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Abstract

Charm and beauty photoproduction is investigated with the HI detector at HERA us-
ing events with a reconstructed D* meson and a muon. Data taken during the years
1999-2000 and 2004-2006, corresponding to a total integrated luminosity of 320 pb"1, are
analysed. The D* mesons with transverse momentum Pt{D*) > lJr&ey and pseudorapid-

ity |//(D*)| < 1.5 are reconstructed via the decay channel D*^ —\p°^fj-^ (K^ir^irf. In
addition, muons with momentum p{fi) > 2 GeV and |'//(//) | < LTStfare selected. With
this selection, the contribution of light quark initiated events is negligible. The fractions of
charm and beauty events in data are extracted exploiting the charge and azimuthal angle
correlation between the D* meson and the muon. The charm and beauty cross sections
were measured in photoproduction, i.e. for photon virtualities Q2 < 1 GeV2, and for
inelasticities 0.05 < y < 0.75:

<rvia(ep -> ^ccX -> eD^ixX) = 314 ± 33 (stat) ± 101 (syst) pb
0vis(ep -» ebbX -» eD^fiX) = 90 ± 20 (stat) ± 26 (syst) pb.

The measurements are compared to leading order QCD calculations supplemented with par-
ton showers as predicted by the PYTHIA Monte Carlo event generator. A ratio data/theory
of 1.2 ± 0.1 (stat) ± 0.4 (syst) and of 1.3 ± 0.3 (stat) ± 0.4 (syst) is obtained for charm and
beauty, respectively. Differential cross sections for the variables describing the D*\i system
like transverse momentum pt(D*n), pseudorapidity 7](D*/J,), invariant mass M(D*fi) and
inelasticity y(D*fi) are measured and compared to the PYTHIA and the CASCADE Monte
Carlo event generators. The theoretical models describe the shape of the differential distri-
butions. Transverse momentum studies of the D*JJL pair indicate a sensitivity to differing
implementations of QCD dynamics in the simulation programs.

Kurzfassung

In dieser Analyse wird die Produktion von Charm- und Beauty-Quarks am Elektron-Proton-
Speicherring HERA untersucht. Hierzu werden Ereignisse mit einem D*-Meson und einem
Myon selektiert. Die Analyse beruht auf Daten die in den Jahren 1999-2000 und 2004-2006
vom HI-Detektor aufgenommen wurden. Die analysierte Daten entsprechen einer integri-
erten Luminosität von 320 pb"1.

£>*-Mesonen mit einem Transversalimpuls pt(D*) > 1.5 GeV und einer Pseudorapidität

\r)(D*)\ < 1.5 werden unter Verwendung des Zerfallskanals D*£ -» D°nf -> (K^ir^nf rekon-
struiert. Zusätzlich wird ein Myon mit einem Impuls p(p) > 2 GeV und einer Pseu-
dorapidität \rj(fj.)\ < 1.735 gefordert. Mit dieser Selektion, ist der Anteil an leichten
Quarks vernachlässigbar. Der Anteil an Charm- und Beauty-Ereignissen wird anhand der
Ladungs- und Winkelkorrelationen zwischen dem £>*-Meson und dem Myon bestimmt. Die
Charm- und Beauty-Wirkungsqueschnitte werden im Photoproduktionsbereich, d.h. für
Q2 < 1 GeV2, und für eine Inelastizität 0.05 < y < 0.75 gemessen:

crvis(ep -> eccX -» eD^fiX) = 314 ± 33 (stat) ± 101 (syst) pb

crvis(.ep -» ebbX -» eD^fiX) = 90 ± 20 (stat) ± 26 (syst) pb.



Die Messungen werden mit QCD-Rechnungen in führender Ordnung, wie sie vom PYTHIA-
Generator vorhergesagt werden, verglichen.

Das Verhältnis zwischen gemessenen und vorhergesagten Wirkungsquerschnitten beträgt
1.2 ±0.1 (stat) ± 0.4 (syst) für Charm- und 1.3 ± 0.3 (stat) ± 0.4 (syst) für Beauty-Produktion.
Differentielle Wirkungsquerschnitte werden als Funktion des Transversalimpulses pt(D*fi),
der Pseudorapidität r/(D*/x), der invarianten Masse M(D*/J.) und der Inelastizität y{D*fi)
gemessen, und mit den Vorhersagen von den Ereignissgeneratoren PYTHIA und CASCADE
verglichen. Die theoretischen Modelle beschreiben den Verlauf der differentiellen Verteilun-
gen. Studien zum Transversalimpuls des jD*/n-System zeigen, dass diese Grosse von den
unterschiedlichen QCD-Rechnungen zur Produktion schwerer Quarks beinfiusst ist.

Abstract

In aceastä lucrare se studiazä producerea de cuarci 'charm' §i 'beauty' cu detectorul Hl
la acceleratorul HERA, folosind evenimente cu un mezon D* §i un miuon. Au fost anali-
zate datele din anii 1999-2000 §i 2004-2006, corespunzänd unei luminozitä^i de 320 pb"1.
Mezonii D* cu impuls transversal Pt(D*) > 1.5 GeV §i cu pseudorapiditate \r)(D*ß)\ < 1.5

au fost reconstrui^i folosind canalul de dezintegrare D*^ —> D°7rf —> (K^ir^irf. In plus,
sunt selecta^i miuoni cu impuls p{n) > 2 GeV §i cu pseudorapiditate \r)(ß)\ < 1.735.
Cu aceastä selec^ie, contribu^ia datoritä cuarcilor u§ori poate fi neglijatä. Frac^iunile de
evenimente con^inänd cuarci 'charm' si 'beauty' au fost extrase pe baza corela^iilor sarcinii
electrice §i a diferen^ei unghiulare azimutale ale mezonului D* si ale miuonului. Au fost
mäsurate urmätoarele sec^iuni eficace pentru 'charm' §i 'beauty':

Oviziep -> eccX -> eD^pX) = 314 ± 33 (stat) ± 101 (sist) pb
aviz(ep -» ebbX -> eD^fiX) = 90 ± 20 (stat) ± 26 (sist) pb.

Mäsurätorile au fost comparate cu predictjii in ordinul intäi ale cromodinamicii cuantice
ob^inute cu programul Monte Carlo PYTHIA.

A fost ob^inut un raport date/teorie de 1.2 ± 0.1 (stat) ±0.4 (sist) pentru 'charm' §i de
1.3 ± 0.3 (stat) ± 0.4 (sist) pentru 'beauty'. Sec^iunile eficace diferen^iale au fost mäsurate
ca func^ie de variabilele care descriu sistemul D*fi, §i anume impuls transversal pt(D*ß),
pseudorapiditate rj(D*p), masä invariantä M(D*/JL) §i inelasticitate y(D*n), §i comparate
cu programele Monte Carlo PYTHIA §i CASCADE. Modelele teoretice descriu forma
distribu^iilor diferen^iale. Studii ale impulsului transversal pt(D*/j.) au indicat cä aceastä
variabilä este dependentä de diferitele predicts ale cromodinamicii cuantice pentru produc-
erea de cuarci grei implementate in programele Monte Carlo.
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Introduction

The constituents of matter and their interactions can be studied in the energetic collisions
of particles which take place in particle accelerators. These studies are the object of high
energy physics. The theory describing the elementary particles that make up matter and
forces between them (strong, weak and electromagnetic1) is called the Standard Model. An
important component of the Standard Model is Quantum Chromodynamics (QCD), which
encloses the theory of the strong interaction between quarks and gluons, both carrying
colours. In this theory, the cross section of a process may be calculated based on perturba-
tive expansion in the coupling constant. Perturbative calculations can be applied if there
is a large scale compared to the QCD parameter AQCD = 0-26 GeV [1]. The heavy quarks,
i.e. c, b and t, which have masses m ^> AQCD, provide such a scale.

The subject of this thesis is the study of heavy quark photoproduction with the HI detector
at the HERA accelerator, at DESY, Hamburg (Germany). At HERA energies, the heavy
quarks are mostly charm and beauty. In the leading order picture, they are produced via
boson-gluon fusion.

This thesis is structured as follows. In the first chapter, theoretical considerations of heavy
quark production in ep collisions, the general ideas of QCD and the evolution equations
which are implemented in Monte Carlo models, are introduced. Next, the experimental
methods of reconstructing heavy quarks are discussed, with the emphasis on the double
tagging method using a D* meson and a muon. The HI detector components relevant for
this analysis are described in chapter 2. The event and trigger selection, the D* meson and
the muon reconstruction are treated extensively in chapter 3. A comparison of the kinematic
variables of interest in data to PYTHIA Monte Carlo is done in chapter 4. Based on the
charge and azimuthal angular correlation between the D* meson and the muon, charm and
beauty fractions in data are determined. The method used is presented in chapter 5. Next,
the total charm and beauty cross sections are measured in the visible range of the analysis.
Chapter 7 presents the measurement of the differential cross sections in bins of combined
D*/j, variables, and their comparison to the leading order QCD PYTHIA and CASCADE
generators. Studies of the mean D*ji transverse momentum, which could be sensitive to the
different evolution schemes implemented in Monte Carlo models, are discussed in chapter 8.

The results are summarised in chapter 9.

In this thesis, the natural system of units, in which h = c = 1, is used.

:The gravitational force is not included in the Standard Model.



Chapter 1

Heavy Quark Production at HERA

In this chapter a theoretical and experimental survey of heavy quark production at the
HERA collider is given. First, the kinematic variables used to describe the ep interaction
are introduced. Then the basic ideas of QCD, the theory of strong interaction, are dis-
cussed. Finally, the experimental methods to reconstruct the heavy quark pair and existing
measurements are reviewed.

1.1 Electron-Proton Scattering

At HERA accelerator, beams of electrons1 collide with beams of protons. In this section,
the kinematic variables necessary to understand the theoretical description of heavy quark
production are presented.

e (k) v (kf)

Figure 1.1: Feynman diagram of the ep scattering: a) neutral current, b) charged current
events.

In leading order (LO), the electron-proton scattering ep —» IX (£ = e or v) takes place
via the exchange of a gauge boson between the electron and a quark in the proton. De-
pending on the type of the boson, which can be neutral (a virtual photon 7* or a Z°) or

1HERA can work both with electrons and positrons, so 'electron' generically refers to both species in
this thesis.
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charged {W±), one speaks about neutral current (NC) or charged current (CC) events (see
figure 1.1).

The initial and final state particles are characterised by the four-momenta:

• incoming electron: k = (Ee,k);

• proton: p= (Ep,p);

• outgoing electron: k! = (Ee>,k').

Neglecting the electron and proton masses, which are small compared to the involved en-
ergies, the Lorentz invariant variables that describe the event kinematics are:

s = (k + p)2~4EeEp; (1.1)

Q2 = -q2 = -(k-k')2,0<Q2<s- (1.2)

K> = {q + p)2^-Q2 + ys- (1.3)

x = ^ _ , 0 < x < l ; (1.4)

V = j^ I 0 < y < 1; (1.5)

where:

• v ^ is the centre-of-mass energy2;

• q is the four-momentum of the exchange boson;

• Wyp is the boson-proton centre-of-mass energy;

• x, y are the Bjorken variables. These are constrained to take values between 0 and
1 as a result of four-momentum conservation. In quark parton model (QPM) x is the
fraction of the proton's momentum carried by the struck quark, and y is the fraction
of the incident electron's momentum carried by the exchange boson in the rest frame
of the proton.

The above quantities are related by:

Q2 = x-y-s. (1.6)

For fixed beam energies, only two of these kinematic variables are independent.

The value of Q2 is a measure of the virtuaUty of the exchange boson and provides an
interaction resolution scale. The size of the proton is of the order O(10~15m), equivalent
to Q2 ~ 1 GeV2. At Q2 > 1 GeV2, the virtual photon probes the structure of the proton,
enabling the internal constituents to be investigated. This type of interaction is called

2At HERA, the electron beam-energy is Ee = 27.5 GeV and the proton-beam energy: Ep = 920 GeV,
such that yß = 318 GeV.
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deep inelastic scattering3 (DIS), and it is dominated by NC photon exchange events.
For Q2 < 1 GeV2, the exchange photon is considered to be quasi-real, or on mass shell
This interaction is termed photoproduction.

In QPM, the proton is seen as a set of smaller point-like particles, called 'partons' (identified
as the valence quarks which are required by the SU(3) symmetry), each carrying definite
fractions of the proton momentum. In this model, one assumes that the nucleon has a very
high momentum, such that it is Lorentz contracted in the longitudinal direction. Due to
time dilation, the electron, in the short time it needs to cross the nucleon, sees the partons
'frozen', i.e. they do not interact with each other.

The general form of the ep cross section is:

daep oc L^W^, (1.7)

where L^ and WßU are leptonic and hadronic tensors. The latter can be expressed [2]
using the structure functions Fi(x, Q2), i — 1, 2. In QPM, the structure functions are
independent of Q2 (Bjorken scaling), and are directly related to the parton distribution
functions4, fi(x) by:

F2(x) = 2xF1(x) = Y,4-x- fi(x). (1.8)

The sum runs over all partons with charge e*.

The QCD description modifies the simple QPM picture: in addition to valence quarks, the
proton contains a sea of quarks and gluons. The Bjorken scaling is violated, i.e. F2 depends
on Q2: F2 = F2{x, Q2).

1.2 Equivalent Photon Approximation

To understand the emission of quasi-real photons by electrons, one considers the field of
a fast charged particle to be similar with the electromagnetic radiation. The latter is
interpreted as a flux of photons with energy distribution n(y), y being the energy fraction
of the photons relative to the initial electron energy.

In the equivalent photon approximation, the ep cross section is composed of the •yp cross
section times the flux factor [3]:

daep(y, Q2) = alp{y) • dn(y, Q2), (1.9)

with Q2 the photon virtuality.

Neglecting the details of Q2 dependence and terms involving the longitudinal photon po-
larisation, Weizsäcker and Williams calculated the equivalent number of photons as:

My, QLX) = My, QLx)dy, (1.10)
3'Deep' refers to the high value of the momentum transferred from the electron to the constituents of the

nucleon, and 'inelastic' because the final state contains in addition other particles, apart from the scattered
electron and the proton.

4The parton distribution function fi(x) gives the probability to find a parton i, with a momentum
fraction x, at scale Q2, in the proton.



14 Heavy Quark Production at HERA

with the photon flux given by:

y

The kinematical limits [4] on Q2 are: Q2
min « ^ • m^ and Q^ax ~ (1 -

1.3 Quantum Chromodynamics

The theory which describes the strong interaction is called Quantum Chromodynamics,
QCD5 [5]. The quarks have a quantum number called colour. They can come in three
colours: red, green and blue, denoted symbolically by R, G and B, respectively. The
observed experimental bound states qq (mesons) and qqq (baryons) are considered to be
colourless or white.

The basic features of QCD are asymptotic freedom and quark confinement: for very small
separations, the quarks behave as free, non-interacting particles, whereas at large distances
they are confined and cannot be separated. Confinement has not been proven. Experimen-
tally, free quarks have never been observed.

1.3.1 Asymptotic Freedom

David J. Gross, H. David Politzer and Frank Wilczek received the Nobel Prize in 2004
for their discovery of asymptotic freedom [6]. This feature can be explained based on the
dielectric properties of the vacuum and on the self-interaction of the gluon field6.

In quantum electrodynamics (QED), an elec-
tron emits photons, which may subsequently
form electron-positron pairs before they are re-
absorbed. These pairs constitute electric dipoles
which align with the electron in an energeti-
cally favourable configuration, as illustrated in
figure 1.2. The vacuum around the electron has

Figure 1.2: In QED, the electron b e c Q m e & p o l a r i s e d m e d ium.
charge is screened by positron charges.
If one places a test charge closer to the T h e Coulomb force experienced by a test charge
electron, the measured charge is larger, depends on the distance to the electron: with de-

creasing distance, there are less positrons which
shield the electron, and the measured charge is larger. This effect is known as charge
screening [5].

In QCD, virtual quark-antiquark pairs also tend to screen the colour charge. However, there
is a major difference compared to QED: in contrast to photons, which do not carry electric
charge, the gluons carry colour charge and may interact with themselves (see figure 1.3).

5The Greek word 'chroma' means colour.
6The asymptotic freedom can be also described as a paramagnetic effect due to the spin of the gluons

(see [7]).
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A gluon carries colour away from the test quark,
which consequently alters its colour, weakening the
original colour content. One says that the gluon
anti-screens the quark.

The virtual quarks and gluons have different ef-
fects on the quark: screening and anti-screening,

Figure 1.3: Gluon self-coupling [5]. respectively. As long as there are no more than
16 flavours of quarks, without counting the anti-

quarks separately, the anti-screening prevails [8]. This leads to a reduction of the colour
force at small distances.

1.3.2 Ultraviolet and Infrared Divergences

The interaction processes between particles may be represented graphically by Feynman
diagrams. In perturbative QCD, cross sections are calculated, based on Feynman rules,
as power series in the strong coupling constant as. Because the momentum of particles in
loops contained in the diagrams is not constrained by the requirement of energ}'-momentum
conservation, divergences occur when integrating over the momentum of internal particles.
These divergences are of two types: ultraviolet divergencies7 which are associated with
infinite momenta, i.e. with very high energy approaching infinity, or equivalently, very short
distances, and infrared divergencies that correspond to very small energies (approaching
zero), or equivalently very long distances. These divergences are not specific to QCD, but
general in field theory, and several techniques were developed to 'regularise' them.

To handle the ultraviolet divergencies, one renormalises the divergent integrals by introduc-
ing cut-offs, e.g. an ultraviolet momentum cut-off. For the divergent diagram, an arbitrary
scale JIR is introduced, which is not present in the original Lagrangian of the theory. The
new parameter is called the renormalisation scale. A set of rules, called renormalisation
scheme, is needed to determine this scale. The procedure is not unique. The physical result
does not depend on the choice, but a theoretical dependence is obtained in QCD, since
the perturbative expansion is done only up to a given order. One can use for example
the minimal subtraction scheme, in which ji is chosen to be the same for every divergent
diagram [10].

The infrared divergencies can be removed by applying the factorisation theorem (see below).

1.3.3 Factorisation Theorem

Consider an interaction in which the building blocks of the hadronic matter, the quarks
and the gluon, are involved. In general, the cross section of such a process is a combination

7The term 'ultraviolet' was borrowed from classical mechanics, where it was used in context of the
ultraviolet catastrophe. This refers to a prediction from the beginning of the twentieth century that an
ideal black body at thermal equilibrium will radiate infinite amounts of energy at high frequencies (on the
ultraviolet side of the visible spectrum). The prediction was unrealistic, and the problem was solved later
by Plank, who postulated that electromagnetic energy could only be emitted in discrete packets of energy
proportional to the frequency [9].
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of short and long distance contributions, and thus is not computable directly in QCD.

The factorisation theorem of QCD allows to derive
predictions for these cross sections by separating
(factorising) the two components in a systematic
fashion. In deep inelastic ep scattering for example
(see figure 1.4), the long distance effects (which are
not perturbatively calculable) are factorised into
parton distribution functions fa, giving the density
of partons i in the proton p. These functions can be
measured experimentally and they are supposed to
be universal, i.e. if they are measured for one pro-
cess, they can be used for any other process [12].

The short distance effects are considered in the
perturbatively calculable lepton-parton scattering
cross section aei. As in the renormalisation case, a

Figure 1.4: Illustration of factorisa-
tion theorem for deep inelastic ep scat-
tering [11].

The cross section is then given by [11]:

new parameter, called factorisation scale {ßp), is
introduced. This parameter defines the separation
between short- and long-distance effects.

(1.12)

The choice of factorisation scale is arbitrary. For \xp = Q2, the function fa is interpreted
in the parton picture as the parton density in the proton seen by a photon with virtuality
(resolving power) Q2.

Note that the factorisation theorem has been proven to date to apply only for a limited
number of processes, like DIS [13, 14] and Drell-Yan. For other processes, for example
diffraction in hadron-hadron scattering, this theorem is not applicable. Experimentally,
such an ansatz is seen to describe many other processes.

1.3.4 The Strong Coupling as

Due to asymptotic freedom, the QCD coupling as is small only at high energies, such
that only in this domain precision tests can be performed using perturbation theory. The
coupling as depends on the renormalisation scale. This dependence is controlled by the
ß functions, which can be calculated in QCD. If only the term containing ß0, the first ß
function, is kept, as is given by [15]:

4?r

ßo
(1.13)

where /30 = 11 — 2/3 • n/, n/ being the number of active flavours, i.e. quarks with mass
less than the energy scale /J,R. The QCD scale AQCD is denned as the energy scale where
as diverges to infinity, such that perturbative QCD is no more applicable. At the scale
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/J.R = Mz, where Mz is the mass of Z° boson, the strong coupling is as(Mz) = 0.1205±0.004
from NLO calculations [15].

The scale AQCD is calculated in lattice QCD to be around 260 MeV [1]. AQCD plays an
important role, as it sets the size of hadrons and thus gives also the scale of the kinetic
energy of quarks confined within these hadrons. Compared to AQCD, U, d are light quarks,
s is a borderline case, while c, b and t are heavy quarks [16].

1.3.5 Evolution Equations

The theory does not predict the perturbative parton distributions, thej' have to be mea-
sured. Remarkably, as a consequence of the factorisation theorem, once they are determined
at a scale /x, one can predict them at any scale // , for a given order, using QCD evolution
equations.

1.3.5.1 DGLAP Equation

Considering gluon radiation and gluon splitting, as in figure 1.5, the DGLAP8 equations [17]
are obtained. The splitting function Pgg, for example, gives the probability to find a gluon
g with momentum fraction z in a quark q.

gg

Figure 1.5: Feynman diagrams corresponding to DGLAP splitting functions in LO.

Because gluons may emit quark pairs, the DGLAP evolution equations for the quark density
qi for flavour i and the gluon density gi are coupled:

dqi(x, Q2) _ a,
dlnQ2 ~ 2TT

dz

dgj(x, Q2)
2?r

1 dz
z

. i

(1.15)

In the DGLAP approach, the partons evolve according to the following scenario: the in-
coming parton from the proton (see figure 1.6), initially with low transverse momentum
kto and carrying a fraction xo of proton's momentum, moves to higher /ct's and lower mo-
mentum fractions by successive small angle parton emissions, ending with a maximum
transverse momentum given by the qq pair, or with the virtuality of the photon, Q2.

8Dokshitzer, Gribov, Lipatov, Altarelli, Parisi.
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The gluons emissions are therefore strongly or-
dered in kt:

Ql < ... < ... < Q2

which implies a strong ordering also for the emitted
quanta.

When evaluating the ladder with n rungs, expres-
sions proportional to a™{Q2) • [In {Q2/Q2

)))}
n are

obtained. Since each power n in as is accompa-
nied by the same (maximal) power of ln(Q2/Qg)>
this is called leading log approximation (here in
ln(Q2/Q2)) [11].

The DGLAP approximation is expected to be valid
Figure 1.6: Ladder diagram show- f o r sufficiently large Q2 and not too small x, in
ing successive emissions of partons in o r d e r n o t t o P r o d u c e t o ° l a r S e logarithms:
DGLAP approach. i Q2

( Q 2 ) l « a s ( Q 2 ) - l n ^ < l . (1.16)
x

The DGLAP approach is referred to as the collinear approach, since the strong ordering
implies that the virtuality of the partons entering the hard scattering matrix elements can
be neglected compared to the large hard scale [18].

1.3.5.2 BFKL Equation

For small x, where the DGLAP approximation is not expected to be valid anymore, the
BFKL9 equation has been developed. In this scheme, the partons emissions follow strong
ordering in fractional momenta: x0 < ... >C x, <C xi+1 <C ... < x, but with no ordering in
transverse momenta. The region of validity is:

- < 1- (1.17)

The BFKL [19] equation contains an explicit kt dependence and is expressed in terms of the
function f(x,kj.), which is called 'unintegrated' gluon density, and which is related to
the DGLAP gluon density g{x,Q2) by:

dnürp
(1.18)

In the BFKL regime, a high-energy cross section may be factorised into an off mass-shell
partonic cross section and an unintegrated parton density, both kt dependent. This is
referred to as kt factorisation or semi-hard approach10.

9Balitsky, Fadin, Kuraev, Lipatov.
10The word 'semi-hard' refers to the situation in which the involved hard scale is large compared to the

AQCD parameter, but smaller than the total energy, y/s.
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1.3.5.3 CCFM Equation

The CCFM11 equation [20] unifies the BFKL and DGLAP approaches and takes into ac-
count coherence effects by angular ordering: during the initial cascade, the parton emission
takes place in a region with increasing opening angle towards the hard scale.

