1997 to
a large extent the same experimental setup for the detector, but a different neutrino beam line. The
detector consisted of a 690 tons steel target calorimeter and an iron toroid muon spectrometer.

The collected samples of dimuon events contain 5102 v, induced and 1458 7,, induced events for
NuTeV and 5030 v,, induced and 1060 7,, induced events for CCFR. Parameters extracted from leading
order (LO) fits to the data sets depend on the PDF set used in the fit [44]. In order to minimize
model dependencies a fit to differential dimuon cross section tables has been performed for the NuTeV,
CCFR and combined data sets. The results are summarized in table 3.2.
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Table 3.2: Results of LO fits to dimuon cross section tables extracted from NuTeV, CCFR and
combined data sets [44]. k and a (R and &) are the strangeness parameters obtained from v, (7,,)
events.

Set me (GeV/c?) B.(%) K R a a
NuTeV 1.30 £ 0.22 10.224+1.11 0.38£0.08 0.39+£0.06 —-21£1.0 —-244+0.5
CCFR 1.56 £0.24 12.08 £0.99 0.28£0.05 0.33+0.05 39+1.2 3.3£0.8

Combined  1.40+£0.16 11.00+0.71 0.36£0.05 0.384+0.04 —-1.1£07 -21+04

3.3.5 CHORUS and NOMAD

The CHORUS and NOMAD experiments were exposed to the CERN SPS wide band neutrino beam
from 1994 to 1997 (NOMAD until 1998). The main physics motivation was to look for neutrino
oscillations, but both experiments also published results on dimuon events. While NOMAD used an
iron scintillator calorimeter as target for the dimuon study, CHORUS contained a nuclear emulsion
target.

CHORUS has selected 8910 v, and 430 7, induced dimuon events. The strangeness parameters
have been extracted using a four parameter maximum likelihood fit of the simulation to the data. The
results are summarized in table 3.3. The parameter o has not been extracted.

The published NOMAD sample of dimuon events contains 2714 v, and 115 7, induced events.
The results have been extracted using a x? minimization procedure for each parameter. The NOMAD
results are also listed in table 3.3.

Table 3.3: Results of fits of the simulation to the dimuon data obtained by the CHORUS and NOMAD
collaborations [45,46].

Set me (GeV/c?) B,.(%) K
CHORUS 1.26+0.16+0.09 9.6+0.4+0.8 0.3340.05+ 0.05
NOMAD  1.3+0.3+0.3 9.510 714 0.48+9-09+0.17

3.4 Measurements at HERA

Deep inelastic scattering of electrons off protons at high center of mass energies was only done at the
accelerator HERA at DESY in Hamburg. For details on HERA see chapter 4. Here only the results
obtained so far at HERA concerning the strange content of the proton will briefly be summarized.

3.4.1 HERMES

HERMES is a fixed target experiment where the electrons (or positrons) of the HERA lepton beam
collide with a gas target. The data for the presented measurement was taken in the years 1996 — 2000
(HERA 1), therefore the experimental conditions will be discussed for this time period only. There
were three main components of the HERMES experiment: The polarized lepton beam, the polarized
gas target and the spectrometer. The polarization of the HERA lepton beam is described in more
detail in chapter 4. The target used in 1996 — 1997 contained polarized hydrogen and in 1998 — 2000
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polarized deuterium. The source of the polarized atoms was an atomic beam source based on the
Stern-Gerlach effect. HERMES had a forward spectrometer with large acceptance which detected the
scattered electron (positron) as well as hadrons in coincidence. The setup allowed a good tracking
and particle identification. A schematic view of the spectrometer is shown in fig. 3.6. For more details
on the HERMES experimental setup see [47].
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Figure 3.6: Schematic side view of the HERMES spectrometer in the configuration 1998 — 2000 [48].

HERMES measured helicity distributions Aq(x, Q?) separately for up, down and strange quarks
in the nucleon [47]. The quark helicity distributions are defined by

AQ(xaQ2) = q+(I7Q2) _qi(aaQQ)? (39)

where g% (¢7) are the number densities of quarks or antiquarks with their spins in the same (opposite)
direction as the spin of the nucleon. For this analysis both information on the spin and the flavor of
the struck quarks are needed. The helicity distribution can be accessed by measuring the polarization
asymmetry of the cross section, defined by

= M’ (3.10)

0172 + 03/2
where 03/ (1/2) is the cross section for photon spin (anti-) parallel to the nucleon spin. Information
on the flavor of the struck quark can be gained by flavor tagging. In this method the leading particle
(particle with highest momentum in the event) is identified and it is assumed that the struck quark is
contained in this particle. For instance if the leading particle is a positively charged pion 7+ = (ud),
the struck quark was probably an u or d quark. In this case the struck quark will usually be a u
quark, since the cross section is higher than for d quarks (charge) and it is more abundant in nucleons
(valence quark). Struck u quarks result in leading 7+ in most cases, struck d quarks in leading 7~
and struck s quarks in leading K —. Therefore events with leading kaons give access to the strangeness
content of the nucleon.

HERMES found the polarization of the up quark to be positive and of the down quark to be
negative. All extracted sea quark polarizations are consistent with zero, including the strange quark
polarization. The HERMES results on the quark helicity distributions can be seen in fig. 3.7. For
more details see [47].
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Figure 3.7: The quark helicity distributions zAq (:c, Qg) evaluated at Q3 = 2.5 GeV? as a function of
x, measured by the HERMES collaboration [47]. The error bars are statistical only. The grey bands
show systematic uncertainties. The dashed and dash-dotted lines show different parameterizations.
For details see the publication.

3.4.2 ZEUS

ZEUS is a multipurpose colliding beams experiment at the HERA accelerator facility. The data used
for the measurement of the strange sea was taken in the years 1995 —1997 with a positron beam energy
of 27.5 GeV and a proton beam energy of 820 GeV. The beams collided in the central region of the
detector. This interaction point was surrounded by tracking detectors, the calorimeter and dedicated
muon detectors. Due to the higher energy of the proton beam, the experimental setup is asymmetric
in the direction of the beam. A schematic view of the ZEUS detector can be seen in fig. 3.8.

The ZEUS collaboration used ¢(1020) mesons in order to access the strange sea in the proton [50].
The decay channel ¢ — KK~ gives a clean signature in the detector and has therefore been used
to reconstruct the ¢ mesons, which are almost pure ss states. The s or § quarks in the ¢ meson
can originate from the strange sea, from boson-gluon fusion processes (BGF) or from hadronisation.
It is possible to fit the shapes of the different contributions (taken from simulation) to measured
differential cross sections in order to determine the relative contributions of these processes to the
total cross section. This is shown in fig. 3.9. In particular it is in principle possible to extract the
contribution of the strange sea using this method.

With the data sample considered in the publication, the sensitivity of this method to the strange
sea contribution to the ¢ meson production cross section is not high enough to quantitatively measure



32 The Strange Content of the Proton

Figure 3.8: Schematic view of the ZEUS detector [49].

the strange content of the proton. The agreement of the measured ¢ meson production cross section
with the simulation is however better with a contribution from processes involving the strange sea
in the simulation. Therefore ZEUS claims this measurement to show the first direct evidence for the
existence of the strange sea in the proton at low values of x.

3.4.3 H1

Like the ZEUS experiment, H1 is a large multipurpose colliding beams experiment using the beams
of the HERA storage ring. The strange sea in the proton has not yet been measured with H1 data.
In this thesis, the production of charm quarks in charged current processes using H1 data is studied.
Similar to dimuon events in neutrino-nucleon DIS, this process allows to access the strange quarks in
the proton.

3.5 Putting the Picture Together

The most stringent constraints of the strange sea in the proton are set by neutrino-nucleon DIS
experiments. The results obtained by these experiments are summarized in table 3.4 [51]. The
suppression factor , defined by equation (3.7), is well constrained to 0.3 < £ < 0.6. This implies
strangeness in the proton sea, but it is suppressed compared to the u and d sea. The parameter «,
defined by equation (3.8) and describing the shape in x of the strange sea, is much less constrained.
The only next-to-leading order (NLO) analysis performed gets a value of « consistent with zero, which
implies that the strange sea has the same x dependence as the up and down sea.

Results from neutrino-nucleon and electron-nucleon DIS have been combined in [52]. A combined
NLO analysis of various data sets has been performed and the PDF's of the proton have been extracted.
The resulting PDF's can be seen in fig. 3.10. The strange PDF clearly is not zero, but smaller and
less constrained by the fit than the up and down PDFs. The strange asymmetry s (z, Q3) — 5 (z, Q3)
at Q3 = 20 GeV? is found to be very small, consistent with zero. Concluding it is stated, that “the
strange and antistrange densities are still the least known PDFs” [52].
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Figure 3.9: Differential ¢ meson cross sections measured by ZEUS [50] as a function of (a) p?, (b) n?,
(c) and (d) =, and (e) Q?, compared to predictions by LEPTO, ARIADNE and HERWIG. The data
is also compared to contributions in LEPTO from ¢ mesons produced with quarks from the strange
sea (dark shaded area), from BGF (light shaded area) and from hadronisation only (unshaded area).
For details see the publication.
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Table 3.4: Summary of neutrino DIS results on the strange sea, taken from [51]. For references to the
individual measurements see the publication.

Set K o
LO CCFR 0.37379:94% +0.018 2.5019:60+0.36
NLO CCFR 047740000 %0000 —0.0270:5070:35
LO NuTeV 0.32 +0.06 £ 0.04 —1.10 £ 1.05 £ 0.59
LO NuTeV and CCFR 0.36 & 0.05 —1.124+0.73
LO CHORUS 0.56 4 0.05 £+ 0.045
LO CDHS 0.47 +0.08 = 0.05
. 17
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Figure 3.10: The proton parton distribution functions obtained in a combined analysis of various data
sets [52]. The red shaded areas correspond to 1o error bands of the fit, the solid and dashed lines are
predictions. For details and references to the individual data sets see the publication.



Chapter 4

The H1 Experiment at HERA

4.1 The HERA Accelerator

The HERA (Hadron Elektron Ring Anlage [12]) collider at DESY in Hamburg was the only machine
world-wide colliding electrons or positrons (in the following summarized as “leptons”) with protons
at high energies. First collisions were achieved in 1992 and operation stopped in 2007. Apart from
several smaller preaccelerators, HERA contained two main accelerators in a common ring tunnel with
6.3 km circumference. The lepton machine stored and accelerated the leptons to energies of 27.6 GeV
(27.5 GeV until the year 2000). Charged particles lose energy due to synchrotron radiation when they
are forced on a circular path. The amount of energy lost AE by a relativistic particle with mass m
and v = ¢ in a single revolution in the ring is given by

drahe 4rahe E\*
= vt = < ) (4.1)

AFE = —

3r 3r mc?
Here r is the radius of the storage ring. The energy lost due to synchrotron radiation is proportional
to the fourth power of the particle energy. Therefore the maximal achievable energy of the beam
leptons for the given HERA ring radius was limited by synchrotron radiation and accelerating the
beam particles to their final energy was the main technical challenge for the lepton machine. The other
main accelerator, the proton machine, stored and accelerated protons to energies of 920 GeV'. Because
of their higher mass, energy loss due to synchrotron radiation is not an issue for protons (the energy
loss is proportional to 1/m?, see (4.1)). Instead the main technical challenge for the proton machine
(and limiting the maximal achievable energy of the protons) was to keep the beam centered inside
the accelerator ring. This was achieved using superconducting magnets. Because of the combined
challenges of the lepton and proton machine, HERA was one of the most complex colliders ever built.
A schematic view of HERA is shown in fig. 4.1.

The experiments were located in the center of the four straight sections of HERA. The counter-
rotating beams were brought into collision at two places in the ring, called interaction points H1 and
H2. The collision rate at the interaction points was 10.4 MHz, i.e. every 96 ns two particle bunches
crossed each other. The interaction point H1 gave the name for one of the two big multi-purpose
experiments [13,14], while the other one, located at H2, is called ZEUS [15]. These two experiments
have been designed to cover a similar and very broad spectrum of measurements. Therefore also their
technical design is similar. Differences in the experimental setup are due to the fact that H1 has been
optimized for the measurement of neutral current processes and ZEUS for charged current processes.
The design of H1 will be discussed in more detail in the following sections. The other two straight
sections of HERA were equipped with fixed target experiments, HERMES [16] and HERA-B [54]. In
HERMES a polarized gas target was brought into the HERA lepton beam in order to study the spin

IRunning periods with proton beam energies of 460, 575 and 820 GeV are not considered in this thesis.
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Figure 4.1: Schematic drawing of the HERA collider [53]. On the right hand side a more detailed
view of the preaccelerators is shown.

structure of nucleons and measure various polarization asymmetries in inclusive and semi-inclusive DIS
processes. Exclusive processes such as deeply virtual Compton scattering have also been measured.
The HERA-B experiment used the HERA proton beam and up to eight fixed wire targets. Its main
goal was to measure CP violation in the B system. HERA-B stopped operation in 2003.

While the performance of a collider depends on many parameters, for the physics program at a
collider mainly two parameters are important (apart from the type of the beam particles): The center-
of-mass energy /s and the instantaneous luminosity £. The center-of-mass energy is determined by
the beam energies (see section 2.1.2) and was /s = 319 GeV at HERA. The instantaneous luminosity
L is a measure for the number of reactions in a given time. For a collider experiment with equal beam
sizes it is given by

N1Ny
droz0y

L=fn (4.2)
Here f is the frequency of revolution for particles in the ring, n is the number of (colliding) bunches,
Ni and N; are the number of particles per bunch for the two beams and o, and o, denote the beam
size transverse to the beam direction. This machine parameter together with the cross section o, of
a process P, which contains the physics model of the process, determines the expected rate of events
(number Np of events per time) for the process P with

dNp
W = O'p;C. (43)
Relevant for any physics analysis is the total number of events rather than the rate of events. Using
the integrated luminosity L = [ £dt, the total number of events Np is given by

Np = JpL. (44)

In the years 2000 to 2002 the HERA accelerator and the experiments underwent a luminosity up-
grade. Superconducting final focussing magnets were installed close to the interaction points within
H1 and ZEUS. As can be seen from equation (4.2), smaller beam sizes result in higher instantaneous
luminosity. As a consequence of the new final focussing magnets, the interaction region in the experi-
ments had to be redesigned and the circular geometry of the beam pipe and the vertex detectors was
replaced by an elliptical geometry. This extended shutdown was also used to do various upgrades on
other subsystems of the experiments. The time period before the upgrade is referred to as HERA 1,
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while the operation after the upgrade is called HERA II. The total integrated luminosity collected by
the H1 experiment can be seen in fig. 4.2. The luminosity upgrade reflects in the steeper slope of the
integrated luminosity in HERA II.
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Figure 4.2: The total integrated luminosity L collected by the H1 experiment [53].

Particles in a storage ring become spin polarized in the direction transverse to the plane of the ring
through emission of synchrotron radiation. This effect is known as Sokolov-Ternov effect [55]. Since
electrons and positrons produce much more synchrotron radiation than protons, this polarization only
becomes relevant for the lepton beam at HERA. The Sokolov-Ternov effect for a single revolution in
the ring is small, but since the particles are stored in HERA for several hours a significant polarization
P of the lepton beam can build up, with

P(t) = Pas (1 - e_t/T) . (4.5)

The theoretical maximum for the polarization is Py, =~ 0.93 (not taking into account any depolarizing
effects). The build-up time 7 depends on the radius of the storage ring and the particle energy, at
HERA 7 = 40 min. Due to depolarizing effects such as beam-beam interactions, the maximal achieved
polarization at HERA is about 60 % with time constants of 7 & 20 - 24 min. The measured polarization
in the course of two typical luminosity fills at HERA is shown in fig. 4.3.

The polarization of the lepton beam can be used to measure parity violation in weak processes
(see section 2.3.2). For such measurements the polarization needs to be longitudinal (in the direction
of the beam) rather than transverse. Therefore the spin of the leptons has to be rotated before
the beam enters the experiments and rotated back after the experiments before entering the first
bending magnets. This is illustrated in fig. 4.4. The rotation of the lepton spin is achieved with spin
rotators [57], a complicated set of magnets. It is also possible to choose the helicity of the leptons (the
direction in which the spin is rotated) by changing the configuration of the spin rotators. Around the
HERMES experiment spin rotators were already installed for HERA I, around H1 and ZEUS only for
HERA II.

The polarization of the lepton beam was measured by two independent devices: The longitudinal
polarimeter LPOL [58] between the spin rotators close to the HERMES experiment and the transverse
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Figure 4.3: Polarization measured by the longitudinal (blue) and transverse (red) polarimeters in the
course of two typical luminosity fills at HERA. Figure taken from [56].
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Figure 4.4: Schematic view of the lepton beam polarization at HERA [48].

polarimeter TPOL [59] close to the HERA-B experiment. Assuming fully efficient spin rotators, the
values measured by the two polarimeters should be equal within errors. The LPOL measurements
are based on the energy asymmetry of the Compton back-scattering cross section of a circularly
polarized laser beam off the longitudinally polarized lepton beam. The LPOL operates in multi-photon
mode, due to the intense laser beam there are always several photons scattered for every laser-lepton
interaction and their total combined energy is measured in a calorimeter. The TPOL follows a similar
strategy: Circularly polarized laser light is Compton back-scattered from the transverse polarized
lepton beam and measured in a very sensitive calorimeter. The helicity of the laser is flipped with a
frequency of 90 Hz. The measured up-down asymmetry relative to the accelerator plane is proportional
to the lepton beam polarization. The TPOL operates in single-photon mode: The energy and position
of each scattered photon is measured separately in the calorimeter.
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4.2 Overview of the H1 Detector

The H1 experiment [13,14] is in many respects a typical high energy physics multi-purpose collider
experiment, with the exception of its asymmetric design along the beam axis due to the different beam
energies at HERA. The H1 detector consists of many subdetectors with different tasks, arranged in
several layers around the beam axis. The innermost layer contains the tracking system. These
subdetectors allow a precise measurement of tracks, i.e. position and momentum of charged particles
produced in the interaction. The next layer is constituted by calorimeters, which provide a precise
energy measurement by absorbing most of the particles. Surrounding the calorimeters in the central
region, the H1 solenoid magnet coil produces a strong magnetic field of 1.2 T in order to allow
momentum and charge measurements in the tracking system. The outermost part of the detector is
the iron return yoke of the magnet, which is also instrumented for the measurement of muons. A
schematic view of the H1 detector with its main components can be seen in fig. 4.5. In the following
the individual parts of the H1 detector are discussed in more detail with a special focus on parts
relevant for this thesis.

The H1 coordinate system has the nominal interaction point as origin. The x axis points hori-
zontally to the center of the HERA ring, the y axis upwards and the z axis along the proton beam
direction. Usually a cylindrical system is used, where the x and y coordinates are replaced by the
polar angle 6, defined as angle to the positive z axis, and the azimuthal angle ¢, defined as angle to
the positive x axis. Instead of 6 also the pseudorapidity 1 can be used with n = —In [tan (6/2)].

4.3 Tracking System

The task of the tracking system is to provide precise measurements of particle tracks. Only charged
particles leave tracks, neutral particles cannot be detected in the tracking system and have to be
identified in the calorimeters. A precisely measured track allows to determine or at least constrain
several important properties of the corresponding particle:

e Charged particles are deflected in the strong magnetic solenoid field in H1. It is possible to
determine the particle momentum from the radius of the corresponding track curvature.

e From the direction of the deflection in the magnetic field the sign of the particle charge can be
determined.

e By extrapolating the measured track back to the beam line the point of origin (production) of
the corresponding particle can be constrained. It is for instance possible to determine whether
the particle has been produced at the primary vertex or at a secondary vertex (if the distance
from the primary vertex is large enough, see section 4.3.2).

e By extrapolating the track back to the assumed point of origin the flight direction of the corre-
sponding particle at the production vertex is determined.

e From the signal amplitude in the tracking chambers the specific energy loss (energy loss per track
length dE/dx) can be determined. This allows particle identification if the track momentum is
not too high (p <1 GeV).

Furthermore, the number of charged particles (track multiplicity) and their spatial distribution provide
important information on the primary interaction.

Since the energy measurement in the calorimeters should not be influenced by the tracking sys-
tem, the energy loss of particles traversing the tracking system should be as small as possible. In
combination with the required high spatial resolution this poses a major challenge to the design and
construction of tracking devices. Today mainly two types of devices are used: Gas chambers and
silicon detectors. Both types were used in H1 and described in more detail in the following sections.
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Figure 4.5: Schematic view of the H1 detector with its main components. The H1 reference frame is

also shown.
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4.3.1 Tracking Chambers

The central tracking system of H1 consisted of several subdetectors with different properties and tasks.
A radial view of the setup is shown in fig. 4.6.

a) b)

Figure 4.6: Schematic view of the H1 central tracking system in a) the HERA II and b) the HERA
I configuration. The main differences between the setup for HERA T and HERA II are explained in
the text.

The biggest and most important component of the central tracking system was the Central Jet
Chamber (CJC) [60]. The CJC was a drift chamber filled with a gas mixture of about 49.6 % argon,
49.6 % ethane and 0.8 % ethanol. It consisted of two separate concentric devices, the inner CJC1
with 30 azimuthal cells and 24 signal wires per cell and the outer CJC2 with 60 azimuthal cells and
32 signal wires per cell. The signal wires registered the charge pulse caused by a traversing charged
particle ionizing the gas. The cells were tilted by about 30° relative to radial direction. This ensured
that high momentum tracks crossed the wire plane at least once per chamber, which allowed a robust
measurement. Furthermore this geometry leads to the ionization electrons drifting perpendicular to
high momentum tracks under the influence of the electric field in the chamber and the magnetic field
produced by the H1 solenoid.

In the transverse plane the position of a track could be calculated from the drift time of the
ionization electrons to the wires and the precise knowledge of the drift velocity, drift direction in
the magnetic field and wire positions. The single hit resolution achieved in the transverse plane
(coordinates r-¢) is 150 pm [61]. Since the wires were mounted parallel to the beam axis, the coordinate
z along the beam axis could not be determined equally well. It had to be determined by using charge
division and could be measured with an accuracy of a few centimeters.

The momentum of tracks could be measured using the curvature of the track in the magnetic field.
The achieved resolution for the transverse momentum of tracks is [61]

Opr pr
— = 0.005
pr GeV/c

6 0.015. (4.6)
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To improve the determination of the z coordinate of tracks, dedicated z chambers have been used.
These z chambers had the wires strung perpendicular to the beam axis in a 24-fold polygon. The
Central Inner Z Chamber (CIZ) located just inward of the CJC1 has only been present in HERA I,
while the Central Outer Z Chamber (COZ) between the two chambers of the CJC has been used both
in HERA I and HERA II. The single hit resolution of the CIZ and COZ in the z coordinate was about
400 pm [61].

The multi-wire proportional chamber Central Inner Proportional Chamber (CIP) provided fast
tracking information, allowing a reconstruction of the position of the primary electron-proton interac-
tion vertex along the beam line already on trigger level. Due to the precise time information for hits
in the CIP an event T could be calculated for event timing constraints on trigger level. During the
HERA luminosity upgrade the CIP and the CIZ have been replaced by the CIP2k [62]. The CIP2k
consisted of five layers with a 16-fold segmentation in ¢. For a fast track reconstruction the pads were
arranged in a projective geometry as can be seen in fig. 4.7.

L4, 14 pads
L3, 15 pads
L2, 16 pads
L1, 17 pads
LO, 718 pads

n——— 328,50 mm

__protons, z-axis Z

Figure 4.7: Standard block of the projective geometry of the CIP2k. All tracks originating from a
common vertex on the beam axis produce the same track pattern in every layer of the CIP. Figure
taken from [62].

The forward region at polar angles 5° < 6 < 25° was instrumented with the Forward Tracking
Detector (FTD). In order to cope with the high track multiplicities in the forward region the FTD
consisted of several subsystems. For HERA 1 these subsystems included proportional chambers, ra-
dial and planar drift chambers and transition radiation detectors. During the luminosity upgrade the
proportional chambers, radial chambers and transition radiation detectors have all been removed and
replaced by new planar drift chambers (“Q chambers”) in addition to the old planar drift chambers
(“P chambers”). All the FTD components were installed in three supermodules perpendicular to the
beam axis. A schematic drawing of the FTD is shown in fig. 4.8.

In the backward region the tracking system was completed by the Backward Drift Chamber (BDC),
which was replaced during the luminosity upgrade by the Backward Proportional Chamber (BPC).
These devices have not been used for this thesis.
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Figure 4.8: Technical drawing of the Forward Tracking Detector in the HERA II configuration. The
old P chambers are colored in blue and the new Q chambers in red. Figure taken from [53].

4.3.2 Silicon Vertex Detectors

Many interesting physics processes involve short-lived particles such as heavy quarks. Since the lifetime
of these particles is too short for entering the active detector volume, only their decay products are
measured. The tracks of these daughter particles can be identified because in general they do not point
to the primary electron-proton interaction vertex of the event. The spatial resolution of the tracking
chambers is however not sufficient for this task. For this reason three silicon solid-state detectors were
installed close to the beam pipe, the Forward, Central and Backward Silicon Tracker (FST, CST and
BST). The FST was only installed for the HERA II running period. Since the FST and BST are not
used in this thesis, only the CST will be explained in the following in more detail.

The CST [63] consisted of two layers of two-sided silicon strip detectors, arranged in 32 ladders.
The strips on the p side were oriented parallel to the beam axis with a strip pitch of 50 pum, allowing
a precise measurement of track points in the coordinates r¢. For the measurement of the z coordinate
the strips on the n side were oriented perpendicular to the beam axis with a pitch of 88 um. A
single hit resolution in r¢ of 11 um has been achieved [61]. Relevant for the identification of tracks
originating from secondary decay vertices is the resolution of the distance of closest approach d., of
the track to the primary electron-proton interaction vertex. The d., resolution is shown in fig. 4.9.
It is not symmetric in ¢ because of the elliptical geometry of both the beam spot and the CST in
HERA II.

4.3.3 Track Reconstruction

The track reconstruction software combines the individual hits in the different subsystems of the H1
tracking system to tracks with precisely determined parameters. It starts with identifying triplets of
hits from adjacent wires in the CJC. From these track seeds a circle fit (because of the track curvature
in the magnetic field) in the r¢ plane is performed, first for CJC hits only. Then information from
other subsystems is gradually added and the fit redone. In the rz plane a simple straight line fit is
performed. This procedure ends with a set of non-vertex-fitted tracks.
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Figure 4.9: Resolution of the d., for tracks with transverse momentum py > 6 GeV in microns as
a function of ¢ for the 2006 e~ data period. The dots represent the measured values, the stars the
contribution from the CST intrinsic resolution and multiple scattering. The crosses include in addition
the contribution from the expected beam size. Figure taken from [61].

Finally the assumption of a common interaction vertex of the tracks is used as an additional (and
very powerful) constraint. The intersection of all tracks with the beam line is used to determine a
starting value for the z coordinate of the interaction vertex z,:,. The beam position at this z,s, is
then used as starting value for z,:; and y,¢;. The tracks are now refitted in the r¢ plane, using this
vertex as an additional constraint. The new track parameters obtained from this fit are then used for
a common fit in rz of the tracks, defining a new z,:,. This procedure is repeated iteratively.

Further complicating the track reconstruction, particles also suffer energy loss traversing the beam
pipe and the detector material and multiple scattering processes can occur, leading to kinks in particle
trajectories.

4.4 Calorimeters

Particles traversing matter lose energy and interact with the medium. Secondary particles produced
in these interactions can again make further interactions and an avalanche-like shower of particles
is produced. Calorimeters measure energies and positions of particles by absorbing the complete
shower produced by the initial particle. Therefore contrary to tracking devices, calorimeters must be
built as massive as possible. While only charged particles can be detected in the tracking system,
in calorimeters also neutral particles are measured. It is also possible to gain information on the
type of the initial particles by measuring shower shapes. Since showers produced by electromagnetic
particles such as electrons or photons have different characteristics from showers produced by hadrons,
the main calorimeters are subdivided into dedicated electromagnetic and hadronic sections. The H1
experiment contained four calorimeters: The Liquid Argon (LAr) calorimeter covered the central and
forward region of the H1 detector. In the very forward part it was complemented by the PLUG
calorimeter and in the backward region by the Spaghetti Calorimeter (SpaCal). The hadronic Tail
Catcher measured the energy leaking out of the LAr calorimeter.
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4.4.1 Liquid Argon Calorimeter
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Figure 4.10: Longitudinal cross section of the upper half of the LAr calorimeter. The segmentation
into eight wheels and into electromagnetic and hadronic parts can be seen. "WWP’ denotes the
electron-proton interaction point. Figure taken from [64].

The LAr calorimeter [64] was the biggest and most important calorimeter in H1. It provided full
azimuthal coverage and a polar angle coverage of 4° < 6 < 154°. It was divided into eight wheels, most
of which had an inner electromagnetic and an outer hadronic section. A longitudinal cross section of
the LAr calorimeter is shown in fig. 4.10. The wheels were divided along the azimuthal angle into eight
octants. The regions between the octants (wheels) were insensitive, referred to as ¢-cracks (z-cracks).

The LAr calorimeter was a sampling calorimeter composed of alternating absorber layers and liquid
argon filled gaps. The electromagnetic part contained lead absorber plates and had a depth of 20 to
30 radiation lengths. The hadronic part contained stainless steel absorber and had a depth of five to
eight nuclear interaction lengths (including the electromagnetic section).

In test beam measurements with electrons [65] and pions [66], the energy resolution was found to

be
o™ (E) 11.5%

= ®1% 4.7
E E/GeV ’ .7
for electromagnetic showers and
had E 50
UE) 0% oy (4.8)

for hadronic showers.

After a noise suppression step neighboring cells with deposited energy were joined to clusters,
which are formations of cells that are likely to contain the shower cascade of a single incident particle.
The LAr calorimeter was a non-compensating calorimeter. This means that for hadronic showers a
significant fraction of the energy was consumed in nuclear interactions, which cannot be detected.
This effect needs to be corrected offline.

4.4.2 Spaghetti Calorimeter

The Spaghetti Calorimeter (SpaCal) [67] covered the backward region of the H1 detector, with a polar
angle range of 153° < 6 < 177.5° for the HERA I running period and 153° < 6 < 174° for HERA
II. The main task of the SpaCal was the detection of the scattered beam lepton. The presence or
absence of a scattered beam lepton in the detector allows to differentiate between photoproduction
and DIS processes and is also an important criterion for the rejection of NC DIS events in the CC
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sample. A precise measurement of the energy and scattering angle of the scattered beam lepton is
essential for NC DIS processes, since it allows the reconstruction of the event kinematics. The angular
coverage of the SpaCal corresponds to measurements of the scattered lepton in the kinematic range
2 < Q% < 150 GeV? for the HERA I period and 4 < Q2 < 150 GeV? for the HERA II period.

Like the LAr calorimeter, the SpaCal was a sampling calorimeter with an inner electromagnetic
and an outer hadronic section. Both parts were made of long scintillating fibres (hence the name
“Spaghetti Calorimeter”) placed parallel to the beam axis and embedded in a lead matrix as absorber
material. In test beam measurements [68] the energy resolution was found to be

oTE) TR _ 4109, (4.9)

E VE/GeV

The SpaCal also provided a precise time-of-flight measurement with a time resolution of better
than 1 ns. This permits the suppression of non-ep background, which is asynchronous to the nominal
bunch crossings.

4.5 Muon System

Since the LAr calorimeter and the solenoid coil absorbed the vast majority of particles produced
in electron-proton collisions, tracks of particles measured outside these detector components usually
belong to muons. Therefore the instrumented iron return yoke of the solenoid is referred to as Central
Muon Detector (CMD). It was complemented in the forward region by the Forward Muon Detector
(FMD).

4.5.1 Central Muon Detector

The Central Muon Detector [69] was the outermost hermetic subsystem of H1 enclosing the inner
subdetectors and the solenoid coil in the form of an octagonal barrel. In the forward and backward
region the barrel was closed with endcaps. The barrel and endcaps together had an angular coverage
of 5° < § < 175°. The barrel was again divided into a forward and backward barrel. Each of the four
parts of the CMD consisted of 16 modules. A schematic layout of the CMD can be seen in fig. 4.11.

The iron yoke was instrumented with gas filled limited streamer tubes inserted between iron sheets
of 75 mm thickness. An additional three streamer tube layers (“muon boxes”) were mounted inside
and outside the total ten sheets of iron. The tubes had a cross section of 10 x 10 mm? and a single
sense wire strung in the center. The tubes were oriented parallel to the z-axis in the barrel region and
along the x-axis in the endcaps. The top sides of the layers were equipped with either strip or pad
cathodes. The strip cathodes were mounted perpendicular to the sense wires in order to allow a two-
dimensional position measurement. A spatial resolution of about 3 to 4 mm for the sense wires and
10 to 15 mm for the strip cathodes was achieved. The pad cathodes were used to resolve ambiguities
and to measure hadronic energy leaking out of the LAr calorimeter. The single layer muon detection
efficiency reached about 80 %.

4.5.2 Forward Muon Detector

The Forward Muon Detector [70] consisted of six double layers of drift chambers and a toroidal magnet
between the third and fourth layer. The FMD covered the angular region 3° < § < 17°. The toroidal
field allowed a momentum measurement of muons in the range 5 GeV < p < 200 GeV. The minimum
of 5 GeV corresponds to the minimal energy of a muon to reach the fourth layer. Two layers had
radially strung layers for the measurement of the ¢ coordinate of muon tracks, whereas the wires in
the other four layers were circularly spanned in order to measure 6.
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Figure 4.11: Schematic layout of the Central Muon Detector. The 64 modules and their assignment
to hardware clusters A-E are shown. Figure taken from [69].

4.6 Luminosity Measurement

The instantaneous luminosity can be determined using equation (4.3) by counting the rate at which
a specific process occurs, for which the theoretical cross section is well known. For the determination
of the luminosity delivered by HERA the Bethe-Heitler process ep — epy [71] was used [72]. The
cross section for this process is both large and precisely calculable in QED. The electron and photon
were mostly scattered at small angles and left the H1 detector through the backward beam pipe. The
photons were detected by a quartz-fiber calorimeter with tungsten absorber located in the HERA
accelerator tunnel at a distance of about 100 m to the H1 interaction point. The scattered electrons
were deflected in the magnetic fields of the H1 solenoid and the HERA beam magnets and did not
reach the photon detector.

The luminosity can be determined from the counting rate of the photon detector. The transverse
beam shape and the tilt of the beam determine the acceptance of the photon detector, which was
usually around 95 %. The acceptance had to be corrected for and monitored permanently because
it could change on short time scales of minutes. For physics analyses the luminosity for a specific
range in z around the nominal interaction point (typically within z = £35 cm) is relevant, the H1
luminosity system is however sensitive to interactions over a much broader range in z. This also needs
to be corrected, taking into account the longitudinal shape of the beams.

The experimental precision of the luminosity measurement was 1.5 % in the HERA I period [29]
and about 3 % in HERA II [73].
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4.7 Trigger and Data Acquisition

The bunch crossing rate at HERA was 10.4 MHz, corresponding to one potential electron-proton
collision every 96 ns. It was not possible to read out and store the complete information gathered by
the H1 detector (approximately 500’000 channels) on this short time scale. In fact only about 10 to
50 events per second could be stored. Therefore the event rate had to be reduced online by a factor
of one million. This was the task of the trigger system.

The majority of the bunch crossings did not produce any activity in the detector. The rate of
events with activity seen by the H1 trigger system (input rate) was several 100 kHz depending on the
beam quality. The input rate was dominated by non-ep background such as beam-gas or beam-wall
collisions as well as detector noise. Therefore the primary task of the trigger system was to reject
this background by means of constraints on the timing and the location of the event vertex. But even
with a perfect rejection of all non-ep events (which is not possible), the remaining rate of about 1 kHz
of actual ep collision events was still too high for storage. The reduction by another factor of about
100 was then done by selecting events according to predefined priorities, which had to be agreed upon
by the H1 collaboration based on physics considerations. The complete event classification and rate
reduction was performed by a four level filter system (denoted L1, L2, L3 and L4), as illustrated in
fig. 4.12.
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Figure 4.12: Schematic design of the H1 trigger system. Figure adapted from [74].

The first trigger level (L.1) was implemented in hardware and reached a decision within 2.3 us (24
bunch crossings). During this time all subsystems in H1 buffered their complete information on the
events in circular pipelines, effectively keeping a history of at least the latest 24 events. Therefore
data taking could continue during the L1 decision time and L1 operated dead-time free. Since it was
not possible to read out and process the complete information of all subsystems at a rate of 10.4 MHz,
L1 could access only a limited set of information. This information was coded in 256 trigger elements,
which were then combined by the central trigger logic to 128 subtriggers resembling specific physics
processes. If an event fulfilled all conditions of one of the subtriggers, it was accepted by L1 and
passed on to L2. An additional complication arose from the fact that some subtriggers still had too
high rates and had to be prescaled. A prescale of n of a subtrigger means that only every n-th event
fulfilling the conditions of the corresponding subtrigger was passed on to L2.

The second trigger level (L2) had a decision time of 20 ps. The longer decision time compared
to L1 allowed the use of more complex algorithms and the combination of information from different
subdetectors. Since it was not possible to keep such a long history of events in the individual subsys-
tems, data taking was stopped as soon as an event was accepted by L1, inducing dead-time. If the
event was rejected by L2, the readout pipelines were restarted and data taking continued. If on the
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other hand the event was accepted by L2, it was passed on to L3 and at the same time the readout
of the complete H1 detector started.

The third trigger level (L3) was implemented in software, allowing very complex and highly selective
algorithms with a decision time of about 100 us. Before L3 was activated in mid-2006, all events
accepted by L2 were passed on directly to L4. After a negative decision by L3 the already started
detector readout was aborted and data taking restarted. If the event was accepted by L3, the readout
was completed, taking about 1 — 2 ms in total.

The fourth trigger level (1.4) performed a full event reconstruction on a processor farm. The events
reaching this level were classified according to the type of physics process involved. The rate of very
frequent types of events involving soft physics processes at low pr and low Q? was further reduced
by downscaling. Events belonging to a class of downscaled events were assigned a weight, where an
event weight of n means that (n — 1) other similar events have been discarded.

After passing all four trigger levels the remaining events were written to tape. In a later offline
analysis of the data sets, correction factors such as calibration? and alignment constants for the various
subdetectors were derived. Using these correction factors the data sets can be reprocessed at a later
time providing more accurate measurements for physics analyses.

2Some calibration factors could also be calculated and applied online.
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Chapter 5

Simulation of Electron-Proton
Collision Events

5.1 Simulation of Events

The number of events produced by a specific physics process depends on the luminosity of the ma-
chine and the cross section of the process (see section 4.1). If the luminosity is known and the cross
section can be calculated in a theoretical framework, a prediction for the number of produced events
can be made, based on the assumptions of the theoretical model used in the cross section calculation.
Not all of these produced events will however be detected. The number of measured events is much
more difficult to predict than the number of produced events, both for experimental and theoretical
reasons. From the experimental side, the geometrical detector acceptance and the non-perfect effi-
ciency and finite resolution of the detector need to be taken into account. Interactions of particles
with the detector material, such as multiple scattering and energy loss, also influence measurements
of particle properties. From the theoretical side, even if the hard electron-proton interaction itself can
be calculated analytically for a specific process, the hadronisation processes producing the measured
final state particles from the initially produced partons have to be phenomenologically modelled and
cannot be calculated from first principles.

While some of the parameters of a simulated event can be estimated in a theoretical framework
(depending on the physics process e.g. the cross section of the hard interaction), others are fixed by
the experimental conditions (e.g. the detector geometry or dead channels) and again others need to
be chosen randomly based on statistical distributions of these parameters using a Monte Carlo (MC)
method! (e.g. the virtuality Q2 of the event or the decay channel of a short-lived particle).

The simulation of events in the H1 experiment is done in three steps:

e An event generator program incorporates the physics model of the process under study. The four-
momenta of the particles produced are generated randomly according to probabilities predicted
by a theoretical framework. Parton showers, hadronisation processes and subsequent decays of
short-lived particles are also performed. The four-momenta of all particles in the event are then
stored together with information concerning their production and decay.

e The detector simulation contains a detailed detector description and simulates both the interac-
tions of the particles in the detector material and the detector response to the particles. For the
H1 experiment, these tasks are performed by the HISIM software based on the GEANT program
package [75]. The detector simulation takes into account effects such as geometrical acceptances,
inefficiencies of the detector due to hardware problems and secondary particle productions due to
interactions of particles in the detector material.

1The MC method is named after the city district of Monaco with the famous casino, because the Roulette game is
an example of a simple random number generator.



52 Simulation of Electron-Proton Collision Events

e The event reconstruction software HIREC treats output of the detector simulation the same way
as data events. In this step the detector information is processed into an output format suitable
for physics analysis. This data format is the same for simulated and measured events, with the
exception of links from the reconstructed objects such as tracks and calorimeter clusters to the
generated particles, which are only available for simulated events.

The generation of events is explained in more detail in section 5.2.1 for the DJANGO event
generator program.

5.2 Simulated Event Samples

5.2.1 Charged Current

Charged current processes have been simulated using the DJANGO [76] event generator (versions 1.2
and 1.4). DJANGO is a software package providing a common interface for different programs for the
individual steps in the generation of lepton-proton scattering events. The lepton-proton scattering is
based on the event generator LEPTO [77], where the leading order interaction matrix elements for CC
interactions are implemented. Leading order QED corrections are included using the HERACLES [78]
program. In higher order QCD, the partons produced in the lepton-proton interaction lose energy
by radiating other partons. This parton showering is generated by ARTADNE [79] using the Colour
Dipole Model (CDM) [80]2. Tt is stopped when the energy of the partons is below ~ 1 GeV. At these
energies the strong coupling constant «s becomes too large for a further calculation of the parton
showering processes in perturbative QCD. At this stage, the produced partons are “free”. In the next
step, hadronisation takes place and the colored partons are bound into colorless hadrons according
to empirical models. The hadronisation process is simulated by JETSET [81] with the Lund String
Fragmentation model [82] implemented. The MRSH parameterization [83] for the proton PDF is used,
corrected to the H1 PDF 2000 fit [29] on analysis level.

A schematic view of the event generation and detector simulation steps is shown in fig. 5.1 for a
neutral current DIS process.
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Figure 5.1: Schematic view of the event generation and detector simulation for a neutral current DIS
event (figure taken from [84]).

The simulated CC samples used for this analysis are listed in table 5.1. The lowest order Feynman
graph for CC processes is shown in fig. 5.2 b).

2DJANGO is also capable of using standard matrix element parton shower (MEPS) instead of CDM, for this thesis
however only CDM has been used.
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Table 5.1: Simulated charged current samples.

ID | Lepton Year Min. Q? [GeV2] Luminosity [pb_l] Events
845 et 99/00 100 2637.4 100k
4361 e~ 06 100 1421.2 100k
5040 et 06/07 10 6993.2 300k
? e(k) e(k) e v (k)
v, 2@) . W)

p(P) pP)
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Figure 5.2: Feynman graphs for DIS processes. a) Neutral current (NC) process with exchange of a
photon or Z boson and the scattered electron in the final state. b) Charged current (CC) process with
exchange of a W boson and a neutrino in the final state.

5.2.2 Background Processes

The main signature of a CC event is missing transverse momentum due to the undetected neutrino.
Several other ep scattering processes have the same signature or at least the potential to fake it. The
contribution of these background events to the CC sample is studied in simulation. The simulated
samples of background processes used for this thesis are listed in table 5.2. In different simulated
samples of the same process different generator level cuts and event weights have been used, explaining
the differences in event yields. For the flavor inclusive CC measurement, photoproduction processes
are by far the most important background contribution, followed by NC DIS and the production of
real W bosons (see table 6.6). For the extraction of the charm fraction using muons, the production
of real W bosons and muon pair production events become important due the large content of muons
in these samples (see table 9.4). In the following, the different sources of ep scattering background
processes to the CC sample are explained.

Neutral Current DIS

A lowest order Feynman graph of neutral current DIS is shown in fig. 5.2 a). Instead of a W boson as
in CC processes a photon or Z boson is exchanged. The transverse momentum of the hadronic final
state is balanced by the scattered electron. If for some reason the scattered electron is not detected
(e.g. because it hits a crack in the LAr calorimeter), missing transverse momentum can be faked.

Neutral current DIS processes have been simulated with the DJANGO event generator similar to
the CC signal simulation.

Photoproduction

Processes with virtuality Q% ~ 0 are called photoproduction (yp) and proceed almost exclusively
through photon exchange (due to the suppression of the heavy W and Z bosons at low Q?, see section
2.1.2). In direct photoproduction the photon interacts directly with a quark in the proton or a quark
generated by the dissociation of a gluon. In resolved photoproduction the photon dissociates into a
quark-antiquark pair and one of these quarks interacts with a parton in the proton. As a consequence
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a hadronic remnant of the photon is produced in addition to the proton remnant. Feynman graphs

of photoproduction processes are shown in fig. 5.3.

For the modelling of photoproduction processes the PYTHIA generator [85] is used (versions 6.1

and 6.2) with the photon PDF GRV LO [86].

Table 5.2: Simulated background samples.

ID | Process Generator Luminosity [pbfl} Events
4685 | NC e~ DJANGO 1.4 594.0 2.0M
4381 | NC e™ DJANGO 1.4 32.9 200k
4382 | NCe™ DJANGO 14 49.2 300k
4517 | vp uds dir. PYTHIA 6.1 30.7 866k
4541 | ~p uds dir. PYTHIA 6.2 60.1 146k
4538 | vp uds dir. PYTHIA 6.2 60.0 261k
4524 | yp uds res. PYTHIA 6.1 30.1 5.2M
4539 | yp uds res. PYTHIA 6.2 59.8 1.4M
4540 | vp uds res. PYTHIA 6.2 60.0 1.3M
4512 | vp charm dir. PYTHIA 6.1 30.0 317k
4536 | yp charm dir. PYTHIA 6.2 60.0 95k
4511 | vp charm res. PYTHIA 6.1 294 13k
4537 | 7p charm res. PYTHIA 6.2 60.4 26k
4494 | Real W prod. in e™p | EPVEC 100068.7 44k
4968 | Real W prod. in e"p | EPVEC 1’0007000.0 410k
4489 | eTe™ prod. GRAPE 30'000.0 152k
4491 | ptu~ prod. GRAPE 50'000.2 119k
4492 | 777~ prod. GRAPE 100000.0 112k
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Figure 5.3: Photoproduction Feynman graphs. Graph a) shows a Boson-Gluon-Fusion (BGF') process,
b) QCD Compton and c¢) a resolved process.
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Real W Boson Production

The production of real W bosons at HERA has a small cross section of about 0.1 pb™'. Since some
of these processes cannot be distinguished from CC lepton-proton interactions, it is still a significant
contribution to the background in the CC sample. This is illustrated in fig. 5.4, where two example
processes for real W production are shown. In a) the final state contains a neutrino instead of the
charged beam lepton. Even though a neutral current electron-proton interaction takes place, the final
state is faking a charged current process. In b) the final state contains the scattered beam electron
and it can therefore be distinguished from CC processes. These events can however still have a large
missing transverse momentum if the W boson decays leptonically in the channel W — [v; and the
neutrino carries a large (undetected) momentum. If at the same time the scattered beam lepton is
not identified such events can also fake CC events.

Figure 5.4: Example Feynman graphs for real W production. Process a) cannot be distinguished
experimentally from a CC process.

The production of real W bosons is simulated using the EPVEC generator framework [87].

Lepton Pair Production

If high momentum g or 7 leptons are produced in the process ep — eXITI~, the energy carried by
the leptons is not fully contained in the calorimeter. This can lead to a significant missing transverse
momentum in the event, faking a CC event if at the same time the scattered beam lepton is not
identified. The main production process for lepton pairs at HERA is shown in fig. 5.5.
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Figure 5.5: Leading order Feynman graph for lepton pair production.

Lepton pair events at HERA are generated by the GRAPE program [88].
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5.3 Event Reweighting and Pseudo Charged Current

5.3.1 Reweighting of Simulated Events

The aim of the simulation of ep collisions is to describe the data as good as possible in all details.
The simulation includes the physics of the simulated process (in some theoretical framework) and the
detector properties such as its geometry and its response to specific types of particles. Even after
taking into account all these effects, the simulated distributions for some variables do not describe the
data. In such cases, weights are assigned on an event-by-event basis to the simulated events in order
to change the shape of the simulated distributions and adjust them to the data distributions.

In the following, the event weights applied to simulated CC events will be explained.

Trigger Weight

The task of the H1 trigger system is the selection of the most interesting events for storage among the
10.4 million potential ep collisions per second (see section 4.7). Only triggered events can enter the
offline analysis. As the trigger efficiency depends on the event properties (within the event selection
range of the offline analysis), the distributions for these variables are altered by the shape of the trigger
efficiency. The simulation of the LAr calorimeter trigger does not manage to describe these features
correctly. Therefore the simulated events have to be reweighted according to the trigger efficiency for
the corresponding events in data. The trigger efficiency for CC events is determined in a Pseudo CC
sample (see section 5.3.2) and explained in more detail in section 6.1.

Vertex Weight

The primary ep interaction vertex position along the beam axis influences the reconstruction of the
event kinematics and needs to be described by the simulation. In simulation, the z coordinate of
the vertex is distributed according to a Gaussian distribution. This is not true in data, where both
the mean vertex position and its distribution depend on the running conditions. This is taken into
account by reweighting the simulated events depending on their simulated vertex position according
to the vertex distribution measured in the data sample. The weighted and unweighted distributions of
the z coordinate of the simulated vertices are compared to the measured data distribution in fig. 5.6
b) and c).

PDF and Polarization Weight

The simulated CC sample has been produced using the MRSH parameterization for the proton PDF.
This has to be corrected to the data, which is described by the H1 PDF 2000 fit. Furthermore the effect
of the lepton beam polarization is not simulated. Instead, random polarization values are assigned to
the simulated events according to the polarization distribution measured in data. The cross section
for a simulated event using the H1 PDF 2000 fit and taking into account also the polarization value
assigned to this event is calculated. The ratio of this cross section to the generated cross section for
the corresponding event is used for reweighting the event.

Luminosity Weight
The luminosity weight is a simple normalization constant taking into account the simulation and data
luminosities.

Global Weight

The global weight is the product of all above mentioned weights, which are assumed to be independent,
and is applied to the simulated CC events. The distribution of the global weight for HERA II eTp
CC simulation without the luminosity weight included is shown in fig. 5.6 a). Without the luminosity
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normalization, the global weight for simulated events ranges from 0 to 2. No large weights significantly
above two are observed. This is important, since large weights would lead to systematic uncertainties.
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Figure 5.6: Global weight for HERA II e*p CC simulation. In a) the distribution of the global weight
without the luminosity normalization included, in b) the z coordinate of the primary vertex without
and in c) with the global weight applied are shown. The histogram corresponds to the simulation and
the dots with error bars in b) and c¢) denote the e*p data.

5.3.2 Pseudo Charged Current

Some effects, such as the trigger efficiency for CC events, can only be studied in data and not in
simulation. The statistics of the CC data sample is however small, leading to large statistical uncer-
tainties in more detailed studies. For this purpose, pseudo charged current (PsCC) data samples are
produced. PsCC events are NC events with all information on the scattered beam lepton removed on
detector hit level. The altered events are then reconstructed again in the same way as CC events. An
example for a NC event transformed into a PsCC event is shown in fig. 5.7. For this thesis, PsCC has
only been used to determine the trigger weights for simulated events and is therefore not discussed in
detail.
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Figure 5.7: A NC event (top) transformed into a PsCC event (bottom) by removing the scattered
beam lepton. Figure taken from [89].




Chapter 6

Charged Current Measurement

The measurement of charm production in CC actually consists of two measurements: The measure-
ment of CC processes and the determination of the charm fraction in the selected CC events. In
this chapter, the CC measurement is presented. The determination of the charm fraction in CC is
discussed in the chapters 7, 8 and 9.

The CC measurement is presented following the steps of the analysis: First the triggering of CC
events and the data selection are discussed. Then, the event selection and rejection of background is
explained. The selected event samples are compared to the expectation from simulation. In a next
step, the systematic uncertainties of the measurement are studied. Finally, the measured CC cross
sections for etp and e~ p data dependent on the lepton beam polarization are presented.

6.1 Trigger

Of the 10.4 million potential ep collisions per second in the H1 detector only about 10 to 20 were
stored. The selection of these events, done by the H1 trigger system, is therefore the first selection
step in any data analysis. The H1 trigger system is explained in detail in section 4.7. In this section
only the subtriggers used for the CC measurement are discussed.