To understand the physical origin of angular or-
dering [21], one can consider the QED analogy of
a relativistic e+e~ pair, with e~ having the virtual
mass M = y/(p + k)2 and radiating a soft photon,
as in figure 1.7. To find out to what extent e+

and e~ may emit independently photons, one esti-
e~ mates the formation time, i.e. the time needed for

_. T-. i a. the photon to be radiated:
Figure 1.7: Production of an e+e
pair and the emission of a soft photon, ^ J_ \Pe\ _ Pe ^ 1 ,., ..qx
k (adapted from [21]). / o"" M ' M ~ (pc + kf ~ k • 0*e_ ' [ ' j

with 9ie- the angle between the emitted photon and the electron. Knowing the transverse
wavelength of the radiated photon:

one obtains the formation time:

tfarm^J^. (1.21)

During this time, the e+e~ pair separate a transverse distance:

" i ~ "e+e- ' tform — *t ' ~7j • (1-22)

For large angle photon emissions: 9ie- ^> 9e+e- (or 9^e+ ^> 9e+e-), the transverse distance is
d\ e < At, such that the emitted photon cannot resolve the internal structure of the e+e~
pair, probing only its total electric charge, which is zero. In conclusion, for 9./e- 3> 6>e+e-
one expects the photon emission to be strongly suppressed, whereas for 9ie- (9ie+) < 9e+e-,
i.e. dl+e ;§> At, the e~ and e+ may emit photons independently. This is referred to as the
Chudakov effect [21].

A similar situation occurs in QCD, where the coherence effects refer to soft-gluon emission.
Consider a process of the type q0 —»• qg. The quark in the final state shares its colour with
the gluon, such that q and g cannot emit subsequent gluons incoherently. Let g' be a soft
gluon emitted by the q — g system at large angles (9qog> > 9qg), as in figure 1.8.

Since this soft gluon corresponds to a large (transverse) wavelength, it cannot resolve the
separate charge of q or the g, but only the net charge carried by go • Therefore this soft
gluon can be thought of as being radiated by q0 rather than the q — g system (coherence
between the emitted soft gluon and the initial state). Then, in the soft region, the partons
emitted by q and g radiate, to a good approximation, independently of each other, inside
regions of decreasing angle {9qg> < 9qg and 9gg> < 9qg).

11Ciafaloni, Catani, Fiorani, Marchesini.
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n n

Figure 1.8: Illustration of coherence principle in QCD: the soft gluon, </', which is emitted
at wide angles, cannot resolve the q — g system, and it acts as if would come from the initial
quark (adapted from [21]).

Figure 1.9: Partons emissions in the CCFM approach: the maximum evolution angle H
is given by the qq pair.

The CCFM equation reduces to the DGLAP equation at moderate x, where the angular
ordering becomes an ordering in the gluon transverse momenta. At very small x, there is
no constraint on the transverse momenta, and the BFKL equation is satisfied.

The differential form of the CCFM equation is the following [22]:

_2
q

x, ku qt)
__
dq\

As(qt, Qo)

d$ P(z, qt/z, kt) ,
dz' 9 A (- n \ ' x (1.23)

where:

qt is the evolution variable, related to the maximum angle E via

qt = xn • VE • s,

with s = (pe + Pp)2 the squared centre-of-mass energy;

A(x, kt, qt) is the unintegrated gluon density;

P(z, q~t/z, kt) is the splitting function12;

(1.24)

12This splitting function is different from the one in the DGLAP case, which depends only on z.
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• As is the Sudakov form factor:

A, = e x p ( - / ^ - - / dz- , ' _ 1; (1.25)

• $ is the azimuthal angle.

1.4 Photoproduction at HERA

The gauge boson of Quantum Electrodynamics (QED), the photon, is regarded as being
without structure. However, when probing the quantum fluctuations of the field, one may
speak about photon 'structure'. For example, by interacting with a Coulomb field, the
photon could materialise in an e+e~ pair. With increasing energies, the possibility that
the photon may transform to a vector meson like p°, u o r $ has to be considered. This
is referred to as the vector meson dominance model (VDM) [23]. Later, e+e~ experiments
showed that at sufficiently high energies the photon may fluctuate into a qq pair, but
without the formation of a hadronic bound state (see figure 1.10). In this analysis, the VDM
contribution is irrelevant, and only the direct and the anomalous resolved contributions are
considered.

resolved
v direct ^ - —
i = v/x/x/v/v H

anomalous VDM

Figure 1.10: Possible photon states: the photon may interact directly, or through its
resolved states, when it fluctuates into a qq pair without forming a hadronic bound state
(anomalous), or forming a vector meson (VDM) [3].

In case of photoproduction events at HERA, one distinguishes between several contribu-
tions. If the photon interacts directly with the constituents of the proton, one speaks about
direct production or about a 'point-like' photon (figure 1.11, a). If the photon fluctu-
ates into a hadronic state before interacting, the photon is referred to as being resolved
(figure 1.11, b-d). Processes in which a gluon or light quark from the photon takes part
in the interaction are labelled as normal resolved (figure 1.11, b). In case the photon
fluctuates into a heavy qq pair, and one of the quarks interacts with a parton from the
proton, one speaks about heavy quark excitation processes (figure 1.11, c-d).

In the present analysis, the contribution of the normal resolved process is of the order
of a few percent, and therefore neglected (see section 6.9), such that only the direct and
excitation processes will be considered.

Note that at next to leading order (NLO), the distinction between direct and resolved
processes becomes ambiguous.

The resolved processes are expected to contribute significantly in photoproduction regime [24].
As a consequence, the charm and beauty photoproduction cross sections are sensitive to
the parton content of the proton and of the photon.
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direct resolved

e(k>)

X

Figure 1.11: Leading order Feynman diagrams for heavy quark production: a) direct
process (•yg fusion), b) normal resolved, and heavy quark excitation processes: c) with a
gluon propagator, d) with a quark propagator. Because the gluon-gluon coupling is stronger
than the quark-gluon coupling, the excitation process with a gluon propagator dominates
over the excitation with a quark propagator.

1.5 QCD Calculation Schemes for Heavy Quark Pro-
duction

At HERA energies, heavy quarks are charm and beauty. NLO calculations for heavy quark
production are available in several schemes. All approaches assume that Q2 and the heavy
quark mass mq provide a hard enough scale, such that perturbative QCD can be applied
and the factorisation theorem is valid.

Massive scheme: In this scheme13, the charm and beauty quarks are treated fully massive.
Some of the LO and NLO diagrams in this approach are shown in figure 1.12. This
scheme is expected to work for Q2, p\ ^ m2, where Q2 is the photon virtuality and
p2 is the transverse momentum of the heavy quark. The generator programs in this
scheme, which include NLO QCD calculations, are FMNR [25] for photoproduction
and HVQDIS [26] for DIS.

Massless scheme: In this scheme14, the heavy quarks are treated as being infinitely mas-
sive below some scale fi < mq and completely massless above scale //. The LO and
NLO processes included in this scheme are shown in figure 1.13. Note that the NLO
processes in this approach are of the order a1, compared to the massive scheme, in
which the NLO processes are of the order ors. This scheme works well for Q2

Pt >

Mixed schemes: To obtain an uniform description over the whole range in /x, composite
schemes have been developed. They provide the transition from the massive ap-

13The massive scheme is also referred to as the 'Fixed Flavour Number Scheme' (FFNS), since the number
of heavy flavours is fixed for all scales.

14The massless scheme is sometimes labelled as the 'Zero Mass Variable Flavour Number Scheme'
(ZMVFNS).
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NLO

Figure 1.12: Feynman diagrams for the processes contributing to heavy quark production
in massive scheme: a) order a] boson-gluon fusion, Yd ~> QQi b) order a2

s virtual
corrections to a); c) order ot2

s real corrections involving gluon and d) light quark initial
states [27].

NLO

d)

Figure 1.13: Feynman diagrams for processes contributing to heavy quark (q) production
in massless scheme: a) order a° heavy flavour excitation, *y*Q —*• 9J b) order a* virtual
corrections to a); c) order a* real corrections to the heavy flavour excitation mechanism;
d) order eel heavy flavour creation mechanism [27].

proach (at /j, ^ mq) to the massless approach (at ji ^> mq). Such a mixed scheme,
FFNLO ('Fixed-order Plus Next to Leading Logarithms') [28], is available for charm
photoproduction at HERA, with D* mesons in the final state.

1.6 Physics Simulation

The Monte Carlo programs generate hard scattering processes according to theoretical
models and simulate the detector response to physics events . This way, the theory can be
tested within the finite resolution and acceptance of the detector.

1.6.1 Event Generation

The steps of a leading order QCD generator for an ep scattering are depicted in figure 1.6.1.
The emission of the virtual photon by the electron is described by a matrix element which
can be calculated in QED. The matrix element of the hard interaction between the photon
and the parton from the proton is calculated in leading order QCD. The partons are evolved
from the proton side down to a cut-off scale according to QCD evolution equations (see
section 1.3.5). The sequences of branchings lead to parton showers.
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The result of events generation is a list of particles identified by a particle-type and their
four-momentum vector. This stage is referred to as generator level.

Figure 1.14: Elements of an event generator for an ep scattering.

1.6.2 Fragmentation and Hadronisation

At large distances, where perturbative QCD is no more applicable, the coloured partons
transform into colourless hadrons, a process which is called fragmentation. The combi-
nation of fragmentation and the subsequent decay of unstable particles is termed hadro-
nisation.

One phenomenological fragmentation model is the Lund string model [29, 30]. There the
colour field between a massless qq pair is modelled by a massless15 and relativistic string,
which has a string tension K. This tension gives a linear potential, similar to the QCD
potential:

V(r) = -
4a— (1.26)

where r is the distance between the two colour charges. When the quarks move apart,
the string stretches, and the potential energy stored in it increases. As a result, the string
may split up into two colour-singlet systems: qq' and q'q. If the invariant mass of the
string pieces is high enough, further breaks can occur. This proceeds until there are only
on-mass-shell hadrons.

Heavy quarks production is strongly suppressed (u : d : s : c as 1 : 1 : 0.3 : 10~n [31]) in this
model. They are not produced in the soft fragmentation, but in perturbative parton-shower
branchings g —» qq.

The quark pair formation is described by fragmentation functions f(z), where z is the frac-
tion of (E±pz) taken by each new particle. Several parametrisations for these functions are
available. If it is requested that the fragmentation process should be the same, irrespective

15The string is not really massless, since K corresponds to a 'mass density' along the string.
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if the flavour iteration started from the q end, or from the q end, the choice is unique, and
consists in the Lund symmetric fragmentation function:

f(z) ex z-1 • (1 - z)a • exp{-bm*/z), (1.27)

where a and b are tunable parameters, and mt is the hadron transverse mass16.

For heavy quark fragmentation, harder functions are needed. This is the case for the
Peterson function [32], which describes the formation of a hadron H from a heavy quark Q
and a light quark q:

^ _ /n _„„ (1.28)

where z is the energy fraction z — Eu/Eg, N a factor which normalises the total probability
for hadron formation to one, and eq is a parameter that describes the hardness of the
fragmentation process for a quark of type q.

1.6.3 PYTHIA

PYTHIA is a general purpose generator for ep, pp and e+e~ events. Specific for PYTHIA
is the 'backwards evolution' [31], i.e. one starts with the hard interaction and successively
reconstructs the preceding branchings. This way, the Monte Carlo evolution is done in
terms of decreasing virtuality or transverse momentum, and increasing momentum fraction
x. The DGLAP equation (section 1.3.5.1) describes the initial parton showers evolution
and the matrix elements are calculated on-shell. The Lund symmetric fragmentation model
is used for the fragmentation of light quarks, whereas the Peterson fragmentation function
describes the heavy quark fragmentation. Apart from direct processes, PYTHIA generates
also resolved and excitation ones (see section 1.4).

Proton PDF
Photon PDF

B° - B° mixing
Charm mass
Beauty mass
Heavy quark

fragmentation
function

Parameter
CTEQL [33]
GRV-LO [34]

xd = ArnBo/TBo = 0.73, xs = AmBo/TBo = 18
mc = 1.5 GeV
mb = 4.8 GeV

Peterson
ec = 0.078 (0.04)
eb = 0.008 (0.002)

Table 1.1: Parameters used in PYTHIA Monte Carlo program. The first values are valid
for PYTHIA version 6.1, and the values in the parentheses for version 6.2. If only one value
is quoted, it is valid for both versions. 'PDF' stands for parton density function.

The parameters used in the PYTHIA Monte Carlo program are given in table 1.1 (for more
details, see appendix G). Due to technical reasons, PYTHIA version 6.1 (6.2) was used for
the HERA I (II)17 run period.

16The transverse mass mt of a particle is given by m2 = m2 +p2, where pt is the transverse momentum.
If the 2-axis is chosen as the beam direction, p2 = p2. + p2,-

17In this thesis, 'HERA F refers to the data of the years 1999-2000, and 'HERA IF to 2004-2006.
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1.6.4 CASCADE

CASCADE is a full Monte Carlo event generator for ep (DIS and photoproduction) and
pp processes. It generates first the hard scattering process and calculates the hard cross
section using off-shell matrix elements [22]. Then the initial state cascade is generated
according to the CCFM equation (see section 1.3.5.3), in a backward evolution approach.
Finally, the Lund string fragmentation model is used for the hadronisation processes, as in
PYTHIA. The unintegrated gluon densities are obtained beforehand from a CCFM fit to
the measured structure function F2(x, Q2).

The specified parameters of the PYTHIA Monte Carlo were also implemented for CAS-
CADE (see table 1.1). The CASCADE version 1.0 (1.2) was used for HERA I (II) run
period.

1.6.5 Events Simulation and Reconstruction

After the generation of events, the interactions of the generated particles with the detector
are modelled using a simulation package (H1SIM [35]) which is based on GEANT. The list
of generated particles is fed into the GEANT program, that gives as output the x, y, z
coordinates of particle trajectories through the tracking detectors and energy depositions
in the calorimeters. Further, the detector response is digitised, and the trigger response is
simulated.

Finally, the events are fully reconstructed (i.e. with calibrated detectors, linked tracks, event
kinematics, etc.) with the HI reconstruction package, H1REC [36]. This final step is termed
reconstruction level. To enable comparisons with real data, the same reconstruction
package is applied to data and Monte Carlo.

To reconstruct the hadronic final state particles, the Hadroo2 algorithm is used. This
algorithm creates a particle candidate from either track or calorimeter information. In case
both types of information are available for a particle, the one with the best resolution is used.
Special care is taken to avoid the energy double counting, i.e. if the track measurement
is taken to make a particle candidate, the calorimetric energy has to be suppressed. More
details about the algorithm can be found in [37].

The difference between the generated and the reconstructed level provides the corrections
for detector acceptances and for resolution effects in data.

1.7 Experimental Methods and Results

At HERA, heavy quarks are produced mainly in the boson-gluon fusion process. However,
due to confinement (see section 1.3), one never sees 'free' quarks, they are bound with
other quarks to produce hadrons. Therefore one either observes the decay particles of these
hadrons, or the 'jets'18 which contain the hadrons coming from the heavy quarks.

18 A 'jet' in particle physics is a group of particles having approximately the same direction, and consisting
of the decay products of a member of a qq pair produced in a collision.
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The most important single19 and double tagging20 methods used at HERA are mentioned
in table 1.2. In the following, these methods, together with the experimental results, are
presented in more detail.

Tagged flavour Method
Single tagging

c

c
b

c, b

Reconstruction of D** in 'golden' channel D** -» D°irf -» (K^ir^nf
Reconstruction of D mesons + lifetime tag

Lepton + j£e'+lifetime tag+jets
Inclusive lifetime tagging

Double tagging
c, b

b
D*fx reconstruction

yU/Lt e v e n t s

Table 1.2: Heavy flavour tagging methods used at HERA.

1.7.1 Single Tagging

1.7.1.1 Charm Tagging with a D* Meson and a Jet

Information about c quarks is most often obtained at HERA by using the D*^ decay channel
('golden' channel):

D*± _> p\f -+ K^n^f, (1.29)

which is depicted at the quark level in figure 1.15. The global branching ratio of this decay
channel is [15]:

B1l{D* -* Kirira) = BU{D* -» D°na) • B1Z(D° -> KTT) = (2.57 ± 0.05)%. (1.30)

<*+
XIs

w+;

%t D° S

Figure 1.15: Quark level diagram for D*+ —> D°n+ and D° -> K~n+ decays.

In addition to the D* meson, a jet which does not contain the D* may be selected. This jet
may come from the other heavy quark, or from a light parton of a higher order processes,
such that the production dynamics in heavy flavour events can be studied in more detail.

19 Single tagging refers to the situation in which only the decay particles coming from one quark are
reconstructed.

20In case of double tagging, information about both heavy quarks is potentially obtained.
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Jets are usually reconstructed using the inclusive kt algorithm [38]. Two input objects
are merged into a resulting jet based on distance parameters, i.e. momentum weighted
distances in the r/ — 0 plane. The 4-vector of the resulting jet can be obtained either by
adding the 4-vectors of the input objects (E recombination scheme), or the jet is made
massless, by setting its energy to be equal to the magnitude of its 3-momentum, and only
the 3-vector components of the input objects are added (pt recombination scheme).

Charm production, using events with a D* meson and a jet defined by the kt algorithm
and in the pt recombination scheme, has been studied for example in [39]. Noticeable
differences between the cross sections as a function of pseudorapidity21 7/ between the D*
and the jet were observed: the D* distribution falls with increasing values of r/, while the jet
distribution is almost flat (see figure 1.16). These differences are a sign of hard non-charm
partons in the forward regions, i.e. rj > 0, for which the dominant mechanism is hard gluon
radiation off the gluon from the proton.

Yp: D* + other jet
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Figure 1.16: The cross section distributions, in photoproduction (~/p), as a function of
pseudorapidity r; for D* meson (left) and for the jet that does not contain the D*. i.e. other
jet (from [39]). R is the data/theory ratio.

Since in the centre-of-mass system of the interacting partons the two outgoing partons are
produced back-to-back, the difference in (p angle between the D* and the jet:

jet) - .f

can be used to test the correct description of higher order effects in the calculations. From
the cross section as a function A$(Z?*, jet) (see figure 1.17), it has been concluded that
only approximatively 25% events originate from a back-to-back configuration (configuration
predicted by the collinear approximation, in leading order). The majority of events can be
described only if theoretical models with higher order QCD effects are considered.

21The pseudorapidity is defined as -q — - ln(tan(0/2)), where 6 is the polar angle.
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yp: D* +other jet
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Figure 1.17: The cross section distribution as a function of the azimuthal angular differ-
ence, A$(D*, jet) (from [39]). R is the data/theory ratio.

1.7.1.2 Charm Tagging Using Lifetime

The charm quarks can be tagged by reconstructing also other charm hadrons than the •D*±

mesons, for example D+, D° and D+. However, the background is much higher in this
case. To improve the situation, the sizable lifetime of the D mesons can be exploited22.
The combinatorial background is dominated by light quarks which have most of the tracks
originating from the primary vertex. Therefore the combinatorial background can be re-
duced by applying a cut on the vertex separation significance Si — l/ai, where I is the radial
decay length, i.e. the separation between the D meson production vertex and the decay
vertex (measured by the HI central silicon tracker), and <Ji is its error. This has been done
in [41], where several decay channels of charmed mesons were used. The corresponding
invariant masses are shown in figure 1.18.

In perturbative QCD, the D meson cross sections are computed as a convolution of a parton
level hard scattering cross section with the fragmentation function D£(z), which describes
the transition of an on-shell c quark of momentum p into a hadron D carrying a fraction z
of the c quark momentum.

The differential cross sections for the production of different charm mesons can be seen in
figure 1.19. The shapes of the distributions are consistent within the errors, suggesting that
the fragmentation functions are similar for each type of meson (apart from a normalisation
factor).

1.7.1.3 Beauty Tagging with Leptons and the Impact Parameter Method

Beauty quarks can be tagged by muons from the semileptonic decays of B hadrons inside
jets from the hadronisation of b quarks. By requesting that each event has at least two jets,

22Charm mesons with lifetime between 0.4 and 1 psec have a typical separation between their production
vertex and the decay vertex of 120 to 315 yum [40].
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Figure 1.18: Invariant mass distributions for the D meson candidate decays. The signals
are fitted with a Gaussian function (from [41]).
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Figure 1.19: D mesons production cross sections, divided by their respective measured
fragmentation factors, as a function of a) D meson transverse momentum pt(D), b) pseu-
dorapidity rj(D) and c) photon virtuality Q2 (from [41]).
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from which at least one should contain a muon, a sample of events enriched in b quarks is
obtained.

Beauty production measurements in events with a muon and one jet in DIS, and two jets in
photoproduction, have been done in [42]. To discriminate beauty events from the charm or
light quark background, one exploited two distinct properties of the B hadrons: the large
mass and the long lifetime. The B hadrons large mass is reflected in a broad distribution of
the transverse momentum pr

t
el of muons relative to the beauty quark jet (see figure 1.20).

The long lifetime of B hadrons induces a large impact parameter 5 ~ 200 ßm of the decay
muon tracks relative to the primary vertex.

The transverse momentum of the muon track pr
t
el, measured with respect to the direction

of the associated jet, is given by:

rel =

Wjet
(1.31)

with Pn (pjet) the momentum vectors of the muon (jet) in the laboratory frame.

The impact parameter 5 is given by the transverse distance of closest approach of the track
to the primary vertex point. If the angle between the axis of the associated jet and the line
joining the primary vertex to the point of closest approach of the track is less than 90°, the
signed impact parameter is taken to be positive.

Depending on the lifetime of the produced hadrons, one can distinguish between different
quark flavours: tracks produced at the primary vertex result in a symmetric distribution
around 6 = 0 (see figure 1.20), while tracks from decays of long lived particles have mainly
a positive 5. Negative impact parameters are mainly due to detector resolution.
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Figure 1.20: The relative transverse momentum pT
t
el and the signed impact parameter ö

distributions for photoproduction events (from [42]).

Note that for the pr
t
el and 8 variables, the direction of the jet, with which the muon is

associated, needs to be reconstructed with sufficient precision. This can be done for jets
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with pt larger than 5 GeV [43], which sets a lower limit on the transverse momentum of the
probed b quark.

To estimate the fraction of the photon energy entering the hard interaction, in LO QCD,
the following variable is defined:

obs Jetl Jet2 (1.32)

where the sum in the numerator runs over all particles associated with the two jets, and that
in the denominator over all hadronic final state particles. E denotes the particle energy,
and pz the z-component of the momentum. In direct photon events (at parton level), the
final state consists only of the two jets plus the proton remnant in forward direction, but

°6s approaches unity. Resolvedsince the latter does not contribute much to / ( £ • ~ Pz), z'y
h

events correspond to low x^bs.

The differential cross section as a function of x^s is presented in figure 1.21. Direct events
contribute at x^bs close to one, while resolved processes are present at smaller values. The
best description is given here by PYTHIA Monte Carlo, which includes resolved processes.
Although the NLO calculation, performed with the FMNR program, has large uncertainties
due to scale variations, it describes the data reasonably well.

2 100

50 h

ep-* ebbX—ejJuX |_|-J

• Data

NLO QCD »Had J

---- NLO QCD ;

Cascade [

-

Pythia

• 1 • i - ~

i , . , i

-

0.2 0.4 0.6 0.8 1
obs

X..

Figure 1.21: Differential cross section as a function of x^s for data and Monte Carlo
(from [42]).

1.7.1.4 Inclusive Lifetime Tagging

A simultaneous charm and beauty production measurement in photoproduction has been
performed in the inclusive dijet analysis [44], based on the fact that the long lifetime of c
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and b flavoured hadrons leads to displacement of tracks from the primary vertex, such that
a separation between heavy and light quarks is possible.

For statistical precision, the impact parameter significances, S = 5/a{5) were defined: S\
for events with only one selected track associated to the jet, and 52, for jets with at least two
associated tracks (see figure 1.22). To reduce the uncertainty due to 5 resolution and the
light quark normalisation, in the Si and S2 distributions the negative bins were subtracted
from the positive ones (see figure 1.22). The reference distribution for c. b and light quarks
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Figure 1.22: The signed impact parameter significances Si and S2 (top) and the cor-
responding subtracted distributions (bottom) [44]. These distributions are dominated by
charm quarks at small values of significance, and by beauty quarks at larger values. The
light quark contributions are small.

were taken from PYTHIA. By fitting them to the measured Si and S2 distributions, the c,
b and light quark fractions in the data were obtained.

In figure 1.23, the measured beauty production cross section is compared to NLO QCD
predictions in the massive scheme, in which only the u, d and s are the active flavours in
the proton and the photon, while charm and beauty are produced dynamically in the hard
scattering. The HI data agree with the ones from ZEUS, while the NLO predictions tend
to underestimate the data.

1.7.2 Double Tagging

Events in which both heavy quarks are tagged can be used to test higher order QCD effects.
Double tagging analyses at HERA are done by selecting events with a D* meson and a muon
in the final state, or with two muons.
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Figure 1.23: Ratio of beauty production cross section measurements at HERA to NLO
QCD predictions (massive scheme) [42], performed in photoproduction (jp) events with
the FMNR program, and in DIS with HVQDIS.

1.7.2.1 Double Tagging with a D* Meson and a Muon

The subject of this thesis is the study of charm and beauty production in D*JX events,
where the D* meson is reconstructed in the 'golden' decay channel D* —> KinTs. The
various production configurations are shown in figure 1.24.

The branching ratios related to the D* meson which are used in this analysis are presented
in table 1.3 (from [15]).