6.1.1 CC Trigger Definitions

The subtriggers (ST) used for the selection of CC events are ST66, ST67 and ST77. In order to have
a well defined sample of events with a known trigger efficiency, only events saved by these three ST
are selected. The technical definitions (trigger elements) of the individual ST at the end of the HERA
high energy data taking are listed in table 6.1. While the conditions defining the physics signature
of the target events (physics conditions) were constant over all run periods considered in this thesis,
the much more complicated conditions against non-ep background (timing and veto conditions) had
to be adjusted to different running conditions.

ST66 is mainly sensitive to CC events. The main requirement is a large imbalance in the transverse
plane of the energy deposits in the LAr calorimeter (trigger element LAr_Etmiss>2). A part of the
energy needs to be deposited in the inner forward region of the LAr calorimeter (LAr_IF>1).

ST67 is designed for the triggering of high Q2 NC events, where there is a high energetic compact
shower in the electromagnetic part of the LAr calorimeter (LAr_electron_1) caused by the scattered
beam electron. This ST can also be used for other physics processes with high energetic clusters in
the electromagnetic LAr, including CC processes.

ST77 is used for both NC and CC processes. Like ST66, it also triggers on an imbalanced energy
distribution in the LAr calorimeter (LAr_Etmiss>1), but with a lower threshold than ST66.

Not only electron-proton collisions produced activity in the H1 detector, but also other processes
such as cosmic muons or collisions of beam particles with collimators or remaining gas atoms in the
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Table 6.1: Technical definitions (trigger elements) of the CC subtriggers at the end of the HERA high
energy data taking. The physics conditions have been constant over all run periods considered in this
thesis, the timing and veto conditions have been adjusted for different running conditions.

ST | Physics conditions Timing and veto conditions

66 | (LAr_IF>1)&&(LAr_Etmiss>2) | (!SPCLh_AToF_E_1)&&(!VETO_BG)&&((! (BToF_BG
&&BToF_G1&& (!BToF_IA)))&&(!SToF_BG))&&(CIP_TO

| | (LAr _TO&&(!CIP_TO_nextbc)))&& (FIT_IA

|| ("FIT_BG))&& (! ((CIP_mul>7)&&(CIP_sig==0)))

67 | LAr_electron_1 ((CIP_mul>0) | | ('Mu_BIEC))&&(!VETO_BG)&&

((! (BToF _BG&&BToF_G1&& (!BToF_IA)))&&(!SToF_BG))
&&(CIP_TO| | (LAr_TO&& (!CIP_TO_nextbc)))&& (FIT_IA
|| ('FIT_BG))&& (! ((CIP_mul>7)&&(CIP_sig==0)))

77 | LAr_Etmiss>1 ((! (BToF _BG&&BToF_G1&& (!BToF_IA)))&&(!SToF_BG))
&& (CIP_TO&&(CIP_sig>0))&&(FIT_IA| | (!FIT_BG))

&& (! ((CIP_mul>7)&& (CIP_sig==0)))

beam pipe. Furthermore, activity in the detector could be faked by noise in the detector electronics.
A ST with only the physics conditions described above would therefore mainly trigger noise or non-ep
background. This problem is reduced by timing and veto conditions. The exact time when a signal
occurs is measured by several subdetectors (in particular the CIP, CJC and LAr calorimeter). If
the activity measured in the detector is originating from an ep collision, it must be in coincidence
with a bunch crossing. Electronics noise and cosmic muons on the other hand are independent of
bunch crossings. This fact is used by the timing conditions in the triggers to suppress non-ep back-
ground. Collisions of beam particles with collimators and gas atoms in the beam pipe usually produce
many tracks originating from a point located far outside the ep interaction region. Events with such
tracks are suppressed by the veto conditions. It is also possible to cut on the ratio of central to for-
ward and backward tracks, resulting in a condition on a central interaction vertex. Such a condition
(CIP_sig>0) has been used for ST77 since this ST has a weaker physics condition than ST66 and ST67.

With the timing and veto conditions included, typical trigger rates for ST66 were 0.4 Hz, for ST67
2 Hz and for ST77 1 Hz. These ST could always run with a prescale of 1, meaning every triggered
event was passed on to L4 (neither of these ST had a L2 or L3 condition). Since L4 was transparent
for high Q? events, all triggered CC events were also stored.

6.1.2 Trigger Efficiency

The efficiency of the CC triggers is determined in pseudo CC (PsCC, see section 5.3.2). Since the
events in this sample are triggered by NC triggers and the missing transverse momentum is introduced
artificially by removing the scattered beam lepton, the PsCC sample is well suited for cross checking
efficiencies of triggers based on missing transverse energy.

The efficiency of the CC subtriggers (defined as the number of triggered and selected events
divided by the number of selected events) in bins of missing transverse momentum and polar angle
of the hadronic final state (HFS) is shown in fig. 6.1. The main subtrigger for CC events is ST77.
For events with pr, mss larger than ~ 25 GeV the CC trigger efficiency is above 95 %. At the CC
event selection cut value of pr ;55 = 12 GeV the trigger efficiency is steeply rising. For this reason,
the simulated CC events need to be reweighted according to the trigger efficiency (see section 5.3.1).
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The steep rise of the efficiency of ST66 in forward direction of the HFS is due to the condition on the
energy deposited in the inner forward part of the LAr calorimeter.
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Figure 6.1: Efficiency of the CC subtriggers a) in bins of pr, miss and b) Ogpg. STTT7 is represented
by the magenta, dash-dotted line, ST67 by the green, dotted line and ST66 by the red, dashed line.
The black, solid line corresponds to the combination of all CC subtriggers.

6.2 Data Selection

The H1 data sets are divided into time periods with constant readout and trigger settings, the so
called runs. Only runs fulfilling the following criteria have been used:

e The run has to be between the start of e™p data taking in 1999 and the end of HERA high energy
data taking.

e The run quality has to be good or medium. This quality flag depends on the subsystems which
are operational during the run. Runs without the LAr calorimeter, the SpaCal or the luminosity
system are qualified as poor. The same is true if none of the subsystems CJC1, CJC2 and CST
are read out or if the duration of the run is less than 30 s. Furthermore a run can be degraded to
poor quality if a technical problem in a major subsystem is found in offline analysis.

e The minimal integrated luminosity of the run has to be larger than 0.1 nb™*. A lower luminosity
collected in a run often is an indication of a technical problem.

e All of the following subsystems must be read out: CJC1, CJC2, LAr calorimeter, SpaCal, TOF,
VETO, luminosity system, CIP and calorimeter trigger. These systems are needed either for the
trigger or the analysis of CC events. It is also checked on an event-to-event basis if the high
voltage of these systems is on.

e The subtriggers ST66, ST67 and ST77 must have a prescale factor of one. This was always
the case if there was no major technical problem (in which case the run quality would be poor
anyway ), this explicit requirement allows to neglect prescale factors for the analysis of CC events.

e A valid polarization measurement by at least one of the polarimeters must be available.

Run ranges with technical problems specific to the analysis of CC events, which do not result auto-
matically in a poor run quality, are excluded. This mainly concerns problems with the CIP trigger
and high noise levels in the LAr calorimeter or the calorimeter trigger.

The luminosity is calculated for the logical “OR” of the CC subtriggers ST66, ST67 and ST77,
which is equal to the total integrated luminosity, because the prescale factors of these triggers is one.
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Only the luminosity for electron-proton collisions within £35 cm around the nominal interaction point
is considered.

In table 6.2 the integrated luminosity and mean polarization of the data samples used for the
CC analysis are listed separately for different beam leptons and different lepton beam helicities. The
HERA I e~ data sample has not been considered for this thesis due to the low statistics of only
10.6 pb~* for this sample!.

Table 6.2: Integrated luminosity and mean polarization of the data samples used for the CC analysis.
For the errors on these quantities see the discussion of systematic uncertainties in section 6.7.

Period | Type | Helicity | L [pb™] P (%]
HERA I et - 61.1 0
HERA II et RH 102.8 31.46
HERA II et LH 79.7 —36.21
HERA II e~ RH 53.0 33.45
HERA II e” LH 101.9 —26.26

6.3 Rejection of Non-ep Background

The events triggered by the CC subtriggers ST66, ST67 and ST77 have large energy deposits in the
LAr calorimeter, which are not balanced in the transverse plane (with the exception of events triggered
by ST67, which does not have such a condition). This is the key signature of CC events, but of many
non-ep background events as well. For instance, a collision of a beam proton with a collimator just
outside the detector can result in such a signature. The same is true for halo muons or cosmic muons
traversing the LAr calorimeter. The timing and veto conditions on the triggers avoid the triggering of
most of these non-ep background events. Since they occur much more frequently than real CC events,
the contribution from non-ep background to the samples of ST66, ST67 and ST77 triggered events is
still dominating the real CC events. The ratio of ep to non-ep events in the triggered sample depends
on the background situation and is therefore not constant in different data periods. For instance for
the 2004-2006 e~ LH sample, the combined cuts against non-ep background (including vertex cut)
reject 92.4 % of the events triggered by ST66, ST67 or ST77, while for the 2006 et LH sample “only”
85.1 % of the triggered events are rejected.

Background from non-ep processes dominates in particular at high pr s and is therefore of
special importance in CC measurements. This can be seen in fig. 6.2, where the pr ;55 distribution
of the event sample triggered by the CC subtriggers is shown with and without the non-ep rejection
criteria applied. These criteria are explained in the following sections. Due to the dominance of
non-ep background events at high pr, miss, the contribution of these events to the selected CC event
sample can still be significant, even after the non-ep background rejection criteria have been applied.
The contribution from non-ep events to the selected event sample is problematic since it cannot be
modelled and estimated in simulation.

How non-ep events can fake CC events with missing transverse energy in the LAr calorimeter is
illustrated in fig. 6.3, where a CC event and a halo-muon event are shown. In xy view, the missing
transverse energy in the LAr calorimeter is visible.

1The low sample statistics for HERA I e~ is also reflected in the low number of selected muons for this sample: Only
one positively and one negatively charged muon have been selected in HERA I e~.
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Figure 6.2: Missing transverse momentum pr mss of the triggered data sample in HERA II etp
running a) without and b) with the non-ep rejection criteria applied. The tail at high values of

DT, miss is dominated by non-ep background events.

Figure 6.3: A CC event (top) and a halo muon event (bottom) in the H1 event display in rz (left) and
xy (right) view.
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6.3.1 Event Timing

The timing constraints are the most important cuts against non-ep background, rejecting about three
quarters of the cosmic and halo muons traversing the H1 detector [90]. Electron-proton collisions can
only occur at exactly known and discrete points in time, during the bunch crossings. Requirements on
the event timing are already implemented in the triggers (see section 6.1.1). In addition to the trigger
timing requirements, constraints on the event timing are made in the offline analysis using information
from the CJC and the LAr calorimeter. The CJC timing T cjc is defined as the time when most
charged particles cross the chamber and is measured relative to the nominal bunch crossing time in
units of CJC ticks (500 CJC ticks = 96 ns). The CJC achieves an event time resolution of about 2 ns.
The LAr calorimeter event timing T r 4, is derived from the time structure of the energy depositions
measured in units of bunch crossings (BC) and has a resolution of about 10 ns. The constraints on
the event timing in the offline analysis are

410 < Tp,cyc < 510 ticks and —0.54 < Ty rar <0.54 BC. (6.1)

The CJC and LAr Ty are shown in fig. 6.4 for a H1 data sample without any selection cuts applied in
HERA 1I e™ running. Since the triggers already include timing constraints, the selection cuts (6.1)
do not result in a large reduction of the sample statistics. The periodic structure with 20 ticks period
in Ty cjc seen in fig. 6.4 a) originates from events without reconstructed tracks in the CJC, where
To,csc is deduced from the rising flank of the drift time spectrum with a granularity of 20 ticks. These
events are rejected by the vertex cut described in section 6.3.3.
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Figure 6.4: a) CJC and b) LAr Ty for a H1 data sample without any selection cuts in HERA II e*p
running.

6.3.2 Background Finder

Most non-ep background events passing the timing requirements can be rejected based on the topology
of the events. For this purpose, a set of topological background finding algorithms [90-92] is used.
These algorithms use tracking, calorimeter and muon system information in order to identify patterns
in the H1 detector specific to cosmic muons, halo muons and beam-gas events. For instance two
matching tracks on exactly opposite sides in an otherwise empty detector are a clear sign for a cosmic
muon. Likewise, a horizontally aligned set of clusters in the hadronic section of the LAr calorimeter
with matching activity in the muon system endcaps is an indication of a halo muon traversing the
detector (compare fig. 6.3). Beam-gas or beam-wall collisions usually result in a lot of tracks in
the backward region of the tracking system pointing to a vertex outside of the H1 detector itself.
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The individual background finder flags available in the H1 analysis software framework are listed in
appendix A.

6.3.3 Vertex

A precisely measured primary electron-proton interaction vertex in the central region of the detector is
important for the reconstruction of kinematic quantities such as the Q2 of the event. The requirement
of a primary vertex close to the nominal interaction point also rejects non-ep background events from
beam-gas or beam-wall interactions outside this range. Halo and cosmic muons even result in events
with no vertex at all, except if a cosmic muon passes exactly through the beam spot or the muon is
overlayed over a real ep collision event. For these reasons, the position of the primary vertex along
the beam line has been constrained to

=35 cm < zZype < 35 cm, (6.2)

relative to the nominal electron-proton interaction point. The z,, distribution can be seen in fig. 5.6.

The position of the primary vertex is reconstructed by extrapolating tracks to the beam line
(see section 4.3.3). Usually tracks measured in the CJC are used for this purpose, with additional
information from other subsystems if available. If no CJC track is available, it is also possible to
determine a primary vertex from tracks measured in the FTD alone. Because these FTD vertices
are less precisely determined, a CJC vertex is required explicitly for the selection of CC events. This
results in the rejection of events without any tracks in the CJC.

6.3.4 LAr Calorimeter Noise

The key signature of CC events, the large missing transverse energy, can be faked by noise in the
LAr calorimeter. A dedicated algorithm is searching for indications of coherent noise in parts of the
calorimeter caused by the detector electronics. Events with detected calorimeter noise are rejected.

6.4 CC Event Selection

6.4.1 Event Kinematics Criteria

The requirement on the missing transverse momentum pr. miss> 18 the main cut in the selection of CC
events, rejecting most photoproduction and NC DIS events. The cut value chosen is

PT, miss > 12 GeV. (63)

Below this value the trigger efficiency is very low (see section 6.1.2 and fig. 6.1) and the contributions
from other physics processes become dominant. As can be seen in fig. 6.5 a) and b), the reweighting
of simulated CC events according to the trigger efficiency (see section 5.3.1) has a large influence
on the pr miss distributions in simulation. While a) corresponds to the physical distribution of all
CC events, in b) the simulation describes the triggered sample after the trigger efficiency has been
taken into account. About 30 % of the unweighted CC events in simulation have a pr, ;s of less than
12 GeV. In data most of these low pr ,,iss €vents are already lost on trigger level. Of the triggered CC
events, only ~ 5 % are lost by the offline analysis cut on pr, miss- The distribution of all data events
in the HERA II eTp period triggered by ST66, ST67 or ST77 is shown in fig. 6.5 ¢) for comparison.
It peaks at low values of pr ,ss, demonstrating the dominance of background in this region. The
distribution shows two components: Events triggered by the Er s subtriggers ST66 and ST77 with

2pT’ miss is defined by pr miss = —Pr, Fs, where pr g is the transverse component of the four-momentum sum
of all final state particle candidates (including the scattered beam lepton, if present). Particle candidates include
(calibrated) clusters in the calorimeter and tracks reconstructed in the tracking system, where matching track-cluster
pairs only count as one particle candidate.
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a correct B, miss reconstruction in the LAr trigger are located at high values of pr, miss and contain
the CC events as well as a dominant contribution from non-ep background events (see section 6.3).
The steeply falling component at low pr. miss corresponds to events either triggered by the high Q2
NC DIS subtrigger ST67 or events, where the offline reconstructed value of Er ,,;ss differs from the
E7, miss on trigger level.
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Figure 6.5: pr, miss of a) simulated CC events without reweighting, b) simulated CC events with trigger
weight applied and c) all data events in the HERA II e*p period triggered by the CC subtriggers. For
explanations see the text.

At low values of the virtuality Q2, photoproduction processes and NC DIS with photon exchange
have a much higher cross section than CC and are therefore dominant. In order to suppress this
background and to provide a well defined DIS phase space, the events must fulfill the following
condition®:

Q? > 223 GeV?. (6.4)

This condition alone has an efficiency of 89.8 % for CC events and 1.1 % for photoproduction events
triggered by the CC subtriggers.
The inelasticity y of the event is correlated with the polar angle of the hadronic final state 0y pg.
It is constrained to the range
0.03 <y < 0.85. (6.5)

For very low 0y prg corresponding to low values of y, a part of the energy is lost in the beam pipe,
resulting in a decrease of the trigger efficiency (compare fig. 6.1). For this reason, the lower bound of
y > 0.03 is chosen. In the central part of the LAr calorimeter, the trigger efficiency again decreases
for increasing 6y s and y. This is due to the high energy thresholds of the LAr triggers in the central
region because of high pad capacities and corresponding high noise levels. Furthermore, the resolution
of @? decreases with increasing y. For these reasons, an upper limit of 4 < 0.85 has been set.

6.4.2 Rejection of Remaining Photoproduction Events

The main difference between CC and photoproduction (yp) events is the imbalance of the energy and
momentum carried by particles in the plane transverse to the beam axis. This is already exploited by
the pr miss cut. Another way to make use of these event characteristics is a cut on the energy flow
isotropy Vratio. This quantity is defined as the ratio of the transverse energy flow antiparallel (V)

3The “strange” value of 223 GeV? has its origin in the logarithmic Q2 binning of former CC analyses. It has been
kept for compatibility.
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and parallel (V},) to the direction of the transverse momentum of the hadronic final state pr  (defined
as the vector sum of the transverse momenta of all HFS particles)?*:

Vap

V;"atio = 7]07 (66)

with . .

T, " DT,h

Vap = - Z p : p (67)

HFS particles 7 PT.h

Pr,i-Pr,n<0
and . .

Pty PT,h
V, = —_ 6.8
> > - (6.8)

HF'S particles ¢
Pr,i-Pr,n>0

For CC events Vi.q1;0 is expected to be close to zero, while for vp events V.., is much larger. This is
illustrated in fig. 6.6.

a) Vap

Vpy Th

Figure 6.6: Energy flow isotropy in a) CC events with V.40 &= 0 and b) vp events with V,440 =~ 1.
Figure taken from [89].

For the separation of CC and yp events, a two-dimensional cut on V,.q4, and prp is used:

(6.9)

v 0.15 if prp < 27 GeV,
ratio 0.25 if prj > 27 GeV.

The background contribution from 7p events is mainly distributed at low pr j, and high V;.qt0. There-
fore the Vi4ti cut has to be stronger at lower values of pr . The efficiency of this two-dimensional
condition is 0.1 % for yp and more than 90 % for CC events triggered by the CC subtriggers (90.1 %
in etp and 93.6 % in e~ p running). For events passing all other CC event selection criteria (including
also the anti-NC criteria described below), the efficiency of the energy flow isotropy cut is 92 % for
CC and 2.3 % for yp events. This condition allows therefore to strongly suppress remaining photopro-
duction background while maintaining a high selection efficiency for CC events. The two-dimensional
distributions of CC and ~p events in the variables V4, and pr are shown in fig. 6.7.

4In events without a scattered beam lepton (as in yp and CC events), the relation Pr,hn = —DT,miss is valid. In a
perfectly balanced event pr , is zero.
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Figure 6.7: Two-dimensional distributions of a) simulated CC and b) simulated vp events in the
variables Vj.qtio and pr . The selection cut is indicated by the red line.

6.4.3 Rejection of Remaining Neutral Current DIS Events

The selection criteria concerning pr miss and Vyqio reject most NC DIS events (see table 6.4). While in
photoproduction the scattered beam lepton is not detected and the isotropic energy and momentum
distribution is achieved by the hadronic final state alone, in NC events the transverse energy and
momentum of the HFS are balanced by the scattered beam lepton. If for any reason the scattered
beam lepton is not detected, the event shares the characteristics of a CC event and passes the pr piss
and V.40 cuts (this fact is used for the production of Pseudo CC, see section 5.3.2). Therefore criteria
for the rejection of NC DIS events need to safeguard against unidentified scattered beam leptons.

All isolated tracks in the event are considered potential candidates for the scattered beam lepton.
A track is flagged as isolated, if its transverse momentum is larger than 1 GeV, its polar angle larger

than 25° and the distance d,) = \/(171 — n2)2 + (¢1 — ¢2)2 to the closest other track in pseudorapidity
1 and azimuthal angle ¢ is more than 0.5.

If the scattered beam lepton is absorbed in an insensitive region of the LAr calorimeter, it might
not be detected. These insensitive areas are located at the edges of the ¢ octants of the LAr calorimeter
in periodic intervals in ¢ of 45°. An event is rejected if an isolated track in the event points to within
+2° in ¢ of one of these calorimeter cracks.

Another indication of a possible misidentified scattered beam lepton is an isolated track opposite
to the HFS. An event is rejected if an isolated track exists with |@iraer — rrs| > 160°.

If at least one electron candidate was identified in the event, the electron candidate with the
highest transverse momentum is taken to be the candidate for the scattered beam lepton. An event is
rejected, if this scattered beam lepton candidate is opposite to the HFS with |¢eiec — drrs| > 160°,
even if it is not isolated.

In simulation, the combination of these anti-NC criteria alone has an efficiency of 99.4 % for CC
DIS events and 4.9 % for NC DIS events. For events passing all other CC event selection cuts, the
efficiency of the anti-NC criteria is 99.7 % for CC and 46.9 % for NC events. This means that the NC
contribution to the selected event sample can be halved with rejecting only very few CC events.
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6.4.4 Polarization

The CC cross section depends on the polarization of the lepton beam (see section 2.3.2). In the data
selection a valid polarization measurement by at least one of the polarimeters is required (see section
6.2). In order to increase the polarization of the data samples, a minimal lepton beam polarization
of 20 % at the time of a selected CC event is required. This increases the difference of the measured
cross sections for left- and right-handed samples and allows to determine the polarization dependence
of the CC cross section more precisely. Lepton beam polarizations of less than 20 % only occur at the
beginning of luminosity fills, when the polarization is still rising (see fig. 4.3). For et data, only 3.4 %
of all otherwise selected events are rejected by this requirement, while for e~ data about 16.4 % of the
otherwise selected events are rejected. The difference between e™ and e~ data is due to the smaller
polarization in the e~ LH running period because of technical problems. It is in general more difficult
to achieve high polarizations in e~ running because of the larger depolarizing beam-beam effects due
to the attraction of the oppositely charged electron and proton beams. This is also reflected in the
polarization distribution of the data samples shown in fig. 6.8.
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Figure 6.8: Polarization P. distribution for the HERA II a) e~ and b) e* data samples.

The longitudinal lepton beam polarization was only available in the H1 region of HERA for the
HERA II running period. For HERA I data, the longitudinal lepton beam polarization is zero and no
event selection cut on the polarization is applied.

6.4.5 Visual Scanning

The selected events have been scanned by eye using the H1 event display. In total 78 events show-
ing clear signs of a wrong reconstruction or non-ep background processes have been removed. The
efficiency of this visual scanning is assumed to be 100 % for ep scattering events. Even though most
non-ep background events are rejected by the selection criteria discussed in section 6.3, there is still
a contribution from non-ep events remaining in the sample. In particular events with cosmic or halo
muons overlaying a photoproduction event or events with a cosmic or halo muon interacting in the
detector and thereby not showing the typical topological signatures of such events can pass the selec-
tion criteria. As an example, the event displayed in fig. 6.9 is likely to be a cosmic muon absorbed in
the LAr calorimeter.
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Figure 6.9: Event display of a suspected cosmic ray muon event passing the CC selection.

6.5 Summary of the CC Event Selection

All data selection and event selection cuts for the CC measurement are summarized in table 6.3. The
efficiencies of the different sets of selection criteria in simulation are listed in table 6.4. The efficiencies
given for the kinematical criteria are somewhat misleading due to generator level cuts on the minimal
Q? of the events. The CC signal simulation has a generator level cut of Q2 > 10 GeV? applied. Since
CC events are located at high values of Q? due to the W boson mass, this generator level cut does not
have a significant effect. On the NC DIS simulation however a generator level cut of Q% > 100 GeV?
is applied, which has a large effect on the photon exchange component. The number given in table
6.4 for the efficiency of the kinematical cut set on NC DIS events therefore is restricted to events
with Q2 > 100 GeV? and would be much lower for all NC DIS events without this restriction. The
photoproduction simulation has no generator level cut on Q2 applied. The lepton beam polarization
is not simulated. Instead, the polarization of simulated events is randomly chosen according to the
polarization distributions of the data samples. Therefore the efficiency of the polarization cut is by
definition the same for simulation and data. It is larger for eTp than for e~p data because of the
polarization distribution in these samples (see section 6.4.4). This is also reflected in the higher overall
selection efficiency for etp data.

Real W boson production, which is also a major contribution to the background in the selected
event sample (see table 6.6), is not included in table 6.4. This is due to the fact that these events are
indistinguishable from CC events if the W boson was emitted by the beam lepton in the final state
(see section 5.2.2) and cannot be separated from CC events using event selection criteria. Therefore
the efficiency of the selection criteria for real W boson production events is the same as for CC events.

In data, the event sample triggered by the CC subtriggers is dominated by non-ep background,
in particular at high pr miss (see section 6.3). For instance, more than 20 % of the events triggered
by the CC subtriggers pass the kinematic criteria, but the non-ep background cuts remove 99.8 %
of these events. Additional events are later removed by visual scanning, which is only done in data.
Since background from non-ep processes is such an important contribution to the data samples and is
not included in the simulations, the “efficiencies” of the event selection criteria in data cannot directly
be compared to the efficiencies in simulation and are not included in table 6.4.
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Table 6.3: Data selection and event selection criteria for the CC measurement.

Cut variable Cut value

Data Selection

Run period Start of 99 et until end of HERA high energy running

Run quality Good or medium

Run luminosity Lyyn > 0.1 nb~!

Operational subsystems CJC1, CJC2, LAr, SpaCal, TOF, VETO, CIP,
luminosity system, calorimeter trigger

Trigger prescales Prescale 1 for ST66, ST67 and ST77

Polarimeter Valid measurement by at least one polarimeter

Technical problems No technical problems in any of the relevant subsystems

Non-ep background rejection

Event timing 410 < Ty,cyc < 510 ticks
—0.54 <Tp,rar <0.54 BC
Event topology No background finder flag set
Vertex position —35 cm < Zyr < 35 cm
LAr noise No noise detected in the LAr calorimeter

CC event selection

Missing transverse momentum | pr, miss > 12 GeV

Virtuality Q? > 223 GeV?
Inelasticity 0.03 <y <0.85
Energy flow isotropy Vratio < 0.15if ppp, <27 GeV
Viatio < 0.25 if prp, > 27 GeV
Isolated tracks No isolated track pointing to a LAr crack
No isolated track with |¢srack — ¢rFs| > 160°
Electron acoplanarity No electron candidate with |¢erec — pmrs| > 160°
Polarization P>20%
Visual scanning No hint of a non-ep background event

6.6 Selected Event Samples

The number of selected CC events in the different samples are listed in table 6.5. For the extraction of
the CC cross section, the selected event samples with the cut on the minimal lepton beam polarization
of 20 % applied are used. This allows a better measurement of the polarization dependence of the CC
cross section. For the extraction of the charm fraction discussed in chapters 7, 8 and 9, the selected
event samples without this cut are used, since it is assumed that the charm fraction in CC events
is independent of the lepton beam polarization. The data selection criterion of a valid polarization
measurement is however still applied. The event yield for the different running periods is shown in
fig. 6.10 in bins of 1 pb™*. Very broad bins correspond to periods with no new data, as it is the case
for general machine and detector shut downs, major technical problems or running with a different
lepton type. Because of the polarization dependence of the CC cross section (see equation (2.37)),
the event yields for the HERA II e* periods have been multiplied with a factor of 1/(14polarization).
This is not necessary for HERA I, since the lepton beam was not polarized during this period.
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Table 6.4: Efficiencies of individual sets of selection criteria in simulation. The efficiencies in NC and
photoproduction (yp) simulation do not depend on the lepton beam charge, except for the polarization
distribution, where e¥p running has been assumed in this table. For explanations see the text.

Applicd cut set Efficiency in simulation [%]
CCetp CCe™p NC Yp
Non-ep 88.0 87.2 94.5 83.6
Kinematics 87.2 88.9 0.9 0.1
Anti vp cuts 90.1 93.6 0.3 0.1
Anti NC cuts 99.4 99.5 4.9 91.4
Polarization 94.9 83.5 94.9 94.9
All cuts combined 67.6 61.8 0.004 0.001

Table 6.5: Number of selected CC events and mean polarization for the different samples, with and
without the polarization cut (P > 20 %) applied.

Run Number

Run Number

Period L [pb™'] | Puo cut [%] Peu [%] | Without P cut | With P cut
HERA I e* 61.1 0 0 1543 -
HERA II et RH 102.8 31.46 33.00 2765 2690
HERA II et LH 79.7 —36.21 —37.10 1152 1093
HERA II e~ RH 53.0 33.45 35.97 1428 1240
HERA Il e~ LH 101.9 —26.26 —28.56 4825 3983
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Figure 6.10: Yield of selected events in a) HERA I e*, b) HERA II e¢* and ¢) HERA II e~ data. In
b) and c) (event yield)/(1 + polarization) is plotted because of the polarization dependence of the CC
cross section (see equation (2.37)). One bin corresponds to an integrated luminosity of 1 pb~!. Very

broad bins correspond to shut downs, major technical problems or a running period with the other
lepton type.
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The remaining background contributions from ep scattering processes are determined from the
simulation of these processes (see section 5.2.2). The expected background contributions are listed in
table 6.6. Also listed are the number of expected CC events and the number of selected events in data.
The relative amount of background in the selected event samples varies due to the dependence of the
CC cross section on the beam lepton type and the polarization (the higher the signal cross section,
the lower the relative contribution from background). Comparing the total number of expected events
with the number of selected events in data, the number of selected data events tends to be lower
than the number of expected events, except for the HERA I period. The largest difference between
predicted and measured number of events is seen in the e~ LH data set. This leads to lower than
expected cross sections, as will be seen in section 6.8.2. For the interpretation of this deviation from
the prediction see the discussion of the measured cross sections in section 6.8.2.

Table 6.6: Expected background and signal contributions to the selected event samples. All numbers
for HERA II are given with the polarization cut of P > 20 % applied.

Process HERAIet | et LH e RH e LH e  RH
~p uds resolved 62.8 85.7 115.8 90.9 51.5
vp uds direct 24.0 28.6 36.8 33.7 18.1
~vp charm resolved 2.5 3.6 4.8 2.6 2.3
~vp charm direct 10.9 14.3 12.0 7.6 6.1
Neutral current 5.7 4.3 10.3 10.8 3.1
Real W boson production 9.9 12.9 16.4 12.8 7.4
Dimuon production 4.0 5.2 6.5 5.5 3.1
Dielectron production 0.2 0.3 0.4 0.3 0.2
Ditau production 2.0 2.7 3.3 2.8 1.6
Total expected background 122.0 157.5 206.3 166.8 93.4
Expected charged current 1294.8 987.6 2698.2 4685.1 1269.3
Selected data events 1543 1093 2690 3983 1240

The agreement of different event properties between data and simulation for the two largest selected
samples, the e~ LH and e™ RH samples, is shown in fig. 6.11 and fig. 6.12. The lower than expected
number of data events in the e~ LH sample compared to the prediction from simulation is clearly
visible. Furthermore, a deficit of the data compared to simulation at low y and low polar angles of
the hadronic final state is observed. This feature is present in all samples, but most prominent in the
e~ samples®.

5This effect is seen by all CC studies using H1 data.
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Figure 6.11: Comparison of data and simulation for the selected et RH sample. In a) the missing
transverse momentum pr ,ss, in b) the polar angle of the hadronic final state €y rg and in c) the
inelasticity y are presented. The dots with error bars denote the data, the red, dashed line the CC
simulation, the green, dotted line the combined background simulations and the black, solid line the
sum of the signal and background simulations.
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Figure 6.12: Comparison of data and simulation for the selected e~ LH sample. In a) the missing
transverse momentum pr ,ss, i b) the polar angle of the hadronic final state 0y pg and in c) the
inelasticity y are presented. The dots with error bars denote the data, the red, dashed line the CC
simulation, the green, dotted line the combined background simulations and the black, solid line the
sum of the signal and background simulations.

6.7 Systematic Uncertainties

Two types of measurement errors have to be considered: Statistical errors caused by the finite data
event samples® and systematic uncertainties related to the experimental method. Systematic uncer-
tainties include for example uncertainties caused by the finite detector resolution and model depen-
dencies of the simulation. The following sources of systematic errors have been considered”:

6Usually Gaussian statistics is assumed, where one standard deviation of a sample containing N events is v/N.
"Where no other references are given, the systematic uncertainties considered for this thesis correspond to the

recommendations of the H1 inclusive analysis group [93].
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e The hadronic energy scale of the LAr calorimeter is assigned an uncertainty of 2 %. The energy
scale is for instance needed for the determination of the missing transverse energy in the event.

e The polar angle 6 of the hadronic final state is used for the reconstruction of the event kinematics.
A systematic shift in 6 changes the event selection efficiency due to the shift in the kinematical
event selection criteria. To account for this effect, an uncertainty of +£3 mrad is applied on 6.

e Energy deposits in the LAr calorimeter attributed to noise are not included in the reconstruction
of the final state. An uncertainty of 10 % is assumed for this noise subtraction.

e The variable V.44, used for the rejection of photoproduction events (see section 6.4.2) is varied
by +0.02.

e The primary event vertex is needed for the calculation of the event kinematics and events without
reconstructed vertex are rejected in the CC event selection. A y dependent uncertainty on the
primary vertex reconstruction efficiency is applied: 15 % for y < 0.06, 7 % for 0.06 < y < 0.1,
4% for 0.1 <y <0.2and 1% for y > 0.2.

o The efficiency of the CC triggers &4, is estimated in PsCC (see section 6.1.2). The uncertainty
on g4ig is estimated by 15% (1 — e449) ® Erroriy e [94], where Errorfi? . is the statistical error
of the PsCC sample. This uncertainty is larger for e*p than for e~ p running, since CC events in
eTp running tend to lower values of pT, miss® With a consequently lower average Etrig than in e p
running.

e The efficiencies of the non-ep background finder algorithms for CC events are estimated in PsCC.
For e*p data, an uncertainty of 2 % for y < 0.1 and 1 % for y > 0.1 is assumed, for e~p data the
corresponding errors are 3 % for y < 0.1 and 2 % for y > 0.1.

e On the background subtraction an uncertainty corresponding to the statistical error of the number
of events passing the CC event selection in the simulated sample is applied. Even though the
statistics of the simulated background samples is large, only very few events in these samples
pass the event selection. The statistical error of the number of selected events is therefore not
negligible. For the subtraction of photoproduction events this error amounts to 30 %, for NC it
is 10 %.

o QED radiative corrections can be estimated in the CC simulation, where also radiative processes
with the exchange or emission of an additional boson are simulated. A systematic uncertainty on
the CC cross section of 1 % arising from these corrections has been assumed [95].

e A 0.5 % uncertainty is caused by the choice of the PDF used in the simulation. The uncertainty
was estimated by comparing the effect of different PDFs (MRSH, CTEQ4 and H1 PDF 2000) in
the simulation [89].

e The luminosity measurement has an uncertainty of 1.5 % in HERA I [29] and 3 % in HERA
11 [73].

e The uncertainty on the polarization measurement does not have an effect on the cross section itself,
but on the polarization at which the cross section was measured. This uncertainty is therefore not
included in the systematic error on the cross section in the tables 6.7 and 6.9, but corresponds to
the horizontal error bars in fig. 6.13. The uncertainty on a single measurement is 1.6 % for LPOL
[58] and 3.5 % for TPOL [96] measurements. If available, always the polarization measurement of
the LPOL has been taken. The resulting systematic error on the mean polarization of the sample
is 0.8 % for the e~ RH sample, 0.6 % for e~ LH, 0.6 % for e™ RH and 0.8 % for e™ LH.

The effect of a systematic uncertainty on the cross section was determined in simulation and enters
the cross section calculation via the varied efficiency e (see section 6.8.1), with the exception of the
uncertainties on the background subtraction, where the number of estimated background events is
varied. The resulting systematic errors of the cross sections are listed in table 6.7. The contributions
from the different sources of systematic errors are assumed to be uncorrelated and can therefore be
added in quadrature.

8Differences in the production mechanisms of CC events in etp and e p data lead to different distributions of
kinematical variables. This is discussed in detail in the sections 7.2 and 7.3.
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Table 6.7: Systematic uncertainties on the total CC cross sections.

. Error on the cross section [%]
Systematic effect
HERAIet | e RH | et LH | e~ RH | e~ LH

Had E scale 0.4 0.3 0.3 0.4 0.4
Polar angle 0.2 0.2 0.1 0.1 0.1
Hadronic noise 0.1 0.1 0.2 0.5 0.1
Viatio cut 1.5 1.9 1.9 1.1 1.3
Vertex efficiency 0.8 1.0 1.0 0.8 0.8
CC trigger efficiency 3.4 4.6 4.6 2.2 2.2
BG finder 0.0 0.1 0.1 0.1 0.1
~vp subtraction 1.3 1.4 2.6 1.3 0.7
NC subtraction 0.1 0.1 0.1 0.1 0.1
Radiative Corrections 1.0 1.0 1.0 1.0 1.0
PDF 0.5 0.5 0.5 0.5 0.5
Luminosity 1.5 3.0 3.0 3.0 3.0
Total systematic error 4.5 6.2 6.6 4.4 4.3

The main systematic error for the e™p samples arises from the determination of the CC trig-
ger efficiency in PsCC (see section 6.1.2). For the e”p samples, the uncertainty on the luminosity
measurement has the largest effect on the cross section.

6.8 Charged Current Cross Sections

6.8.1 Calculation of the Cross Section

The cross section op for a process P was introduced in section 4.1. This cross section depends on the
number of produced events Np for the corresponding process and the integrated luminosity L with
Np = O'pL.

However, not all of these Np events are detected. The geometrical acceptance of the detector
is not covering the complete solid angle around the interaction vertex and therefore in some events
the final state particles will not enter the detector. Even if particles produced in the event enter the
detector volume, the detection and reconstruction efficiency of these particles is not perfect. Finally,
some of the detected and reconstructed events do not pass the offline selection criteria (in the case
of this thesis the CC event selection criteria). Because of these problems, the selected number of
events Np gqrq is smaller than the actual number of events Np with Np gata = € - Np. The efficiency
¢ includes all of the effects discussed above and has to be determined in simulation.

Since the selected data events Ng,¢, contain contributions from other processes than the process
under study P, this background contribution Npg has to be subtracted with Np gata = Ndata — NBG-
The background events in the selected event samples have very similar properties to events of the
process of interest, otherwise they would have been rejected by the selection criteria. Since it is not
possible to separate these remaining background events from the signal events, their number has to
be estimated using simulation (see section 6.6).

Taking into account the non-perfect efficiency and the background contribution in the selected
sample, the cross section formula (4.4) becomes

o= Ndata _NBG

6.L (6.10)
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The event samples used for the calculation of the CC cross section are presented in section 6.6.
The numbers used for the calculation of the cross section are listed in table 6.8. An additional
complication arises from the polarization dependence of the CC cross section. The cross section is
calculated separately for the different beam lepton helicity samples. Since the dependence of the CC
cross section on the polarization is linear (see section 2.3.2), the cross section calculated from the
number of events in a sample corresponds to the cross section evaluated at the mean polarization of
the sample.

Table 6.8: Parameters used in the cross section calculation: The integrated luminosity L, number
of selected data events Ngqiq, number of estimated background events Np¢ and efficiency (including
acceptance) € are listed for the different data samples.

Period L[pb™Y Niwta Npe e [%]
HERA T et 61.1 1543 122.0 72.7
HERA II et RH 102.8 2690 206.3 67.7
HERA II et LH 79.7 1093 157.5 67.6
HERA IT e~ RH 53.0 1240 93.4 63.9
HERA IT e~ LH 101.9 3983 166.8 61.1

6.8.2 Measured Charged Current Cross Sections

The measured CC cross sections for the different data samples are listed in table 6.9 and shown as a
function of the lepton beam polarization P, in fig. 6.13. The cross sections have been calculated using
equation (6.10).

Table 6.9: Measured CC cross sections with statistical and systematic errors. The predictions from
H1 PDF 2000 [29] are also listed with errors [97].

Period P [%] | Cross Section [pb]  0siat. [Pb]  0syse. [pPb] | Theory [pb]
HERA T e* 0 32.0 0.9 14 29.1 £ 04
HERA 1T e™ RH 33.00 35.7 0.7 2.2 38.8 £0.5
HERA Il et LH | —37.10 17.4 0.6 1.2 183 £ 0.3
HERA Il e~ RH 35.97 33.9 1.0 1.5 37.5 04
HERA IT e~ LH | —28.56 61.3 1.0 2.6 75.2 £ 0.8

The dependence of the cross section on the lepton beam polarization P. has been fitted with linear
functions separately for e~ p and e™p data, using a least squares approach. The resulting fit functions
are shown in fig. 6.13. The fitted polarization dependent cross sections are

occ =(2894+14)+P.-(28.6+4.7)pb  for etp and

_ (6.11)
oco = (49.2+£23)— P. - (42.5 £6.8) pb for e p.

The measured polarization dependent cross section for et data shows an excellent agreement with
the prediction and is almost exactly 0 at P, = —1. The cross section for e~ data however is lower
and has a weaker P, dependence than predicted because of the measured cross section in the e~
LH sample, which is 18 % lower than predicted. This is partly due to a deficit of events in data
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Figure 6.13: Measured CC cross sections as a function of the lepton beam polarization. The triangles
represent the measured et p cross sections and the squares the e~ p cross sections. The inner error bars
correspond to the statistical errors and the outer include also systematic uncertainties. The broad,
orange bands correspond to the one standard deviation uncertainty band of the fit and the narrow,
green bands to the H1 PDF 2000 prediction.

compared to the simulation at low y and low polar angles of the hadronic final state. This effect is
seen in all data periods, but most prominent in e~. For the e~ LH sample, this problem can however
only explain a part of the observed difference between data and simulation. The comparison of the
presented analysis with another ongoing CC study at H1° showed a good agreement of the number of
selected data events, but different cross sections, in particular for the e~ LH sample. This indicates
a well understood data event selection, but a problem in the description of the data event selection
efficiency ¢ in the simulation.

9Due to several not understood features in different data periods, no results of CC analyses have been published by
H1 up to now for data taken after the shut down in 2004, which constitutes 85 % of the total polarized ep scattering
data.
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The extraction of the charm fraction is not affected by the CC event selection efficiency in the
simulation, since it has no effect on the selected data samples. It is assumed that the fraction of
charm events in the selected samples is not changed by problems with the absolute normalization. For
the calculation of the charm cross sections, the theory predictions for the flavor inclusive CC cross
sections are used (see section 9.10.2).
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Chapter 7

Charm in Charged Current and the
Strange Content of the Proton

7.1 Measuring the Strange Sea in the Proton

Two main approaches for a measurement of the strange sea in the proton are possible: Strangeness
production in neutral current and charm production in charged current.

In NC processes the flavor of the quark in the proton taking part in the hard interaction (in
the following called “primary quark”) is not changed in the process and the primary quark is still
present in the final state of the event. Usually the final state particle containing the primary quark
carries a significant amount of the transverse momentum of the final state (this can be used for flavor
tagging, see section 3.4.1). Therefore NC events with a strange primary quark have high momentum
strange hadrons in the final state. The strange quark in most strange hadrons produced in ep DIS
however originates from hadronisation processes and not from the strange sea in the proton [50].
As an example, the production mechanisms of ¢ mesons (s5 states) are shown in fig. 7.1. The
contribution of the strange sea to the production of strange hadrons needs to be extracted by exploiting
differences in distributions of kinematic variables between events with a strange primary quark and
events with a strange quark from hadronisation. This method was used by the ZEUS collaboration
for the measurement of ¢ mesons [50] (see section 3.4.2). The same method is also applicable to the
production of other strange hadrons, such as K mesons and A baryons.

In CC processes the flavor of the primary quark is changed according to the probabilities given by
the CKM matrix (see section 2.3.4). Since Vs & 4V,,; and Vs = 0, most events with a strange primary
quark in CC will have a charm quark in the final state. Charm production in CC has already been used
by neutrino-nucleon DIS experiments for measurements of the strange sea in the nucleon (see section
3.3). Since the contribution from hadronisation processes is smaller than for strangeness production
in NC, this method is less sensitive to the hadronisation models implemented in the simulation. The
drawback of the charm in CC measurement is the much lower cross section compared to strangeness
production in NC, resulting in larger statistical uncertainties of the measurement.

Charm production in CC is discussed in more detail in the following section.

7.2 Charm Production in Charged Current

Separating different production mechanisms for charm in CC in data is difficult and would need more
statistics than is available. Therefore all studies of charm production processes presented in this
chapter are using simulation. All numbers given are for inclusive CC processes without any phase
space cuts applied.
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Figure 7.1: Schematic representation of different mechanisms for ¢ production in NC DIS: a) A ¢
meson is produced from a strange quark from the proton sea and a strange quark from the hadroni-
sation process; b) A ¢ meson is produced from a strange quark emerging from a boson-gluon fusion
process and a second strange quark from hadronisation; ¢)-d) A ¢ meson is produced solely by the
hadronisation process; ) A ¢ meson is produced from a resonance decay (in this case a D, meson
decay) and f) a ¢ meson is produced by a diffractive process. Figure taken from [50].

7.2.1 Production Processes

The production mechanisms of charmed hadrons in CC are illustrated in fig. 7.2. In the quark initiated
process a), the charm quark is produced directly in the interaction of the W boson with a primary
quark in the proton. Due to charge conservation, the primary quark must be a down, strange or
beauty quark. Interactions involving beauty quarks are suppressed because of their high mass and
can be neglected. The relative contributions from down and strange primary quarks to quark initiated
charm production depend on the beam lepton charge. For e™p scattering, a W boson is exchanged,
which couples to down and strange quarks in the proton. Down quarks are more abundant in the
proton than strange quarks because of the valence down quark content of the proton, which dominates
at high values of x. Events with strange primary quarks are however more likely to produce charm
than events with down primary quarks, since Vs = 4V,4 (in events with down primary quarks, usually
up instead of charm quarks are produced, see section 2.3.4). Therefore the contribution of strange
primary quarks to the quark initiated production of charm is about a factor 2.5 larger than the
contribution from down primary quarks in e™p scattering. In e~ p data, a W~ boson is exchanged,
which couples to anti-strange and anti-down quarks in the proton. In this case, there is no valence
quark involvement in the quark initiated process. The contribution of anti-strange primary quarks to
the quark initiated production of anti-charm quarks in e™p scattering is a factor of about eight larger
than the contribution from anti-down primary quarks.

The production mechanism b) in fig. 7.2 proceeds via boson-gluon fusion (BGF). In eTp scattering
a charm quark and a anti-down or anti-strange quark are produced (usually an anti-strange quark
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Figure 7.2: Schematic representation of different mechanisms for charmed hadron (denoted as Chaq)
production in CC: a) The charm quark is produced directly in the interaction of a W boson with a
down or strange quark in the proton; b) The charm quark is produced in a boson-gluon fusion process
and c¢)-d) the charm quark is produced during the hadronisation process.

because of the same arguments as above), while in e™p scattering an anti-charm quark and a down or
strange quark are produced.

Charm and anti-charm quarks can also be produced in hadronisation, as illustrated in fig. 7.2 ¢)
and d). In this case, charm production is independent of the flavor of the quarks taking part in the
hard interaction. While in quark initiated and BGF processes only one charm (or anti-charm) quark
per event is produced, a c¢ pair emerges from hadronisation. Due to the charm quark mass, charm
pair production is suppressed in hadronisation processes compared to light quarks.

The dominating mechanism for charm production in CC are BGF processes. In e”p CC simulation,
about 64 % of the charm quarks are produced in BGF processes, 28 % in quark initiated processes
and 8 % in hadronisation. For e*p the relative contributions are about 61 % from BGF, 35 % from
quark initiated processes and 4 % from hadronisation. While for BGF the cross section is independent
of the lepton beam charge, the cross section for quark initiated charm production is higher in eTp
scattering because of the valence down quark contribution. Charm production in hadronisation is
completely independent of the interaction mechanism and is therefore proportional to the inclusive
CC cross section. Since the inclusive unpolarized CC cross section in e~ p DIS is about twice as large
as in eTp DIS (see section 2.3.3), the cross section for charm production in hadronisation is also about
twice as large in e~p DIS compared to e*p DIS.

An additional mechanism leads to charm quarks in the final state: Quark initiated processes with
charm primary quarks. The primary quark itself is transformed into a strange or down quark in the
CC process. Charm quarks in the proton exist however only as c¢ quark pairs in the proton sea and if
one of the quarks in such a pair is taking part in the CC interaction, the other one is still present in
the final state. This remaining charm quark is part of the proton remnant and has usually p, > pr.
Since these charm quarks are leaving the detector through the beam pipe, events with this mechanism
of “charm production” are not contributing to the measured charm fractions and are in the following
not considered as charm events.

Charm quark production in beauty hadron decays can be neglected, because in CC almost no
beauty is produced due to the structure of the CKM matrix (V,;, & 0, see section 2.3.4).
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7.2.2 Theoretical Expectation for the Charm Fraction in Charged Current

The cross section for charm production in CC o¢c,. is of comparable size in e~ p and etp scattering.
The prediction from the simulation is oo, = 7.2 pb in e p and occ,. = 8.3 pb in eTp data. As
discussed in section 7.2.1, the cross section of the BGF process, which is the dominant contribution,
is independent of the lepton beam charge. The effects of the lepton beam charge on the cross sections
of the quark initiated and hadronisation charm production are in opposite directions and partly
compensate each other.

The prediction for the inclusive, unpolarized CC cross section oo¢ is 70.4 pb in e”p and 42.9 pb
in eTp scattering. This o¢c is dominated by scattering on the valence quarks in the proton. In
e~ p, 72 % of the CC interactions in simulation proceed via the quark initiated process with an up
primary quark. In e*p, the analogous process with a down primary quark only contributes to 35 %.
This difference is explained by the valence quark content of the proton p = (uud) and leads to the
significantly larger inclusive CC cross section in e~ p compared to e p.

The almost constant occ,. and large difference in occ lead to different fractions of events with
charm in the CC event samples. The prediction of the simulation for the charm event fraction is
10.3 % in e~ p and 19.6 % in e'p scattering.

All numbers are given for unpolarized lepton beams and the full phase space. The lepton beam
polarization influences the CC cross section because of the parity violating structure of the weak
interaction (see section 2.3.2). This difference only concerns the coupling of the W boson to the beam
lepton, while the partons in the proton are not polarized. Therefore the lepton beam polarization
changes the cross section of all CC subprocesses likewise and the charm event fraction is not affected
by the polarization. Phase space cuts on the other hand can have an influence on the charm fraction
in the CC event sample, if charm events have different kinematic properties than other events. This
is investigated in section 7.3.

7.3 Properties of Charm Events in Charged Current

7.3.1 Kinematics of Charm and Uds Events

The kinematics of an ep scattering event depends on the parton in the proton taking part in the
interaction. For instance, BGF processes access smaller average = values than quark initiated processes
and primary valence quarks tend to have higher x values than primary quarks from the sea. In CC
events, the kinematics of the quark initiated process also depends on the lepton beam charge, since
valence up quarks tend to higher x values than valence down quarks and the valence quark contribution
to quark initiated processes is higher for e~p than for e*p scattering. Therefore a difference in the
kinematics of BGF and quark initiated processes is expected, as well as additional differences between
e~ p and eTp data. Since the contribution from BGF processes is higher for charm events than for
non-charm events, these differences also propagate to the kinematics of charm and non-charm events.
The distributions of  and the CC event selection variables pr miss, Viatio and Q? (see section 6.4
for definitions) for BGF and quark initiated as well as for charm and non-charm events in e~ p and
etp scattering are shown in fig. 7.3 - 7.6. The decay mode of the charmed hadron (semileptonic or
hadronic) does not have a significant impact on the distributions of these variables for charm events.