Branching ratio [%]

Meson

B1Z(D°

BH(D*+ -

-» D°ir+) = 67.7 ±0.5

, K-TT+) = 3.80 ±0.07

A'-7r+7r+) = 2.57 ±0.05

Quarks

/(c-> D*X) = 25.5 ± 1.5 ± 0 ,
/(&-> D*X) = 17.3 ±2.0

/(&-» D*nX) = 2.75 ±0.19

Table 1.3: Branching ratios of the chosen D* decay channel and of the single quarks to
D* [15]. If two errors are quoted, the first is statistical and the second is systematic.

In case of cc production, the D* and the muon have opposite electric charges and come
from different quarks, as depicted in figure 1.24, d).

For beauty, there are several possibilities (see table 1.4), since the muon may come from
a ß o r D meson decay. If the D* and the muon come from different b quarks, they are
in opposite hemispheres, and may have either opposite charge (figure 1.24, a), or the same
charge (figure 1.24, b). If the D* and the muon come from the same b quark, they have
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D*+

D*+

D*+

D*+

Figure 1.24: Possible configurations with a D* and a muon in case of beauty (a, b, c), and
charm production (d). Similar configurations are present for the charge conjugate states.
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opposite charges and lie in the same hemisphere (figure 1.24, c). Note that figure 1.24
contains no B° — B° mixing contributions (for details, see appendix B).

Decay

fi~ ^ c c ^ D*+

fi <- 66 -» c ( ~ £>*)

fi. « - X «- 66 -> c ( ~ £>*)

X <— 66 —> / i ~ c ( ~ Z?*+)

Global branching ratios [%]

2 • / ( c -» £>*) • 5 ^ ( D * -» ^TTTT,)-

• ß ^ ( c -> /x)

2 • /(6 -> £>•) • ß7e(D* -» Kinrs)-

•BTi{b - * JU)

2 • /(6 - • D*) • BU(D* -> KTTTT,)-

•ß^(6 -^ X -> //)
2 • BH(b -^ D*u.X) • BTZ{D* -> /^7T7rs)

0.1075 ±0.0093

0.3262 ± 0.0228

Table 1.4: Global branching ratios for charm and beauty production [15]. The factor 2
accounts for charge conjugate states. In case of beauty, the given branching ratio is the
sum of the branching ratios of the different beauty scenarios.

Branching ratio [%]
Charm

BK(c^ n) = 8.2 ±0.5
Beauty

BTZ{b ->/*) = 10.95±g;|§
BTZ{b -> c -»• //) = 8.02 ± 0.19

ßft(6-*c->^) = 1.618;!
BTZ(b^r) = (2.48 ±0.26)

ß ^ ( r ->/i) = (17.36 ±0.05)
i37e(fe - • r -»//) = 0.43 ± 0.05

Table 1.5: Muon branching ratios [15].

If the muon is obtained directly from the heavy hadrons decay, one speaks about direct
decay (i.e. prompt muons). If intermediary states are present, one refers to cascade decays.
With the values given in table 1.5, the total branching ratio to produce a muon in cascade
decays in this anarysis is:

BTL{b -> X p) = BTl{b -» c -> fi) -

= (10.05 ±0.24)%,

BTZ(b BH(b r
(1.33)

where ß^(6 -» r -» //) = ß7e(6 -> r) • BU{r -* n) = (0.43 ± 0.05)%.

In figure 1.25, the correlations of the D* mesons and of the muon with the initial charm
quark, as predicted by PYTHIA Monte Carlo, are shown. Due to its larger mass compared
with the muon, the D* meson is better correlated in r/ and <p with the initial heavy quark.

The D* meson provides a clean heavy flavour tag, but the small branching ratio for the
chosen D* decay channel results in a low statistics sample. Therefore, by selecting a D*
meson and a muon a compromise is made between a large sample, but with low purity, on
the muon side, and a small sample, but with high purity, on the D* side.



1.7 Experimental Methods and Results 37

1

b
To

- 1

[c-»D*|

" • JzrOo D
• • ° ISJI ! • • oo Elf l a • a B

_ - - D B B 0 T j a D a •
• o • M n a • a

• L̂T ! • • Q
• o a \y\ Id • a •

• • P l ^ l 1EZD Q o
DlTDo an

- » • • 1^*11 T b D O - •

a •p i rn a D • •
a u*i| 1 a a B B

• a a
a •
a a

-1

10

8 8

b 6

T
Ä 4

oT
2

- " • = " " : : : " : - s

- : ! -iWiWiP

- 1

: i : : 5 r

;I|!i|ii|i{ftff=:- • -

• B D

3 4 5 6

pt(D*) [GeV] p,0i) [GeV]

Figure 1.25: Correlations of the D* meson (left) and of the muon (right) with the corre-
sponding charm quark, as predicted by the PYTHIA Monte Carlo, direct component only.
The distributions of pseudorapidity rj, azimuthal angle 0 and of transverse momentum pt

are shown.

1.7.2.2 D*n Variables

To approximate the heavy quark pair kinematics, the following D*ß quantities are defined:

• transverse momentum:

azimuthal angular difference:

360° - \4>D* -
if l^ö* —
if \4>D* ~ > 180°;

• invariant mass:

M(D*ß) - y/m2
D. (1.35)
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rapidity:

pseudorapidity:

= 1
2' n

r,{D*p) = ~\ = -ln(tan(ö/2)),

(1.36)

(1.37)

with + +

Although these quantities are not independent, they help in understanding different prop-
erties of the D*JJL pair.

In the LO picture, the heavy quarks are produced via the boson-gluon fusion (figure 1.11,
a). In the photon-gluon rest frame, they are produced in a back-to-back configuration (see
figure 1.26, a). If the interacting partons do not acquire a transverse momentum kt with
respect to the photon and the proton, in photoproduction the laboratory frame and the
photon-gluon rest frame differ only by a longitudinal Lorentz boost along the z-axis. Since
the boost does not change the topology in the plane transverse to the boost axis, the heavy
quarks are still back-to-back in the laboratory frame. Their azimuthal angular difference
Acp(qq) is expected to peak at 180° and their combined transverse momentum Pt(qq) to
vanish.

However, gluon radiation (figure 1.11, b) and a possible initial transverse momentum of
the incoming partons lead to A<p(qq) < 180° and pt{qq) > 0 GeV. These qq variables which
are sensitive to NLO effects are approximated by combined D*/i quantities: pt(D*/j.) and

a)

Figure 1.26: Representation of heavy quarks in photon-gluon rest frame: a) LO; b) gluon
radiation in NLO picture. The axes of the coordinate system are also shown.

The mass M{D*a) is used as an approximation of the heavy quark pair invariant mass
M{qq) which, in LO, corresponds to the centre-of-mass energy of the initial partons. Similar,
the rapidity y(D*fi) approximates the variable y(qq), which gives the longitudinal direction
of the heavy quark pair. The invariant mass M(qq) and the inelasticity y(qq) are related
to the fraction of proton momentum carried by the gluon xg [45]:

xg =
M(qq)

• exp (-y(qq)) . (1.38)
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Analogous to the pseudorapidity rj(qq), the D*\x quantity r](D*/j,) is defined. This variable,
together with pt(D*/j,), will be used to study the QCD dynamics implemented in PYTHIA
and CASCADE Monte Carlo (see chapter 8).

The D*/J, variables distributions will be presented and discussed in chapter 7.

1.7.2.3 Definition of the D*n Correlation Regions

Based on the D*ß correlations between their electric charges, Q{D*) and Q(fi), and their
azimuthal angular difference A0(Z?*/i), four correlation regions are denned in table 1.6 (see
also figure 1.24). The distributions of events in these regions will be later used to extract
the fractions of charm and beauty events in the data (see chapter 5).

Region

1
2

3
4

A0
<90°
>90°
<90°
>90°

Charge relation

Q(D*) = Q(n)
Q(D*) = Q(fj.)
Q(D*) ? Q(fi)
Q(D*) ? Qfa)

Table 1.6: Definitions of the D*/JL charge and angle correlations regions.

1.7.2.4 Tagging with Two Leptons

Beauty production in events with two muons in the final state has been measured by
ZEUS [46]. Similar to the D*\i double tagging, the muons may come from the same parent
b hadron or from different beauty quarks of a bb pair.

The advantages compared to the D*/j, analysis are: bigger statistics due to larger branch-
ing ratios, wider rapidity coverage and low charm background, which allows significant
measurement of bb correlations. In addition, since the background is suppressed, lower
transverse momentum cuts can be applied, compared to the single tagging of beauty with
leptons, so that this method is sensitive to b quark production towards pt = 0.

Because the difference between like- and unlike-sign dimuon contributions (figure 1.27) is
essentially free from fake muon background, it can be used to measure the beauty contri-
bution, if the other sources of background are known. The background from cc production,
where both charm quarks decay into a muon, has not been measured directly in the dimuon
data, but normalised to the charm contribution to the similar D*p sample. Background
muons from quarkonium decays and Bethe-Heitler processes23 are not directly accompa-
nied by hadronic activity, so they have an isolated muon signature. To reduce this type
of background, a cut on the quadratic sum of the total energy deposited in a cone around
each muon direction was applied.

23In the Bethe-Heitler process, also known as 'photon-photon' process, the proton radiates a photon
which interacts with the photon from the incoming electron or positron, generating an II pair, where I
stands for lepton (e or fi).
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Figure 1.27: Dimuon invariant mass mf£v distributions of unlike- (like-) sign dimuon pair
in the low mass (top) and high mass sample (bottom) (from [46]). In the low mass region,
the J/ip production, not originating from b decays, contributes significantly, while the high
mass region is strongly beauty enriched.

A summary of the beauty production measurements at the HERA collider, from double tag
analyses, is presented in figure 1.28. It can be seen that all Hi and ZEUS data exceed the
NLO predictions.

bb at HERA \J\ NLO QCD .
H1Daca
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Figure 1.28: Comparison of beauty production cross section from double tag analyses to
NLO prediction (from [43]). From top to bottom, the results are shown from: HI D*\x [47],
ZEUS D*n in photoproduction and DIS [48], and ZEUS fifi [46].

More details about the heavy quark tagging methods applied at HERA can be found in the
reviews [43] and [40].



Chapter 2

The HI Detector at HERA

2.1 The HI Detector

The data used in this analysis were taken with the HI experiment at the Hadron Electron
Ring Accelerator (HERA) at the Deutsches Elektronen-Synchrotron (DESY) in Hamburg,
Germany.

HERA is the first lepton-proton collider in the world. It is a double ring accelerator complex.
Its most important operating parameters for the year 2006 are shown in table 2.1.

Parameter

Beam energy
Average beam currents

Particles per bunch
Number of filled bunches

Bunch length
Beam lifetime in collision
Longitudinal polarisation

Circumference
Time between bunch crossings

Peak luminosity
Average luminosity

Unit

GeV
mA
1010

cm
h
%

km
ns

1031 cm-2 s-1

pb" 1 d"1

Electrons

27.5
22

<3.68
156
0.9

10-15
30-45

Protons

920
79

< 8.75
150
12

>200
-

6.3
96
3-5

1-2.5

Table 2.1: The HERA parameters for the year 2006 [49].

The beams are brought into collision at two interaction points: in the hall North, where
the HI experiment is located, and in the hall South, at the ZEUS experiment. In the
East, there is a fixed target experiment, HERMES, which uses the longitudinally polarised
electron beams to study the spin structure of the nucleons. Until 2003, the West hall
was occupied by the HERA-B experiment, which was designed to measure CP violation in
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decays of B mesons.

The HI detector is a general purpose detector with nearly full solid angle coverage. Because
of the large momentum imbalance between the lepton and the proton beam, the centre-
of-mass for the ep collisions is boosted along the proton direction. As a consequence, the
detector is asymmetric and highly segmented in this direction. A longitudinal view of the
HI detector can be seen in figure 2.1.

Electromagnetic and hadronic
LAr calorimeter /

1

- Electromagnetic
and hadronic

SpaCal

Forward
Muon

Detector
Forward

Trackers

Figure 2.1: The HI detector (longitudinal view) and its coordinate system.

The HI coordinate system is right-handed, with the centre at the nominal interaction point.
The 2-axis points to direction of the incoming proton (i.e. forward direction, whereas the
electron direction is referred to as the backward direction). The polar angle 6 is defined
with respect to the z-axis. The azimuthal angle <f> is the angle with respect to the x-axis in
the xy-plane.

A detailed description of the detector can be found elsewhere [50]. Here only the components
relevant for this analysis are presented.

2.2 Central Tracking System

A radial view of the HI central tracking detectors is shown in figure 2.2. The innermost
detector is the Central Silicon Tracker (CST) which consists of two barrel layers of double
sided silicon detectors. Resolutions of 12 ^m in the r — <j> plane and of 22 /an in z [51]
allow the reconstruction of secondary vertices from decay of particles with a few hundreds
pm decay lengths.

The CST is surrounded by two jet chambers, Central Jet Chamber 1 and 2, CJC1 and CJC2.
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Jet chambers owe their name to the fact that they achieve optimal two-track resolution1 as
needed for jet reconstruction [52]. The HI jet chambers have the sense wires parallel to the
beam axis. The actual positions of the sense wires are offset from the nominal wire plane by
± 150 //m due to electrical forces, such that position is well defined and track ambiguities,
due for example to wrong track segments, can be resolved.

The z-coordinate is determined with the charge division
method with a precision of 2.2 cm (see table 2.2). The
resolution in the z-coordinate measurement is improved
by two orders of magnitude (see table 2.2) with the help
of two z-chambers: CIZ {Central Inner Z-chambers),
situated inside the CJCl, and COZ {Central Outer Z-
chambers), between CJCl and CJC2.

In order to deliver a fast timing and to get information
about the position of the event vertex on the z-axis, two
chambers were built: CIP {Central Inner Proportional
chamber) and COP {Central Outer Proportional cham-
ber). These are multi-wire chambers which consist of
two layers of wires and pad cathodes segmented in z
and azimuthal angle <p.

To improve the z-vertex triggering and the rejection of background events, in 2001, during
the luminosity upgrade of the HERA detector, the CIP2000 detector [53] was introduced.
It is a five layer cylindrical multi-wire proportional chamber with cathode readout, which
replaced the CIP (two planes) and the CIZ.

The HI drift chambers signals are digitised and processed online in order to determine the
relevant parameters of the signal pulse (i.e. the drift time and the pulse integrals).

CST
CIP2000

Figure 2.2: Radial view of the
HI central trackers.

Parameter
Inner radius
Outer radius

O'rtj,

°z

Unit

mm
mm
mm
mm

Polar angular range

CJCl

203.0
451.0

CJC2

530.0
844.0

0.170
22

CIZ

173.5
200.0

28
0.26

COZ

460.0
485.0

58
0.20

11° < 9 < 169°

Table 2.2: Parameters of the HI central tracking chambers [50].

1If two particles traverse the detector close to each other, one needs to distinguish between the hits
forming the tracks of these particles.
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2.3 Calorimeters

Calorimeters are devices to measure the total energy deposited by particles. For high
energy electrons, the Bremsstrahlung2 and pair production processes lead to the production
of electromagnetic showers. The HI detector contains a liquid argon (LAr) and a lead
scintillating (SpaCal) calorimeter. Their energy resolutions and polar angle coverage are
presented in table 2.3.

Calorimeter

LAr

SpaCal

Energy resolution
Electromagnetic particles

^ o c H^_©1%
E y/E/GeV

°W oc ™%_ © 1 %
E y/E/GeV

Hadrons

*W oc ™K- © 2 %
E y/E/GeV

Polar angle
coverage

4° < 6 < 154°

153° < 6 < 178°

Table 2.3: Energy resolutions and polar angle coverage of the HI calorimeters [50]. The
© sign represents addition in quadrature with subsequent square root.

The liquid argon (LAr) calorimeter is a sampling calorimeter. The liquid argon is the active
medium (which generates the signal) while the passive medium (steel and lead) functions
as an absorber. The LAr calorimeter response for electrons is about 30% higher than for
hadrons (non-compensating calorimeter). Therefore weighting techniques are applied to
equalise the response to the electromagnetic and hadronic components of a shower. The
LAr calorimeter covers the regime Q2 > 100 GeV2 for the detection of the scattered electron
in deep-inelastic scattering processes.

For a precise measurement of the electron quantities in backward direction, a lead-scintillating
calorimeter (SpaCal) is used. The forward region is covered by a plug calorimeter, consisting
of copper plates interleaved with layers of large area silicon detectors.

To measure the hadronic energy leaking out of LAr and SpaCal calorimeters, tubular wire
chambers called limited streamer tubes are integrated in the Central Muon Detector, forming
the Tail Catcher.

2.4 Central Muon Detector

Muons are minimum ionising particles, i.e. they do not interact strongly, and are able to
penetrate large amounts of absorbers with minor energy losses and small deviations of the
direction. The muon chambers are rilled with gas mixture of CO2, argon and iso-butane,
such that muon momentum and direction are measured via ionisation in gas.

The Central Muon Detector (CMD) is divided into four sub-detectors (see table 2.4).
Every sub-detector consists of 16 modules. A module is formed out of ten iron layers, each
7.5 cm thick, interleaved with 10 layers of limited streamer tubes, as shown in figure 2.3.

2The term Bremsstrahlung comes from German and refers to radiation emission by a charged particle
decelerating in the field of atomic nuclei [52].
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Sub-detector
Forward end-cap

Backward end-cap
Forward and backward barrel

Polar angular coverage
5° < 9 < 35°

130° < 9 < 175°
35° < 9 < 135°

Table 2.4: The HI central muon sub-detectors and their polar angular coverage.

In front and behind of the instrumented iron there are muon boxes which contain three
layers: two layers with strips perpendicular to the wire direction and a third layer with
pads. The wire- and strip- signals are read out digitally, so that three dimensional points
can be determined. Table 2.5 contains the achieved resolutions.

Together with the trackers, the muon system is used to trigger on muons from heavy quarks
decay. The muon triggers will be needed in this analysis, thus the muon trigger sectors are
shown in figure 2.4.
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Figure 2.3: Central Muon Detector: a) muon modules, b) cross section.

2.4.1 Muon Reconstruction in the LAr Calorimeter

When a muon reaches the calorimeter layers, it is identified by the small energy deposition
(with a minimum of the order of 10 MeV per traversed centimetres) close to the muon
path of flight. The muon track is extrapolated in the LAr calorimeter and two cylinders of
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Resolution

ax [mm]

Wire

3-4

Strip

10-15

Pads

100

Table 2.5: Spatial resolution of the muon wires, strips and pads.

FUBa

FOEC

FIEC

FOEC

BUBa

FLBa BLBa

BOEC

BIEC

BOEC

FOEC = Forward Outer EndCap
FIEC = Forward Inner EndCap

BOEC = Backward Outer EndCap
BIEC = Backward Innerer EndCap

FUBa = Forward Upper Barrel
BUBa = Backward Upper Barrel

FLBa = Forward Lower Barrel
BLBa = Backward Lower Barrel

Figure 2.4: The trigger sectors of the Central Muon Detector [54].

radius 15 cm. which contains all signals of a muon, and 30 cm (contains on average 90% of
a hadronic shower) are defined.

To describe the agreement of the observed en-
ergy depositions in the two cylinders with the
pattern expected for a minimum ionising parti-
cle, a set of discriminating variables, like electro-
magnetic calorimeter energy and track length, are
used. Cuts3 implemented in fuzzy logic are applied
to the above mentioned variables to discriminate
muons against light hadrons, like kaons and pi-
ons, which produce hadronic showers and deposit
most of their energy in the calorimeter. Several
calorimeter muons qualities are defined, as in ta-
ble 2.6 (for details, see [55]).

0

l

2

3

Meaning

no calorimeter muons
weak quality
good quality

very good quality

Table 2.6: Calorimeter muon qualities
Q*?al and their meaning.

2.4.2 Muon Reconstruction in Instrumented Iron System

If it has enough energy, the muon might travel further and enter the instrumented iron sys-
tem. The average energy loss in any of the ten iron plates (see section 2.4) is approximately
90 MeV. Since the muons observed with the HI detector have energies of a few GeV, there
is a big probability for the muon to leave the detector. The strips and wires of the muon
detector determine the spatial position of the track. A pattern recognition program [56]
is run separately for the barrel and the end-caps, such that, for a muon passing both of
them, two track segments can be found. In a first step, neighbouring hits are combined into

3Since the muon energy deposition depends on the muon momenta and polar angle, the cuts depend on
these variables.
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super-hits. This way the hit resolution is reduced to 2 cm for wires and 4 cm for strips, and
the combinatorial background is significantly reduced. Further, the muon modules which
contain a hit are grouped into sectors. For each sector, a local two-dimensional coordinate
system is defined. A two-dimensional histogramming method (conformal mapping) is used
to parametrise each hit into a straight line or a sine curve. All hits belonging to the same
track correspond to curves which intersect in one point in the parameter space. These
crossings are looked for by the program. Once one is found, it is assigned to an association
and removed from the sample. The search continues until no other crossing is found.

The resulting associations are subject to quality checks (for example, a minimal number
of layers with hits is requested.) In the next step, muon tracks with at least 3 wire hits
and one strip or pad signal, and with the distance between the first and the last wire hit
greater than 15 cm are fitted. Due to variation of the magnetic field in the return yoke, the
curvature of a track is not constant. For fitting purposes, the instrumented iron return yoke
is divided into 21 regions (10 iron plates, 9 gaps between them, and the 2 muon boxes). For
every region, a mean magnetic field is chosen and parabolas are fitted to wire and strips:

Vi{xi) = di + b i - X i + Ci- z \ , i = l . . . 2 1 ; (2.1)

with yi, Xi the coordinates of a hit in the plane, and a*, &;, Q the fit parameters. The
parameter Q is given by:

^ ?* (2.2)

where Q is electric charge, PQ is momentum of the particle at the beginning of the track,
Bi is the magnetic field in region i and dEi is the energy loss in plate i. The accuracy for
Q/Po is of the order of 30% in the barrel and worse in the end-caps.

The fit parameters are obtained by minimising the x2 function:

2 V 1 I f / XT2 , V ^ 1 I f / M 2 /n o \

w i r e s ^ w i r e s strips °'strips

where awires = 0.4 cm and astrips = 1.0 cm are the resolutions.

The track parameters are: the coordinate of the first measured point, track direction recon-
structed in this point and the ratio of charge/momentum, the latter being reconstructed in
the barrel.

2.4.3 Muon Track Linking

To identify an iron muon through its penetrating capability, its track is linked to a track
measured in the central trackers (inner track) if:

\&inner track ~ &irontrack\ < 0.2 rad (12°), (2.4)

7T
~7T < (dinner track ~ <t>iron track) < 0.2 rad if K > 0 (2.5)

or
7T

—2 < {<Pirontrack ~ dinner track) < 0-2 rad if K > 0, (2.6)
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Pinner track > 1 GeV, (2.7)

where K is the curvature of the track. The last cut ensures that the inner track is able to
reach the iron system.

Because a muon track may be linked to more than one inner track, a link probability is
defined according to a x2 distribution:

X — \-X-E - A H • V • I X E - X[J , {Z.b)

where Xß (A/) stands for the extrapolated (inner) track parameters, and V is the covariance
matrix. By selecting only the track with the highest link probability, double counting of
muons is avoided.

The distribution of the muon link probability predicted by PYTHIA Monte Carlo, direct
component4, is shown in figure 2.5.

(A 0.15
PYTHIA DIR (c)
PYTHIA DIR (b)

0.2 0.4 0.6 0.8

Muon link probability

Figure 2.5: Distribution of the muon link probability as predicted by PYTHIA charm and
beauty Monte Carlo, direct component only.

2.5 Luminosity System

The luminosity delivered by the HERA machine is determined from the rate of the Bethe-
Heitler process, ep —> epj [57]. This process is independent of the inner structure of the
proton and its rate can be scalculated in quantum electrodynamics (QED).

The luminosity system consists of two crystal scintillating calorimeters, one at z = — 33 m,
which detects the scattered electron, and one at z = —103 m, for detecting the outgoing
photon.

The instantaneous luminosity [50] is obtained as:

£ _ Rtot — ihot/Ip) • Ro . .

4A similar behaviour is observed for the excitation component.
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where Rtot is the total rate of Bremsstrahlung, RQ is the rate of Bremsstrahlung events
coming from non-colliding bunches, referred to as pilot bunches5, Itot and Jo are the cor-
responding electron currents, and aViS is the visible part of the Bethe-Heitler cross section
where the rate is measured.

The sources of systematic errors in the luminosity determination are well known for the
different years of data taking. Here only the errors for the years used in the present
analysis are presented (see table 2.7). The accuracy of the luminosity is mainly driven by
the precision of the photon energy measurement and of OBH • Another contribution to the
systematic error in the luminosity measurement comes from the dependence of the system
acceptance on possible variations of the electron beam angle at the interaction point [50].
Overlapping ep —> e~/p events in the same bunch crossing (pileup events) contribute with
up to 0.3% in the systematics. Around 0.1% error is due to triggering. A small fraction
of protons may escape from the main bunches and form parasitic satellites (p-satellites),
separated by a few nsec. Because the contribution of the proton satellites to the total ep
luminosity is only a few per cent [58], the systematic error due to this effect is less than 1%.