7.3 Properties of Charm Events in Charged Current

85

a
5 a)
>
20
1000
s00[- | §
% 20 40 60 80 100
PT,miss [GEV]
2
5 c)
>
@ 1500}
1000
500[
L L ! ok St
% ~"1000 2000 3000 4000 _ 5000
Q*[GeV?]

Figure 7.3: Kinematics of BGF (black, solid) and quark initiated (red, dashed) processes in e”p
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Figure 7.4: Kinematics of BGF (black, solid) and quark initiated (red, dashed) processes in e*p
scattering. The event quantities a) missing transverse momentum pr ,ss, b) energy flow isotropy
Vyatio, ¢) four-momentum transfer squared @? and d) Bjgrken scaling variable x are shown. The

histograms are scaled to the same number of entries.
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Figure 7.5: Kinematics of charm (black, solid) and non-charm (red, dashed) events in e”p scattering.
The event quantities a) missing transverse momenturm pr ,iss, b) energy flow isotropy Viquio, ¢) four-
momentum transfer squared Q? and d) Bjgrken scaling variable x are shown. The histograms are
scaled to the same number of entries.
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Figure 7.6: Kinematics of charm (black, solid) and non-charm (red, dashed) events in e*p scattering.
The event quantities a) missing transverse momenturm pr m,iss, b) energy flow isotropy Vg0, ¢) four-
momentum transfer squared Q? and d) Bjgrken scaling variable x are shown. The histograms are
scaled to the same number of entries.
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7.3.2 Selection Efficiency of Charm and Non-Charm Events

As a consequence of the differences in the event kinematics between quark initiated and BGF pro-
cesses, the CC event selection efficiency for charm and non-charm events is different. In table 7.1
the efficiencies of the CC event selection determined from simulation for charm and non-charm CC
events are listed. The charm events are further subdivided into events with hadronic and (semi-)
leptonic decay modes of the charmed hadron. The selection efficiency for charm events is lower than
for non-charm events, which is expected from the distributions of kinematic variables shown in section
7.3.1. The efficiencies for the etp sample are consistently higher than for e~p because of the cut on
the minimal lepton beam polarization of 20 %, which has a higher efficiency in the e*p data sample
(see section 6.4.4).

Table 7.1: Event selection efficiency for charm and non-charm CC events. The charm events are further
subdivided into events with hadronic and (semi-) leptonic decay modes of the charmed hadron. The
selection cuts applied correspond to the CC event selection summarized in section 6.5.

Event type CC event selection efficiency [%)]
e p etp

Inclusive 61.8 67.6

Non-charm 62.4 68.8

Charm 56.8 63.3

Charm hadronic decay 57.5 63.7

Charm semileptonic decay 53.8 61.4

The differences in the CC event selection efficiency lead to different charm fractions in the selected
CC event samples and unselected CC events. The charm fractions in unselected CC events can be
calculated from the measured charm fractions in the selected CC event samples using the selection
efficiencies given in table 7.1.

7.4 Methods for Charm Tagging

The lifetime of charmed hadrons is too short to enter the active detector volume. Therefore any
measurement of charmed hadrons can only rely on their decay products. Different approaches have
been used in the past for measurements of charm production processes:

e Exclusive final states such as decays of D* mesons in the so called “golden channel” (D** —
7t DY — 77t KF) are often used for charm tagging [98-100]. If the fragmentation of charm into
D* mesons and the branching ratio of D* mesons into the golden channel is known, the inclusive
charm production cross section can be calculated from the number of tagged D* mesons. Since
the branching ratio of D* mesons decaying in the golden channel is only about 2.6 % [17], this
approach for charm measurements is only possible for event samples with high statistics. In an
analysis of CC data, the event statistics are very limited. Nevertheless, this method has been
used for a study of charm in CC [101]. Because of the limited statistics only an upper limit on
the charm cross section in CC of ¢® P=7<X < 109 pb could be derived at 90 % confidence level
in the kinematic range Q2 > 200 GeV? and y < 0.9'.

1The measurement presented in this thesis results in much better constraints on the charm cross section in CC, as
will be seen in section 9.10.
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e Inclusive lifetime tagging methods make use of the finite lifetime of charmed hadrons. This
can lead to a displacement of the decay vertex from the primary event vertex of up to a few
100 um. As a consequence, the tracks of charm decay particles in general do not point back to
the primary vertex. This can be exploited either on the basis of statistical distributions of the
distance between tracks and the primary vertex [102,103] or by explicitly reconstructing secondary
vertices. Reconstructed secondary vertices have already been used for the measurement of charm
in CC [104]. This approach is described in chapter 8.

e Semileptonic decays into muons of charmed hadrons are also used for charm production measure-
ments [99], although this approach is more commonly used for the tagging of beauty hadrons.
Muons provide a clean signature in the detector, which can be identified and selected with high ef-
ficiency. The charm fraction measurement using muons from semileptonic charmed hadron decays
is described in chapter 9.



Chapter 8

Charm Fraction Extraction using
Lifetime Information

8.1 Introduction
Hadrons containing a charm quark (“charmed hadrons”) only have a finite lifetime and usually decay

in the beam pipe before entering the active detector volume. The mean lifetime 7 and flight distance
¢t of some charmed hadrons in the hadron rest frame are listed in table 8.1.

Table 8.1: Lifetime 7 in the hadron rest frame and flight distance ¢7 of some charmed hadrons [17].

Hadron 7 [fs] cr [pum]
D* 1040 £ 7 311.8
Do 410 +£ 1.5 1229
D* 500 + 7 149.9
AF 200 + 6 59.9
=F 442 +£ 26 132

Charmed hadrons are produced close to the primary interaction vertex (in the following denoted
PV)!. Typical decay lengths (distances between production and decay vertex) of charmed hadrons are
up to a few 100 pym. A secondary vertex (SV) at a distance in this order of magnitude from the PV in
a CC event is therefore an indication of a charmed hadron decay. The explicit reconstruction of a SV is
discussed in section 8.3. If the efficiency of the SV reconstruction is known from simulation, the charm
production cross section can be calculated from the number of reconstructed SVs. Tracks produced
at a SV in general do not point to the PV position. This fact does not only help in identifying tracks
originating from decays, it can also be used directly to separate charm from non-charm events on a
statistical basis. This procedure is explained in section 8.4.

Analysis techniques based on lifetime information are well established for the measurement of
charmed and beauty hadron decays in NC processes [102-104]. The event statistics of the CC sample
is however much smaller. In addition to the problem of small CC statistics, charm decays are more
difficult to reconstruct than beauty decays. This has several reasons: First, the lifetimes of beauty
hadrons are larger than those of charmed hadrons due to the structure of the CKM matrix. This leads

1Charm production in beauty hadron decays can be neglected, because in CC almost no beauty is produced due to
the structure of the CKM matrix (V,, =~ 0).
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to larger decay lengths and a clearer separation of primary and secondary vertex for beauty decays.
Second, beauty hadrons are heavier than charmed hadrons, leading to larger transverse momenta of
the decay particles relative to the beauty hadron flight direction. This facilitates the identification of
decay tracks. Third, the decay multiplicities are higher for beauty decays than for charm decays. The
decay multiplicity of charmed hadrons in simulation is shown in fig. 8.1. In average only 1.8 charged
particles are produced in the decay of a charmed hadron. Taking into account the limited geometrical
detector acceptance and track selection efficiency, only about a quarter of these decay particles can
be used for the reconstruction of the SV (see section 8.2.3).
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Figure 8.1: Multiplicity of charmed hadron decays a) in all particles and b) in charged particles.

In this chapter, the studies of charm in CC using analysis techniques based on lifetime information
are documented. It is shown that the charm fraction in CC cannot be extracted with these techniques
due to the low statistics of the CC event sample in combination with the low decay multiplicities of
charmed hadron decays.

8.2 Tracks and Jets

All lifetime analysis techniques are based on the study of tracks. A track is the reconstructed trajectory
of a charged particle traversing the tracking system of the H1 detector. For the lifetime studies only
tracks measured in the Central Jet Chamber (CJC) are considered, since the resolution of the track
parameters is not sufficient in the forward and backward region of the detector. In this section, the
set of tracks used for the lifetime analysis is defined and explained.

8.2.1 Track Reconstruction Efficiency

The track reconstruction algorithm is briefly explained in section 4.3.3. The track reconstruction
efficiency ¢, defined as the ratio of reconstructed to simulated tracks, is shown in fig. 8.2 for tracks
of charged pions in bins of transverse momentum pp, polar angle # and azimuthal angle ¢ of the
simulated tracks. A steep rise of € between track py values of 50 MeV and 100 MeV is observed. For
pr = 180 MeV, ¢ is above 95 %. The shape of ¢ in 6 is explained by the geometrical acceptance of
the CJC. As expected, no dependence of € on ¢ is observed.
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Figure 8.2: Track reconstruction efficiency for charged pions in simulation a) in bins of transverse
momentum pr for tracks with polar angle 40° < 6 < 140°, b) in bins of  for tracks with pr > 0.5 GeV
and c) in bins of azimuthal angle ¢ for tracks with 40° < 6 < 140° and pr > 0.5 GeV.

8.2.2 CST Linking

Tracks originating from secondary vertices in general do not point back exactly to the primary event
vertex. The distance of closest approach d., of a track is defined as the minimal distance of the
extrapolated track to the reconstructed PV in the plane transverse to the beam axis. The expected
decay lengths of charmed hadrons are in the range of a few 100 ym (see table 8.1). Therefore track
deq resolutions below 100 um are needed for lifetime measurements. The CJC only achieves a d.,
resolution of about 200 um for tracks with pr > 1 GeV [61]. The d,, resolution is improved to about
50 to 90 pum for high pr central tracks (depending on the azimuthal angle ¢?) by adding information
from the Central Silicon Tracker (CST, see section 4.3.2). The d., resolution with CST information
included is shown in fig. 4.9. This improvement compared to CJC tracks is achieved by linking hits in
the two CST layers to the CJC tracks extrapolated into the CST. The number of CST hits linked to
the tracks and the probability distribution of the CST linking to CJC tracks are shown in fig. 8.3. Due
to the two CST layers, tracks usually have zero, one or two hits linked. Overlaps of sensor elements
can lead to three or four hits linked to one track. The acceptance of the outer CST layer is smaller
than the CJC acceptance and limited to the polar angle range 30° < 6 < 150°. Tracks outside this
range only have one or no CST hit linked.

The CST was not operational in the years 2003 and 2004 and operated with reduced efficiency in
2005. Data from these years cannot (or in the case of 2005 only partly) be used for lifetime studies.
This results in reduced CC event statistics for the lifetime analysis compared to the inclusive CC
measurement. The charm fraction extraction using muons described in chapter 9 does not suffer from
this problem, since the track parameter resolutions do not need to be as precise as for lifetime studies
and CST information is therefore not needed.

8.2.3 Track Selection

Not all tracks found by the H1 reconstruction software are considered for the lifetime studies. The
selection criteria applied on the tracks are listed in table 8.2.

As discussed in section 8.2.2, the resolution of the track d., is not sufficient for CJC tracks without
CST information. For this reason, only tracks with at least two CST hits are selected. The probability

2The deq resolution depends on ¢ due to the elliptical shape of both the beam spot and the CST in the transverse
plane.
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Figure 8.3: a) Number of CST hits linked to CJC tracks in 2006 data. The entries at zero hits are
mainly due to the limited acceptance of the CST and very low momentum tracks where the track
extrapolation is not reliable. b) Linking probability of CST hits to CJC tracks. The entries at very
low probabilities are due to wrong combinations. The overall flat distribution indicates a correct
treatment of the track and linking errors.

Table 8.2: Track selection criteria for the lifetime studies.

Cut variable Cut value
Number of CST hits linked | Negt > 2

CST linking probability Probcst > 10%
Transverse momentum pr > 300 MeV
Radial length in CJC [ >15cm

Start radius Tstart < D0 cm
dcq to the primary vertex deq < 2 mm

of the CST hit linking to the CJC track needs to be above 10 % in order to suppress the linking of hits
not caused by the track (detector noise or hits belonging to different tracks). At low track momenta,
multiple scattering in the beam pipe or the detector material leads to large uncertainties on the track
parameters. Therefore a minimal transverse momentum of the track of 300 MeV is required. The
determination of the track parameters is also more precise for long tracks with many hits in the CJC.
A minimal radial track length of 15 cm and a maximal start radius of 50 cm (meaning the first hit is
still in the inner chamber CJC1) is necessary to pass the track selection.

Tracks originating from decays of charmed hadrons have a d., in the range of a few hundred
pm at most. Tracks missing the primary vertex by several millimeters or more have their origin in
decays of particles with longer lifetimes (mainly K mesons), interactions of particles with matter
or non-ep interactions such as beam-gas collisions. These tracks with large d., would dominate the
reconstruction of secondary vertices and hide the charmed hadron signature in the event. Therefore
tracks with a d., of more than two millimeters are rejected.

About 13 % of all CJC tracks found by the reconstruction software pass the track selection. For
tracks originating from charmed hadron decays, the efficiency of the track selection is a factor of
two higher at about 26 %. The inefficiency introduced by the track selection further aggravates the
problem with low decay multiplicities of charmed hadrons (see section 8.1). The rejection of charm
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decay tracks is mainly due to the cuts on the number of CST hits (imposing an indirect cut on the
polar angle of about 30° < 6 < 150°), transverse momentum and track length. These quantities are
shown for charm decay tracks in simulation in fig. 8.4.
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Figure 8.4: Properties of tracks originating from charm decays in simulation. In a) the polar angle 6,
in b) the transverse momentum pr and in c) the radial length [ in the CJC of charm decay tracks are
shown. The track selection conditions are indicated by the red lines.

8.2.4 Jets

In the hard ep interaction individual partons are produced. These outgoing partons produce parton
showers and eventually recombine to hadrons. Since the transverse energies involved in the hadroni-
sation process are typically much smaller than the hard scattering energies, the final state hadrons
are collimated around the direction of the original parton. These bursts of particles in small angular
regions of the detector are called jets. If the particles within a jet are reconstructed correctly and the
assignment of particles to the jet is perfect, the direction and energy of the jet reflects the direction and
energy of the original parton. In the case of charm production in CC, the charm quark produced in
the hard interaction generates a jet along its original flight direction. The decay vertex of the charmed
hadron is located within the jet, most likely close to the jet axis. Therefore the jets in an event give
a starting point for the reconstruction of secondary vertices. This is illustrated in fig. 8.5, where

the distance of the charm decay vertex to the jet axis d,y = \/(nvertem — njet)2 + (dverter — qﬁjet)Q in
pseudorapidity 7 and azimuthal angle ¢ is shown for the jet with highest and (if there is more than
one jet) second highest pr in the event. It can be seen that in most cases the charmed hadron is
contained in the highest pr jet in the event.

The jet objects are constructed from the measured tracks and energy deposits in the detector by
first assigning particles to the jet (the jet finding) and then reconstructing the jet four-momentum
from the four-momenta of the individual particles (the jet reconstruction). For the jets in this analysis
the inclusive k;-clustering algorithm [105,106] with a pp-weighted recombination scheme is used.

8.2.5 Assignment of Tracks to Jets

The jet finding algorithm mainly focusses on energy deposits and not on tracks. There is no minimal
distance in space between two jets. If two jets are found close together, it is possible that individual
particles are assigned to the wrong jet. In particular particles with high transverse momentum relative
to the jet axis are affected. Due to the charmed hadron mass, tracks originating from charm decays
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Figure 8.5: Distance in n¢-space of the charm decay vertex to the jet axis for a) the highest pr and
b) the second highest pr jet in simulated events. In most cases, the charmed hadron is contained in
the highest pr jet in the event and the jet axis reproduces the flight direction of the charmed hadron.

can have significant transverse momenta relative to the jet. Lifetime studies therefore do not rely on
the association of tracks to jets performed by the jet finding algorithm. Instead, all tracks within a
distance to the jet axis d,¢ < 1 in pseudorapidity n and azimuthal angle ¢ are assigned to the jet.
Only the jet axis is taken from the jet finding algorithm. This assignment of tracks to jets is not
exclusive, a track can be associated to more than one jet.

For the reconstruction of secondary vertices from charm decays many possible combinations of
tracks in an event have to be considered. By limiting the potential combinations to tracks in the same
jet, the amount of possible track combinations is reduced substantially. In the following, the sets of
tracks assigned to different jets are studied independently from each other.

8.2.6 Identification of Tracks Originating from Charm Decays

The reconstruction of secondary vertices from decays of charmed hadrons (in the following abbreviated
with “charm decay vertices”) would be much easier, if tracks originating from decays of charmed
hadrons (in the following called “charm decay tracks”) could be identified among the tracks associated
to a jet. As potential discrimination variables for charm decay tracks the pr and the d., significance
Sdca = dea/0dea Of the tracks have been studied. In fig. 8.6 the pr and Sg., rank of charm decay
tracks are shown for the highest momentum jet in simulated events with exactly two charged charm
decay tracks. The pp rank of a track (and similarly the Sy, rank) denotes the position of the track
in the pr ordered list of tracks in the jet. A pr rank of n indicates that the corresponding track has
the (n+ 1)th highest pr in the jet. If the charm decay tracks would always be the highest momentum
tracks in a jet, the pr rank of the tracks would always be one or two (since the events considered
here contain charm decays with two charged tracks). This is not the case, as can be seen in fig. 8.6
a). Another reasonable assumption would be that charm decay tracks usually have a large d., and
therefore a low Sg., rank in the jet. In fig. 8.6 b) it can be seen that this is not the case neither.
Since it is not possible to reliably identify charm decay tracks within a jet by their high pr and Sgcq,
charm decay tracks cannot be identified a priori and all tracks assigned to a jet have to be considered
for the reconstruction of charmed hadron decays.
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Figure 8.6: a) Transverse momentum pr rank and b) significance of the distance of closest approach
Sdca = dea/0deq rank of charm decay tracks within the highest momentum jet in simulated e p events.
Only events with charmed hadron decays into two charged tracks are shown. A pr (Sgeq) rank of n
indicates that the corresponding track has the (n + 1)th highest pr (Sgeq) in the jet.

8.3 Secondary Vertex Reconstruction

One way of charm tagging with lifetime information is the explicit reconstruction of decay vertices.
The algorithm used for the secondary vertex finding and its performance are discussed in this section.

8.3.1 Deterministic Annealing Algorithm

For the reconstruction of exclusive final states, such as the decay D** — 7+ D% — 7E7= KF_ the decay
multiplicity is fixed by the decay mode under study. The decay vertex can then be reconstructed by
fitting every possible combination of a fixed number of tracks corresponding to the decay multiplicity
and taking into account any additional constraints, e.g. the charge of the tracks. The fitted vertex with
the best fit probability is then accepted as decay vertex candidate. In this scheme, the assignment of
tracks to vertices is fixed.

In inclusive lifetime studies, the multiplicity of the decay is not known a priori. This can be taken
into account by a more flexible assignment of tracks to vertices and a simultaneous fit of several
vertices. The number of vertex candidates is not limited for the method presented here, however for
this study only two vertex candidates have been implemented: A primary event vertex candidate (PV)
and a secondary decay vertex candidate (SV). Each track in the jet is assigned a weight in the range
from 0 to 1 to each vertex candidate. The weight w;; of the track i to the vertex candidate j is given
by

d?j
e— T
wi;(T) = > = (8.1)
Z e 21113 + e gT
vertices k

where d;; = d/o4 with d the minimal distance of track i to vertex j is called the impact parameter
significance of track i with respect to vertex j [107]. The parameter u is a cut off for the rejection
of outliers with d;; > p. For this analysis p is fixed with 1 = 2 cm. Because equation (8.1) appears
similar to thermodynamic formulas, the parameter T is called “temperature”.

The PV and SV candidates are found by an iterative procedure using deterministic annealing [108].
This method reliably converges to the global minimum of the minimization function by subsequently
lowering T with each iteration. The two vertices and the assignment of tracks to vertices are deter-
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mined simultaneously. The PV is constrained by the beam spot, while the SV has to stay outside the
beam envelope. The input for the deterministic annealing process are two lists of tracks: A list of
tracks in the jet, used for both the PV and SV determination, and a list of other tracks in the event,
used only for the PV fit. The algorithm then proceeds as follows:

1.

D.
6.

Choose two vertex prototypes. For the PV prototype, the PV position found by the H1 recon-
struction software is set as initial position. For the SV prototype, the initial position is determined
from the jet axis and the jet energy.

. Set T = ntart-

Calculate all track-vertex weights according to equation (8.1). Tracks not belonging to the jet get
a weight of 0 to the SV.

Refit both vertices individually taking into account the weights calculated in point 3.
Replace the vertices by the new vertices obtained in point 4.

Reduce T and go to point 3 if T' > T},n, otherwise terminate.

The output of this algorithm are the positions of the PV and SV candidates and the track-vertex
weights. The procedure is illustrated in fig. 8.7.

Primary vertex prototype
Secondary vertex prototype

T=Tetart

!

—>| Calculate track-vertex weights
v
Figure 8.7: Schematic drawing of the deter- Fit new vertices and
ministic annealing algorithm. replace old with new vertices
v
Reduce T
T>Thin?
Yes min
No
v
End

In every jet a SV candidate is constructed. Most jets however do not contain a charmed hadron and

usually not even any decay vertex. Most of the obtained SV candidates are therefore fakes. Among
the real decay vertices only a part originate from charmed hadron decays. The discrimination power
between charm decay vertices and other vertices (including fakes) of different vertex properties has
been studied. The most important quantities, the vertex multiplicity and the vertex decay length, are
discussed in the following sections.
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8.3.2 Track Weights and Vertex Multiplicity

The multiplicity of a vertex is defined as the number of tracks with a weight larger than 0.8 to this
vertex. The weights of tracks in the highest pr jet in the event to the primary and secondary vertex
are shown in fig. 8.8 a) and b). A weight of 0 implies that this track-vertex combination has d;; > p
and is not considered in the vertex fit. A large weight is achieved if the track is perfectly compatible
with the vertex. The sum of the PV and the SV weight of a track does not rise above ~ 0.9 because
of the outlier rejection term in equation (8.1). A weight of ~ 0.45 indicates an agreement of the track
with both vertices. The large amount of tracks compatible with both vertices is an artefact of the
method used for the vertex finding. In every jet a SV is constructed, even if in reality there is none.
In such cases, all the tracks in the jet originate from the PV and the fitted SV will be located by
construction at the center of the jet, where it is best compatible with most of the jet tracks. As a
consequence, the tracks will be compatible with both the PV and the SV. The agreement of the data
and the simulation is good but not perfect. In particular the fraction of tracks with a large weight
w 2, 0.85 to the SV is lower in simulation than in data. This is also reflected in a somewhat higher
SV multiplicity for data as shown in fig. 8.8 d).
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Figure 8.8: Track-vertex weights and vertex multiplicity in data (dots) and simulation (histogram).
In a) the weight to the PV and in b) the weight to the SV of tracks assigned to the highest pr jet in
the event are shown. In c) the multiplicity of the PV and in d) of the SV are shown.

The contribution from fake SVs can be reduced by requiring a SV multiplicity of at least two, since
a multiplicity of one could still be due to one single track in the jet with large d., to the primary vertex.
More important than the discrimination between true and fake vertices is however the discrimination
power of the multiplicity for jets containing a charmed hadron (in the following called “charm jets”).
The multiplicities of the PV and the SV for charm and non-charm jets are shown in fig. 8.9 together
with the number of tracks in the jet. To allow a better comparison of the distributions, the charm jet
distributions are shown with and without scaling to the number of non-charm jets. It can be seen that
the vertex multiplicity is higher for charm jets than for non-charm jets. This difference is however
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small and not sufficient for the separation of the two contributions. This can be explained by the low
charm decay multiplicity into charged tracks (see section 8.1), implying low vertex multiplicities for
charm decay vertices. Not only the SV multiplicity, but also the PV multiplicity displayed in fig. 8.9 a)
is higher for charm jets. The higher vertex multiplicities in charm jets are consistent with the higher
number of selected tracks in charm jets compared to non-charm jets, which is shown in fig. 8.9 ¢).
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Figure 8.9: a) Primary and b) secondary vertex multiplicity for non-charm (solid, black) and charm
jets in simulation. In c), the number of selected tracks in the jets is displayed. The charm jet
histogram is shown with (green, dotted) and without (red, dashed) scaling to the number of entries

in the non-charm histogram.

8.3.3 Decay Length

The decay length [ of SV candidates, defined as the distance of the fitted primary and secondary
vertices in the r¢-plane projected on the jet axis, and its significance S; = [/o; are shown in fig. 8.10.
The sign of the decay length is positive if [@jer — Pvertes| < 90° (modulo 27) and negative otherwise.
For these quantities the simulation shows a good agreement with the data.
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Figure 8.10: a) Decay length ! and b) decay length significance S; = [/o; for all secondary vertex
candidates in data (dots) and simulation (histogram).
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The decay lengths for charmed hadron decays are in the range of a few hundred pm, for high
momentum particles up to a few mm. For other vertices, [ is expected to be either lower in the case
of fake vertices or higher in the case of decays of strange particles such as the K?. The [ and S;
distributions for charm and non-charm jets are shown in fig. 8.11 a) and b). The distributions for
charm jets are asymmetric towards positive decay lengths. This is due to correctly reconstructed
charm decay vertices. Even at large positive [, the distributions are however still dominated by non-
charm jets. The difference in the decay length of vertices in charm and non-charm jets is not large
enough for a separation of the two contributions.

The contribution from fake SVs can be reduced by selecting only vertices with a multiplicity of
at least two. The decay length significance for these SVs is shown in fig. 8.11 ¢). As expected,
the asymmetry in S; is larger for vertices with higher multiplicity due to the suppression of fake
vertices. The statistics of the sample of jets with SVs with high multiplicity is however very small.
The simulation shown in fig. 8.11 contains a factor of 30 more events than the selected CC sample in
data. Therefore the statistics of the data sample is not sufficient to make use of the differences in S
for charm and non-charm jets with a SV multiplicity of at least two.
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Figure 8.11: a) Decay length ! and b) decay length significance S; = [/o; for all secondary vertex
candidates in non-charm (black, solid) and charm jets in simulation. In ¢) S; is shown for secondary
vertices with a multiplicity of at least two. The charm jet histogram is shown with (green, dotted)
and without (red, dashed) scaling to the number of entries in the non-charm jet histogram.

8.3.4 Performance of the Secondary Vertex Finding in Simulation

For correctly reconstructed charm decay vertices the decay length should always be positive. The
negative contribution to the [ and .S; distributions can partly be explained by resolution effects.
Another explanation for negative [ values in charm jets is a wrong reconstruction of SVs with PV
tracks getting high weights to the SV. The origin of tracks with high weights to the SV and the
performance of the algorithm in reconstructing the position of the SV have been studied.

The origin of tracks with weight w > 0.8 to the SV has been studied in simulation. In principle,
tracks originating from the PV should always be compatible with the fitted PV and therefore get a
weight to the SV of 0.5 in maximum. Therefore tracks with w > 0.8 to the SV should never originate



100 Charm Fraction Extraction using Lifetime Information

from the PV. This is however not true, as can be seen in table 8.3, where the origins of the tracks
assigned to SVs are listed. For 78 % of all SVs with a multiplicity of at least one, all tracks (usually
just one) with w > 0.8 originate from the PV. For 10 % of all SVs all tracks really originate from the
same SV, which is however not a charm decay vertex. In 8 % of all cases all the high weight tracks
originate from a charm decay vertex. For the remaining 4 % the tracks come from different vertices.
The different contributions are listed in more detail in table 8.3.

Table 8.3: Origin of tracks with weight > 0.8 to the secondary vertex for secondary vertices with
multiplicity > 0 in simulation.

Origin of tracks with w > 0.8 Contribution [%]
All from PV 78.0
All from the same non-charm SV when multiplicity = 1 9.6
All from the same non-charm SV when multiplicity > 1 0.5
All from the same charm SV when multiplicity = 1 6.4
All from the same charm SV when multiplicity > 1 1.3
One from a non-charm SV and the rest from the PV 2.3
One from a charm SV and the rest from the PV 1.2
Tracks from more than one SV 0.5

In simulation, the fitted SV position and its decay length can be compared to the “true” simulated
values® in jets containing a charmed hadron. In fig. 8.12, the distance in the r¢-plane between the
fitted and the simulated position of the charm decay vertex is shown for all jets containing charm
decay tracks. The mean distance between fitted and true vertex position is about 0.9 mm and has
large tails. This means that in many cases the fitted position of the SV is off by several millimeters,
even in jets containing tracks from charm decays. Also shown is the fitted against the simulated decay
length of the charm vertex in these jets. As expected, the true decay length is almost always positive.
The few cases of negative decay lengths originate from decays where the difference in ¢ of the charmed
hadron flight direction and at least one of the decay tracks is large. The jet containing this track can
then point to another direction than the charm decay vertex and the decay length can be negative.
The fitted decay length on the other hand is almost symmetric around zero. The correlation of fitted
and true decay length is poor, as can be seen in fig. 8.12 b).

The comparison of true and fitted vertex quantities explains the poor separation power of this
vertex reconstruction method for charm and non-charm jets. The two most important discrimination
variables both suffer from problems: The SV multiplicity (see section 8.3.2) contains a large contri-
bution from PV tracks and the fitted decay length (see section 8.3.3) is only weakly correlated with
the true decay length. Because of these problems, and taking into account the limited statistics of the
CC sample, the charm fraction extraction with this method is not possible.

3In this case the position of the charm decay vertex and its distance to the primary event vertex after the generator
and detector simulation step (see section 5.1).
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Figure 8.12: Comparison of simulated and fitted secondary vertex positions and decay lengths. In
a) the distance in r¢ between the simulated and the fitted secondary vertex position and in b) the
simulated against the fitted decay length [ is shown for jets containing charm decay tracks. There are
only very few entries for negative simulated [ since the “true” [ in simulated jets is always positive
(exceptions are due to a wrong assignment of tracks to jets). The vertical (horizontal) band of entries
is due to jets with very small simulated (fitted) {. The diagonal structure in the upper right quadrant
represents jets with correctly reconstructed I.

8.4 Statistical Analysis of Track Impact Parameters
8.4.1 Analysis Method

Lifetime information can also be used by means of a statistical analysis of track impact parameters
without an explicit reconstruction of secondary vertices [102,103]. Here the impact parameter § of
a track is defined as the minimal distance of the extrapolated track to the primary event vertex,
with a positive sign if |@irack — dpv| < 90° (modulo 27) and a negative sign otherwise*. The impact
parameter significance Sj is then defined by Ss = d/0s.

The following quantities are defined for jets:

e Sy is the Ss of the track with the highest Ss in the jet.
e S5 isthe S5 of the track with the second highest Ss in the jet. A jet only enters the Sy distribution
if at least two selected tracks are linked to the jet and S5 has the same sign as 5.

e S3 is the Ss of the track with the third highest S5 in the jet. A jet only enters the S3 distribution
if at least three selected tracks are linked to the jet and S3 has the same sign as S and Ss.

The distributions of these variables are determined in simulation for jets containing no heavy
quarks (the so called uds jets), jets containing charmed hadrons and jets containing beauty hadrons
(in the case of NC samples, in CC the beauty contribution can be neglected). These templates are then
fitted to the data distributions using a Barlow fit [109] in order to extract the relative contributions
from uds, charm and beauty jets to the total data sample.

The distributions of all variables derived from the impact parameter of tracks are asymmetric
towards positive sign. This is due to tracks originating from decays of particles in the jet, which always
have positive ¢ except for resolution effects. The contribution from decay tracks can be enlarged and
resolution effects suppressed by a bin wise subtraction of the negative from the positive side of the
distributions. The higher decay multiplicity of beauty hadron decays compared to charm decays is

4The impact parameter § and distance of closest approach deq of a track are identical. Because the technique
discussed here is known as “impact parameter method” [102], this quantity is called “impact parameter” in this section.
In other sections the term d., is used.
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exploited in NC samples by the Sy and S5 distributions. The uds contribution can be constrained in
addition by using the overall normalization of the data compared to the simulation, i.e. the inclusive
number of selected events.

8.4.2 Performance of the Impact Parameter Analysis in CC Simulation

The S1, S2 and S3 distributions for eTp data and simulation are shown in fig. 8.13. Also shown are the
subtracted distributions, where the negative side has been subtracted bin wise from the positive side
of the distributions. The shapes of the S1, S2 and S3 distributions are well described by simulation.
The separation power between the charm and uds contributions mainly arises from the subtracted
distributions. The statistics of the CC data samples is however clearly not sufficient in order to use
the data distributions in a fit. The impact parameter method is therefore not applicable for the small
data sets studied in this thesis.
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Figure 8.13: a) S1, b) S2, ¢) S3 and d)-f) corresponding subtracted distributions for the combined
HERA I and HERA 1II positron CC data sample and simulation. The dots represent the data, the
black, solid line the total simulation, the red, dashed line the uds contribution and the green, dotted
line the charm contribution.



Chapter 9

Charm Fraction Extraction using
Muons

9.1 Introduction

Using semileptonic decays of charmed hadrons is a well established method for charm measurements.
The main advantage of this approach is the clear signature provided by the decay muon. The drawback
is however the loss in statistics due to the branching ratio of charmed hadrons into decays containing
muons, which is about 10 % [17]. This branching ratio reduces the already limited statistics of the
charged current sample even more.

As a consequence of charge conservation at each vertex, muons produced in the decay of a charmed
meson in CC events must have the same charge as the beam lepton (i.e. positive for positron running
and negative for electron running). This is illustrated in fig. 9.1, using a typical process for charm
in CC as an example. Muons originating from other processes are expected to have a smaller charge
asymmetry. Therefore it is possible to extract the charm content of the CC sample by measuring the
charge asymmetry of muons.
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Figure 9.1: Example process for charm in charged current for e*p scattering. The muon produced in
the charmed meson decay must always have the same charge as the beam lepton.

The decay ratio of charmed hadrons into leptons and the charge distributions of these decay
leptons in the simulation on generator level are shown in fig. 9.2. As a consequence of lepton number
conservation, always pairs of a neutrino and a charged lepton (and therefore even numbers of leptons)
are produced. Of these lepton pairs, only the charged lepton is measured while the neutrino escapes
undetected. As can be seen in fig. 9.2 a), in 18 % of the charm decays one and in 0.2 % two charged
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leptons are produced. These charged leptons are split about evenly between electrons and muons,
with a very small contribution from taus!. In fig. 9.2 b) and c), the charged charm decay leptons are
represented by their PDG code [17], where 11 stands for e~, 13 for p—, 15 for 7~ and corresponding
negative numbers for their anti-particles. The charge of the charm decay leptons is almost completely
asymmetric as expected from the argument above. The contribution from leptons with “wrong” charge
arises from events with a c¢ pair produced in fragmentation and consequently more than one charmed
hadron in the event. The fraction of ¢¢ pairs from fragmentation in CC is independent of the beam
lepton charge, while the fraction of single ¢ quarks produced directly in the hard interaction in CC
events is about twice as large in e'p as it is in e”p scattering (see section 7.2.2). Therefore the
fraction of charmed hadrons produced in fragmentation is higher in e~ p, which reflects in the larger
contribution from leptons with “wrong” charge in fig. 9.2 c).
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Figure 9.2: Properties of leptons from charm decays on generator level. a) Number of leptons (in-
cluding neutrinos) from charm decays. b), ¢) Type of the charged lepton from charm decays, here
11 =e7, 13 = p~, 15 = 7~ and corresponding negative numbers for their anti-particles. In b) eTp
and in ¢) e~ p simulation is shown.

9.2 Muon Selection

Muons are detected in most of the subsystems of H1, including the tracking system, LAr calorimeter
and the dedicated muon system (see chapter 4 for technical details on the different subsystems). The
main indication for a muon is however the presence of a track in the muon system, since most other
types of particles would not be able to penetrate the massive calorimeters located between the muon
chambers and the interaction point. In the following, the muon selection will be described in detail.

The choice of the cut variables for the muon selection is natural and to a large extent given by the
hardware setup of H1. The optimal choice for the individual cut values is however not always obvious.
While a harder cut in many cases leads to an improved purity of the muon candidate sample, it also
results in a loss of statistics and corresponding higher statistical errors. An iterative procedure for the
determination of the cut values has been used: The optimal value for a cut was defined as the value
resulting in maximal expected significance of the charm fraction measurement (defined in simulation
as the predicted result of the measurement divided by its predicted statistical error) with all other
cuts kept fixed. Once this value was found, the corresponding cut was fixed and the next cut studied.
This was iterated several times for all cuts involved in the muon selection.

ITau leptons are much heavier than electrons and muons, with a mass of m, = 1.78 GeV [17]. Since the masses of
most charmed mesons are only marginally larger, the phase space for decays into taus is small.
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9.2.1 Preselection of Muon Candidates

As a starting point for the muon selection the muon candidates found by the H1 reconstruction software
HIREC have been used. In HIREC first the track finding algorithms are run for each subdetector
separately. If a track was found in the muon system (referred to as outer track), all potential muon
tracks in the tracking system (inner tracks) are identified. This is done by matching azimuthal and
polar angles and selecting only tracks with a transverse momentum pp larger than 1 GeV (for the cut
on pr see also section 9.2.3). The selected tracks are extrapolated to the muon system taking into
account multiple scattering and energy loss due to ionization (assuming a muon). For each possible
inner-outer track combination, a x? value according to the equation

2 — — T (% —
X = (Xinner - Xouter) V (Xinner - Xouter) (91)

is calculated, where ?mnw contains the track parameters of the extrapolated inner track and ?outw
those of the muon system track. Used as track parameters are the z coordinate and the azimuthal
angle of the innermost hit in the muon system and the azimuthal angle of the track in the muon
system. V is the joint covariance matrix. If the probability derived from the calculated 2 is larger
than 107, the linking hypothesis is accepted. The cuts applied on tracks in the muon system and on
the linking of inner and outer track in the barrel region are summarized in table 9.1. Similar sets of
cuts also exist for the muon system endcaps.

Table 9.1: Muon preselection cuts in the CMD barrel. pg and zg are the cylinder coordinates of the
extrapolated muon system track with respect to the event vertex at the point of closest approach.

Quantity Cut

Po < 100 cm
20 < 100 cm
number of hit layers | > 2

first layer hit <5

last layer hit >2

link probability > 1074

The preselected muon candidate sample also contains muon candidates found by a muon iden-
tification algorithm with looser cuts on the muon system track and the linking. Furthermore there
are muon candidates identified in the LAr calorimeter without outer track. Therefore the preselected
muon candidate sample contains muon candidates not fulfilling the cuts in table 9.1. All these ad-
ditional muon candidates will however be removed by the selection cut on the linking discussed in
section 9.2.4.

The efficiency of the muon identification in the muon system depends on the momentum of the
muon and the polar angle. For muons with transverse momentum pr > 2 GeV the efficiency of
the muon preselection is between 60 % and 80 % for most regions in polar angle 6, except for the
transition region from barrel to endcap. The efficiency in this region is lower, because the tracks pass
both the edge of the endcap and the barrel, resulting in two very short tracks (there is no common
track reconstruction in barrel and endcap). In fig. 9.3 the efficiency of the muon preselection in bins
of @ and pr is shown. A detailed study of the muon reconstruction efficiency can be found in [110].
A significant fraction of the muons originating from charm decays in CC events are produced at very
low polar angles and low momenta and do not reach the muon system (see sections 9.2.2 and 9.2.3).
These charm decay muons cannot be reconstructed and identified. Therefore the total efficiency of the
preselection (including the reconstruction efficiency) for all produced charm decay muons in simulation
is lower than the discussed identification efficiencies and is only about 36 %.
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Figure 9.3: Efficiency of the muon preselection a) in bins of polar angle # for muons with pr > 2.5 GeV
and b) in bins of pr for central muons with 40° < 6 < 110°.

The purity of the preselected muon candidate sample has been studied using simulation. In a
simulated CC sample for e™p running, the actual muons constitute only about 12 % of the preselected
muon candidates. For muon candidates with an inner track originating from a charmed hadron decay
(in the following called charm decay particles) this fraction is 72 %, meaning most of the charm decay
particles identified as muons are real muons. Among other muon candidates (non-charm particles)
only 9 % are actual muons. Instead, the majority of the non-charm muon candidates are charged
pions. The constitution of the muon candidates in a simulated CC sample can be seen in fig. 9.4. The
muon selection will enrich the charm content of the muon candidate sample, which in the preselected
sample is only about 5 %, by rejecting background from fake muons.
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Figure 9.4: Particle type of preselected muon candidates in a) e™p and b) e”p CC simulation. The
contributions from charged pions, charged kaons, (anti-) protons, electrons and positrons, muons and
strange baryons are separately listed. All other particles are contained in the first bin. The black
line represents particles not originating from charm decays while the dashed red line indicates charm
decay particles.



9.2 Muon Selection 107

9.2.2 Polar Angle

The cuts on the polar angle 6 are motivated by the detector geometry and cannot be loosened without
a significant increase of non-muon background in the sample. In the very forward region, the proton
remnant produces many high momentum tracks faking muons. Furthermore tracking is very difficult
because of high track densities and the inner/outer track link is therefore unreliable. For these reasons
a cut on the polar angle of § > 15° has been applied. In the backward region, the calorimeters contain
much less material than in the forward and central region. Therefore particles lose less energy in
the calorimeters and can penetrate into the muon system, producing a high rate of fake muons. To
avoid these problems, the outer track of the muon candidate has to be either in the forward endcap
or the barrel of the instrumented iron. Together with the cuts on the outer track length this poses an
indirect cut on 6 of about 6 < 130°.

In simulation, most charm quarks are produced in forward direction. This is shown in fig. 9.5 a).
The CC event selection suppresses however events with charm quarks produced at a polar angle below
20°, mainly due to the vertex requirement. The vertex is reconstructed using tracks measured by
the CJC. Very forward events without tracks in the angular acceptance of the CJC are rejected. Not
suppressed are events containing a c¢ pair produced in fragmentation, where one of the charm quarks
is in the very forward and one in the central region. The same is true for multiple jet events with a
very forward jet containing the charm quark and at least one other jet in the acceptance of the CJC.
These events are not affected by the vertex condition in the CC selection and lead to a steep rise of
the polar angle distribution of the charm quark at § < 5°, as can be seen in fig. 9.5 b).

The polar angle distribution of muons produced in decays of charmed hadrons closely follows the
distribution of the charm quarks and is shown in fig. 9.5 ¢). The muon selection requirement in the
forward direction of § > 15° leads to a significant loss in statistics for charm decay muons. Most of
these very forward muons have however already been rejected by the vertex requirement in the CC
event selection as explained above and, even more important, the inefficiency of the muon preselection
in the forward region (see fig. 9.3). For this reason, the cut on the polar angle still has an efficiency
of 88 % for preselected charm decay muons. The muon selection requirement in the backward region
does not lead to a significant reduction in signal statistics. The charm content of the preselected
sample is increased slightly to 6 % by the application of the polar angle cut in e™p simulation.
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Figure 9.5: Polar angle § on generator level in a simulated CC sample of a) the charm quarks without
CC event selection, b) the charm quarks in selected events and c) the charm decay muons in selected
events.
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9.2.3 Momentum

Muons are minimal ionizing particles (MIPs) and do not produce showers in the calorimeters. A MIP
deposits on average about 10 MeV energy per traversed centimeter in lead. In order to penetrate the
calorimeter and reach the muon system, the muon energy has to be larger than 1.5 GeV (in the central
region, the minimal energy varies depending on #). In the muon system muons lose about 90 MeV per
layer. Since a muon track needs to traverse several layers in order to be identified, the muon energy
has to be above 2 GeV in order to be detected with an efficiency larger than 50 %. Therefore for
muon candidates identified in the barrel of the muon system a cut on the transverse momentum of
pr > 2 GeV and in the forward endcap a cut on the momentum of p > 2 GeV has been applied.

As can be seen in fig. 9.6, this cut results in a significant loss of statistics for charm decay muons.
Since a momentum cut has already implicitly been applied in the preselection, the additional effect
of this cut on the preselected sample is small. The efficiency of the momentum cut is 80 % for
preselected charm decay muons and the charm content of the preselected sample is increased to 9 %
by the application of the momentum cut in e™p simulation.

400

Charm Decay p

Figure 9.6: Transverse momentum of charm

decay muons in simulation. 200

9.2.4 Linking

The cuts on the polar angle and the (transverse) momentum ensure that the muon candidate could
potentially reach the muon system (in case the candidate really is a muon) and should leave a track
both in the tracking chambers and the muon system. The cut on the linking of inner and outer track
now explicitly requires the muon candidate to be detected by the muon system. It is only passed by
muon candidates, if both tracks exist and their linking probability calculated from the x? of equation
(9.1) is above 5 %. The linking probability distribution can be seen in fig. 9.7. The entries at very
low probabilities are due to wrong inner/outer track combinations, while the overall flat probability
indicates a correct fit and good description of track errors.

The presence of a track in the muon system is the main criterion for the identification of muons.
The cut on the linking probability rejects muon candidates with wrong inner/outer track link or no
such link at all. This results in a drastic reduction of non-muon background: The fraction of muons in
the muon candidate sample in et p simulation with the linking cut applied is 36.6 % compared to only
12 % in the preselected sample. Since the contribution from muons to the muon candidate sample is
higher for charm than for uds, also the charm content of the sample is increased significantly to 21 %
compared to 5 % in the preselected sample. The efficiency of the cut on the linking probability for
preselected charm decay muons is 68 %.
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9.2.5 Track Length

In order to have well measured tracks, cuts are applied on the track length both for the inner and
outer tracks. For tracks measured in the CJC a radial track length of at least 22 cm is required,
ensuring the track was detected both in the inner CJC1 and the outer CJC2. For tracks in the FTD
a cut on the track length along the beam axis of at least 40 cm is applied. These tracks are detected
in at least two of the three FTD supermodules. Tracks in the muon system need hits in at least three
layers in order to be accepted. Furthermore the first and last layer hit by a track need to be at least
five layers apart. The relevant quantities of preselected muon candidates are plotted in fig. 9.8.
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Figure 9.8: Track length quantities for preselected muon candidates. a) Radial track length of inner
tracks in the CJC; b) Track length along the beam axis for inner tracks in the FTD; ¢) Number of
layers hit by the outer track in the muon system.

The cuts on track length parameters implicitly cut also on the polar angle (due to limited ac-
ceptance, mainly of the tracking system), the momentum (long tracks in the muon system require
high momentum) and the presence of an outer track. Furthermore fake tracks composed of noise hits
are suppressed. Therefore the efficiency for preselected charm decay muons of 50 % is low compared
to other muon selection cuts. The charm content of the preselected muon candidate sample in eTp
simulation is increased to 17 % by the application of the cuts on track length variables.
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9.2.6 Complete Muon Selection

All cuts of the muon selection discussed in detail in the previous sections are summarized in table 9.2.

Table 9.2: Muon selection cuts.

Cut variable Cut value
Polar angle 15° < 6 < 130°
(track not in backward endcap)

Momentum pr > 2 GeV in barrel

p > 2 GeV in forward endcap
Linking probability | Prob > 5 %

Inner track length | [, > 22 cm in the CJC

[, > 40 cm in the FTD
Outer track length | Niayer > 2

(first layer — last layer) > 4

The individual cuts have a big overlap. For instance the cut on the linking probability of inner
and outer track indirectly cuts on the polar angle (polar angle dependent efficiency of the muon
identification), the momentum (existence of an outer track) and the track length (identification of
the tracks in the individual subsystems and quality of the fit). Therefore the efficiencies of the
individual cuts cannot be simply multiplied. The efficiency of the total muon selection determined
from simulation for preselected charm decay muons is 35.5 %.

Fig. 9.9 shows the contributions from different particles to the selected muon candidate sample
in simulation. Compared to the preselected sample shown in fig. 9.4, the muon selection has both
increased the fraction of real muons and the fraction of charm decay particles in the selected muon
candidate sample. In etp simulation, charm decay particles contribute 43.3 % to the selected muon
sample. As expected, the charm content of 26.2 % is smaller in e~ p due to the smaller charm fraction
in the inclusive CC event sample. The smaller charm content also leads to a smaller fraction of real
muons in the selected muon candidate sample. Particles from charm decays consist almost exclusively
of muons (97 % for e*p simulation). Particles not originating from charm decays only consist to 30 %
of muons, the majority of these particles are charged pions and kaons faking muons. These remaining
fake muons are discussed in section 9.4. The charm and muon contributions to the muon candidate
samples with the individual cuts applied and all cuts combined are summarized in table 9.3 for e™p
and et p simulation.

9.3 Studies of Other Potential Muon Selection Quantities

The low statistics of the selected muon sample due to the low CC cross section, the charm fraction
in the CC sample, the branching ratio into muons and the muon selection efficiency is the main
problem of this analysis. The efficiency of the muon selection discussed in the previous section cannot
be improved, since the polar angle and momentum cuts are mainly dictated by the geometry of the
experiment while the cuts on the linking and the track length are necessary to suppress background
from fake muons and achieve an acceptable purity of the sample. Any other cuts can only be applied
in addition to the muon selection presented in section 9.2. Therefore the selected muon candidate
sample with all cuts described in section 9.2 applied has been used for the study of other potential
selection quantities. In order not to reduce the statistics even more, any additional cuts must suppress
background while maintaining a high efficiency for charm decay muons.
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Figure 9.9: Particle type of selected muon candidates in a) e*p and b) e”p CC simulation. The
contributions from charged pions, charged kaons, (anti-) protons, electrons and positrons, muons and
strange baryons are separately listed. All other particles are contained in the first bin. The black
line represents particles not originating from charm decays while the dashed red line indicates charm
decay particles.

Table 9.3: Effect of individual cuts applied separately on the preselected muon candidate sample on
the charm and muon content of the sample. The fraction of muon candidates passing the cut, the
charm content and the muon content of the samples are given for e~p and e™p simulation. The effect
of all cuts combined (complete muon selection) is also listed.

Cut Sample size [%)] Charm fraction [%] Muon fraction [%]
et e et e~ et e~
Preselection 100.0 100.0 5.1 3.4 12.2 10.7
Polar Angle 73.1 74.9 6.0 3.9 12.0 10.3
Momentum 40.7 40.8 8.9 5.6 16.4 13.3
Linking 12.5 10.4 21.2 14.3 36.6 34.6
Track Length 10.4 9.9 174 10.0 32.8 27.4
All combined 3.1 2.7 43.3 26.2 59.2 50.9

No such cuts have been found, any further background reduction would have resulted in an un-
acceptable loss of signal statistics. Some of the studied potential cut quantities are discussed in the
following sections.

9.3.1 Isolation Criteria

Most fake muons are charged pions and kaons with high transverse momentum and are usually asso-
ciated to a jet. Therefore a cut on the minimal distance of the muon candidate to the nearest jet or
the nearest track in the tracking system would suppress most background. This is a very successfull
approach for measurements of particle decays outside jets and with a significant branching ratio into
uv, such as decays of real W bosons. The signature of these decays is a single, isolated muon (the neu-
trino is not measured). For charmed hadrons however the branching ratio for purely leptonic decays
is very small (e.g. the fraction for the decay D™ — ptw, is at the 107 level [17]) and other hadrons
are produced along with the charmed hadron in the fragmentation process. Muons from charm decays
are therefore produced inside jets. Once produced, charm decay muons also stay close to the jet since
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their transverse momentum relative to the jet axis pr, re; is small. This pr ¢ can be used in decays
of heavy particles such as beauty hadrons to separate the decay muons from background. The masses
of charmed hadrons are however too low in order to produce a significant pr, r¢; of decay muons.
Since both the charm decay muons and fake muons usually are close to the jet axis, isolation criteria
cannot be used for the suppression of background. This can be seen in fig. 9.10, where the distance
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Figure 9.10: Distance d,¢ of the selected muon candidates a) to the nearest jet and b) to the nearest
track in simulation. The black line represents particles not originating from charm decays while the
dashed red line indicates charm decay particles.

9.3.2 Calorimeter Information

As already discussed in previous sections, muons deposit less energy per unit length in the calorimeters
than other particles and do not produce electromagnetic showers. This information is exploited by
the KALEP algorithm [111] implemented in the H1 reconstruction software HIREC. KALEP assigns
potential muons a quality ranging from 0 (no muon) to 3 (good quality) based on the following
discrimination variables:

e The sum of the cell energies in the electromagnetic part of the calorimeter within R, = 15 cm
around the extrapolated track helix,

e the sum of all cell energies in the calorimeter within R, = 30 cm,

e the length of the extrapolated track from its entry into the calorimeter to the last assigned cell
within R, = 15 cm and

e the sum of all track lengths from the entry point into the calorimeter to all cells in the hadronic
part of the calorimeter which are assigned to the track within R, = 15 cm.