Source of
systematic

uncertainties

Theoretical OBH
Energy scale

PD acceptance
Pileup
Trigger

^satellites

Total SC [%]

Systematic uncertainty 6C [%]
HERA I 2003-2004 2005 2006 e~ 2006 e+

0.5

0.7-1.1
0.4-1.2

0.3

0.1

0.4-1.0

1.2-1.8

1.5

0.5

0.2

0.1

0.25-0.75

1.8

0.4

1.2
0.2

0.1
0.40

1.5

0.1
1.0
0.2

0.1
0.55

1.3

0.1

0.9

0.1

0.1

0.45

1.2

Table 2.7: Sources of systematic errors for the HI luminosity measurement (from [59]).
s the cross section of the Bethe-Heitler process. 'PD' stands for photon detector.

2.6 Trigger System

The tasks of a trigger system are to initiate the readout of the detector, to distinguish
between interesting physics events and background6, and to reduce the rate at which the
events are stored. Every 96 nsec electron and proton bunches cross at HI. This corresponds
to a rate of 10.4 MHz. The resulting particles may interact with the detector material,
generating signals which are afterwards stored in pipelines.

5The pilot bunches are used for studying the background processes, from which the electron interaction
with residual gas in the beam pipe is the main source that effects the Bethe-Heitler rate determination.

interactions of the beam protons or electrons with the residual gas of the beam pipe, synchrotron
radiation and cosmic rays are the main sources of background at HERA.
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Trigger Level

Decision time
Signals

Method

Rate
Actions

Level 1

2.3 //sec
Trackers, calori-,

meters, muon system,
time of flight

Programmable
look-up tables and

Boolean logic
- 1 kHz
Stops the
pipeline

Level 2

20 /usec
Level 1 with finer

granularity

Neuronal networks
and topological

processors
- 100-200 Hz

Starts the
readout

Level 3

< 800 //sec
Fast

Track
Trigger

Software
algorithms

50 Hz
Starts event

building

Level4

^ 100 ms
Power PC

farm

Software
algorithms

5 Hz
Data

logging

Table 2.8: The HI trigger system.

HI uses a four-level trigger system (see table 2.8). The first and the second trigger level
(LI and L2) are synchronous to the HERA accelerator clock.

• Level 1: For each bunch crossing, LI provides a trigger decision after 2.3 //sec,
without causing dead time. General information about an event (i.e. z-position of
the vertex, arrival time in the time of flight system, track properties) is encoded
in threshold topological coincidences, forming trigger elements. These elements are
further combined into 128 raw subtriggers, consisting of trigger and veto conditions.

To account for beam conditions and to have a reasonable output rate, the LI sub-
triggers may be prescaled7. After prescaling, the raw subtriggers decisions are called
actual subtriggers.

If LI decides to keep the event, an LIKeep signal is generated. The pipelines are
stopped and the dead time (in which subsequent events are lost) of the detector
starts accumulating.

• Level 2: Topological and neuronal network triggers offer information at this level.
The L2 Neuronal Network (L2NN) is composed of twelve networks which are trained
to identify a specific ep event signature. The L2 Topological Triggers [60] use calorime-
ter and tracker information of level 1, but in finer granularity. An event is projected
on a 16 x 16 9 — <fi plane. Such a projection is called a topology. The output of
the neuronal networks of L2NN and the projections of the L2TT provide 26 trigger
elements which are used to validate the LI actual subtriggers.

If L2 decides to keep an event, the detector readout starts. Otherwise, the trigger
signals from the next bunch crossings are read in after a latency of several

Level 3: To reduce the dead time, a third trigger level was implemented, but it was
only used for physics analysis starting with the HERA II run period, as part of the
Fast Track Trigger (FTT).

7A prescale of n means that only the n t h event which fulfils the subtrigger conditions will be accepted.
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• Level 4: Is an asynchronous trigger level which performs a complete reconstruction
and classification of the event. It is based on software algorithms running on a com-
puter farm. The raw event data provided by sub-detectors is processed by the HI
reconstruction software, H1REC, which reconstructs the tracks in the drift chambers
and in the muon detector, as well as the clusters in calorimeters. If an event was
accepted by L4, an L4 verified subtrigger bit is set when the corresponding LI raw
bit is set. At this trigger level, the events are classified into L4 classes, such as
heavy flavour and jet classes. If the events full-fill the 'hard scale' requirements (for
example, high Q2, high pt), or if they pass one of the final state finders, they are
assigned to physics classes. Otherwise, they are down-scaled by a weighting factor,
the L4 weight.

In the following, the level 1 DCRPh and the z-vertex triggers, which are going to be used
in the analysis, are briefly described.

The DCRPh trigger was designed to reject background events based on the distance of
closest approach, DCA8. Tracks from background events have big DCA. More information
about this trigger can be found in [61]. In 2005, the DCRPh trigger was replaced by FTT
(see section 2.6.1).

To reconstruct online the z-vertex position of the primary interaction, the z-vertex trigger
was built. Four coincident pad signals (from CIP and COP, or CIP and first forward
proportional chambers) which can be connected by a straight line pointing to the 2-axis
form a ray. A z-vertex histogram is defined around the nominal interaction region. The
histogram has 16 equal bins and covers a region of about 88 cm. Each ray is assigned
unambiguously to a bin of the histogram. The bin with the most entries is expected to
contain the interaction vertex of the ep collision. For more details, see [62].

2.6.1 Fast Track Trigger

For a better selectivity of the exclusive final states containing heavy quarks, after the HERA
upgrade in 2001, the HI collaboration installed a three level based track trigger called FTT
(Fast Track Trigger) [63]. FTT uses information from four groups of three layers of wires
each (three inside CJCl and one inside CJC2, as in figure 2.6) and it is able to reconstruct
up to 48 tracks, which is the case for more than 98% of the events of interest.

FTT consists of two hardware levels (LI and L2) and a third software level. At the first
level, LI, the jet chamber signals are digitised and predefined track segment hit patterns
are searched for. At L2, all the track segments are collected and linked to tracks, based
on a fast parallel algorithm. A three dimensional helix fit is applied to tracks. At this
level, event quantities, like track multiplicity, momentum sum and invariant masses for low
multiplicity events are also determined. This is done in 10 //s, and the result is sent to L3,
where software programs implemented on a computer farm reconstruct the event and look
for particle resonances in high multiplicity events, within 100 /JLS.

8In the r — <j> plane, which is perpendicular to the beam axis, tracks appear as circles. Tracks can be
parametrised with a curvature «, azimuthal angle <j>, and the distance of closest approach DCA (the closest
point of the circle with respect to the centre of coordinate system).
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CJCl CJC2

2 3

Figure 2.6: The r — <fi view of the HI central jet chamber: a charged particle from the
interaction point traverses the four trigger layers (the thick dashed lines) used by the FTT
(from [63]).



Chapter 3

Event Selection and Reconstruction

In this chapter, the selection criteria of the D*\i sample which is used to measure the
charm and beauty cross section are presented1. First, the general event preselection is
discussed. Then the reconstruction of the D* meson from its decay particles is explained,
with emphasis on the Am method. Next, the muon selection is described. The chapter
continues with the level 4 classification of events. Finally, the triggers used for the different
years of data taking are presented.

3.1 Overview of Selection Cuts

Table 3.1 contains a summary of the event selection cuts. In the following, the applied cuts
are discussed in detail.

3.2 Preselection

In this analysis, data acquired before the HERA luminosity upgrade [66], i.e. HERA I
run period (1999-2000), and after upgrade, i.e. HERA II (2004-2006), are used. Only
good and medium quality runs2, with acceptable beam conditions and subtrigger prescale
factors, are selected. In addition, the sub-detectors necessary for this analysis, namely
CJC, CIP/COP, CMD, the time of flight and the luminosity system, are required to be
operational. The resulting integrated luminosities, after the detector status check and
satellite bunch corrections [64], are presented in table 3.2.

Due to technical difficulties in accessing the level 4 classification, the 1997 data, corre-
sponding to an integrated luminosity of around 19 pb"1, are not considered in this analysis.
This is not a considerable loss, since they amount to only 6% of the total HERA I and II
luminosity. In the year 1998, the proton energy was increased from 820 GeV to 920 GeV,
and HERA switched from e+p to e~p collisions. Because beam induced background caused

analysis was performed in the HI Object Oriented, H1OO [64], environment. H1OO is based on
the ROOT framework [65] which uses C++ as programming language.

2The runs are periods of data taking characterised by the same beam and trigger conditions.
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Selection cuts

Data taking period
Run quality

Detector status
2-vertex

Trigger selection

L4 classes
Kinematic selection

D* selection

D* decay-
particles

Muon selection

D*ß selection

1999, 2000, 2004, 2005, 2006
good and medium

CJC, CIP/COP, CMD, SpaCal, ToF, Lumi
\zvtx < 35 cm

S19 || S22 || S56 (1999-2000)
S19 || S23 (2004-2006)

class 15 (£>*) or class 16 (muon)
Ee, < 8 GeV

(Q2 < 1 GeV2)
0.05 < yJB < 0.75

Decay channel: D* —> D°-KS —» KTTIXS

Pt{D*) > 1.5 GeV
\V(D*)\ < 1.5

Am = m{K7nrs) - m(Kir) < 0.1685 GeV
R(K, 7T, TTS) > 10 cm

d'ca{Kn) < 1 cm
Pt(K, IT) > 0.3 GeV
pt(7rfl) > 0.12 GeV

\m(Kn) - m{D°)\ < 80 MeV

iron muon with Qß > 10new

p(/j) > 2 GeV
\V((i)\ < 1.735

fPt(D*)j,) > 0.20

Table 3.1: Overview of the cuts applied in this analysis.

Run period

HERA I

HERA II

Year

1999
1999
2000

Lepton

e~

e+

e+

2004
2005
2006
2006

e+

e~

e~

e+

E

Luminosity [pb J]

10.39
13.67
46.27
70.33

38.83
102.04
53.75
74.54
269.16

Table 3.2: Integrated luminosities for HERA I and II run periods.
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problems in the tracking detectors, this data period is neglected as well. Runs with spe-
cial trigger settings ('minimum bias runs') and runs with unstable experimental conditions
which result in luminosities Crun < 0.1 nb~x are omitted.

Ety requiring the primary vertex of the event to be reconstructed close to the nominal vertex:
\zvtx\ < 35 cm, the non ep-background due to collisions of the satellite bunches with the
nominal bunches is reduced.

3.3 Selection of Photoproduction Events

This analysis considers untagged photoproduction events, in which the electron escapes
detection. These types of events are selected by requiring that there is no isolated high
energy electromagnetic cluster, either in the SpaCal or the LAr calorimeter, consistent with
a signal from a scattered electron:

£e, <8GeV. (3.1)

This restricts the photon virtuality to Q2 < 1 GeV2.

The inelasticity yjß is calculated with the Jacquet-Blondel method [67], which is based on
the reconstruction of the energy Ei and the momentum pi of all particles i of the hadronic
final state (HFS), i.e. all final state particles, except the scattered electron:

_ 'ßi-pZti). (3.2)

The inelasticity is limited to:
0.05 < yJB < 0.75. (3.3)

The lower cut reduces the background events from proton-gas interactions [68]. Due to
possible inefficiencies of the electron finder algorithm, the electron may be inadequately
contained in the sum over the HFS particles, such that the inelasticity is overestimated
with a quantity (E'e — p'e z)/(2Ee). The upper cut on yjs rejects therefore the background
from DIS events.

3.4 The D* Meson Reconstruction and Selection

The D* mesons are reconstructed via the 'golden' decay channel:

*?. (3.4)

Tracks measured in the central region of the detector, i.e. with pseudorapidity

-1.5 < J) < 1-5 (3.5)

are selected. These central tracks must fulfil the standard requirements presented in ta-
ble 3.3.
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Central tracks
pt > 0.10 GeV

20° < 9 < 160c

KJ < 2.0 cm
Rstart < 50 cm

R > 10 cm for 6 < 150°
R > 5 cm for 9 > 150°

Table 3.3: Cuts used for the central tracks selection ('Lee West selection') [69]. d'ca is
the minimal distance of the tracks with respect to the primary vertex, Rstart J's the radial
distance of the first hit with respect to the origin, and R is the radial track length.

To reconstruct the D° meson, all possible combinations of two oppositely charged tracks,
with pt > 300 MeV, are considered. The pion and kaon mass, respectively, are assigned to
the two tracks. The invariant mass of the D° candidate is given by:

m{Kir) =

If the invariant mass is close to the nominal D° mass (mDo = 1.865 GeV [15]):

m(Kir) - m(D°)\ < 0.08 GeV,

(3.6)

(3.7)

the combination of the two tracks is kept as a D° candidate. This suppresses the combinato-
rial background and contributions from D° decay modes other than D° —» Kn (reflections),
which result in a D° reconstructed mass different from the nominal value. A third track,
with pt > 120 MeV and charge different from the charge of the kaon, is considered to be a
slow pion (TTS) candidate. Then the D* four-vector is given by summing the four-vectors of
all decay particles.

The low pt combinatorial background is suppressed by requesting:

pt(D*) > 1.5 GeV.

The mass difference between the D* and D° candidates, Am, has to be:

Am = m{Kirira) - m(Kn) < 0.1685 GeV.

(3.8)

(3.9)

Figure 3.1 presents the correlations between the D* meson and the daughter particles as
predicted by PYTHIA Monte Carlo. Since the slow pion is produced almost at rest in the
D* meson rest frame, it is highly correlated with the D* polar and azimuthal angle. The
correlations with the D° daughters are not so pronounced.

3.4.1 The Am Method

The advantage of the chosen D* decay channel is that the nominal mass difference:

Am = mD. - mDo = (145.42 ± 0.01) MeV (3.10)
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Figure 3.1: Angular and transverse momentum correlations between the D* meson and
its daughters (Vs-ieft, K-middle, ir-right), as predicted by charm PYTHIA Monte Carlo,
direct component only.

is close to the pion mass (m,, = 139.57 MeV), such that the phase space for combinatorial
background is very limited. In addition, the Am peak resolution is dominated by the
experimental momentum resolution of the TYS track, since the K and TT errors partially
cancel [43].

In the D* meson rest frame, the D° and TTS are produced with a low momentum:

2 •
-ml =37.5 MeV. (3.11)

Since the pion from the D* meson receives a small boost in the laboratory frame [68]:

(3.12)P*.
mD

p*2 _ 1
PD* ~ —A

it is referred to as the 'slow' pion.
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The number of reconstructed D* mesons is obtained by fitting the following function to the
Am distribution:

C ( A m ) = Sbin • [fsi9nal(Am) + fbgr(Am)} , (3.13)

where s^„ is the bin width. The D* signal fit function consists of a Gaussian:

N(D*) ( 1 (Am-fi)2\
K ' — ' v b ' ' (3.14)

(
• exp - - •

\ 2

N(D*) is the number of D* mesons, a and ji are the width and the mean value of the
Gaussian distribution. The background is described by an exponential function starting at
the phase space border, the pion mass. The fit results are improved if a quadratic term in
Am is considered as well:

}bgr{Am) = UN • {Am - (1 - UC0T • Am2). (3.15)

The fit parameters are: the normalisation factor U^, the exponential Uexp and the correction
factor Ucor. The maximum-likelihood method is used in the fit. The results are shown in
figure 3.2, left.
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Figure 3.2: Left: the fitted Am = m(K7nrs) - m(Kir) distribution for HERA I and II
run periods. Right: the ßtted D° invariant mass m(Kn). The fit functions are described
in text.

To verify conversely the number of D* mesons obtained from the Am fit, the D° invariant
mass m(Kir) distribution, for the events in the signal region:

0.143 GeV < Am < 0.148 GeV (3.16)

is fitted as well (see figure 3.2, right). The D° fit function consists of a Gaussian for the
signal and a polynomial for the background:

U
slope-

m(D°) (3.17)



3.4 The D* Meson Reconstruction and Selection 59

The obtained number of D°, N(D°) = 660 ± 77, and D* mesons, N(D*) = 610 ± 62, are
compatible, within the errors.

3.4.2 Background Subtraction

To describe the combinatorial background, wrong charge (WrCh), combinations (in contrast
to the right charge (RiCh)) are selected. Again three tracks are considered, but this time
the K and the n candidates are taken to be of the same charge, as originating from a dou-
bly charged particle, such that in the end three tracks combinations of the type K+IT+'K~

and K~ir~iv+ are kept. Because in both cases, RiCh and WrCh, two tracks having the
same charge and one track of opposite charge are selected, one expects the combinatorial
background in the Am distributions to have similar shapes. However, the WrCh back-
ground proves to be slightly lower. This is sometimes explained based on multiplicities (see
for example [70]). Let iV+(-) be the number of tracks for positively (negatively) charged
particles, with transverse momentum pt > 0.3 GeV. Similarly, n+(_) is defined for lower
transverse momentum particles. Then the possible combinations are:

RiCh: (A^TT^TT* -> Njuch = N+N.n. + N-N+n+ = N+N. • (n+ + n_)(3.18)

WrCh : ( A T ^ X -> NWrCh = N+ • (N+ - 1) • n_ + AL • (Â _ - 1) • n+ (3.19)

On average, NWrch < ̂ mck, such that WrCh combinatorial background underestimates
the RiCh background. However, scaling factors of about 0.7-0.8, as indicated in figure 3.3,
cannot be explained alone by the multiplicity argument. Another reason may be the level 4
D* finder (see section 3.6), which looks only for RiCh combinations, such that WrCh
combinations are lost at this level.

To account for this, a scaling factor is introduced:

USCai = - ^ for 0.155 < Am < 0.1685, (3.20)
\ ^ NSlCh

bin

which scales the WrCh background such that it describes the RiCh background far from
the signal region, in order to be independent of the signal fit function. The scaling factor
is obtained by fitting simultaneously the RiCh and WrCh distributions with the function:

fbfr
+Wr = sun • [flgr(AmRiCh + Uscal • flgr(AmWrCk)] , (3.21)

where:
ngr(Am) = UN • (Am - m„)u^. (3.22)

Such a fit is shown in figure 3.3. Once the background is known, it can be subtracted to
obtain the signal distributions:

WrCh
signal = RiCh - — . (3.23)

U seal

This method of background subtraction will be later used in this analysis (see chapter 8).
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Figure 3.3: Illustration of the simultaneous fit to the right (RiCh) and wrong charge
(WrCh) distributions. For clarity, the latter is shifted with 171.5 MeV to the right. The
obtained scaling factor, Uscai, is also indicated.

3.5 Muon Reconstruction and Selection

Since the purity of the calorimeter muons is low [71], only muons identified in the instru-
mented iron system are considered in this analysis . The muon selection is performed using
good tracks as defined in [69] (see table 3.3).

A)

^layers

first layer
last layer

Barrel

< 100 cm
< 100 cm

> 2
< 5

> 2

Forward end-cap

< 100 cm
< 100 cm

> 6

< 5
> 6

Backward end-cap

< 100 cm
< 100 cm

> 3

< 8
> 3

Table 3.4: Cuts applied to the muon iron tracks reconstructed in the barrel, forward and
backward end-cap. The quantity niayers is the number of layers with hits in the correspond-
ing part of the detector.

In this analysis, the standard cuts listed in table 3.4 are used for the iron tracks. The
quantity po is the distance of the (back-extrapolated) iron track to the beam line at z = 0,
while z0 is the distance of (back-extrapolated) iron track to the nominal interaction point
at z = 0. Both variables are related to the probability that the iron track is due to a
particle from an ep event: the smaller they are, the bigger is the probability. The cuts
on the number of layers and the last layer are useful because the hadrons which form the
non-muon background are likely to get stuck in between the iron plates.

To be sure that the muon comes from the decay of a charmed or beauty hadron, only
primary vertex fitted tracks are selected. This reduces the muon background from mis-
identified particles, like kaons, which have a large enough lifetime, such that they can be
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resolved in the CJC.

The following muon quality (see section 2.4.1) is assigned to iron muons:

Qiron = QCal + 1 Q (334)

As in [71], a new iron muon quality, 10netu, is defined. This new quality corresponds to
quality 10, with additional requirements: for polar angle3 Bß > 135°, the number of layers
with hits4 should be niayers > 5 and the first layer with hits has to be less than or equal
to 5. In this analysis, only iron muons with the following qualities are selected:

Qf n = 10new, 11, 12 and 13. (3.25)

Only muons with a momentum of at least 1.5 GeV are able to traverse the LAr calorimeter
and reach the central muon detector [55]. To be sure that they traverse also the iron layers,
muons with:

p{y) > 2 GeV (3.26)

are selected. In addition, their pseudorapidity is required to be:

|T/(/Z)| < 1.735. (3.27)

The last cut corresponds to the one applied to the central tracks: 20° < 6 < 160°. Similar
to the D* meson daughters, a cut on the radial track length is applied:

Ä(/x) > 10 cm. (3.28)

3.6 Level 4 Classification

On trigger level 4 (L4), the events are subject to an event classification. If they are not
assigned to a class, they are down-scaled by the L4 weight. The distribution of these weights
for the run periods used in this analysis is shown in figure 3.4, left. In total, 12% of the
events have L4 weights. These events need to be included in the distributions with the
corresponding weight. However, there are problems when fitting the Am distributions with
reduced statistics and large weights. Another possibility, which is chosen here, is to select
only events which were assigned to an L4 class, since in this case the weights are 1.

The L4 classes distribution for the HERA I and II run periods can be seen in figure 3.4,
right. Most of the events belong to classes 24 ('muons'), 15 ('open heavy flavour') and
16 ('hidden heavy flavour')5. The latter two classes, 15 and 16, are used in this analysis.

3At this angle, 9 2̂ 135°, the LAr calorimeter ends and more hadrons could reach the iron system and
fake muons.

4The inner and outer muon boxes layers are not considered, since there no material is traversed, so they
do not improve the muon signature.

5In charm production, the term 'open' refers to the events in which the c and the c quark fragment into
different hadrons, such that the final particles get a c-quantum number different from zero (e.g. D*+ = ed.).
In the opposite case, 'hidden' charm production, both c quarks fragment into the same hadron, which has
therefore a net c-quantum number equal to zero (e.g. J/ip = cc).



62 Event Selection and Reconstruction

105

104

w
C103

0)
SS102

10

1

na
3

i
T F . r . . . . r . . . . l

Entries
Mean

RMS

10419
1.139
2.754

. , . , ,

10 20 30 40 50 60 70 80 90 100

10000

8000

(0
- 6000

CD

«4000

2000

-

-

[

: jj^

1

S 10 15
1

20
r

25 30 3

L4 weight L4 class

Figure 3.4: Left: distribution of L4 weights for HERA I and II run periods. Right:
distribution of L4 classes.

The events which belong to class 15 are found by a Heavy Quark Selection routine
HQSEL [72] which searches also in other D* decay channels than the one used in this
analysis. To reduce the L4 trigger rates, several cuts (see table 3.5) are already applied in
this routine.

Subtriggers
K, IT

D°
D*

1, 2, 4, 43, 44, 61, 82, 83, 100 or 108
KJ < 4 cm

track length > 10 cm

Xly < 50
Pt > 150 MeV

track length > 10 (15) cm
Pt > 70 (100) MeV

1.364 (1.764) < rn(Kir) < 2.364 (1.864)
pt > 1.4 GeV

Am = m(Kinrs) - m(Kir) < 170 MeV

Table 3.5: Cuts of the L4 open charm finder HQSEL, for untagged photoproduction events
with D* mesons from the decay channel D* —> D°irs —> K-K-KS. xly is the x2 of the track
fit in the x — y plane. The harder cuts shown in brackets have been applied until mid of
2005. Apart from the cut on x%, ali the other cuts are lower than the ones applied in this
analysis (see table 3.1).

Class 16 contains events accepted by the 'high mass finder' [73]. This finder runs on
all events, independent of subtriggers, and searches for muons and electrons from heavy
flavours. The selected events are assigned to 6 subclasses, as indicated in table 3.6. From
figure 3.5 it can be seen that most of the events belong to subclass AOPEN.
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1
2

3

4

5

6

Subclass
AOPEN

ATWOMU

ATWOEL

AJPSI

2ELEC

2PRONG

Content

One iron or forward muon from b or c decays
One high quality muon (from elastic J/ip —»yu/x)
and one track with invariant mass M > 2 GeV

One high quality electron (from elastic J/ip —> ee)
and one track with invariant mass M > 2 GeV

Two high quality muons (from inelastic J/ip —> ßfi)
with invariant mass M > 2 GeV

At least two identified electrons (from inelastic J/ip —> ee) with
good associated tracks and invariant mass M > 1.5 GeV

Two central tracks with invariant mass M > 2 GeV;
no identified leptons required

Table 3.6: Classification of the events assigned to class 16.

U.Ö
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c
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£ 0.1
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AOPEN ATWOMU ATWOEL AJPSI 2ELEC

Figure 3.5: Distribution of events in class 16. Only the subclasses in which at least one
lepton is identified are shown.