The KALEP quality assigned to the selected muon candidates can be seen in fig. 9.11. Most muons are
not identified by KALEP. This is due to the fact, that the use of calorimeter information suffers from
the same problem as the isolation criteria discussed in the previous section: Charm decay muons are
usually part of a jet. The showers produced in the calorimeter by the jet particles overlap and it is not
possible to separate the jet particles from one another (except for very low pr jets). Energy deposits
of other jet particles will be assigned to the muon by the KALEP algorithm, hiding the signature
of the minimal ionizing muon. Therefore the identification of muons inside jets using calorimeter
information is not reliable.
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Another muon identification algorithm [112] makes use of calorimeter information in combination
with energy deposits in the tail-catcher. A similar set of discriminators as in the KALEP algorithm
is used. Energy deposits in an inner cone with radius 25 ¢cm (50 cm in the hadronic part) and an
outer cone with radius 35 cm (75 c¢cm in the hadronic part) around the extrapolated muon candidate
track are considered. The ratio of the energies deposited in these cones is shown in fig. 9.11. As for
the KALEP quality, this muon identification algorithm works best for isolated muons and has poor
separation power for muons in jets.
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Figure 9.11: Calorimeter quantities for muon identification from simulation. a) The KALEP quality
for selected muon candidates. b) Ratio of the deposited energy in inner and outer cone around the
extrapolated track. The black line represents particles not originating from charm decays while the
dashed red line indicates charm decay particles.

9.3.3 Distance of the Muon Track to the Event Vertex

The finite lifetime of the charmed hadron leads to a spatial separation of its decay vertex from
the primary event vertex. A muon produced in the decay of a charmed hadron gets a transverse
momentum relative to the flight direction of its mother particle and the muon track will therefore in
general not point back exactly to the primary event vertex. The distance of closest approach dc/a of
the muon candidate tracks to the primary event vertex in the plane transverse to the beam axis has
been studied. The sign of the dcla is positive, if the difference in the azimuthal angle ¢ of the point
of closest approach and the track at this point is equal to 7/2 and negative if it is —m/2 (modulo
27). This is sketched in fig. 9.12. Because the position of the primary vertex is best constrained by
high momentum tracks, the muon candidate track itself can spoil the primary vertex if it takes part
in the fit of the primary vertex position. Therefore the primary vertex fit has been redone excluding
the muon candidate track from the fitting procedure. The dcla of the muon candidate track to both
the primary vertex determined with and without the track taking part in the fit is shown in fig. 9.13.
The dc/a distributions of charm decay particles tend to smaller absolute values than for other particles,
but a significant reduction of the background cannot be achieved without a loss in signal efficiency.
Therefore the d,, of the muon candidate has not been used in the muon selection.
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Figure 9.12: Definition of the sign of the d,, of a track. PV stands for the primary event vertex
position and dca’ for the position of the point of closest approach of the track to the PV.
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Figure 9.13: dc/a of selected muon candidates with respect to a) the normal primary event vertex and
b) the primary event vertex with the muon candidate track excluded from the vertex fit. The black
line represents particles not originating from charm decays while the dashed red line indicates charm

decay particles.
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9.4 Remaining Background from Charged Pions and Kaons

As discussed in section 9.2.6, the remaining selected muon candidates not originating from the decay
of a charmed hadron consist to about 30 % of muons and to 70 % of charged pions and kaons.
The muon selection cannot distinguish between muons from different sources and enriches the charm
contribution mainly by suppressing fake muons. A higher charm fraction in the selected muon sample
could therefore be achieved by rejecting the remaining pion and kaon contributions in the selected
muon candidate sample. In the following it is explained why this is not possible.

In ep-collisions, charged pions and kaons are produced in much larger numbers than muons. In
CC simulation, high momentum particles with pr > 2 GeV contain 160 times more charged pions
and 30 times more charged kaons than muons. Unlike muons, most of these particles are however not
able to penetrate the calorimeters and reach the muon system (punch-through). A second possibility
to reach the muon system besides a punch-through is the in-flight decay of a charged pion or kaon
into a muon. These particles would still be listed as pions (kaons) in fig. 9.9, since their inner track
belongs to a pion (kaon). This inner track of the mother particle would then be linked to the outer
track of the daughter muon. In simulation the pion contribution in the selected muon candidate
sample originates to 69 % from punch-through and to 31 % from in-flight decays into muons. For
the kaon contribution punch-through amounts to 85 % and in-flight decay to 15 %. Even though the
probabilities for pions and kaons to either penetrate the calorimeter or decay into a muon before inter-
acting in the calorimeter are small, the contribution of these processes to the selected muon candidate
sample is still significant because of the high initial abundance of pions and kaons compared to muons.

A punch-through of a charged pion or kaon could be detected by using calorimeter information.
The strongly interacting pions and kaons should deposit much more energy in the calorimeters than
the minimal ionizing muons. Within a jet it is however not possible to separate energy deposits
from different particles due to the overlap of their showers (see section 9.3.2). Therefore calorimeter
information cannot be used to identify punch-throughs of pions and kaons.

Charged pions decay into muons with a branching ratio of almost 100 %. The reason why there
are not more muons originating from pion decays detected is the long lifetime of charged pions. With
an average flight distance ¢7 = 7.8 m from production to decay vertex, pions are usually absorbed by
the calorimeter before having a chance to decay. Similarly charged kaons have a branching ratio into
muons of 63 % and c¢r = 3.7 m (all numbers taken from [17]). About 0.1 % of the pions and 1 % of
the kaons with momentum p = 2 GeV decay into muons before entering the LAr calorimeter [113] and
even less for higher momenta. In the case of in-flight decays, the particle traversing the calorimeter
and leaving a track in the muon system is a real muon, which cannot be distinguished from muons
from other production sources. A decay of a charged pion or kaon inside the tracking system results
in a small kink of the measured track. For decays of high py pions and kaons this kink is not detected
by the track reconstruction and might only result in a worse resolution of the track parameters and
a larger x? of the track fit. The effect on the track x? is however too small to be exploited for the
detection of in-flight decays. A different approach is using differences in the inner and outer tracks of
the muon candidate. In the decay, the muon only gets a part of the mother particles momentum and
energy, while the rest is carried away undetected by a neutrino. Therefore the outer track should have
less energy and momentum than the inner track. The energy and momentum resolution of the muon
system is however not good enough to measure these differences. Furthermore the inner and outer
track should not be perfectly aligned, but have a small angle relative to each other. The difference in
the azimuthal angles of the tracks and the x? of the inner/outer track fit (defined by equation (9.1))
have been studied and no effect has been found. The extrapolation of the inner track across the
calorimeter to the muon system introduces uncertainties which are too large in order to detect such
small differences in track angles.

The charm fraction extraction with muon charge asymmetry (see section 9.7) relies on a correct
description of the charge asymmetries of charm decay and background muon candidates (including
fake muons) and on a correct description of the selection efficiency for charm decay muons. As long
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as the charge distributions in the simulation describe the data, the result of the measurement does
however not rely on a correct prediction of the absolute number of background muon candidates in
the selected sample, since this number can be calculated using the charge distributions of signal and
background muon candidates. Therefore the absolute number of fake muons in the data sample does
not need to be known a priori and the muon misidentification probability (“fake rate”) does not need
to be determined. A detailed discussion of fake muons can be found in [113,114].

9.5 Background Muons from Non-CC Events

The purpose of the muon selection presented in section 9.2 is the selection of muons and rejection of
other particles, mainly pions and kaons. This selection is however not sensitive to the origin of muons.
In a pure CC event sample this is not a problem, since charmed hadron decays are the dominant source
of muons and a selection of muons corresponds to a selection of charm events. The selected CC event
sample is however not background free (see section 6.6). The contribution from muons originating
in non-CC processes is discussed in this section. Since this background source to the selected muon
sample consists of real muons, the muon selection discussed above cannot reject this contribution.

9.5.1 Expectation for Muons from Non-CC Events

The expected number of selected muon candidates from non-CC background processes are listed in
table 9.4. The main contributions originate from real W boson production and di-muon events. Even
though the number of events in the selected CC event sample is small for these background sources,
their contribution to the muon candidate sample is significant. This is due to the high fraction of
events containing muons in these processes. Di-muon events always contain two muons by definition.
The decay W — puv has a branching ratio of ~ 10.6 % [17]. In photoproduction and di-lepton
events, the selected muon candidates are expected to be independent of the lepton beam charge. The
contribution from real W boson production however shows the same charge asymmetry as muons
from charm decays in CC. This is due to charge conservation in the process represented in fig. 9.14 a),
which is furthermore not separable experimentally from a CC event.

Table 9.4: Expected background contributions to the selected muon candidate sample from non-CC
processes. The number of expected background events in the selected flavor inclusive CC event sample
and the number of expected positively and negatively charged selected muon candidates are listed for
the different sources of non-CC background and the different data periods.

HERA Ie™ HERA Il e™ HERA IT e~
Source

Events p~ put | Events p~ pt | Events pu~ ™t
~p uds res. 62.8 0 0 208.8 0 0 164.9 0 0
~vp uds dir. 24.0 0 0 66.4 0 0 7.7 0 0
P C res. 2.5 0 0 8.4 0 0 6.3 0 0
~p ¢ dir. 10.9 0.6 0 329 04 0 26.3 0.8 0
Real W production 99 05 1.2 30.8 1.5 3.6 25.3 3.0 1.2
NC DIS 5.7 0 0 15.9 0 0 16.0 0 0
Di-electron prod. 0.2 0 0 0.7 0 0 0.6 0 0
Di-muon prod. 40 06 0.5 123 1.8 1.5 105 1.5 1.2
Di-tau prod. 20 02 0.2 6.3 0.6 0.6 52 05 0.5
Total 122.0 1.9 1.9 3825 43 5.7 3128 58 2.9
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Figure 9.14: Example Feynman graphs for real W boson production. Process a) cannot be distin-
guished experimentally from a CC process and produces charge asymmetric decay muons.

9.5.2 Rejection of Muons from Non-CC Events

The main background contributions, real W boson production and di-muon events, have a distinguish-
ing signature: The muons are not bound to a jet and therefore usually isolated. This is not the case for
muons originating from charm decays in CC, which are contained in jets (see section 9.3.1). Therefore
a distance of the muon candidate to the nearest jet of d,¢ < 11is required. This anti-isolation criterion
effectively suppresses muons from real W boson production and di-muon events, as can be seen in
table 9.5. Muon candidates from charm decays in photoproduction processes are not rejected by the
anti-isolation condition, since these muons are contained in jets similarly as for charm decays in CC
events. The remaining contribution from non-CC background events is subtracted from the selected
muon candidate sample for the extraction of charm fractions (see section 9.7).

For otherwise selected muon candidates in CC events, the efficiency of the anti-isolation condition
in simulation is 98 %. Therefore all isolated muon candidates are considered to be non-CC background.

Table 9.5: Expected background contributions to the selected muon candidate sample from non-
CC processes with anti-isolation condition applied. The number of expected background events in
the selected flavor inclusive CC event sample and the number of expected positively and negatively
charged selected muon candidates are listed for the different sources of non-CC background and the
different data periods.

HERA Ie™ HERA Il e™ HERA IT e~
Source

Events p~ put | Events p~ pt | Events pu~ ™t
~p uds res. 62.8 0 0 208.8 0 0 164.9 0 0
~vp uds dir. 24.0 0 0 66.4 0 0 7.7 0 0
P C res. 2.5 0 0 8.4 0 0 6.3 0 0
~p ¢ dir. 10.9 0.6 0 329 04 0 26.3 0.8 0
Real W production 99 0.1 0.2 30.8 0.2 0.5 25.3 0.2 04
NC DIS 5.7 0 0 15.9 0 0 16.0 0 0
Di-electron prod. 0.2 0 0 0.7 0 0 0.6 0 0
Di-muon prod. 4.0 0 0 12.3 0.1 0.1 105 0.1 0.1
Di-tau prod. 2.0 0 0 6.3 0 0 5.2 0 0
Total 122.0 0.7 0.2 3825 0.7 0.6 3128 1.1 0.5
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9.6 Selected Muon Data Samples

The muon selection has been applied to the selected charged current samples described in chapter 6,
without the cut on the absolute value of the polarization. This cut has been omitted since the absolute
value of the polarization is not relevant for the determination of the charm fraction in the sample. For
the same reason the right- and left-handed samples with the same beam charge have been combined.
A valid polarization measurement (independent of its value) is however still required in order to
determine the cross section for charm production in CC. The different data samples and the number
of selected muon candidates are summarized in table 9.6. The number of selected muon candidates is
given both with and without the anti-isolation cut described in section 9.5.2 applied. In the following,
the anti-isolation condition is always applied if not explicitly stated otherwise. For details on the data
and CC event selection see chapter 6.

Table 9.6: Selected muon samples. The running period, beam lepton charge, integrated luminosity,
mean polarization, number of selected flavor inclusive CC events and number of selected muons are
given for the individual data samples. The number of selected muons is listed with and without the
anti-isolation condition applied.

Period L [pb—l] P [%] | Events No ailti—isolatiori cut With+anti—isolati(in cut
H H H H
HERA I e" 61.09 0 1543 7 2 5 2
HERA II e 182.51 +1.9 3917 11 8 9 5
HERA II e~ 154.83 —5.8 6253 10 16 9 12

The number of isolated muon candidates is compatible with the expectation for isolated muons
from non-CC background, even though the number of isolated muons in data tends to be somewhat
lower than expected. The number of muon candidates expected from the simulation of CC events
can be compared to the number of selected non-isolated muon candidates (see table 9.6) with the
expectation for remaining background from non-CC events (see table 9.5) subtracted. These numbers
are listed in table 9.7. While the measured muon candidates with opposite charge than the beam
lepton (“wrong charge”) agree with the prediction, less muons with the same charge as the beam
lepton (“right charge”) have been found in the HERA II data samples compared to the simulation.
A possible interpretation would be a good overall description of the data by the simulation for the
almost charge symmetric non-charm muon candidates, indicated by the good agreement of the number
of wrong charge muon candidates, while the highly charge asymmetric charm content is larger in
simulation than in data, indicated by the difference for right charge muons. Due to the low number
of selected muons and corresponding large statistical errors, no definite interpretations are however
possible.

The isolated muon candidates tend to higher momenta then those contained in a jet. Among all
selected muon candidates with pr > 20 GeV, five are isolated and only one is close to a jet. This is
expected, since in di-muon events the muons are produced directly in the hard interaction and in the
decay of a W boson the muon obtains a high momentum from the W boson mass.

Apart from the muon charge distribution and the absolute number of selected muon candidates,
the selected muon candidate sample after the removal of isolated muons is in good agreement with
the CC signal simulation. The Pr ,,;ss distribution of all events containing a selected muon candidate
is shown in fig. 9.15 a). No evidence for a dependence of the charge asymmetry of the selected muon
candidates on Pr ,,;ss has been found.
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Table 9.7: Expected and measured muon candidates. The number of measured CC muon candidates
corresponds to the number of selected non-isolated muon candidates with the expectation for remaining

non-CC background subtracted.

) Isolated Expected | Isolated Measured | CC Expected | CC Measured
Period N B N B N B N N
H M M M K M M Iz
HERA Ie* 1.7 1.2 2 0 4.4 1.5 4.8 1.3
HERA Il e™ 5.1 3.6 2 3 13.2 4.4 8.4 4.3
HERA IT e~ 24 4.7 1 4 10.7 16.9 8.5 10.9

The charge determination of a track is less reliable at high transverse momenta pr of the track,
which can lead to an underestimation of the charge asymmetry and consequently the charm fraction
at high values of pr (see section 9.9.1). The pr distribution of all selected muon candidates is shown
in fig. 9.15 b). No dependence of the charge asymmetry of the selected muon candidates on pr has

been found.

The muon reconstruction and selection efficiency depends on the polar angle 8. The 6 distribution
of the selected muon candidates is in agreement with the prediction from simulation, as can be seen

in fig. 9.15 ¢).
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Figure 9.15: Properties of the selected muon candidate sample: a) Pr ,ss of events containing
selected muon candidates, b) pr and ¢) polar angle of selected muon candidates. The black dots with
error bars represent the data while the red line is the prediction from the CC simulation.

Tables with more details on the events containing selected muon candidates, including also those
with isolated muons, can be found in appendix B.
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9.7 Charm Fraction Extraction using the Muon Charge
Asymmetry

As can be seen in table 9.5, the selected muon candidate sample still contains a small contribution
from non-CC background muons after the anti-isolation cut has been applied. For the extraction
of the charm fraction in CC, this remaining background contribution is subtracted on a statistical
basis from the number of selected muon candidates. After this subtraction, the sample is considered
to consist only of muon candidates from CC processes and the CC signal simulation is used for the
prediction of muon charge asymmetries and the calculation of the charm fraction in the selected CC
event sample.

The charm decay muon must always have the same charge as the beam lepton (see section 9.1).
The charge of the beam lepton will in the following be referred to as “right charge”. Muon candidates
with opposite charge (“wrong charge”) are almost exclusively background (in the following denoted by
“uds” for up, down and strange quarks) and can be used to control the amount of uds background with
right charge. The ratio of right/wrong charge selected muon candidates for charm and uds is taken
from simulation. In fig. 9.16 the charge distributions of the selected charm and uds muon candidates
in e”p and eTp simulation are shown. The charge distributions of the selected charm decay muon
candidates are as expected almost completely asymmetric. The remaining wrong charge charm decay
particles are either muons from charm decays in events with a c¢¢ pair from fragmentation or muons
with an incorrect charge reconstruction. The differences in the charge distributions of the selected uds
muon candidates between e~ p and etp simulation are due to the different quark flavors produced in
the hard interaction, which lead to different particle spectra at high momenta?. The charm fraction
in the CC sample is smaller for e~ p than for e™p running, which is also reflected in the smaller charm
fraction in the selected muon sample in e~ p simulation.
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Figure 9.16: Charge of the selected muon candidates in a) e*p and b) e”p simulation. The black
line represents particles not originating from charm decays while the dashed red line indicates charm
decay particles.

2The highest momentum particles in the event often contain the quark produced in the hard interaction. This is for
instance also used by the flavor tagging method described in section 3.4.1.
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In a first step, the number of selected charm decay muon candidates with right charge is determined.
Three methods can be used:

1. Use only the right charge bin and take the amount of uds background in this bin directly from
simulation. The number of selected right charge charm muon candidates cg can be calculated
from the number of measured selected right charge muon candidates N with

CR, measured = NR - udSR, MC, (92)

where the number of selected right charge non-charm muon candidates udsg is taken from simula-
tion. Assuming Poisson statistics and neglecting statistical errors of the simulation, the statistical
error becomes

ACR7 measured — '\ Ng. (93)

2. Use the wrong charge bin to determine the amount of uds background in the right charge bin,
neglecting the contribution of charm in the wrong charge bin. Unlike method 1, no predictions
of the absolute number of background events are needed. Instead, only the ratio of right/wrong
charge background is taken from simulation. With this method, the number of selected right
charge charm muon candidates is

udsp
CR, measured = NR - NW < ) s (94)
udsW MC
with a statistical error, assuming Poisson statistics and neglecting statistical errors of the simu-
lation,
udsg 2
ACR, measured — NR + NW ( ) . (95)
udsW MO

3. Use the wrong charge bin to determine the amount of uds background in the right charge bin
and do not neglect the contribution of charm in the wrong charge bin. From the measurement of
Ng, Ny and the ratios (udsy /udsg)yc and (cw/cr)pe taken from simulation, there are four
conditions for the four unknowns cg, cy, udsg and udsyy:

Ngr = cgr +udsg
Nw = cw + udsy
<udsw> _ udsyy (9.6)
udsgr / ;o udsg

CR / mc Cr
This set of equations can be solved analytically and cr becomes

Ny — NR (udsw>
_ udsr ) pro
CR, measured = )
| (2) e~ (32)
°r ) mC udsr ) pre

with a statistical error, assuming Poisson statistics and neglecting statistical errors of the simu-
lation,

(9.7)

(9.8)

ACR, measured —
(udsw )
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All three methods have been tested. For method 1, a prediction on the absolute number of back-
ground events (fake muon rate) would be needed. For the methods 2 and 3, only the charge distribution
needs to be described correctly by the simulation, but not the absolute number of fake muons. The
right charge background can be calculated from the wrong charge bin. As a consequence it has been
decided not to use method 1. Since the contribution from charm in the wrong charge bin is small,
the methods 2 and 3 give comparable results. All the results presented in this thesis on the charm
fraction in CC have been obtained by method 3.

In a next step, the charm fraction in the selected CC sample can be computed using the fraction of
charm events containing right sign charm decay muons (in the following called “branching”) and the
selection efficiency for these muons. These two factors are taken from simulation. In a last step, the
cross section of charm in CC is calculated from the charm fraction, the mean measured polarization
of the sample and the flavor inclusive CC cross section. A schematic diagram of the charm in CC
measurement is shown in fig. 9.17.

The values of the input variables from simulation for the charm in CC cross section determination
are listed in table 9.8 for the individual data periods.
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Figure 9.17: Schematic diagram of the charm fraction extraction.

Table 9.8: Parameters from simulation for the charm in CC cross section calculation.

Period udsp/udsw cgr/cw Branching [%] Muon sel. eff. [%]
HERA I e* 1.59 23.5 8.8 10.0
HERA Il e™ 1.41 28.0 8.4 12.9
HERA 1T e~ 0.96 28.2 8.6 12.3
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9.7.1 Combined Positron Sample

During the luminosity upgrade between HERA I and HERA II the main detector components used for
muon identification, the Central Jet Chamber, the LAr calorimeter and the Central Muon Detector,
have not been changed. The HERA T and HERA 1I positron samples can therefore easily be combined.
The combined positron sample can be analyzed in the same way as the individual samples. For the
calculation of the cross sections the parameters from the HERA II et simulation in table 9.8 are used
due to the larger statistics (and therefore smaller errors) of this sample. In fig. 9.18 it is demonstrated
that the simulations for HERA 1 and HERA II e data agree well for the relevant quantities of the
muon selection.
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Figure 9.18: Comparison of muon quantities in HERA I (red, dashed) and HERA II (solid, black)
positron simulation: a) Length of the track in the muon system (last minus first layer) and b) transverse
momentum for all preselected muon candidates, ¢) transverse momentum of selected muon candidates.

9.7.2 Combined Electron/Positron Sample

In order to reduce the statistical error of the charm fractions, the e™p and e~p data sets have been
combined. Due to the different charm fraction and the different uds charge asymmetry in e*p and
e~ p data, it is not possible to just combine the samples and use the methods described above for the
charm fraction extraction of the combined e*p and e~p sample. Instead, charm fractions in the e™p
and the combined HERA I / HERA II eTp sample are measured independently and then combined
using the ratio of the predicted charm fractions in e*p and e~p data as an input parameter. In the
following discussion, this parameter has been set to two, corresponding to the expected 20 % charm
in etp and 10 % in e~ p CC processes.

With the ratio of the charm fractions in the etp and e~ p samples fixed, the measured e*p and e~ p
charm fractions Fy and F_ can be seen as two measurements of the same quantity. The combined
charm fractions can then be calculated with

1
F_ comp = 3 (F- + Fy) and

: 9.9)
F+,comb: g(Ff'i_FJr)

Here the assumption F, = 2F_ and Fly comp = 2F_ comp has been used. The errors of the combined
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charm fractions are then given by

1
AF_ omp = =/ (AF_ )2+ (AF;)2  and
3 (9.10)

2
AFy comp = g\/(AF_)Z‘ + (AF,)2.

This simple combination procedure does not take into account the errors of the individual mea-
surements for the calculation of the combined fraction. Therefore it will only produce sensible results
if the errors of the charm fractions in e™p and e~ p are comparable.

A more sophisticated method taking into account also the errors of the individual charm fraction
measurements is using Lagrange multipliers [115] with the ratio of the charm fractions in e*p and e™p
data as a constraint. The ansatz for this method is

F+_F+comb ? F_ —F_ comb 2
&= : : N (i comb — 2F comp) - 9.11
( AT, ) + Nl + 2\ (Fy, b , b) ( )

The parameter A is called Lagrange multiplier. The solutions for the combined charm fractions F coms
and F_ .omp are now extrema of the function ® and can be calculated from the system of equations

0 0P 0%

—0. 2% _o5 2Z_. 9.12
aF+,comb ' aFﬁ,comb , P ( )

The analytical solutions for the charm fractions from this set of equations are

F, —2F_
(AF,)2 + A(AF_)?
F, —2F_
(AF,)? + 4(AF_ )2

Fy comb = Fy — (AF)? - and

(9.13)

F_ compy = F_ +2(AF_)?.

Both methods have been tested and the results are compatible within errors. The results presented
for the combined e™p and e~ p measurement have been calculated with the Lagrange multiplier method.
The errors on the individual charm fractions directly enter the calculated combined charm fractions
and are not used in a normal error propagation. Therefore no errors will be given on the combined
etp and e p results.

9.8 Charm Fraction Extraction using a Charge-pr Likelihood

As an alternative to the charm fraction measurement using charge asymmetries only, the use of a two
dimensional likelihood for the charge and the pr of the selected muon candidates has been studied.
For this purpose the TFractionFitter interface of the RooT analysis package [116] to the MINUIT
minimization program [117] has been used. In addition to the charge asymmetries already discussed
in section 9.7, also the shapes of the pr distributions of selected charm decay and uds muon candidates
have been taken from simulation. These templates for selected charm decay and uds muon candidates
have been fitted to the data distribution using a Barlow fit [109]. In this fit procedure, a maximum
likelihood technique with Poisson statistics is used. Uncertainties induced by the finite statistics of
the simulation templates are also taken into account.

The fit does not converge to a stable result. The effect of higher statistics of the templates has
been simulated by scaling and smoothing the template distributions. This procedure did not result in
an improvement of the fit performance. This indicates that even with better template precision the
data statistics is not sufficient for a likelihood fit approach in order to separate the charm and uds
contributions to the selected muon candidate sample. The pr distributions of the templates and the
combined positron data sample are shown in fig. 9.19.
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Figure 9.19: Selected muon pr templates and data distribution for the pr likelihood fit. a) Uds and b)
charm templates from simulation with fitted exponential function (red line) and ¢) pr of the selected
muons in the combined positron data sample.

9.9 Systematic Errors of the Charm Fraction Extraction

In this section the individual sources of systematic uncertainties of the charm fraction extraction are
discussed. The effect of these uncertainties on the charm fractions are summarized in section 9.9.5.
Due to the large statistical errors of this analysis, systematic uncertainties can be estimated in a
conservative way without the need for optimization and reduction of systematic effects. The uncer-
tainty on the charge reconstruction affects the measured muon candidates in data, while the other
uncertainties discussed in the following concern predictions from simulation.

9.9.1 Muon Charge Reconstruction

The measurement of the muon candidate charge is essential in the determination of the charm fraction.
It is determined using the curvature of the inner track in the magnetic field of the H1 solenoid. Since
the curvature of the track decreases with increasing particle momentum, the charge determination of
very high momentum particles is not reliable any more. The track charge misidentification probability
in bins of pp for central tracks with radial length larger than 22 cm is shown in fig. 9.20. In the lowest
pr bin the charge misidentification probability is high due to poorly reconstructed tracks. This does
not affect this analysis since the inner track of the muon candidate is required to have a minimal pp
of 2 GeV. Tracks with negative charge have a higher ionization potential in the tracking chambers
than tracks with positive charge and their reconstruction is therefore more reliable. Since the highest
momentum tracks in CC events have predominantly the same charge as the beam lepton, the charge
misidentification probability is slightly higher for etp than for e~p running. This effect is however
only important at high values of pp.

Due to the charge asymmetry, more muon candidates with right charge will be assigned wrong
charge than vice versa. Therefore the charge misidentification leads to an underestimation of the
charge asymmetry and consequently the charm fraction.

This effect is however small, as can be seen in fig. 9.20. Since all but one selected muon candidates
have a pr of less than 20 GeV, a charge misidentification probability for selected muon candidates of
4 % is assumed. Due to the low statistics of the selected muon sample in data (e.g. 5 positive and 2
negative muons in HERA T e*), and since the charge of a muon can only be either correctly or wrongly
reconstructed and not be 96 % correct, the effect of the uncertainty of the charge reconstruction on
the charm fraction is neglected.
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Figure 9.20: Charge misidentification probability for central tracks with radial length [ > 22 cm in a)
etp and b) e~ p simulation in bins of transverse momentum pr.

9.9.2 Muon Selection Efficiency and Branching Ratio

The charm fraction in the selected CC sample is calculated from the charm fraction in the selected
muon sample using the ratio of charm events containing a right sign muon (“branching”) and the
selection efficiency for charm decay muon candidates (including also the muon track reconstruction,
see fig. 9.17). The value of this branching is assumed to be comparable for the different data periods.
As an estimate of the systematic uncertainty the difference in the branching deduced from the different
simulated CC samples has been used (see table 9.8), which is well covered by an assumed uncertainty
of 5 % of the branching.

Unlike the branching, the muon selection efficiency can depend on the data period, due to dif-
ferent kinematics (see chapter 7). Since selected muon candidates originating from charm decays
consist almost exclusively of muons (see fig. 9.9), the selection efficiency for charm decay muon candi-
dates corresponds to the selection efficiency for real muons. The systematic uncertainty of the muon
identification and selection efficiency is estimated to be 5 % [118]3.

Much more uncertain is the selection efficiency for non-muons (fake muons). This is however not
relevant for the charm fraction extraction, since only the charge distribution (see section 9.9.3) and
not the absolute number of fake muons is used.

9.9.3 Charge Asymmetries in the Simulation

The calculation of the charm fraction depends on the charge asymmetries for uds and charm selected
muon candidates taken from simulation. The charge asymmetries obtained for the different periods
are listed in table 9.8. The asymmetry of selected charm decay muon candidates is expected to be
well known, since these muon candidates consist to 97 % of muons. The charge asymmetry of the
charm decay muon candidates is therefore caused by the production processes of the muon candidates
and the performance of the charge reconstruction (compare section 9.9.1). If the produced muons
are fully asymmetric (all have right charge), a contribution of about 4 % wrong charge muons is

3In a more recent analysis a lower uncertainty on the muon reconstruction and selection efficiency of 3.6 % is
assumed [119]. For this thesis however the more conservative 5 % is chosen.
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expected due to the charge misreconstruction. This corresponds to a charge asymmetry factor for
charm muons cg/cw of 24, in good agreement with the value found in the HERA I simulation. The
asymmetries in the HERA II simulations are even higher at ~ 28, indicating that the 4 % charge
reconstruction uncertainty is a safe estimate and in good agreement with fully charge asymmetric
muons at production. An uncertainty of 10 % of the charge asymmetry for charm decay muon
candidates is assumed, which is a very conservative estimate since the charge distribution of charm
decay muons is well understood. This uncertainty also covers the limited statistics of the simulation.
Due to the large charge asymmetry for charm muons, an uncertainty of 10 % has only a minor effect
on the charge fractions, as can be seen in table 9.9.

Ounly about 30 % of the selected muon candidates not originating from charm decays (“uds muon
candidates”) are real muons (see fig. 9.9). Therefore the charge asymmetry of these muon candidates
is dominated by the charge distribution of fake muons. The contribution from in-flight decays of pions
and kaons is not problematic, since the charge distribution of the muons produced through in-flight
decays mirrors the charge distribution of the original pions and kaons (apart from the small charge
misreconstruction probability discussed above). This is assumed to be well described by the simulation.
The fake muon contribution from punch throughs is however more uncertain, since the interaction of
negatively and positively charged particles in matter are slightly different, which introduces a different
punch through probability for positive and negative particles. This effect is however also accounted
for in the simulation. In a study performed with the ZEUS detector, the charge distribution of fake
muons is claimed to have an uncertainty of only 3 % [120]. Since a similar study has not been done
using the H1 detector, a much more cautious uncertainty of 20 % has been assumed for this thesis,
covering also the statistical errors of the simulation. The resulting systematic errors on the charm
fractions are still significantly smaller than the statistical errors.

9.9.4 Background Subtraction of Muons from Non-CC Events

Most muon candidates from non-CC events are rejected by the anti-isolation criterion (see section 9.5).
The remaining contribution is estimated from the simulation of the background processes and is
subtracted from the number of selected muon candidates for the charm fraction calculation. The
systematic uncertainty on this background subtraction corresponds to the statistical error of the
respective simulations, which is 30 % for the photoproduction processes (the same as for the systematic
uncertainties in the flavor inclusive CC measurement, see section 6.7). The statistical errors of the
simulation of real W boson and di-muon production processes are negligible.

9.9.5 Total Systematic Errors on the Charm Fractions

The effects of the systematic uncertainties on the charm fractions are listed in table 9.9. The branching
and charm decay muon selection efficiency enter the charm fraction calculation linearly, resulting in
identical relative errors for all data samples. The relative uncertainties from the charge asymmetries
and the background subtraction depend on the data sample and have been obtained by varying
the respective numbers used in the charm fraction calculation. The dominant source of systematic
uncertainties is the charge distribution of fake muons, which is a very conservative estimate and
might be reduced by dedicated studies. The errors on all charm fractions are however dominated by
the limited statistics of the data samples, therefore it has not been tried to reduce the systematic
uncertainties.
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Table 9.9: Resulting systematic uncertainties in percent of the measured charm fractions.

i Error on the charm fraction [%)]
Systematic effect )
HERA I et | HERA Il et | HERA Il e~ | et combined

Charge reconstruction - - - -
Selection efficiency 5.0 5.0 5.0 5.0
Branching 5.0 5.0 5.0 5.0
Charm charge asymmetry 0.9 1.7 1.1 1.0

Uds charge asymmetry 13.5 51.7 59.1 29.5
Background subtraction 10.3 6.9 9.1 8.4
Total systematic error 18.4 92.7 60.2 31.5

9.10 Results

For the extraction of the charm fractions in the selected charged current samples and the calculation
of the corresponding cross sections, method 3 described in section 9.7 has been used. In the following
the results obtained by this method for the individual and combined data samples are presented. Due
to the large errors of the measured charm fractions, the strange content of the proton has not been
extracted.

9.10.1 Charm Fractions

The measured charm fractions in the selected CC samples are summarized in table 9.10.

Table 9.10: Measured charm fractions in the individual and combined CC samples. The number of
positive and negative muons correspond to the number of selected muons with the expected number of
non-CC background muons subtracted. The first error given for the charm fractions is the statistical
error, the second corresponds to systematic uncertainties. The number of selected flavor inclusive CC
events in the samples is also given.

Sample Events u™ pu~ Charm fraction [%)
HERA I et 1543 4.8 1.3 22.3+23.2 + 4.1
HERA II et 3917 8.4 4.3 5.8+10.3 + 3.1
HERA IT e~ 6253 8.5 10.9 44469 £+ 2.6
Comb. et 5460 13.2 5.6 9.5+£8.9 + 3.0
Comb. eT and e | 11713 21.7 16.5 9.3 (e™), 4.7 (e7)

All extracted charm fractions are consistent within errors both with a vanishing charm fraction
and the theory prediction of 10 % for e~ and 20 % for e™ running. All obtained charm fractions are
however consistently lower than the predictions, except for the HERA I sample, which is the smallest
sample with correspondingly large statistical errors. The lower charm fractions are consistent with
the smaller than expected muon charge asymmetry (see section 9.6).
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9.10.2 Cross Sections

The cross sections for charm in CC are calculated from the charm fractions in table 9.10 using the
flavor inclusive CC theory cross sections for the mean polarizations of the corresponding samples. The

results are listed in table 9.11.

Table 9.11: Measured charm cross sections in the individual and combined CC samples. The first
error given for the charm cross sections is the statistical error, the second corresponds to systematic

uncertainties.

Sample P [%] ou (P) [pbfl] Cross section [pbfl]
HERA I e™ 0 29.1 6.5+6.8+1.2
HERA II e™ +1.9 29.7 1.7+3.14+0.9
HERA IT e~ —5.8 61.9 27+4.3+1.6
Comb. et 14 29.6 2.8+2.6+0.9
Comb. et and e~ 1.4 29.6 2.8 (e™)

Comb. et and e | —5.8 61.9 2.8 (e7)

As for the charm fractions, the cross sections for charm in CC are consistent with each other and
compatible both with zero and the theory prediction. As a consequence of the low charm fractions,
also the cross sections tend to be low compared to the predictions. Taking into account the large
errors of the measurement, this deviations from the predictions are however not significant.
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Chapter 10

Conclusions

10.1 Summary of the Results

The strange quark density in the proton is still the least known parton density. Currently, the most
precise constraints come from measurements of neutrino-nucleon deep inelastic scattering (DIS). In
electron-proton DIS at HERA, two main approaches for a measurement of the strange sea in the pro-
ton are possible: Strangeness production in neutral current (NC) and charm production in charged
current (CC) processes. In this thesis, charm production in CC interactions has been studied.

The main difference between the measurement of NC and CC processes is the presence of the
scattered beam lepton in NC, allowing a precise reconstruction of the event kinematics, while the final
state neutrino in CC processes is not detected. There are also many other differences between the
measurement of CC and NC processes: First, differences between e~p and eTp data sets are more
pronounced for CC than for NC samples. This is due to different partons in the proton participating
in the hard interaction in e”p than in e™p and consequently different event kinematics and cross
sections. Second, the cross sections for CC processes depend on the lepton beam polarization due to
the parity violating structure of weak interactions. The study of CC processes allows the test of these
particularities of weak interactions in ep scattering. Third, the background from non-ep processes is
much more important than in NC measurements. This is due to the main feature of CC events used
for the triggering and the selection of these events: The missing transverse momentum. This signature
can be faked by many non-ep background interactions.

For this thesis, the 1999/2000 HERA I e*p data from the H1 detector with an integrated luminosity
of 61 pb~! and the complete HERA II data with 183 pb~! of e*p and 155 pb™* of e~ p data has been
used. The CC event selection criteria have been passed by 1543 events in the HERA 1 e*p data set,
3917 events (3783 with an absolute value of the polarization above 20 %) in the HERA II e*p data
set and 6253 (5223) events in the HERA II e~ p data set. The polarization dependent cross sections

occ=(289+1.4)+ P.-(28.6+4.7) pb for e*p and
occ =(49.2+23) — P. - (42.5+6.8) pb for e™p

have been determined for the kinematic range Q% > 223 GeV? and 0.03 < y < 0.85. While the cross
section for eTp data is in excellent agreement with the theoretical prediction, the fitted slope of the
cross section for e~ p is lower than the prediction. This discrepancy is due to the measured cross
section for the e”p LH data sample, which is 18 % below the predicted value. The main reason for
the disagreement of data and simulation for the e”p LH period is assumed to be a wrong description
of the data event selection efficiency in the simulation.
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The charm fraction in the selected CC event sample has been studied using two different ap-
proaches: An inclusive measurement using lifetime information and muons from semileptonic charmed
hadron decays.

It has been found that the extraction of the charm fraction using inclusive lifetime methods is not
possible. This is due to the low charmed hadron decay multiplicities in combination with the limited
statistics of the selected CC event samples.

The second approach, semileptonic decays into muons, has been more successful. Muons pro-
duced in the decay of a charmed hadron in CC events always have the same charge as the beam
lepton (referred to as “right charge”). The background from muon candidates originating from other
production processes (mostly pions and kaons faking muons) can be controlled using the number of
“wrong charge” muon candidates. Background muons from remaining non-CC events in the selected
sample can be suppressed by an anti-isolation condition. It has been shown that the measurement of
the charm fraction in CC processes using the charge asymmetry of charm decay muons is possible,
albeit with large statistical errors due to the limited data statistics. The following charm fractions in
the selected CC event sample have been extracted:

F.=95+89+3.0% for e™p and
F.=444+69+26% for e p.

The first error corresponds to the statistical and the second to the systematic uncertainty. Due to
the large statistical errors, the measured charm fractions are consistent both with a vanishing charm
fraction and the prediction of about 10 % for e™p and 20 % for e™p. Normalized to the flavor inclusive
CC theoretical cross sections, the measured values for charm in CC processes in the kinematic range
Q? > 223 GeV and 0.03 < y < 0.85 are

Oeincc =28+26+09pb  for eTp and
Ocinco =2.7+4.3+1.6 pb for e p.

In earlier studies of charm in CC processes at H1 with HERA I data, an excess of the charm fraction
over the expectation in events with high missing transverse momentum Pr, ,,;ss > 40 GeV was ob-
served [104]. This excess could not be confirmed. It is suspected that the observed excess was either
a statistical fluctuation or due to remaining W boson production events in the selected event sample.

Due to the large statistical errors of the measured charm fractions, the strange density in the
proton has not been extracted.

10.2 Outlook

In order to improve on the results obtained in this thesis, significantly larger data samples would be
needed. However, HERA stopped operation in mid 2007. The results of the charm measurement in
CC processes might be improved by adding information from semileptonic charmed hadron decays
into electrons or by combining lifetime and lepton information using multivariate methods. Without
more data statistics, it is however doubtful whether these extensions of the presented analysis would
lead to a significant reduction in the experimental errors.

Since the cross sections for NC processes are much larger than for CC, the measurement of the
strange content in the proton using strangeness production in NC is less statistically limited. The
systematic uncertainties for this approach would however be large. Therefore no precise measurement
of the strange quark density in the proton can be expected from this method.

At the Large Hadron Collider (LHC) [121-123] at CERN in Geneva it will be difficult to contribute
to the understanding of the strange quarks in the proton. While the leptons colliding with protons
at HERA represent pointlike probes and are thus providing a clear picture of the proton structure,
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at the LHC protons will collide with other protons. The resulting events are very complex' and a
reliable reconstruction of the primary partons in the protons taking part in the interaction is therefore
very challenging. Furthermore, proton-proton collisions at the LHC will be dominated by interactions
between gluons.

Since HERA has stopped operation and it is doubtful whether the LHC will provide precise mea-
surements of individual quark densities in the proton, the study of the strange content of nucleons
will stay a domain of neutrino-nucleon DIS experiments in the foreseeable future.

LAt the nominal instantaneous luminosity of the LHC, not just one but even several (~ 20) collisions will take place
during the same bunch crossing, further complicating the reconstruction of the events.
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Appendix A

Non-ep Background Finder Flags

In this appendix, the individual non-ep background finder flags are listed. It is also stated whether
they were used for this analysis. A more detailed description can be found in [90-92].

Table A.1: Non-ep background finder flags coded in the ibg array. Finders with names starting with
HA are mainly used against halo muons, while names starting with COS indicate their use against
cosmic muons.

Bit | Used | Finder Description

0 Yes | HALAR Longitudinal energy pattern in the LAr calorimeter

1 Yes | HAMULAR | Longitudinal energy pattern in the LAr calorimeter with
energy deposited in the muon system backward endcap
2 Yes | HAMUMU Horizontal muon track in the forward detector region and
energy deposited in the muon system backward endcap
3 Yes | HASPALAR | Cluster in the inner forward (IF) LAr and matching energy
deposit in the SpaCal
4 Yes | HAMUIF Cluster in the inner forward (IF) LAr and matching energy
deposit in the muon system backward endcap
Yes | COSMUMU | Two matching muon tracks on opposite sides of the CMD
Yes | COSMULAR | More than 90 % of the LAr energy aligned with a
CMD muon track
7 Yes | COSTALAR | Two tail catcher clusters on opposite sides of the detector
with more than 85 % of the LAr energy aligned between them
Yes | COSTRACK | Two matching CJC tracks on exactly opposite sides of the detector
9 Yes | COSLAR Isolated LAr cluster with longitudinal shape and a small

electromagnetic contribution
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Table A.2: Non-ep background finder flags coded in the ibgam array.
Bit | Used | Finder Description
0 Yes | BEAMGAS Many CJC tracks in the backward detector region
1 Yes | COSLARSHAPE | Cosmic muon not crossing the CJC
Yes Cosmic muon crossing the CJC with energy deposits on both

sides of the LAr

3 No Cosmic muon crossing the CJC with energy deposits in the
LAr on one side and matching CMD track on the
opposite side of the detector

4 No | COSLARTRACK | High energetic cluster in the LAr without matching track

5 Yes | HALARTRACK | High energetic horizontally oriented cluster in the LAr without
matching track

6 Yes | HASPA Uniform energy distribution in the SpaCal

Table A.3: Non-ep background finder flags coded in the ibgfm array. These bits code for one- and two-
dimensional cuts on estimators used by the finders in ibg and ibgam. For details on their definitions

see [90-92].

Bit | Used | Cut

0| Yes | N3PHI > 14

1| Yes | DMUBW < 50

2 | Yes | DMUMU < 200

3| Yes | DIFSP < 30

4| Yes | SPMUMU > 0.8

5| No | EFOUTH < 0.05

6 | No | EFOUTC < 0.02

7| Yes | EFMU > 0.8

8 | No | DISPRH < 2

9| Yes | TDCAMU > 40

10 | Yes | DTCLU > 0.2 and EFEMC < 0.1
11 | Yes | DTCLU > 0.5 and EFMU > 0.05
12 | Yes | DISPRC < 5 and EFTC > 0.25
13 | Yes | DISPRC < 5 and EFMU > 0.05
14 | Yes | DISPRC < 4 and EFOUTC > 0.05
15 | Yes | THCLUM > 20 and ETTRA/ETCAL < 0.015




Appendix B

Selected Muon Events

In this appendix, the properties of events containing selected muon candidates and the properties of
these muon candidates are listed. The ID in the event properties tables corresponds to the ID in the
muon candidate properties tables. The muon selection and the selected muon samples are described
in chapter 9.

Table B.1: Properties of events containing selected muons in HERA I e™.

1D Run Event | Q2 [GeV2] Pr miss [GeV/c] | Oprs [°] y
1 | 263213 93590 386 16.3 6.2 | 0.31
2 | 263337 17795 4960 49.9 35.0 | 0.50
3 | 265127 | 114277 337 15.0 64.1 | 0.33
4 | 265277 37935 373 18.1 7.8 | 0.12
5 | 266336 4126 6683 65.0 16.7 | 0.39
6 | 270097 9927 407 18.8 11.8 | 0.16
7 | 270219 95237 2229 31.4 78.4 | 0.56
8 | 276579 7806 6333 56.3 20.7 | 0.50
9 | 279139 12574 1055 26.8 31.1 | 0.32
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Table B.2: Properties of selected muon candidates in HERA 1 e*.

ID | Charge | pr [GeV/c] | 0 [°] | d,, [um] | dye to closest jet
1 - 2.9 40.9 -148 0.38
2 + 9.1 55.6 181 0.02
3 + 2.3 111.6 56 0.30
4 + 4.7 35.5 16 0.17
5 + 19.7 67.3 10 1.23
6 + 2.5 82 -25 3.07
7 + 3.6 93.4 -13 0.15
8 + 33.1 44.5 -16 0.03
9 - 4.6 64.4 211 0.06

Table B.3: Properties of events containing selected muons in HERA II e*.

ID | Run | Event | Q? [GeV?] | Pr miss [GeV/c] | Ours [°] | v
10 | 363075 | 49014 1900 31.0 25.5 | 0.49
11 | 367292 | 23544 911 21.9 78.5 | 0.47
12 | 471176 | 113900 5710 36.6 29.4 | 0.78
13 | 473929 | 107593 3905 40.9 12.1 | 0.57
14 | 474629 | 54292 708 24.1 15.1 | 0.18
15 | 476014 | 4642 1117 28.9 29.0 | 0.25
16 | 477322 | 302536 3665 48.9 18.3 | 0.35
17 | 477669 | 48924 768 23.0 52.8 | 0.31
18 | 481552 | 287581 768 26.0 22.1 | 0.12
19 | 482861 | 119165 1987 40.1 17.4 | 0.19
20 | 483748 | 17449 365 16.4 5.1 0.27
21 | 484802 | 42454 2644 29.5 29.2 | 0.67
22 | 488817 | 294489 514 18.7 21.0 | 0.32
23 | 490746 | 40211 357 15.6 17.4 | 0.31
24 | 492443 | 94505 348 16.8 11.2 | 0.29
25 | 492696 | 8468 2027 25.6 58.1 | 0.68
26 | 492710 | 121870 8003 64.9 32.9 | 0.47
27 | 494115 | 121996 7858 35.8 22.6 | 0.84
28 | 499297 | 162210 4302 39.4 23.2 | 0.65
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Table B.4: Properties of selected muon candidates in HERA II e*. Muon 18 has been selected because

it was detected in the forward endcap, where a cut on the momentum p instead of pr is applied.

ID | Charge | pr [GeV/c] | 0 [°] | d,, [um] | dye to closest jet
10 - 3.3 79.0 29 0.23
11 2.4 110.1 3050 0.20
12 + 5.8 97.1 25 0.08
13 - 53.5 314 -10 3.69
14 + 4.3 58.6 -22 0.03
15 + 2.0 44.3 279 0.18
16 + 3.5 66.1 68 0.10
17 + 6.3 76.7 22 0.09
18 + 14 29.5 118 0.16
19 + 3.7 28.3 -52 0.05
20 - 28.0 46.7 2 4.18
21 - 4.3 97.1 -93 4.48
22 + 3.8 30.0 -8 2.31
23 + 3.0 33.6 -4 0.06
24 - 2.2 85.9 -955 0.16
25 + 2.6 106.8 44 0.19
26 17.9 44.9 -11 0.06
27 + 22.6 61.5 -74 2.19
28 - 2.1 95.7 198 0.63
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Table B.5: Properties of events containing selected muons in HERA II e™.

1D Run Event | Q2 [GeVQ] Pr iss (GeV/c] | Ours [°] y
29 | 403161 9761 1901 33.1 53.3 | 0.42
30 | 403290 66027 4940 48.9 43.3 | 0.52
31 | 403503 16430 2756 36.1 11.2 | 0.53
32 | 405979 9621 1242 20.3 30.2 | 0.67
33 | 408588 31212 1816 33.8 16.6 | 0.37
34 | 410819 58372 740 25.1 25.1 | 0.15
35 | 411019 59656 2028 32.0 59.5 | 0.49
36 | 411948 | 104641 266 15.0 27.0 | 0.16
37 | 421875 43326 1199 32.4 18.2 | 0.12
38 | 422012 4221 403 16.9 13.9 | 0.29
39 | 422168 47303 3402 49.7 23.0 | 0.34
40 | 425903 37016 479 17.2 29.9 | 0.38
41 | 432437 47430 1770 29.5 57.6 | 0.45
42 | 433167 81189 6907 59.4 39.6 | 0.49
43 | 433888 24625 23605 64.0 51.8 | 0.83
44 | 434278 60847 6619 59.5 31.4 | 047
45 | 450174 55768 1124 27.4 21.6 | 0.33
46 | 450980 65241 2414 40.0 26.1 | 0.34
47 | 451436 54741 4114 51.2 34.5 | 0.36
48 | 451464 73174 2233 40.9 14.6 | 0.12
49 | 453900 43188 1295 25.9 15.4 | 0.48
50 | 454505 28913 569 22.0 18.9 | 0.15
51 | 455790 77787 501 17.8 6.7 | 0.25
52 | 465429 60376 6727 44.9 38.5 | 0.70
53 | 465670 83634 4062 50.4 22.3 | 0.37
54 | 466445 11232 4654 45.2 49.6 | 0.56
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Table B.6: Properties of selected muon candidates in HERA IT e~. A distance to the closest jet of 99
for muon candidate 48 indicates that there was no jet reconstructed in the corresponding event. With

its large pr, small polar angle and large d

<

ca’

this muon candidate might be a halo muon, although it

passes the non-ep background finder cuts in the CC event selection. A visual inspection in the event
display gives no clear indication for this suspicion.

ID | Charge | pr [GeV/c] | 6 [°] | d,, [pum] | dye to closest jet
29 + 3.1 71.0 -254 0.14
30 - 8.2 57.0 -132 0.11
31 + 6.7 59.9 1902 0.03
32 - 2.1 109.8 -6 3.82
33 - 3.8 44.3 -34 0.04
34 - 6.9 37.9 -97 0.06
35 - 3.2 74.1 -1514 0.08
36 - 5.4 57.7 10 0.07
37 + 2.0 17.4 5170 0.38
38 - 3.3 119.5 -27 3.68
39 - 8.6 48.8 -493 0.04
40 - 2.3 82.5 -95 0.28
41 + 5.0 78.5 149 0.08
42 + 5.3 53.2 91 0.10
43 + 5.7 72.1 -19 0.14
44 - 4.5 45.6 -8622 0.05
45 - 7.3 62.4 -4 0.08
46 + 21 43.8 366 0.04
47 - 24 45.6 -63 0.10
48 - 44.4 16.5 -13180 99.00
49 + 4.1 77.8 0 0.17
50 - 2.9 36.5 -40 0.09
51 + 10.4 46.5 -411 0.68
52 + 4.1 87.0 51 6.08
53 - 37.5 40.6 2 1.38
54 - 11.9 71.5 -193 0.10
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