3.7 D*fi Cut

To reduce the combinatorial background, a cut on the ratio of the D*\x transverse momen-
tum to the transverse momentum of all particles in the hadronic final state fPt(D*/j.) is
applied. Since the D* mesons resulting from heavy quark production carry most of the
transverse momentum, the D*JJL system is required to carry a fraction of 20% of the total
transverse momentum of the hadronic final state particles:

(3.29)

By selecting only particles with polar angle 9 > 10°, contributions from the proton remnant6

are reduced. The fPt(D*fi) distribution, together with the corresponding efficiency (see
6The term 'proton remnant' refers to the particles scattered at small angles which are lost down the

beam pipe.
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section 6.6) and signal to background ratio, are shown in figure 3.6. The signal to background
ratio is calculated as the ratio of the integral of the Gaussian and the background function
within 3 a around the mean value of the Gaussian. This ratio increases rapidly, as the cut is
tightened. However, with the applied cut, a compromise between reducing the background,
and keeping as many events as possible is made (see also appendix C). At the transverse
momentum fraction of 20%, an efficiency of 90% and a signal to background ratio of 0.64
are obtained.

w

2.5

2.0

1.0

0.5

Efficiency e fp (DV)

Ratio signal/bgr
2.5

2.0

1.5

1.0

0.5

0.1 0.2 0.3

P (D*n)
0.4

Figure 3.6: Left: distribution of fPt(D*ji) variable for HERA I and II data (not background
subtracted). Right: the markers show the efficiency of the fPt(D*fi) cut, i.e. number of
D* mesons for every bin of the variable, divided by the number of the D* mesons obtained
without any cut on the D*/J. transverse momentum fraction. The distribution presents the
signal to background ratio as a function of the same variable. The dotted lines indicate the
cut applied in the analysis.

3.8 Subtrigger Selection

The HI trigger system was introduced in section 2.6. In this section, the selection of the
analysis subtriggers for HERA I and II run periods is presented. This is done separately
for the two periods due to varying trigger definitions.

3.8.1 HERA I

In figure 3.7, the actual subtriggers7 distribution for the D*'u. events in the signal region8

(from the HERA I data sample) can be seen. The subtriggers with the highest response are:
15, 19, 22, 37, 56, 60, 71, 83 and 87. Out of them, the subtriggers 19 and 22, which trigger
events with at least one high transverse momentum muon, and 56, which selects events
with an untagged D* meson, were chosen. These subtriggers are logical combinations of
level 1 (LI) trigger elements (see table 3.7).

7The actual subtriggers are a logical 'AND' combination between actual LI subtriggers and verified L4
subtriggers (see section 2.6).

8The signal region is defined by 0.143 GeV < Am < 0.148 GeV, i.e. ± 3 a around the nominal Am
value.
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Figure 3.7: Distribution of actual subtriggers for events with a D* meson in signal region
and a muon (HERA I data sample).

Subtrigger

19
22
56

Definition

Mu_Bar kk DCRPh.CNH kk (zVtx^ig > 1)
Mu_BI0 kk DCRPh.CNH kk (zVtx^ig > 1)

Mu-Any kk DCRPh_Ta
kk (SPCLeJET > 1 || SPCLeJET_Cen_2)

Average prescale

1.03
1.04
1.00

Table 3.7: Definition of subtriggers used for HERA I run period (the veto trigger elements
are not shown). The following notations are used: 'kk' for logical AND, '|| ' for logical
OR. The meaning of the trigger elements is given in appendix D. The luminosity averaged
prescale factors for the selected subtriggers are also shown.

Subtrigger S19 is a logical combination of muon, track and z-vertex trigger elements.
Mu_Bar fires if a muon signature in the barrel part of the muon system is found. The
notation DCRPh_CNH stands for a combination of trigger elements which fire if there are
at least three tracks with transverse momentum pt > 450 MeV, one negative track with
Pt > 450 MeV and one track with pt > 800 MeV. In addition, zVtx_sig > 1 is required
in the definition of subtrigger 19. This is the equivalent of a significant maximum in the
z-vertex histogram (see section 2.6).

Subtrigger S22 is similar to S19. The difference is in the muon trigger element, which fires
if a muon signature is found either in the backward or forward outer cap, or if there are at
least two muon signatures in the backward or outer cap.

Subtrigger S56 is a combination of muon, track and SpaCal trigger elements. Mu_Any fires
if there is a muon signature in any part of the central muon detector (end-caps or barrel).
The trigger element DCRPh.Ta is on if a track with pt > 450 MeV is found. The SpaCal
trigger elements fire in case an electron with energy E > 2 GeV or E > 6 GeV is measured
in the central region of the SpaCal.

The remaining subtriggers are designed to trigger: events with inelastic J/ip (S15, S37 and
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S60). isolated leptons (S71) and D* jets in tagged photoproduction (S83 and S87). These
subtriggers contribute only up to 5% to the D*/i sample, so they are not considered in this
analysis.

3.8.2 HERA II

The HERA II actual subtrigger distribution is shown in figure 3.8. Most of the events are
triggered by S15. S19 and S23. Subtrigger 15, which is designed for inelastic J/'tp events,
contributes with less than 7% to the total D*/J, events, and it has a high average prescale
factor (1.75 for 2004 and 2005). Therefore, only subtriggers S19 and S23 are used for the
HERA II run period. Their definition at the level 1 (Ll) is given in table 3.8. In 2006, level
2 and 3 trigger conditions were added. The L2 condition requires at least one reconstructed
track at L2 with pt > 400 MeV. The L3 condition checks if at least one high pt track
matches the triggered muon module.
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Figure 3.8: Distribution of actual subtriggers for events with a D* meson in signal region
and a muon (HERA II data sample).

3.8.3 Event Yield

To check if the event selection is stable over the whole data taking period, the event yield,
i.e. the number of photoproduction events which contain a D* meson and a muon per unit
of integrated luminosity is plotted as a function of run number for each year (see figures 3.9
and 3.10). Note that the low value in some of the last bins is just due to binning effects.
If the detector readout functioned properly and the luminosity was accurately measured,
the event yield should be constant, apart from changes in the trigger definitions which are
documented.

In table 3.9 the mean event yield is shown. In the beginning of 2005, the event yield for
S19 was smaller compared to the other years. This was due to hardware problems in the
muon trigger electronics. In general, the subtriggers have comparable event yields for the
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Sub-
trigger

19

23

Year

2004, 2005
(run number < 401627)

2005
(run number > 401627,
run number < 427872)

2005, 2006
(run number > 427872)

2004,2005
(run number < 401617)

2005
(run number > 401617
run number < 427872)

2005, 2006
run number > 427872

Definition

MuJBar kk DCRPh_CNH

Mu_Bar kk FTT_mul_Tc > 2
kk FTT jnuLTd > 0

ClP^ig > 1 kk Mu_Bar kk
FTT_mul_Tc > 2 kk FTT _mul_Td > 0

Mu_BIO kk DCRPh_CNH

Mu_BIO kk FTT-muLTc > 2

ClP^ig > 1 kk Mu_BI0
kk FTT_mul_Tc > 2

Average
prescale

1.03

1.13

Table 3.8: Definition of subtriggers used for HERA II run period on trigger level 1 (the
veto trigger elements are not shown). The definitions changed in the year 2005, with the
introduction of the FTT trigger (see section 2.6.1).

different years, with the exception of S19 and S23, which improved significantly in 2006.
The variations in the event yield due to hardware problems should be described by the
Monte Carlo. This will be checked in section 6.3.

Mean event yield

Run period

HERA I

HERA II

1999
2000

2004
2005
2006

S19
73 ± 4
97 ± 5

S19

82 ± 6
74 ± 4
115 ± 4

S22
40 ± 2
55 ± 3

S56
31 ± 2
33 ± 4

S23

-
60 ± 3
103 ± 4

Table 3.9: Mean event yield, i.e. number of selected events divided by luminosity, for
HERA I and II subtriggers.
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Chapter 4

Monte Carlo Description of Data

The goal of the anafysis is to study charm and beauty production at HERA. To obtain
the fractions of c and b events in data, distributions as predicted by PYTHIA Monte Carlo
will be used (see chapter 5). Further, the efficiencies and the muon background corrections
needed for the cross section measurement (see chapter 6) will also be determined from Monte
Carlo. For reliable results, the Monte Carlo has to describe the data in all aspects. To check
if this is the case, a comparison of data to PYTHIA Monte Carlo1 will be presented in this
chapter. First, the corrections of the Monte Carlo due to used out-dated branching ratios
and to missing prescale factors will be explained. Then, signal distributions of the kinematic
variables interesting for the analysis, in data and in Monte Carlo (after corrections), will
be shown. Finally, a study of the muon background using events from the D° —> Kir decay
will be presented.

4.1 Monte Carlo Corrections

4.1.1 Branching Ratios

As mentioned in section 1.6.3, due to technical reasons, two different versions of PYTHIA
generator were used. In the two cases, the events were generated according to version
dependent branching ratios which differ from the most recent measurements [15]. Therefore,
correction factors are determined for the branching ratios important for this analysis. They
are given in table 4.1 (4.2) for PYTHIA version 6.1 (6.2).

For charm production, where only one configuration is possible (see section 1.7.2.1), the
correct branching ratios play a role only in the Monte Carlo cross section measurement.

For beauty production, on the other hand, the branching ratios influence in addition the
contributions of D*'\i events coming from one of the three possible beauty scenarios. To
ensure the correct contributions, the fraction of beauty events from the different scenarios,
according to the measured branching ratios (Jmeas) are calculated (see tables 4.3 and 4.4).

CASCADE Monte Carlo will be later used to determine the systematic uncertainty due to the model
dependence (see section 6.8.1).
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Channel
D* -> K7nrs

c^ D*

c —> ß

1/2 • cc -» £>>
6^L>*
6 ^ M

b^X -* ß
b-^D*ß

1/2 • ß <- X « - 66 -» ZT

1/2 • yu <- fcft -» L>*

6 - > D*ß

1/2 • 66 -> D*ß

B1ZMC [%]
2.5

30.0
9.4
2.82
30.0
10.5
10.7
2.19
3.15
3.21
2.19
8.55

2.57 ±0.05
25.5 ±1.5 ±0.8

8.2 ±0.5
2.09 ±0.18
17.3 ±2.0

10.95 ±0.27
10.03 ±0.64
2.75 ±0.19
1.74 ±0.35
1.89 ±0.22
2.75 ±0.19
6.38 ± 0.46

fcor = B1Zmeas/BnMC

1.03 ±0.02
0.85 ±0.05
0.87 ±0.05
0.74 ±0.06
0.58 ±0.07
1.04 ±0.03
0.94 ±0.06
1.26 ±0.09
0.55 ±0.11
0.59 ±0.07
1.26 ±0.09

0.75 ±0.05

Table 4.1: Comparison between the branching ratios used in PYTHIA version 6.1,
BTZMC, and the measured ones, BTlmeas [15]. The correction factors fcor marked with bold
font, will be applied when determining the Monte Carlo cross sections.

Channel
D* -» Knn,

c-^D*
c —> ß

1/2 • cc -* D*ß

b->D*

b —> ß
b-+ X -> ß

b^ D*ß

1/2 • ß * - X <- bb -»• D*

1/2 • ß <- bb -» D*
b^D*ß

1/2 • bb ^ D*ß

BTLMC [%]
2.49
25.4
10.1
2.57
27.2
10.5
9.8
2.6
2.67
2.42
2.6
7.69

2.57 ±0.05
25.5 ±1.5 ±0.8

8.2 ±0.5
2.09 ±0.18
17.3 ±2.0

10.95 ±0.27
10.03 ± 0.64
2.75 ±0.19
1.74 ±0.35
1.89 ± 0.22
2.75 ±0.19
6.38 ± 0.46

f^ = Bnmeas/BTZMC

1.03 ±0.02
1.0 ±0.06

0.81 ±0.05
0.81 ±0.05
0.64 ±0.07
1.04 ±0.03
1.02 ±0.07
1.06 ± 0.09
0.65 ±0.13
0.78 ± 0.09
1.06 ±0.07
0.83 ±0.06

Table 4.2: Comparison between the branching ratios used in PYTHIA version 6.2,
B7lMC, and the measured ones, BlZmeas [15]. The correction factors fcor marked with bold
font, will be applied when determining the Monte Carlo cross sections.

A similar fraction is defined based on the Monte Carlo branching ratios (fMC). By dividing
the two fractions, correction factors for beauty scenarios were obtained. At generator level,
where the decay chain of the D* meson and of the muon can be traced back exactly, all the
events were weighted with the corresponding correction factor. At reconstructed level,
the particles needed to be matched with the generated ones.
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Channel

li *- X *- bb -» D*

n <_ ib -> D*

/MC ro/j

37

38

25

fmeas

27 ±
30 ±
43 ±

[%]
8
11

16

/cor ~

0.

0.

1.

fmeas j fMC

73±0.21
79±0.29
72±0.64

Table 4.3: Contribution of the different beauty scenarios. The indicated correction factors
fcor are applied in PYTHIA version 6.1.

Channel

/z <- X ^bb^ D*

u^bb-^D*

b^ D*ji

fMC [ % ]

35
31
34

fmeas [%]

27 ±8
30 ±11
43 ±16

f fmeas j fMC
Jcor — J 1 J

0.77 ±0.23
0.97 ±0.35
1.27 ±0.47

Table 4.4: Contribution of the different beauty scenarios. The indicated correction factors
}cor are applied in PYTHIA version 6.2.

Figure 4.1: The distance d^ in (V/ — <fi) plane for the D* meson (left) and for the muon
(right), obtained with PYTHIA Monte Carlo. The dashed lines indicate the cuts applied
to ensure a good correlation between the reconstructed and the generated particles.

For this, the distance in the rj — (p plane2 was defined:

= \J{Vrec,X ~ Vgen.x) + (4>rec, X ~ <Pgen,x) , where X = D* OT fi. (4.1)

From figure 4.1, it can be seen that for the D* meson, the particle at the reconstructed level
is correlated with the one at the generated level for dn<p(D*) < 1. For muon, the correlation
is present for dv<p(/j,) < 0.2. Therefore, the branching ratio corrections at reconstructed
level are applied for these distances dv<j,.

After these corrections, it was studied how are the beauty events distributed in the four
correlation regions (see table 4.5). The correlation regions 1 and 2 are dominated by beauty
events from the decay \i <—bb —> D*. However, apart from the B° oscillations, processes of
the type b —> ccs result in the D* meson and the muon having the same charge, although

2 If the reconstructed particle corresponds to the generated one, the distance
be small.

between the two should
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Correlation
regions

1

2

3

4

all

Beauty scenarios [%]
ß^X^bb^D*

5

9

1

21

9

ß^bb^ D*

95

91

3

38

44

-

-

96

41

47

Table 4.5: Corrected contributions of the different beauty scenarios to the correlations
regions, as predicted by PYTHIA Monte Carlo. The values are obtained with D* meson
and muon at generator level. The cuts which define the visible range of the analysis are
applied.

they come from different quarks. In region 3, the decay b —> D*/JL contributes mostly.
Surprisingly, the largest contribution to region 4 does not come from ß <— bb —> D*, but
from b —> D*\i. This may be explained by the fact that the muons from cascade decay have
softer momenta, and are therefore suppressed by the cut on the muon momenta.

4.1.2 Level 1 Prescales

The used Monte Carlo programs do not include the LI prescale factors. To make a com-
parison of data to the theoretical models implemented in Monte Carlo, the prescale factors
are introduced by weighting the events as described bellow.

If subtrigger i has a prescaling factor d^ in run k, the probability that this subtrigger
actually fires in the event number j , in run k, is [74]:

jLl (4.2)

where Nsubtr is the number of subtriggers, from a subtrigger combination (see tables 4.6
and 4.7), which fired.

One can use the inverse of this probability as a weight, i.e. Wjk = 1/Pfj}, for each event to
obtain the correct subtrigger rates. However, since the prescale factors may vary from run
to run, events triggered by the same subtriggers combination are assigned different weights,
which results in large statistical errors.

To reduce them, the data were divided into run ranges with approximately unchanged
trigger definitions, i.e. for HERA I the periods 1999e~ and 1999e+/2000 were considered,
and for HERA II the years 2004, 2005 and 2006. The luminosity normalised prescale
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weights, w. were calculated as [74]:

w = AI
(4.3)

Lk

with Lfc the integrated luminosity of run k.

The weight w is applied to all D*ji events in Monte Carlo to account for the LI prescaling.
The obtained weights for HERA I and II run periods are shown in tables 4.6 and 4.7.

Subtriggers

combination

1

2

3

4

5

6

7

S19

on

off

off

on

on

off

on

S22

off

on

off

on

off

on

on

S56

off

off

on

off

on

on

on

w

1999e~

0.96

0.96

1.00

0.96

1.00

1.00

1.00

1999e+/2000

0.97

0.97

1.00

0.98

1.00

1.00

1.00

Table 4.6: Possible combinations of the used subtriggers and the luminosity normalised
prescale weights w for 1999/2000 run period.

Subtriggers
combination

1

2

3

S19

off

on

on

S23

on

off

on

w

2004

0.99

0.99

1.00

2005

0.85

0.96

0.97

2006

0.91

0.95

0.97

Table 4.7: Possible combinations of the used subtriggers and the luminosity normalised
prescale weights w for 2004-2006 run period.

4.2 Description of the Kinematic Variables

In this section, the distributions of the number of D* mesons N(D*), as a function of the
kinematic variables of interest, are presented. The number of D* mesons N(D*) is obtained
by fitting the Am distribution (see section 3.4.1) in bins of the considered variable. Due to
reduced statistics in data, the mean and sigma of the Gaussian function in the fit are fixed
to the values obtained by fitting the total data sample. For Monte Carlo, where statistics
is not an issue, all the fit parameters are free.
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Apart from direct processes, PYTHIA contains also resolved ones (see section 1.4). These
two types of processes are generated separately. For the comparison with data, the number
of D* mesons obtained for the direct and the resolved case are normalised to the individual
cross sections of the processes, and then added.

The data are compared to the sum of charm and beauty events, added according to the
fractions:

fc = (71 ±7)%
fb = (26 ±6)%.

(4.4)

(4.5)

The method used to extract these fractions will be described in chapter 5. The statistical
error band is obtained with the error propagation formula and considering the correlation
factor between the two fractions3.

The important variable in untagged photoproduction is the inelasticity yjB-, which in this
analysis is calculated with the Jacquet-Blondel method (see section 3.3). The distribution
of this variable is shown in figure 4.2. Monte Carlo describes reasonably the data.

400

300

Q
2*200

100

0

HERA l+ll
•-data
7"0.71c+0.26b

I , i , , I

0.1 0.2 0.3 0.4 0.5 0.6 0.7

Figure 4.2: Distribution of inelasticity VJB- comparison of data (black points) to the
sum of charm and beauty PYTHIA Monte Carlo (hashed regions), for HERA I and II run
periods. Monte Carlo is normalised to data. The band indicates the statistical errors.

When selecting D* meson candidates, cuts were applied on their pseudorapidity and trans-
verse momentum. Their distributions are presented in figure 4.3. The D* meson is recon-
structed via its decay products. Since the D* is highly correlated (see figure 3.1) with the
slow pion 7TS, its distributions are shown in figure 4.4.

The distributions of the muon kinematic variables on which cuts are applied during selec-
tion, the momentum and the pseudorapidity, can be seen in figure 4.5. Similar to TTS, the
muon track length, the distance of closest approach d'ca(ß) of the corresponding non-vertex
fitted track with respect to the primary vertex, and the azimuthal angle 4>(/J,) are presented.

The combined D*[i quantities: transverse momentum pt(D*/j,), pseudorapidity T](D*/J,),

azimuthal angular difference A&(D*fi), transverse momentum fraction of the D*(i pair,

3If Ndata is given by Ndata = fb • Nb + fc • Nc, where fb is the beauty fraction in data, the corresponding

error is: a
2 _
Ndata —

(fb • aNbf + (Nc (fc • aNcf + 2 • cov(fb, fc) • Nb • ah • Nc • afc.
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Figure 4.3: Comparison of D* meson transverse momentum pt(D*) and pseudorapidity
T)(D*) in data (black points) to the sum of charm and beauty PYTHIA Monte Carlo (hashed
regions), for HERA I and II run periods. Monte Carlo is normalised to data. The bands
indicate the statistical errors.
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the distance of closest approach d'ca(jrs) are shown. The Monte Carlo distributions are
normalised to data. The bands indicate the statistical errors.
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Figure 4.5: Comparison of the muon variables in data (black points) to the sum of
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approach d'^/j,), and the iron muons qualities are shown. The Monte Carlo distributions
are normalised to data. The bands indicate the statistical errors.

fPt(D*ß), with respect to the transverse momentum of all hadronic final state particles
with a polar angle 9 > 10°, rapidity y(D*u) and invariant mass M(D*ß) are shown in
figure 4.6.

In general, a good agreement between data and Monte Carlo is observed. Only for the muon
momentum (figure 4.5) deviations are observed, since PYTHIA predicts a softer spectrum
than in data.
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The bands indicate the statistical errors.
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4.3 Muon Background

The number of signal D* events are obtained by fitting the Am distribution, as described
in section 3.4.1. This way, almost only charm events are accepted, and the background
induced by light quarks (u, d, s) can be neglected. The remaining background in D*fi
events consists in fake muons, i.e. hadrons mis-identified as muons and muons from light
quarks decay. The fake muons may result from different processes:

• The hadrons resulting from an ep interaction are most often pions and kaons. They
are unstable particles, decaying predominantly into a muon and a neutrino, which
escapes undetected [15]:

7T* -»• fj^u, (99.98770 ± 0.00004)%,

K* -> fitv, (63.43 ±0.17)%.

Because the decay length of these mesons is large (cr = 7.8 m for TT, and cr = 3.7 m for
K), they are usually stopped in the LAr calorimeter before decaying. Nevertheless, it
may happen that they decay into muons in the inner detector region, before reaching
the calorimeter. This probability is up to 3% for pions, depending on momentum4

and polar angle, and up to 7% for kaons [55].

The resulting muon track from the in-flight decays can be interpreted as a muon
from the ep interaction point.

• Usually, the final state hadrons are stopped in the LAr, where they deposit their
entire energy. However, there are cases when the hadronic energy leaks out of the
calorimeter, reaches the instrumented iron and passes a few layers. The muon re-
construction program tries to identify these showers which have typically a shallow
distribution [75]. This type of contribution is denoted as punch-through.

• The probability for a particle to interact with the detector is P(d) — e~d/x, with d the
traversed distance in the material, and A the nuclear interaction length of the medium.
Therefore there is a non-zero probability for a hadron to traverse the central trackers
and the calorimeters without strong interaction. At HI, the material in front of the
barrel muon system varies between 4.5 A (at 9 = 90°) and 9 A (at 9 = 35°) [75].
As a result, the maximum probability for a hadron to reach the iron without strong
interaction is approximately 0.6%. The muon reconstruction algorithms do not always
distinguish between these hadronic showers and single penetrating muons. This is
referred to as sail-through background.

For a particle with mass m, lifetime r and momentum p, the probability to decay at distance
d is:

d d-m

P{d) = 1 - e ~ ^ = 1 - e na . (4.6)
If d and p are kept fixed, the relevant parameter is m/r.

4Contributions from in-flight decays are expected to be important only at low momenta, whereas at
high momenta they die out exponentially [75].
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Mass

Lifetime

Pion

m, = 0.1396 GeV

TV = 2.6 • 10"8 s

Kaon

mK = 0.494 GeV

rK = 1.24 • 10-8 s

Table 4.8: The pion and kaon mass and lifetime [15].

Considering the values given in table 4.8, one obtains:

(4.7)

so that the kaon has a larger probability to decay into a muon, compared with the pion,
therefore also the muon mis-identification probability is larger for kaons than for pions.

However, the muons coming from these decays have mostly low momenta, and therefore
thej' are rejected by the cut p(ß) > 2 GeV.

4.3.1 Fake Muons from Pions and Kaons via D° —> Kn Decay

In practice it is difficult to disentangle the different contributions to the fake muons (this
has been done for example in [76]). In the present thesis, the fake muons contributions are
studied using the decay particles of the D° meson (D° —> K~n+) from the inclusive D*
untagged photoproduction sample, since this sample has similar event topology as the final
data set.

Basically, the same D* and D° mesons cuts as in table 3.1 were used. In addition, one of
the D° daughters was requested to full-fill the same transverse momentum requirement as
the muon: p(K) > 2 GeV or p(it) > 2 GeV. Kaon or pion candidates are selected and Am
distributions in bins of p. 8 and <b of this initial sample are plotted. By fitting as described
in section 3.4.1, the numbers of hadrons in the Am peak, N(hadrons), is obtained for
every bin of the chosen variables distributions. Further, it is checked if the kaon or the
pion are falsely reconstructed as a muon. If so, the same distributions as for the initial
hadron sample are plotted, and the number of mis-identified hadrons, N(hadrons —>//), is
obtained.

The hadron mis-identification probability is defined as the ratio:

V(hadrons —> /z) =
N(hadrons —>

N(hadrons)
where hadrons = K, TV. (4.8)

The resulting mis-identification probabilities distributions for data and PYTHIA Monte
Carlo are shown in figures 4.7 and 4.8. The probabilities depend only weakly on the type of
heavy quark, the small differences being explained by the differences in the initial distribu-
tions of momentum p and polar angle 6. For pions, PYTHIA predicts a mis-identification
probability approximatively two times lower than in data. Studies were performed to check
if this behaviour is dependent on the 'fake' muon quality or its electric charge, but no ex-
planation was found. The kaon probabilities are reasonably described by PYTHIA Monte
Carlo.
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In the following, the PYTHIA Monte Carlo will be used to estimate the muon background.
To account for the discrepancies between data and Monte Carlo in the pion case, a relative
systematic uncertainty of 20% will be attached to the muon background estimation (see
section 6.8.1).
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Chapter 5

Quark Flavour Separation

In this chapter, the method used to determine the charm and beauty fractions is discussed.
The method is based on the D*JJL charge and azimuthal angular correlations. An alternative
procedure is presented as a cross-check.

5.1 Fit Procedure

A x2 fit is used to obtain the charm and beauty fractions. Due to the D*fi selection, the
background from light quark events (u, d, s) is expected to be small, and hence neglected.
Therefore it is assumed that the data contain only events from charm and beauty quarks.
Input to the fit are the data, charm and beauty histograms for the four correlation regions,
obtained by fitting the corresponding Am distributions as described in section 3.4.1 (see
figure 5.1, left). The statistics in the Monte Carlo distributions are set to the one in data:

4 4 4

/ ., ^c,MC~ 2_^ ^b,MC= Z_^ ^data- (5.1)
regi=l regi=l regi=l

The x2 is defined as:
_i_ / Mre9i _ jpff 7\resM\ 2

(5.2)

The sum runs over the four correlation regions. The quantity iVdaia is the number of events
in the data distribution and crNregi is the corresponding error1. The function F depends on

data

the charm and beauty Monte Carlo distributions obtained with the Am fit:

= fc • N:%C + fb • Nflic. (5.3)

The charm and beauty fractions are obtained by minimisation: d\2/dfq = 0, where q
stands for the quark type: charm or beauty.

xThe uncertainty on the number of events in Monte Carlo is neglected, since it can be reduced signifi-
cantly by using a large enough sample of events.
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Although it was assumed that the data contain only charm and beauty events, the sum
fc + fb is n°t constrained to be equal to one. This is done in order to allow for the
independent fluctuations of the numbers of charm and beauty events, iVc and No. If the
purpose would be to check the partitioning of data in heavy quark events, then the fitting
function given in equation 5.3 would reduce to:

n/c, N^c) = ̂  • KJic + (1 - fc) • K9MO (5-4)

that is /t = 1 — fc, which introduces full correlation between the independent components.
However, the intention is to determine the heavy quark fractions based on the selected D*ji
sample. If the experiment would be repeated, and new data would be fitted to the same
model as the old data, slightly different results would be obtained. The fitting function
given in equation 5.3 allows for independent fluctuations, such that it may happen that the
sum fc + fb is not necessarily one.

The fit results are shown in figure 5.1, right. The obtained heavy quark fractions and the
corresponding numbers of events are2:

fc = (71 ± 7)%, iVc = 477 ± 47 (5.5)

fb = (26 ± 6)%, Nb = 175 ± 39 (5.6)

The number of heavy quark events is given by:

Nq = Ndata • fq, (5.7)

where q stands for the quark type: charm or beauty. The associated errors are obtained
taking into account the errors on fq: 5NQ = Ndata • <$/,,, where 5 is the statistical error.

The x2 probability is calculated based on the x2 value and on the number of degrees of
freedom3. It is the probability that a repeated experiment will return a chi-squared statistic
greater than x2 • The fit is good if the probability is of the order of 10% [77]. If the fit
probability is larger than 0.001, the fit may be acceptable if the errors are non-normal, or
have been moderately underestimated. Otherwise, if the fit probability is less than 0.001,
the model and/or the estimation procedure are not reliable.

To determine the number of heavy quark events in the four correlation regions, the relative
distribution of the initial Monte Carlo events (figure 5.1, left) is used:

Nreg i = N . I^C = ^ . regi
q H ^-~\ A rTeg j V q i\i

where xr^[C is the proportion of events of flavour q in region i as predicted by the Monte
Carlo (see table 5.1). The fraction of charm events in region i is (see table 5.2):

J c, data Afre9 * i Afre92 ' '

2 Here the fit results for the HERA I+II data sample are presented. For a separate treatment of HERA
I and II data, see appendix H.

3The number of degrees of freedom of a fit is denned as the number of fitted data points minus the
number of fit parameters. In this case, the fit parameters are two: the charm and beauty fractions, fc

and /(,.
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Figure 5.1: Left: distributions of events in the four correlations regions for data (black
points) and initial beauty and charm PYTHIA Monte Carlo which are input to the fit
procedure. The Monte Carlo distributions are individually normalised to data. Right:
distribution of events in the four correlation regions determined with the x2 fit (hashed
region) compared with data (black points). The obtained x*/ndf, where 'ndf is the number
of degrees of freedom, and the fit probability are also shown.

Region
r reff * [%1Xc,MC l/oJ
Treg l f%lxb,MC 1/OJ

1

2.3

3.1

2

23.3
27.0

3

5.4

51.7

4

69.0
18.2

E
100

100

Table 5.1: Relative distribution of all muons events in region i, xTegi, as predicted by
charm and beauty PYTHIA Monte Carlo.

Region
Nregi

i

ii ±i

5±1
67 ±5

2

111 ±11

47 ±11
70 ±5

3

26 ±3

91 ±20
22 ±4

4

329 ± 32

32 ±7
91 ±2

E
477 ± 47

175 ± 39
73 ± 5

Table 5.2: Distribution of charm and beauty events in the four correlation regions. The
fraction of charm events is also shown.

5.2 Signal Muons

The distributions of N(D*/i) in the different correlation regions contain also background
events, coming from different sources. By fitting the Am distribution, only signal D*
events were considered, but there are also contributions due to mis-identified muons (see
section 4.3.1).

To approximate the signal muons contributions, the Monte Carlo samples are used. This
is a good assumption as long as the Monte Carlo describes the muon background in data.
This has been checked in section 4.3. The observed discrepancies in the muon background
description will be accounted for when estimating the systematic uncertainties associated
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with the measurement (section 6.8.1). In Monte Carlo, one can make at generator level a
distinction between muons of interest4, i.e. muons coming from heavy hadrons, and other
muons. If at reconstructed level the event contains signal muons, the event is labelled
'signal'. If only signal D*fi events are considered:

j\rsig,regi _ regi
X

ysig, reg i
q, MC

gi
regi sig,regi

X MC X MC

with q the proportion of events of flavour q from region i which contain signal muons.

Figure 5.2 shows the predicted signal muon contributions to the four correlation regions for
HERA I and II run periods. For charm production it is expected to have signal D*/J, events
only in region 4. In this region, the particle having a charge different from the one of the
D* meson is in most cases a pion, which still can be mis-identified as a muon. In region
2, kaons, which have the same charge as the D* meson, are mostly mis-identified. Since
the muon mis-identification probability is larger for kaons than for pions (see section 4.3),
the muon background is larger in region 2 than in region 4. For beauty production, signal
muon events are expected in regions 2. 3 and 4. PYTHIA Monte Carlo predicts a much
smaller contribution of the muon background to beauty than to charm events.
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- H signal muons ^ ^ ^ ^ H

180 90 180 I 90 180

Figure 5.2: Signal muon contributions to correlation regions in case of charm (left) and
beauty (right) production as predicted by PYTHIA Monte Carlo. The label 'DIR' ('EXC')
stands for direct (excitation) component in PYTHIA.

Region
sig,regt ro/i

Xc,MC l/0\
sig,regi ran

Xb, MC 1/OJ

1

0

86.1

2

5.1

92.7

3

31.4

97.2

4

81.9

92.5

E
59.3

94.8

Table 5.3: Relative distribution of signal muons events in region i, x
sl9'Te9\ i.e. how many

of all muons are signal muons, for charm and beauty PYTHIA Monte Carlo.

4According to the Monte Carlo particle numbering scheme [78], all charm and beauty mesons have
cipher 3 and 4, respectively, on position three, counting from left to right, in their PDG index (for example,
D" (2010) has PDG index 413, B° meson 511 etc). Therefore muons which result from the decay of this
kind of particles are considered to be 'signal muons'.
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Region
J\jsig, reg i

c

njsig, reg i

fSig,regi rMi
Je, data L/0J

1

0

5±1
0

6

44

11

2

±
±
±

1

10
2

8

88
8

3

±
±
±

1

20
2

270

30
90

4

±
±
±

27

7

2

E
283 ±

166 ±
63 ±

28

37
3

Table 5.4: Distribution of charm and beauty events in data, in the four correlation regions,
after the muon background correction. The corresponding charm fractions are also shown.

The obtained relative distributions are given in table 5.3. Around 96% of the signal D*ß
events from charm production are in region 4, and 53% of the total beauty events in region 3.
After muon background correction, the total charm fraction decreased from 73% to 63%
(see table 5.4). The number of charm and beauty events in the four correlation regions,
after the muon background correction, will be later used to measure the corresponding cross
sections (see chapter 6).

5.3 Comparison with AR Method

To check the obtained charm and beauty fractions, instead of the correlation regions, the
following D*JJL variable (see ZEUS analysis [76]) was used:

(5.11)

BEAUTY

1 2
AR(D*ji)

BEAUTY
— all muons
• signal muons

1 2
AR(D*n)

600
CHARM

— all muons
• signal muons

AR(D»

Figure 5.3: Top: AR distributions for beauty (left) and charm (right) production. Note
that the distributions are not background subtracted. Bottom: AR distributions for beauty
(left) and charm (right) production, with the D* meson and the muon having different
charges.
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The AR distributions are shown in figure 5.3, top. For beauty production, a peak is
observed at low AR values for oppositely charged D* mesons and muons. This is due to
the case in which both particles come from the same b quark. Higher AR values are mainly
produced when the two particles come from different b quarks, and the muon is the result
of a I? meson decay [76]. For charm, high AR values correspond to D* mesons and muons
coming from different c quarks. It is obvious that the best separation power is obtained if
the opposite charge sample is considered. The initial beauty and charm distributions, with
the corresponding signal muon content, are presented in figure 5.3, bottom.

The same x2 fit is performed this time on the AR distribution for the opposite charge
sample. The result of the fit can be seen in figure 5.4.

250

200

100

50

f c = 0.76 ±0.07
f b = 0.24 ±0.06
Z2/ndf= 1.69/2
prob = 0.43

AR(D*n)

Figure 5.4: Result of the x2 fit w case of AR. distributions with the D* meson and the
muon carrying opposite charges.

The charm fractions obtained by fitting the AR distribution for opposite charge D*/i pairs,
corresponding to correlations regions 3 and 4, are compared with the default fit in table 5.5.
An agreement, within the errors, is observed between the two results. However, since by
using the correlation regions, charm and beauty fractions for all data sample, and not only
for the opposite charge case, are obtained, the former method is preferred. It is used in the
next chapter to measure total visible charm and beauty cross sections.

Fit

Correlation
region

A ß

Correlation

region

AR

Correlation region Nc Nb

Before muon background correction

all

3+4

3+4

477 ± 47

353 ± 32

366 ± 35

175 ±

123 ±

118 ±
After muon background correction

all

3+4
3+4

283 ± 28

278 ± 27
300 ± 29

166 ±

118 ±
115 ±

39

21

27

37

21
26

Jc. data

73 ±
74 ±
76 ±

63 ±

Slip
i l l

[%]

5
4
4

3

i
Table 5.5: Comparison between different fit methods, before and after the muon back-
ground correction.



Chapter 6

Total Charm and Beauty Cross
Sections

The goal is to measure the cross sections of the processes ep —> eqqX —» eD*/iX, where
q = c or b. The analysis is restricted to the kinematic range selected for the reconstruction
of particles {visible range, see table 6.1) and no extrapolation to the full phase space is
attempted.

First, the quantities needed to determine the cross sections in data are discussed. The
measurements are presented in section 6.8. The sources of systematic uncertainties are
discussed in section 6.8.1. The determination of the visible cross section in PYTHIA Monte
Carlo is presented in section 6.9. Finally, a comparison of the measurements with other HI
and ZEUS analyses is done.

Photoproduction

D*

Q2 < 1 GeV2

0.05 < y < 0.75

Pt(D') > 1.5 GeV

\V(D*)\<1.5

p((i) > 2.0 GeV

|T/(/X)| < 1.735

Table 6.1: Definition of the visible range in this analysis.

6.1 Cross Section Definition

The total charm and beauty cross sections are given by the formula:

eqqX
eL4 • e? • BH{D* -» KTTTT,) • £ p r e s c

= covb), (6.1)

where:
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• Nq(D*fi) is the number of D*ji events from charm or beauty production, obtained
after muon background subtraction;

• 6̂ 4 is the L4 efficiency;

• the total flavour dependent efficiency eq:

fq — fq • eq • fq (6 2^

c trig rec fPt(D* y.)'1 \ /

is the product of the trigger, reconstruction and the fPt {D*ji) cut efficiencies;

• B1Z(D* —> Knns) is the branching ratio of the decay channel D* —> D°TTS —> KTTTTS;

is the prescale-corrected luminosity (see section 6.2).
Dividing by the branching ratio, the cross section is extended to inclusive D* meson pro-
duction, thus accounting for the experimentally observed decay channel. To account for
the finite performance of the triggers and of the L4 classification, the trigger and the L4
efficiencies are introduced in the definition of the cross section. Due to acceptance and
limited resolution of the detector, not all the generated events are also reconstructed in the
visible range. This is accounted for by the reconstruction efficiency. By considering the
efficiency of the fPt(D*/j,) cut, the cross section is extrapolated to the visible range.

6.2 Prescale-Corrected Luminosity

As explained in section 2.6, the level 1 subtriggers may be prescaled. This needs to be
considered when determining the luminosity for the chosen subtriggers.

In Monte Carlo, the level 1 triggers prescales are not simulated. This is corrected for
by applying average prescale weights, depending on the subtrigger combinations (see sec-
tion 4.1.2). Suppose n is the number of possible subtriggers combinations (see tables 4.6
and 4.7). Then, the number of D*ji events before Ll weighting is:

Nbefore Ll weight = /_^ Nn, (6.3)
n

with Nn the number of events1 for a certain trigger combination n. After Ll weighting:

AT \ ^ N" fa A\
Mafter Ll weight = /_^ ~ ' ^ )

n n

where wn are the average prescale weights.

The effect of the Ll prescale weighting can be quantified by introducing an average prescale
factor d:

7 ™before Ll weight

a = — .
•̂  *after Ll weight

xNote that, by construction, the trigger combinations do not overlap.
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Subtriggers combinations
1 2 3

Subtriggers combinations

Figure 6.1: Distribution of events with the different subtriggers combinations (see ta-
bles 4.6 and 4.7) for HERA I and II data and PYTHIA generator. The error band indicates
the statistical errors. The Monte Carlo is normalised to data.

HERA I

HERA II

Average prescale
d

1.01

1.07

E

Corrected luminosity
Ccorr = C/d [pbT1]

69.6

251.6

321.2

Table 6.2: Average prescale factors obtained with PYTHIA charm Monte Carlo, for HERA
I and II run periods, and the corresponding prescale-corrected luminosities.

This approach is valid only if the used Monte Carlo describes the different subtrigger com-
binations. This was verified separately for HERA I and II run periods, since the triggers
selected in the two periods are either different, or they have changed definition. The distri-
bution of the number of D* mesons obtained with the different subtriggers combinations is
shown in figure 6.1. The data is compared to the sum of charm and beauty Monte Carlo,
according to fractions2 obtained with the method explained in chapter 5.

Using PYTHIA Monte Carlo, the average prescale factors shown in table 6.2 were obtained.
Since the data sample is dominated by charm, the factors from charm Monte Carlo were
used, but similar values were obtained with beauty Monte Carlo (1.03 and 1.02 for HERA
I and II, respectively).

2For HERA I the following charm and beauty fractions were obtained: fc = 0.70 ± 0.15 and
ft, = 0.30 ±0.12. Similar, for HERA II: fc = 0.73 ± 0.08, fb = 0.24 ± 0.07 (see appendix H). These
values are compatible, within the errors.
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6.3 Comparison of Trigger Efficiencies in Data and
Monte Carlo

Before determining the trigger efficiency for the cross section measurement, one has to verify-
that the Monte Carlo describes the trigger efficiencies obtained in data. For this purpose,
the subtrigger efficiency is calculated using monitor subtriggers, which are designed to
be independent of the selected triggers. Since there is no such subtrigger, the efficiency
is calculated with respect to the trigger elements (TE) forming the considered subtrigger.
It is formed as the ratio of events triggered by both, the monitor3 and the studied trigger
element, to the events triggered by the monitor trigger alone:

ttriq —

The error of the trigger efficiency is the binomial statistical one:

=
ttTig \ N (n*Yi9nal

V 2 V " ^ >
monitor

Due to reduced statistics in data, instead of taking the number of D* mesons obtained from
fitting the Am distribution, the number of events with a D* meson candidate in the signal
region, i.e. 0.143 GeV < Am < 0.148 GeV, and a muon were considered in determining
the trigger elements efficiencies4. The same method is applied in Monte Carlo, where the
combinatorial background is small.

6.3.1 HERA I

The monitor triggers should be independent of the signal triggers. Since SO requires only
energy depositions in the SpaCal, it suits as a monitor for all considered trigger elements,
except for the SpaCal trigger elements. S61 is based on the SpaCal and CJC's trigger
elements, and on the z-vertex significance, so it can be used as monitor for the central
muon detector trigger elements. S83 and S87 trigger photoproduction events where the
electron is scattered at very small angles and detected in the electron tagger detector.
They require energy deposition in the electron tagger and use signals of the CJC's triggers.
In addition, S83 has a z-vertex significance condition, and S87 requires a muon in the
central muon detector. Therefore S83 suits as a monitor for the muon trigger elements, and
S87 for zVtxjsig.

The efficiencies are listed in table 6.3. Note that, when more than one monitor subtrigger
is defined, they are used in a logical OR combination.

3 In data, both the actual LI and the verified L4 subtriggers are required for the monitor, whereas in
Monte Carlo only the actual subtriggers are used, because the L4 trigger bits are not simulated. The L4
efficiency is separately corrected for.

4With this method, the background events in the given Am region are also considered. It is assumed that
the signal to background ratio is the same for the two samples needed to determine the trigger efficiency.
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Only events with a muon in the barrel of the muon system were considered in determining
the efficiency of the Mu_Bar trigger element. Similar, for Mu_BIO events with muons in the
end-caps were taken. Because not all photoproduction events have an energy deposition
in the SpaCal, an electromagnetic energy deposition of at least5 2.5 GeV was required for
calculating the efficiency of the trigger element (SPCLeJET > 1 || SPCLeJET_Cen_2).

Trigger element

zVtx^ig > 1

DCRPh_Ta
DCRPh.CNH

Mu_Bar

Mu-BIO
MuJ^ny

SPCLeJET > 1 || SPCLeJET_Cen_2

Monitor subtrigger

35, 39, 56, 82, 85, 87, 101

24, 25, 35, 39, 64,
67, 76, 77, 101

2, 9, 35, 37, 39, 61, 64, 67,
71, 75, 76, 77, 82, 83, 84,

85, 100, 101, 108

19, 22, 24, 25, 37, 39,
67, 75, 77, 83, 84

tdata [%]

89 ±2

99 ±1
94 ±2

83 ±3

28 ±3
76 ±2

91 ±4

Table 6.3: HERA I trigger elements efficiencies.
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Figure 6.2: Left: trigger elements efficiencies for HERA I data and PYTHIA Monte
Carlo. The definition of trigger elements is given in appendix D. 'SPCL' is a short form
of SPCLeJET > 1 || SPCLeJET-CenJ2. Right: relative deviations of the Monte Carlo
efficiencies from the trigger elements efficiencies in data.

Assuming the veto trigger elements are 100 % efficient [80], the subtriggers efficiencies in
data are calculated as follows:

= eMuJBar - eDCRPh.CNH - e(zVtx.jsig>l) = (69 ± 3) %, (6.8)

€522 = CMu-BIO " ^DCRPh.CNH - £(zVtx.sig>l) = (23 ± 3) %, (6.9)

^556 = £Mu_A.ny ' ^DCRPh-Ta ' ^(SPCLeJETM || SPCLeJET-Cen-2) = (68 zb 4) %. (6.10)

5In [79] it was shown that the SpaCal trigger elements start to be efficient only from electromagnetic
cluster energies above 2 GeV.
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The trigger element efficiencies obtained in data are compared to the ones obtained in
PYTHIA Monte Carlo (see figure 6.2, left). The relative deviations of the Monte Carlo
trigger elements efficiencies from the efficiencies in data are shown in figure 6.2, right. The
largest deviation, of +35% for beauty, and of —25% for charm, is observed for the trigger
element Mu_BIO, which belongs to S22 (S23). The other trigger elements are described
within ±10% for beauty and within ±5% for charm. It was verified what is the influence of
these deviations on the final trigger efficiency. It was found that 21% (38%) of the beauty
(charm) events are triggered by trigger combinations which contain S22. The resulting
averaged deviations from the efficiencies in data are of 13% (15%) for charm (beauty). This
will be later considered in the systematic errors associated with the trigger efficiency.

6.3.2 HERA II

The level 1 trigger element efficiencies in data, for HERA II run period, are given in table 6.4.
A comparison of the results to the Monte Carlo efficiencies is shown in figure 6.3, left. The
deviations of the Monte Carlo efficiencies from the efficiencies in data are presented in
figure 6.3, right.

Trigger element

Mu_Bar
Mu-BIO

DCRPh_CNH
ClPjsig > 1

FTTjmuLTc > 2
FTTjmuLTd > 0

Monitor

9, 10, 57, 61, 115

10, 24, 57, 72, 115
9, 24, 25, 61, 64, 65
9, 24, 25, 64, 65, 115

,Li nyi

87 ± 3
38 ± 3

100

98 ± 1
100

100

Table 6.4: HERA II level 1 subtrigger elements efficiencies.
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Figure 6.3: Left: trigger elements efficiencies for HERA II data and PYTHIA Monte
Carlo. Right: relative deviations of the Monte Carlo efficiencies from the trigger elements
efficiencies in data.

As in HERA I run period, the largest deviation is observed for the Mu_BIO trigger element,
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Subtrigger
19
23

Monitor
9, 76, 87,

122 (run number < 477285)

Hrip l/oj

100
100

,L3 \0/~\

100
100

Table 6.5: Level 2 and 3 efficiencies for the subtriggers 19 and 23 in the year 2006.

but this time only in the charm case (+52.6%). The other trigger elements in charm Monte
Carlo are described up to +9%. About 55% of the charm events are triggered by S23 alone,
such that the averaged deviation of the charm trigger efficiency for the HERA II run period
is 33%. For beauty, the maximal deviation of 6%, for DCRPh_CNH, is considered.

In 2005, the DCRPh-trigger was replaced by FTT (see section 2.6.1). In Monte Carlo,
the subtriggers are constructed from the corresponding level 1 (LI) trigger elements. The
simulation of the FTT trigger elements has not been completed by the time of performing
this analysis, such that they are not included in the definition of the subtriggers. In data,
they are 100% efficient6 (see table 6.4). Thus their exclusion from the trigger definition is
not expected to have any effect on the trigger efficiencies.

The CIP_sig trigger element appears in the definition of the HERA II selected subtriggers
at the end of the year 2005. Since the Monte Carlo events for that period do not pass the
selection cuts, no CIP_sig efficiency is shown for Monte Carlo.

In 2006, apart from the level 1 (LI) trigger conditions, level 2 and 3 conditions were
implemented for subtriggers S19 and S23 (see section 3.8.2). The trigger efficiencies for
the different levels are calculated as follows:

Hrig
N(D*/J,)sl9nal\(monitor fefe Lltrig) fcfc LWJltrig

(6.11)

e L 3 -
Hrig —

N {D*fl)sl9nal I [( lAtrig) hh LlL2trig} && hlhZtrig

N(D*/J,)si9^ I (monitor && Lltrig) && Llh2trig

The sign '&&' stands for logical 'AND'. The hlUltrig is on if the raw subtriggers at
both levels, LI and L2, are on. To avoid the influence of prescales, the raw subtriggers
were considered. For the monitor triggers (moni), both the actual LI subtriggers and the
verified L4 subtriggers are required. Because of reduced statistics, the number of D*JJL

events is determined not from the Am fit, but by counting the events in the signal region.
The resulting efficiencies are 100%, as it is shown in table 6.5. These high efficiency are
expected for the selected data sample, since the L2 condition should be always fulfilled for
muons from an ep interaction, and the L3 validation has an efficiency larger than 98% for
isolated muons [81].

The level 1 (LI) trigger efficiencies were determined as the product of the corresponding
trigger elements efficiencies. The trigger elements efficiencies for the HERA II data sample,
calculated using equation 6.6, are shown in table 6.4.

6This is expected, since FTT_mul_Td requires at least one track with transverse momentum
Pt > 900 MeV (see appendix D), which is the case for the muon track. The other FTT trigger element,
FTT_mul_Tc, is on if there are at least three tracks with pt > 400 MeV. The D* and the muon track fulfil
this pt condition.
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With the trigger definition from table 3.8 and knowing that the other trigger elements
efficiencies are almost 100 %, the Ll subtrigger efficiencies in data are:

^ eMu3ar = (87 ± 3)%: and eUu_Blo = (38 ± 3)%. (6.13)

6.4 Total Trigger Efficiencies

Having shown that the trigger element efficiencies are described, within the errors, by the
Monte Carlo, the total trigger efficiencies are determined as the ratio between the number of
reconstructed D*\x pairs with a positive trigger decision, 7Vrec> *"s(/?*>) Us, and the number
of reconstructed D*fj, pairs, Nrec(D*/jL)\vis, in the visible range of the analysis, defined in
table 6.1:

Nrec'tri9{D*n)\ vis. range

Nrec{D*ß)\ vis. range

(6.14)

Since the purpose is to measure charm and beauty cross sections, flavour specific efficiencies
are needed. In addition, the efficiencies for the c (b) dominated region 4 (3) are determined.
For every flavour, direct and resolved processes are generated separately. The corresponding
efficiencies are summed according to the cross section of the individual processes. The
results are shown in table 6.6. The efficiencies shown in bold will be used for measuring
the cross sections.

Trigger Efficiency [%]

cDIR
cEXC

c DIR+EXC

b DIR
6EXC

b DIR+EXC

Correlation Region
1-4

35.8 ±0.7
35.7 ±1.0

35.8 ±0.6
64.8 ± 0.4
69.7 ±0.5

68.2 ± 0.4

3

-

-

-

69.4 ±0.5
71.9 ±0.6
71.1 ±0.6

4

38.4 ±0.9
37.8 ± 1.3
38.1 ±0.8

-
-
-

Table 6.6: Trigger efficiency (in percent) for HERA I and II PYTHIA Monte Carlo.
The label 'DIR' ('EXC') stands for direct (excitation) processes. The statistical errors are
calculated as explained in appendix F.

6.5 Reconstruction Efficiency

The reconstruction efficiency erec is determined from PYTHIA Monte Carlo as the ratio:

Naen(D*i2)\vis.range
(6.15)
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N9en(D*jj,) is the number of generated D*\i pairs, within the visible range. Nrec(D*/j,) is
the number of reconstructed D*ji pairs coming from heavy quarks, i.e. without muon
background, within the visible range, but regardless if the pair is also at the generator
level in the visible range or not. This way, possible migration effects, due for example to
events which at generator level are not in the visible kinematic range, but on reconstructed
level are, or vice-versa, are taken into account.

The obtained reconstruction efficiencies are given in table 6.7.

Reconstruction Efficiency [%]

cDIR
cEXC

c DIR+EXC

b DIR
6EXC

b DIR+EXC

Correlation Region
1-4

35.5 ±0.6
36.5 ±0.9

35.9 ±0 .5
42.9 ±0.2
44.5 ±0.3

44.0 ± 0.2

3

-

-

-

44.8 ±0.3
46.8 ±0.4

46.2 ± 0.3

4

33.7 ±0.6
33.6 ±1.0

33.7 ±0 .5
-
-
-

Table 6.7: Reconstruction efficiency (in percent) for HERA I and II run periods. The
label 'DIR' ('EXC') stands for direct (excitation) processes. The indicated statistical errors
are binomial.

6.5.1 Resolution Effects

The quality of the reconstruction of a variable x can be studied by using the resolution:

resolution(x) =
xgen

(6.16)

where xrec is the reconstructed variable, and xgen the generated one. The resolutions of the
D* meson transverse momentum and pseudorapidity, and muon momenta and pseudora-
pidity can be seen in figure 6.4. The Gaussian fits with mean close to zero show that the
mentioned variables are well correlated at generated and reconstruction level.

On the other hand, the yjß variable is not so well reconstructed (see figure 6.5). This is
due to the fact that yjß is calculated from the energies of all hadronic final state particles
within the detector, and it is therefore sensitive to energy calibrations [82] and particle
losses.

The resolution of a certain variable x on which cuts were applied may affect the phase
space of the analysis. This was studied by varying separately the cuts on the variables
which define the visible range. The cuts were tightened with one cr, where a is given by
the Gaussian fit to the corresponding resolution distributions7.

7 Since charm is dominant in data, the resolutions predicted by charm PYTHIA Monte Carlo were
considered. However, PYTHIA predicts similar resolutions for beauty production.
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Figure 6.4: Left: correlation between reconstructed and generated D* meson and muon
variables, as predicted by PYTHIA charm Monte Carlo. Right: D* meson and muon
resolutions distributions, fitted with a Gaussian.
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The relative variation of the number of D*ji events, corrected for the muon background,
was calculated as:

iswhere N(D*/J.) is the number of D*JJL events obtained with no variations. 7V(D*/i)|X]

the number resulted after tightening the cut on the reconstructed variable x with one a.

The variations are presented in table 6.8. They are largest in case of the yjB variable. This
was expected, due to worse resolution, compared with the others variables.

Applied Cut

0.056 < yjB < 0-656
pt(D*) > 1.52 GeV

\v{D*)\ < 1.46
p(n) > 2.045 GeV

\v(v)\ < 1-719

Relative Variation 8rei [%]
Charm

8

4

3

1

3

Beauty

10

4

6

3

2

Table 6.8: Relative variations of the number of D*ß events after the one <J variations of
the kinematic cuts.

6.6 Efficiency of the fpt(D*/j,) Cut

The efficiency of the fPt(D*/j,) cut is calculated as the ratio between the number of D*/J,
events which survived the cut, and the ones without the cut applied:

e/pt(D*/x)>0.2 =

The efficiencies are given in table 6.9.

(6.18)

6.7 Trigger Level 4 Efficiency

The L4 efficiency is determined from data, since the L4 classification is not simulated in
Monte Carlo. It is defined as follows:

N(D*ß)\Li class
N(D*fx)\L4weighted

= (90.2 ± 3.2)%. (6.19)

TV(D*,u)| £4 dags is the number of D*/J, pairs for the events in which the presence of the L4
classes 15 or 16 (see section 3.6) was requested, whereas N(D*H)\L4weighted is determined for
the L4 weighted events (see figure 6.6). The error is calculated as explained in appendix F.
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Efficiency of the fPt(D*fi) cut [%}

cDIR
cEXC

c DIR+EXC
feDIR
&EXC

b DIR+EXC

Correlation Region
1-4

99.3 ±0.1
87.3 ±1.2

94.3 ± 0.5
88.5 ±0.3
80.1 ±0.6

82.7 ±0.4

3

-
-
-

88.0 ±0.3
85.6 ±0.6

86.3 ±0.4

4

99.1 ±0.6
90.1 ±1.0

95.3 ±0.5
-
-
-

Table 6.9: Efficiency of the fPt(D*fx) cut (in percent) for HERA I and II PYTHIA
Monte Carlo. The label 'DIR' ('EXC') stands for direct (excitation) processes. The indi-
cated errors are calculated as explained in appendix F.

The L4 efficiency is determined only for the total sample, and not separately for the corre-
lation regions 3 and 4, since only in this case the Arn fit for the L4 weighted events gives
reliable results8.

500
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5
=5300
c
n
o
5^200
Q
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HERA l+ll

i , i V . , i

= 182.03/43

N(D*) = 676.52 ±66.41

o = (0.99 ± 0.12) MeV

H = (145.76±0.11)MeV
I , i , , I i i i i I , i

'0.14 0.145 0.15 0.155 0.16

Am [GeV]
0.165

Figure 6.6: The Am distribution weighted with the corresponding L4 weights (no L4 class
requested).

\

8There are statistical limitations due to the weighted events. Let N be the number of events with

weights Wi, % = 1 . . . N. The error on the weighted events is given by
N

•ujf. For example, if there

are 100 events, each with weight 1, J2wi — 100 a n d t n e associated error is 10. But if there is only one
event with weight 20, J2 wi = 1̂ 9 and the error is 22.33, i.e. 19% relative error. In principle, the larger
the weight, the bigger the error, such that a large statistics of unweighted events is needed to compensate
for a single large weight.
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6.8 Charm and Beauty Cross sections

Having all the necessary ingredients, the visible beauty and charm cross section are calcu-
lated (see table 6.10). The quoted errors are statistical.

N(D*fi)
£rec

ttrig

£ M

C [pb"1]

BTl{D* -» KTTTTS)

a[pb]

Charm
Correlatic
1-4

283 ± 28
0.359 ± 0.005
0.358 ± 0.006
0.943 ± 0.005

>n Region

4

270 ± 27
0.337 ± 0.005
0.381 ± 0.008
0.953 ± 0.005

Beauty
Correlatic
1-4

166 ± 37
0.440 ± 0.002
0.682 ± 0.004
0.827 ±0.004

m Region
3

88 ±20
0.462 ± 0.003
0.711 ±0.004
0.863 ± 0.004

0.902 ± 0.032
321.2

0.0257 ±0.0005

314 ± 34 296 ± 33 90 ±20 42 ±10

Table 6.10: Total visible D*ji cross sections for charm and beauty production.

6.8.1 Systematic Uncertainties

The sources of systematic uncertainties associated with the cross section measurement are
discussed below.

Definition of the Correlation Region:
Using the charge and azimuthal angular difference between the D* and the muon, four
correlation regions were defined (see table 1.6). The systematic error associated with this
definition was studied by moving the cut on A<f> from 90° by ±10°. The analysis was
performed again with the modified A0 cut and the final cross sections were recalculated.
This led to a relative systematic uncertainty of 3% for charm and of 2% for beauty cross
section.

The Model Dependence:
The model dependence was studied by repeating the analysis with the CASCADE Monte
Carlo model, which implements a different perturbative QCD ansatz (see section 1.6).
The systematic uncertainties were calculated as (&PYTHIA — ^CASCADE)/^PYTHIAI where
&PYTHIA (CASCADE) is the cross section obtained using PYTHIA (CASCADE) Monte Carlo.
The uncertainties amounted to 18% for charm and 14% for beauty production.

Uncertainties of the Branching Ratios Measurements
The corrections factors for the beauty scenarios (see section 4.1.1) were calculated based
on the latest branching ratios [15] which are not measured exactly. The effect of their
uncertainties on the cross sections measurements was studied by varying the correction
factors, one at a time, with their corresponding errors given in tables 4.1 and 4.2. This
resulted in a systematic error of 3% for charm cross section, and 4% for beauty.
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Estimation of the Muon Background
The Monte Carlo simulation was used (see section 5.2) to estimate the muon background.
The muon background plays a role in determining the number of signal beauty and charm
events in data, and in the reconstruction efficiency. Assuming the reconstruction efficiency
is the same for signal and background muons, the muon background is involved only in
the determination of the number of events. Due to the imperfect description of the muon
background (see section 4.3.1), a systematic uncertainty of 20% was assumed for charm
and beauty production, respectively.

Am Fit
The number of D* mesons in the four correlation regions was obtained by fitting the cor-
responding Am distribution, but with the mean and the width of the Gaussian function
fixed to the values obtained when fitting the total sample. To study the effect of fixing the
parameters, the width was varied with its error of 0.1 MeV, and the cross sections were
recalculated. With this, a systematic uncertainty of 4% (3%) was obtained for charm
(beauty) production.

Particle Reconstruction
The reconstruction efficiency calculated with equation 6.15 depends on the following ele-
ments.

D* meson and JJL track reconstruction efficiency: Since the track reconstruction effi-
ciency increases with the pt of the particles, a relative uncertainty of 4% is assumed
for the slow pion, and of 3% for the kaon, the pion and the muon [70]. Conservatively,
a maximal correlation was assumed between the efficiencies of the the four particles,
and an uncertainty of 13% was obtained.

Muon identification efficiency: This was studied in [80] using elastic J/ip mesons and
it was found to be 1.5%.

Contributions From Other Decay Channels
The number of reconstructed D* mesons decaying in the channel D* —> D°ns —> (K7r)7rs is
determined by fitting the Am — n^KivKg) — m{K'n) distribution.

The D° meson is reconstructed from its decay daughters, by selecting two oppositely charged
tracks and assigning them the pion and kaon mass, respectively (see section 3.4). Since no
particle identification is done, the mass hypothesis may be wrong. As an example, for
D° —s- K~K+, the pion mass may be assigned to one of the kaons, such that the resulting
D° meson invariant mass will be shifted from the nominal value, according to the difference
between the K and 7r masses (see figure 6.7).

Possible sources of such reflections are listed in table 6.11. In [83], a contribution to the
Am signal of around 3% from D° —> K~K+ and D° —> TT+-K~ was found. Approximately
0.5% were attributed to D° —> 7r+7r~7r° and D° —> K~fx+vll. A final reflection contribution
of (3.5 ± 1.5)% is quoted. The effect of these reflections is accounted for in this analysis by
a relative systematic uncertainty of 5% [71].

Trigger Efficiencies
Deviations of the Monte Carlo trigger element efficiencies from the efficiencies in data were
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Figure 6.7: Invariant mass M(K, n) for Monte Carlo events containing D° —> K~K+ and
D° —> 7T+7r~ decays (from [83]). These events pass the cut applied on the D° mass window.
Note that the distribution does not contain any resolution effect.

Decay

D° -»• i
£>°->7
D ° -> J
D° -> I

D° -» /?*

mode
/ST-7T+

r+TT-TT0

(892)e+i/e

Branching
3.80

0.384
0.1364

14.1
1.31
3.51
3.19
2.17

±
±
±
±
±
dz

±
±

ratio [%]

0.07

0.010
0.0032
0.5
0.06
0.11
0.16
0.16

Table 6.11: D° meson decay modes and the corresponding branching ratios [15]. The
first decay mode is chosen in this analysis, but the other decays may also contribute, as
explained in text.

observed for HERA I and II run period (see table 6.12 and section 6.3), mainly due to the
imperfect description of the muon triggering. The total systematic uncertainties attributed
to the trigger efficiencies are shown in bold in table 6.12. They were obtained by weighting
the HERA I and II efficiencies with the corresponding Monte Carlo luminosities. When

Systematic Uncertainties on etrig [%]
Run period

HERA I
HERA II

Luminosity weighted sum

Charm

13
33

21

Beauty

15
6

8

Table 6.12: Systematic uncertainties on the trigger element efficiencies.
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variating the trigger efficiencies according to their systematic uncertainties, a systematic
error of 5% (1%) was obtained for the charm (beauty) cross section.

Normal Resolved Contribution
The normal resolved component was neglected in PYTHIA Monte Carlo. This amounts to
3% (5%) for charm (beauty) production (see section 6.9).

Luminosity Contribution
In table 2.7, the systematic errors in the luminosity measurement for the years used in this
analysis were presented. Since most of the sources are correlated for the different years, an
average systematic error of 1.5% is quoted.

Branching Ratio
The branching ratio of the D* meson decay channel is B1Z(D*
Its relative error is therefore 2%.

Kmrs) = (2.57 ±0.05)%.

Other Possible Sources of Systematic Errors
Since the level 1 (LI) trigger prescales are not simulated in Monte Carlo, this is corrected
for, as explained in section 4.1.2. The effect of this corrections is shown in figure 6.8, left,
for charm events, and right, for beauty events. Because the prescale factors are small,
their associated systematic uncertainty on the cross section measurement is found to be
negligible and not considered here.

0.8

0.6
*

2? 0.4

0.2

: CHARM
'. No correction
- — L1 prescales

-

Q(D*)

90 180 0 90 180

i

0.8

0.6

0.4

0.2

n

Q(D*) = Q(n)

: BEAUTY
No corrections

: —- L1 prescales
•__— L1 + BR corr.

-

»PI*

Q(D*) * Q(|i)

90 180 0 90 180

Figure 6.8: Distributions of Monte Carlo events in the four correlations regions before and
after the applied corrections. 'LI prescales' refers to the level 1 triggers prescales, and 'BR
corr.' to the beauty corrections due to the out-dated branching ratios. The distributions
are normalised to one.

Summary of the Systematic Uncertainties
A summary of the final systematic uncertainties is given in table 6.13. The largest con-
tribution comes from the muon background estimation (20%), which is however only a
rough approximation, followed by the uncertainties due to the D* meson and muon track
reconstruction. More detailed Monte Carlo studies of the kaon and pion mis-identification
probability would lead to a considerable reduction of the systematic uncertainties. Signifi-
cant contributions (up to 18%) are obtained also due to the model dependence.
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1
2
3
4
5
6
7
8
9
10
11
12

Source

Definition of the correlation regions
Model dependence

Branching ratios for b scenarios
Am fit

Trigger efficiency
Normal resolved contribution

D* and fj. track reconstruction
ji identification

Estimation of the /i background
D° meson reflections

Luminosity
BTZ(D* -» KTT-KS)

Total systematic error

Variation

A(f>(D*fj) ± 10°
Cascade

PDG
a ± 0.1 MeV

esyst [%]
Charm

3
18
3
4
5
3

Beauty

2
14
4
3
1
5

13
1.5
20
5

1.5
2

32 29

Table 6.13: Sources of systematic errors for the total visible charm and beauty cross
sections.

6.9 Monte Carlo Cross Sections

The Monte Carlo cross section is determined as:

rq

L'MC

= corb (6.20)

where NMC{D*ji) is the number of D*fj, events obtained after the kinematic cuts which
define the visible range of the analysis, with the muon coming from heav}' quarks, CMC

is the luminosity of the corresponding Monte Carlo, and fcor(qq —> D*fi) is the correction
factor determined in section 4.1.1.

The obtained HERA I and II PYTHIA Monte Carlo cross sections are shown in tables 6.14
and 6.15. Since the predicted cross sections for the normal resolved component are about
3% for charm production, and 5% for beauty, this component is neglected in the present
analysis. This is taken into account in the systematic uncertainties indicated in table 6.13.
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Selection
inclusive cc

D*
+ 0.05 < y < 0.75

+ Pt{D*) > 1.5 GeV
+ \V(D*)\ < 1-5

+ /«
+ p(u) > 2.0 GeV
+ \V(ß)\ < 1.735

+ A$(L>*/z) > 90°, Q(D*) + Q{fi)
(region 4)

Cross section [pb]
DIRECT

601189
265732
129704
42417
26570
2641
389

147

133

EXCITATION
372958
136000
97201
41130
26592
2975
414

115

93

RESOLVED

78924
33103
21250
5710
1662
200

65

7

5

Table 6.14: Inclusive charm cross sections predicted by PYTHIA Monte Carlo (HERA
I and II). The effect of the kinematic cuts which define the visible region is shown (the
Q2 < 1 GeV2 cut is applied already in the beginning). The cross section in the charm
dominated region, i.e. region 4, is also indicated.

Selection

inclusive bb
D*

+ 0.05 < y < 0.75
+ Pt(D*) > 1.5 GeV

+ wzni<i.5
+ li

+ p(/j) > 2.0 GeV
+ |7/(/i)| < 1.735

+ A$(D*IJ,) < 90°, Q{D*) ± Q(n)

(region 3)

Cross section [pb]
DIRECT

3837
2089
1586
842
712
308
71
56

23

EXCITATION

1223
528
457
285
188
59
44
15

11

RESOLVED

709
379
284
161
53
17
7
4
1

Table 6.15: Inclusive beauty cross sections predicted by PYTHIA Monte Carlo (HERA
I and II). The effect of the kinematic cuts which define the visible region is shown (the
Q2 < 1 GeV2 cut is applied already in the beginning). The cross section in the beauty
dominated region, i.e. region 3, is also indicated.



6.10 Comparison with Other Measurements 107

6.10 Comparison with Other Measurements

In table 6.16, the measured charm and beauty cross sections are compared to PYTHIA
Monte Carlo. The results are consistent with the leading order QCD predictions, within
the errors. In figure 6.9, the obtained visible charm and beauty cross sections are compared
with recent HI and ZEUS measurements.

Data
PYTHIA

Data/theory

Total Visible Cross Section [pb]
Charm

314 ± 33 (stat) ± 101 (syst)
262

1.2 ±0.1 (stat) ± 0.4 (syst)

Beauty

90 ± 20 (stat) ± 26 (syst)
71

1.3 ± 0.3 (stat) ± 0.4 (syst)

Table 6.16: The measured charm and beauty photoproduction cross sections in the kine-
maticrangeQ2 < 1 GeV2, 0.05 < y < 0.75, pt{D*) > 1.5 GeV, \y{D*)\ < 1.5, p(ji) > 2 GeV
and \r)(fj,)\ < 1.735 in comparison to predictions from leading order QCD PYTHIA Monte
Carlo. Events from the years 1999-2000 (HERA I) and 2004-2006 (HERA II) were used.

a) this analysis
b) previous HI D*}l analysis
c) HI dijets (impact parameter)

a) this analysis
b) previous HI D*|i analysis
c)ZEUS D*u.
d) HI dijets (impact parameter)
e) HI muon+jet (p[el + impact parameter)
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Figure 6.9: Comparison of the total cross section of charm (left) and beauty (right) with
other HI and ZEUS analyses (see text for details). The points indicate the data, the lines
the PYTHIA Monte Carlo predictions. The error bars correspond to the statistical errors.
The total error is given by the statistical and systematic errors added in quadrature. The
ratio data/theory is also shown.

The HI analyses using dijet [44] and muons plus jet [42] samples were discussed in sec-
tion 1.7. Results from the previous Hl D*ß [47] and the similar ZEUS analysis [84] are
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shown as well. Note that the mentioned analyses (apart from the ZEUS result) are done in
photoproduction regime, Q2 < 1 GeV2, but for different visible ranges.

In [47], the HI collaboration measured the charm and beauty cross sections using D*ß events
from the years 1997 and 1999-2000. For a direct comparison, the present measurement was
done separately for the 1999-2000 data sample9. The results are presented in table 6.17. The
measured charm cross sections are consistent between the two analyses. A large difference
is observed for the beauty cross section. The present result is closer to the predicted
value, although the same tendency is observed, as for all analyses, that the Monte Carlo
underestimates the data.

HERA I Cross Section [pb]

This analysis
Previous HI D*\i analysis

PYTHIA

Charm
280 ± 64
250 ± 57

242

Beauty
105 ± 41
206 ± 53

57

Data/theory Ratio

This analysis
Previous HI D*/J. analysis

1.2 ±0.3
1.0 ±0.2

1.8 ±0.7
3.6 ±0.9

Table 6.17: Comparison between results of this analysis and the previous HI D*/i [47]
measurement of charm and beauty cross sections for HERA I data sample. The indicated
errors are statistical. The data/theory ratio is also shown.

In this thesis, the statistical errors are reduced compared to the previous HI D*/J, result.
The PYTHIA predictions are however not identical due to the different correction factors
for the relevant branching ratios in PYTHIA version 6.1, used in the previous analysis, and
version 6.2.

The ZEUS beauty cross section [84] extrapolated to the same kinematic range as the one
of the present analysis is:

crVis,1P{ep -> ebbX -» eD^fiX) = 135 ± 33 (stat)l^ (syst) pb, (6.21)

which is higher than the present result, but in agreement within errors. The ZEUS measure-
ment included the normal resolved component which was neglected here. In addition, the
b quarks did not fragment directly into D* mesons, but the kinematics of the 6 —> B —* D*
chain was simulated in detail. Another difference consists in the inclusion of secondary
muon branching fractions for D* and \x from the same b quark (i.e. b —> D*D, where

9The 1997 data was not used in this analysis due to technical reasons.



Chapter 7

Differential Cross Sections

In this chapter, the normalised differential cross sections in bins of the D*ß transverse
momentum pt(D*fj,), pseudorapidity r)(D*/j.), rapidity y(D*/j.) and invariant M(D*fj) are
measured. First, the distributions of these variables for charm and beauty production are
discussed. Then the normalised differential cross sections are presented. The method is
identical to the one used for the total cross sections, but extending the measurement to
differential variables.

7.1 Combined D*fj, Variables

The D*n combined variables are used as an approximation of the corresponding qq variables.
The transverse momentum Pt{qq), which is sensitive to NLO effects, is approximated by
pt(D*n). Similar to the invariant mass M(qq), which in leading order corresponds to the
centre-of-mass energy y/§ of the incoming photon and the gluon, the variable M{D*ß) is
defined. The quantities y(qq) and 7](qq) are associated with the direction of the quark pair,
and approximated by y(D*/j) and rj(D*fj,).

The correlations of the reconstructed £>*// variables with the qq quantities are presented in
figure 7.1. The best correlation is observed for the inelasticity y, followed by pseudorapidity
r) and invariant mass M. In case of transverse momentum pt, the correlation is strongly
diluted due to fragmentation effects.

The distributions of the D*\i variables are shown in figure 7.2. The beauty Monte Carlo
predicts a harder pt{D*jj) spectrum compared to charm Monte Carlo. The D*/j, pairs coming
from c quarks are present in central and forward regions of pseudorapidity r/(D*ß), whereas
D*/i pairs from b quarks are concentrated only in the central region. These differences are
due to the production kinematics and to the muon selection criteria. In charm production,
the muon has a softer momentum spectrum compared to beauty production. As a result,
the cut of 2 GeV on the muon momentum suppresses the muons in the central region of
pseudorapidity [71].

No significant differences between charm and beauty production are observed for the in-
elasticity y(D*fx).
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Figure 7.2: Comparison of the combined D*ß variables in data (black points) to
charm and beauty PYTHIA Monte Carlo (hashed regions), for HERA I and II run periods.
The transverse momentum pt(D*ß), pseudorapidity t](D*/j,), inelasticity y{D*fj) and the
invariant mass M(D*n) are shown. The Monte Carlo distributions are normalised to data.
The error band indicates the statistical errors.

Extraction of the Number of Events
For differential cross sections, the D*ß variables are divided, into two bins. This limitation
is imposed by the fit procedure, which requires the presence of both charm and beauty
events with sufficient statistics in the correlation regions, in order to give reliable results.

The fit procedure is identical to the procedure discussed in chapter 5, just that this time the
fit is performed simultaneously in the two bins, in order to have a consistent normalisation
factor. First, the Monte Carlo distributions of the four correlation regions, in the two bins,
are fitted to data (see figure 7.4, left). The results of the fit are shown in figure 7.4, right.
In case of empty bins, the statistics was too low to determine the number of D* mesons
with the Arn fit.

The fractions of charm (/c) and beauty (/{,) events in data are obtained. The total number
of heavy quark events in data is calculated as:

fq (q = COlb), (7.2)

where is the total number of events in data. The relative distributions of Monte Carlo
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events are calculated:

V N
/ J g, bin

-, q = c or . (7.3)
2

V pjregz
q, bin

bin=l i=l

li is the number of Monte Carlo events in correlation region i in one bin. The sums in
the denominator run over the four correlation regions and over the two bins of the kinematic
variables of interest.

The numbers of c and b events in a bin of a variable x are given by:

NUn = (7.4)

Similar, the numbers of c and b signal events, i.e. corrected for the muon background, is:

\jbin _ bin njbin (•? c\
Jv<j, sip "~ xq, sig ' i v ? : \'-°)

where

Kfreg i, sig
/ j l <j, bin

Jb — aA n q = c or b. (7.6)

bin=l i—l

. si3
Q,bin

The obtained numbers of signal events, which are used to calculate the differential cross
sections in data, are presented in table 7.1.

Quantity

Pt(D*fi)

ri(D*fi)

M{D*ß)

»(BV>

Range

0 - 5 GeV
5 - 10 GeV

- 3 - 1
1-4

2 - 6 GeV
6 - 12 GeV

-1.5- 0
0- 1.5

TSjbin
c, sia

263 ± 26
12 ± 1

172 ± 18
77 ± 8

121 ±12
144 ± 14
126 ± 13
122 ± 13

njbin
b, sig

96 ±22
53 ±12
131 ± 27
40 ± 8

110 ± 26
39 ± 9
72 ±15
107 ±22

Table 7.1: Number of signal events in the two bins of the D*/J. combined variables, as
determined with the x2 &t-

Efficiencies
The reconstruction, trigger and /P t(D» efficiencies were calculated for every bin (see figure 7.5),
according to the formulas presented in chapter 6. The efficiency of the fPt cut is mostly sta-
ble in the bins of the considered variables, whereas the reconstruction and trigger efficiencies
show variations.
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Differential Cross Section in Monte Carlo
In Monte Carlo, the differential cross sections are calculated as:

q = c or b. (7.7)

ANMC(D*fj,) is the number of generated D*ß pairs in the visible range of the analysis, in
the considered bin. LMC is the luminosity of the Monte Carlo sample, and fcor(qq —> D*/x)
is the correction factor determined in section 4.1.1.

7.3 Migration Effects

In case of differential cross sections, possible migrations of events from one bin to another,
due to detector resolution, need to be corrected for. In this analysis, the corrections for
migration effects are included in the reconstruction efficiency as defined in equation 6.14.
However, it is important to ensure that the migration effects are small, in order to reduce
the sensitivity to the correct modelling of events. This is done by choosing an appropriate
binning.

In this context, the following two quantities are defined: the purity V and stability S.
They are given by:

*rec & gen

Nrec ^ gen

Nrec (Ngen) is the number of events found within a given bin, on reconstructed (generated)
level. Nrec&gen is the number of events which are generated and reconstructed within the
same bin.

The purity is a measure of the fraction of reconstructed events which are also at generated
level in the same bin. The stability gives the fraction of generated events which remain also
at reconstructed level in the same bin. Usually, the purity and stability are required to be
larger than 30% [85].

The purity and stability distributions for the D*/i variables are shown in figure 7.3. The
purities are high (above 71%). The stabilities are in general over 30%, with the exception
of the last bin in r)(D*/j,), where the stability amounts to 28%.

7.4 Systematic Uncertainties

In principle, the same systematic uncertainties which were determined for the total cross
sections (see section 6.8.1) are valid also here, only that they are calculated for every bin of
a variable. For normalised differential cross sections (1/cr • da/dx) some of the systematic
errors cancel. Examples are the errors of the D* and /x track reconstruction, of the muon
identification, D* reflections, branching ratio and of the luminosity.

The systematics due to the Am fit were studied by variating the sigma of the Gaussian
function in the Am fit (see section 3.4.1) with its error, i.e. ±0.1 MeV. This resulted in
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systematic uncertainties up to 5%, which are however smaller than the statistical errors.

7.5 Normalised Differential Cross Sections

The differential cross sections for the D*fi combined variables, normalised to the total cross
section, l/a-davis/dx, in the visible range, for beauty and charm production, are presented
in figure 7.6. The shape of the D*ß distributions in data are compared to the leading order
QCD PYTHIA and CASCADE Monte Carlo.

The D*ji pairs coming from b quarks are produced with a larger transverse momentum
than the ones from c quarks. The CASCADE generator is based on the CCFM evolution
equation, in which the gluon taking part in the hard interaction may have a non-vanishing
transverse momentum kt. As a result, the pt(D*fi) is slightly harder than in the PYTHIA
case.

According to PYTHIA and CASCADE, in charm production the D*fi pairs travel mostly
in the backward region, i.e. negative 7/(D*>).

The two generators predict the same shape for the invariant mass M(D*fj.) in beauty
production. In the cc case, the CASCADE spectrum is harder.

Differences between PYTHIA and CASCADE are observed also for the inelasticity y(D*ß)
in charm production. PYTHIA predicts almost a flat behaviour, whereas according to
PYTHIA the D*/J, pairs tend to have large inelasticities y(D*jj) > 0.

In general, PYTHIA offers the better description. However, in view of the large errors, it is
not possible to state whether the data prefer the PYTHIA or the CASCADE predictions.
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Chapter 8

Mean D*/x Transverse Momentum
Studies

In this chapter studies of the mean D*ß transverse momentum, (pt(D*n)}, in data and
Monte Carlo, will be presented. First, a motivation will be given, then the results will be
introduced.

To study the QCD dynamics of heavy quark production via boson-gluon fusion, the PYTHIA
and CASCADE generators were used. PYTHIA is based on the DGLAP evolution equation
(see section 1.3.5.1), which assumes an ordering in the transverse momenta of the emitted
gluons. CASCADE implements the CCFM equation (section 1.3.5.3), in which an angu-
lar ordering is considered. Initial transverse momentum of the incoming partons lead to
a non-vanishing transverse momentum of the heavy quark pair (see section 1.7.2.2). The
latter is approximated by the D*[x variable pt(D*/.i). Although there are smearing effects
due to fragmentation of charm (or beauty) into the D* meson, this variable is expected
to be sensitive to possible intrinsic momenta of the incoming partons. This proved to be
the case for the mean D*\i transverse momenta {p^D*^))1 as a function of pseudorapidity

8.1 Measurement of {pt(D*fj,))

To be able to compare data to Monte Carlo, signal distributions were obtained analogous
to the subtraction method presented in section 3.4.2. As an example, the initial pt(D*ii)
distributions in data, for the RiCh and WrCh cases, are presented in figure 8.1 (right), for
correlation region 3, and in figures 8.2 and 8.3 (right) for region 4. The value of (pt(D*pi))
is taken to be the mean of the pt(D*fx) signal distribution. The procedure may fail due
to statistical fluctuations which lead to negative entries. In these cases, the corresponding
mean transverse momenta are further neglected. This happens only at extreme values of
pseudorapidity 77 (Z)*/z), whereas the differences between PYTHIA and CASCADE Monte
Carlo are observed in central regions.

2By taking the mean of the momenta, normalisation effects can be neglected.
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As explained in section 3.7, the D*/J, pair is required to carry more than 20% of the transverse
momentum of all hadronic final state particles, fPt(D*fi) > 0.20. The influence of this
variable on the mean transverse momentum of the D*/i pair has been studied (see figure 8.4).
Up to momentum fractions of 20%, almost no change in the mean pt value is observed. A
statistical deviation is seen at a fraction of 15%. At higher momentum fractions, the mean
pt value is strongly affected.
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Figure 8.3: Distributions of transverse pt{D*JJ) in data, for correlation region 4 (con-
tinued). Left: right charge (RiCh) and wrong charge (WrCh)pt(D*ß) distributions. Right:
signal pt distribution with resulting statistical errors. The WrCh histograms were scaled
with a factor of 0.84 in order to describe the RiCh background. The dotted line indicates
the behaviour of PYTHIA charm Monte Carlo.

Figure 8.4: Mean D*/i transverse momentum {pt(D*fi)) as a function of momentum frac-
tion fPt(D*ji). The line indicates the cuts applied in this analysis.
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8.2 Results

The obtained mean transverse momenta distributions for charm and beauty production in
the four correlation regions are shown in figure 8.5. Important are the charm and beauty-
dominated regions, i.e. region 4 and 3. For completeness, distributions in the other regions
are shown as well.

According to PYTHIA (see table 5.2), region 4 contains 91% events2 coming from c quarks,
so charm Monte Carlo is expected to describe the data. A mean pt(D*/i) difference of
around 0.8 GeV is observed between CASCADE, which is favoured by data, and PYTHIA
prediction.

Correlation region 3 contains 80% events from b quarks. CASCADE and PYTHIA predict
similar D*'\i transverse momentum values. In this region, the D* meson and the muon come
from the same b quark, and the sensitivity to the possible intrinsic kt momenta of the initial
partons is lost. Since the data points fluctuate strongly, no statement, whether PYTHIA
or CASCADE describes the data, is possible.

8.3 Systematic Uncertainties

The mean transverse momenta distributions, (pt(D*fj,)), in bins olr](D*/j,), are obtained by
subtracting the WrCh histograms scaled by a factor Uscai, which is given by a simultaneous
fit to the RiCh and WrCh distributions, away from the signal region (see section 8.1).
However, when subtracting, the scaling factor is treated as a constant, although it has
an associated error given by the fit. By modifying that factor with its error, systematic
uncertainties up to 6% were obtained. Note that they are negligible compared to the
statistical errors.

Similar contributions are predicted by CASCADE.
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Chapter 9

Conclusions and Outlook

In this thesis, the production of charm and beauty events at the ep collider HERA is studied
using events with a D* meson and a muon. Data taken by the HI experiment in the
years 1999-2000 (HERA I) and 2004-2006 (HERA II) are analysed. The charm (or beauty)
quark is tagged by reconstructing D* mesons with transverse momentum Pt(D*) > 1.5 GeV
and pseudorapidity \rj(D*)\ < 1.5 in the decay channel D*± —> K^^irf. Muons with
momentum p(fx) > 2.0 GeV and pseudorapidity |??(A0| < 1.735 are selected as well. In case
of charm production, the muon comes mostly from the second c quark, such that the heavy
quark pair is almost completely reconstructed. In beauty production, the muon comes
predominantly from the same b quark as the D* meson.

The D*fx charge and azimuthal angular correlations are exploited to extract the fractions
of charm and beauty events1 in data:

fc = (71 ±7)%, (9.1)

fb = (26 ±6)%. (9.2)

The obtained fractions are corrected for muon background using the leading order QCD
Monte Carlo program PYTHIA. With these fractions, the charm and beauty cross sec-
tions are measured in photoproduction, i.e. at photon virtualities Q2 < 1 GeV2, and
for inelasticities 0.05 < y < 0.75, corresponding to photon-proton centre-of mass energies
71 GeV < Wn < 275 GeV:

s(ep -» eccX -> D*/J,X) = 314 ± 33 (stat) ± 101 (syst) pb (9.3)

s(ep -> ebbX -> D*pX) = 90 ± 20 (stat) ± 26 (syst) pb. (9.4)

The measurements are compared to the leading order QCD calculations as implemented
in the Monte Carlo simulation program PYTHIA. This program is based on the DGLAP
evolution equation, which considers kt ordered gluon radiation in the parton evolution.
Both charm and beauty cross sections are found to be in agreement, within the errors, with
PYTHIA predictions: a ratio data over theory of 1.2 ±0.1 (stat) ± 0.4 (syst) is obtained
for charm, and of 1.3 ± 0.3 (stat) ± 0.4 (syst) for beauty.

1The sum fc + fb is less than one, due to the independent fluctuations of the numbers of charm and
beauty events in the x2 fit (for details, see chapter 5). The difference of 3% is accounting for normalisation
effects.
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The kinematic properties of the heavy quark pair are studied using combined D*\i vari-
ables: transverse momentum pt(D*[i), pseudorapidity r)(D*fi), invariant mass M(D*ß) and
rapidity y(D*fi). The differential cross sections are measured as a function of these vari-
ables and compared to PYTHIA and CASCADE simulation programs. CASCADE is a
leading order QCD Monte Carlo based on the CCFM evolution equation, which considers
gluon radiation ordered not in transverse momentum kt, but in emission angle. Taking
into account the statistical and systematic uncertainties, the differential distributions are
in general consistent with the leading order QCD predictions.

The distribution of the mean D*[i transverse momentum (pt{D*fj,)) as a function of pseu-
dorapidity r)(D*ß) indicates a sensitivity to the two different QCD models implemented
in PYTHIA and CASCADE. Differences of around 0.8 GeV in transverse momenta are
observed between the two predictions, if the D* meson and the muon come from different
c quarks. In this case, data tend to favour CASCADE. The sensitivity is washed out in
beauty production, since there D* and ß come mostly from the same quark.

In summary, the advantages of the double tagging method using D*/.i events are:

• The full reconstruction of the D* decay products allows an accurate determination of
the D* kinematics, and hence of the kinematics of the mother charm quark, since the
D* is well correlated with the initial quark;

• Via the combined D*/JL variables, one has access to the kinematics of both heavy
quarks, and a more detail study of the production process, compared to single tagging,
is possible;

• The number of signal D*ß events can be easily determined by fitting the Am distri-
bution;

• Since the muons are selected with momentum p{p) > 2 GeV, the beauty quarks in
this case can be probed at lower momenta than in events with a muon and jets (see
section 1.7.1.3).

The disadvantages are:

• The total tagging efficiency is low: around 610 D*fx events are found in a sample
corresponding to 320 pb"1;

• The kinematic and geometric acceptance of the three tracks of the D* decay particles
restrict the study to the central region of the detector;

• Since the correction for the fake muon background is based on the Monte Carlo
simulation, a good understanding of this background is necessary, which is not always
easy to get;

• The muon tagging is not very suited for charm production, where the muons have in
general low transverse momenta (less than 1 GeV).
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Outlook
The present measurements can be improved by reducing the statistical and especially the
systematic uncertainties. For this purpose, detailed studies of the hadrons mis-identification
probabilities, in particular for pions, are necessary. Further, the reconstruction efficiency
of the D* daughters and of the muon track need to be investigated extensively in order to
reduce the corresponding systematic uncertainty. Another important point is the Monte
Carlo description of the muon kinematic variables, specifically of the muon momentum.
Towards a perfect description, correction factors need to be determined and applied.

To get more insight into the heavy quark production mechanisms, a comparison with NLO
QCD predictions can be done.

For double tagging the heavy quarks, other particles, for example D*e, may be considered.



Appendix A

Example Events in Correlation
Regions

Event displays with D*/J, pairs in correlation1 regions 2 and 3 are shown in figures A.I
and A.2. The kinematic quantities of the D* decay particles and of the muon, for the two
cases, are given in table A.I.

Region 2

J- Run number: 444451
Event number: 179758

Figure A.I: Side- and radial view of the HI detector in case of an event with a D* meson
and a muon in kinematic region 2, i.e the azimuthal angular difference between the two
particles is larger than 90° and they have the same charge.

1For a definition of the correlation regions see table 1.6.
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Region 3

Tl u
j

p -

!i
j j

..—-̂— *
1 1

i Si
-

Run number: 444457
Event number: 23923

Figure A.2: Side- and radial view of the HI detector in case of an event with a D* meson
and a muon in kinematic region 3, i.e the azimuthal angular difference between the two
particles is less than 90° and they have opposite charge.

Figure

A.I

A.2

Particle
K+

K

K+

Pt [GeV]

0.91
1.61
0.21
2.04

1.0
1.68
0.17
3.47

on
42.12
79.27
66.97
73.19

140.29
128.49
128.68
20.74

-68.18
11.81

-13.94
-145.41

94.44
18.98
67.29
77.52

130.51

30.35

Table A.I: Kinematic variables of the particles in the two events, in the correlation regions
2 and 3, presented in ßgure A.I and A.2. Note that the charge of the D* meson is given
byns.
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B° - B° Mixing

When presenting the possible configurations with a D* meson and a muon for beauty and
charm production (see figure 1.24), contributions from the Bd — Bd or Ba

s — B°s mixing were
neglected.

The time probabilities that these B mesons, in each system, remain unchanged (+) or
oscillate into each other ( —) are proportional to [15]:

± cos (Am, • <)] , (B.I)

where Tq = {TH + T L ) / 2 is the total decay width, and Am, = mH — TUL > 0 is the mass
difference. 'H' and 'L' indicate the heavy and light mass eigenstates, q stands for d or s
quark. Without CP violation, the time-integrated mixing probability is given by:

J\g-{t)\*.dt x; + y\
X dt 2 ( ^ + l ) ' l • j

with xq = Amq/rq and yq = ATq/{2Tg).

In case of D*ß pairs which come from different quarks (see figure 1.24, a) and b), the
B° — B° mixing may induce a migration of the two beauty cases, by flipping the charge of
the particles from one of the two quark branches (see figure B.I). The beauty quarks have
the following branching ratios [15]:

BTZ{b^B°d) = (39.8 ±1.2)%, (B.3)

BTZ(b^B°s) = (10.3 ±1.4)%. (B.4)

The time integrated mixing probabilities are [15]:

Xd = 0-188 ± 0.003 and Xs > 0.49878 (CL = 95%). (B.5)

Therefore, although the B® — B°s mixing is maximal, the probability to obtain a 5° meson
from a b quark is low, whereas in the B^ — Bd system is the opposite situation: the
branching ratio is larger, but the mixing probability is smaller, such that the resulting
oscillation fractions are comparable (~ 5% to ~ 8%). Therefore, migrations between like
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a) without oscillations

sd\ /cf

b) with oscillations

u,c,t

\W

X
D*+

Figure B.I: Illustration of B° - B° mixing: a) the B° meson decays directly into a D*~
and a D+ meson, without oscillating into a B°; b) B° ßrst 'oscillates' into its antiparticle
via quark transitions before decaying.

and unlike sign D*/i events coming from different quarks are expected in approximatively
13% of the cases.

According to PYTHIA predictions (see table 5.4), 53% of beauty events are in correlation
region 3, and 18% in region 4. Consider region 3. With an oscillation fraction of 5%, 95%
of the b events from region 3 stay in this region, whereas 5% of the b events in region 4
migrate in region 3. This results into an overall fraction of 51% of b events in region 3,
which is close to the initial fraction of 53%.

The B° — B° is included in the used Monte Carlo programs.
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fPt{D*n) Cuts

To reduce the combinatorial background, the transverse momentum fraction fPt (D*fi) was
used (see section 3.7). The effect of the fPt(D*fi) cuts on the Am distribution is shown in
figures C.I and C.2.
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Figure C.I: Distributions of the invariant mass difference Am = m(K7nrs) —m(Kir) with
different fPt(D*fi) cuts for HERA I and II run periods.
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Figure C.2: Distributions of the invariant mass difference Am = m(K7nrs) —m(KTr) with
different fPt{D*jj) cuts for HERA f and II run periods (continued).
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Trigger Elements Definition

Trigger element (TE) Definition

TE of the Central Muon Detector
Mu_Bar

Mu_ECQ

MuJFOEC
Mu_FIEC
Mu_BOEC
Mu_BIEC
Mu_Any

Mu_2_BIoOEC
Mu_BIO

muon candidate in the barrel
muon candidate in the endcaps, but not in the forward inner:

Mu_FOEC || Mu_BOEC || Mu_BIEC
muon candidate in the Forward Outer Cap
muon candidate in the Forward Inner Cap

muon candidate in the Backward Outer Cap
muon candidate in the Backward Inner Cap

muon candidate in the endcaps or the barrel:
Mu_FIEC || Mu_FOEC || Mu_BOEC || MuJBIEC || MuJBar

at least 2 muon candidates in BIEC or in BOEC
shortcut for

Mu_BOEC || Mu_23IoOEC || Mu_FOEC

Table D.I: Definition of the central muon detector trigger elements used for building the
subtriggers selected in this analysis (see section 3.8).
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Trigger element (TE) Definition

TE of CJC1 and CJC2
DCRPh_CNH

DCRPh_Tc
DCRPh_TNeg
DCRPh_THig

DCRPh_Ta

shortcut for DCRPh.Tc kk DCRPh_TNeg kk DCRPh_THig
at least three fired track masks with pt > 450 MeV

at least one fired negative track mask with pt > 450 MeV
at least one fired track mask with pt > 800 MeV
at least one fired track mask with pt > 450 MeV

TE for vertex significance
zVtx_sig significant maximum in z-vertex histogram

TE of SpaCal
SPCLeJET > 1

SPCLe_Cen_2
SPCLeJET > 2
SPCLe_Cen_3

measured electron in the SpaCal, E > 2 GeV
similar to SPCLeJET > 1, but for the central region in SpaCal

measured electron in the SpaCal, E > 6 GeV
similar to SPCLeJET > 2, but for the central region in SpaCal

TE of CIP2000 system
CIP_mul < 11 CIP multiplicity

TE of FTT
FTT jnuLTd > 0
FTT_mul_Tc > 2

at least one track with pt > 900 MeV
at least three tracks with pt > 400 MeV

Table D.2: Definition of the CJCl, CJC2, vertex significance, SpaCal, CIP2000 system
and FTT trigger elements used for building the subtriggers selected in this analysis (see
section 3.8).
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Correction for Level 1 Prescaling of
Subtriggers

In general case, the cross section of a process is denned as:

with N the number of selected events, C the integrated luminosity of the sample and e the
efficiency. However, due to level 1 prescaling of the subtriggers, the obtained number of
events may differ from the initial number of events obtained from the considered physical
process: for example, in case of a prescaling of 2, out of 10 events only 5 would be accepted.
Therefore, to obtain a right cross section, corrections need to be applied.

Depending on the subtriggers, there are two possibilities1:

• One subtrigger: If only one subtrigger ST is used, the integrated luminosity is
corrected by the corresponding lowest prescale factor dfT in run i:

runs p

(E-2)

• Several subtriggers: If several subtriggers are used, from which one or more may be
prescaled, for every trigger combination prescale weights are calculated, as described
in section 4.1.2, and applied to the Monte Carlo events. By comparing the events
before and after prescaling, an average prescale factor is determined (see section 6.2).
Finally, the luminosity is corrected by this factor, such that the correct cross section
is obtained.

In this analysis, three subtriggers are used for the HERA I run period, and two subtriggers
for the HERA II. The complexity added by considering several subtriggers is justified by
the significant increase in statistics. For example, in figure E.I the Am fit for the events
triggered only by S19 (HERA I) can be seen. The obtained number of D* mesons is to

1A third possibility would be to accept only events with no prescale.
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be compared with the case in which all three HERA I subtriggers are used, for which
N(D*) = 124 ±28. Therefore, approximatively 44% of events are gained by using the other
subtriggers.
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0.165

Figure E.I : Distribution of the invariant mass difference Am = m(Kmrs) — m{KTc) for
the events triggered only with subtrigger 19 in the 1999-2000 (HERA I) run period.
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Efficiency of a Cut: Definition and
Error Calculation

In the course of an analysis, it is often necessary to apply cuts on a variable, typically to
reduce the background and to improve the signal to background ratio. Events are lost, and
the uncertainty associated with these events has to be quantified. Let N]_ be the number of
events which pass the cut, N2 the number of events which fail the cut, and a^, <?N2 their
corresponding errors. The efficiency of the cut is defined as:

f Nl ~ Nl (F 1)

with N the total number of events. For calculating the error on this efficiency, the approach
presented in [86] is followed.

Usually, the error of an efficiency is taken to be the binomial one:

(1 ~

N

However, if Ni and N are the result of two separate fits consisting in separate signal plus
background functions, a difficulty appears, since the background fluctuations introduce
correlations between the signal samples before and after the cut.

One possible solution is to produce a third histogram of events which fail the cut, and fit to
obtain N2. Then, one can use the fact that Ni and N2 are uncorrelated, since no event is
present both in the histogram for events which pass the cut and for the events which fail the
cut. The statistical error on the efficiency is therefore obtained by error propagation:

(F.3)

Assuming that all involved fits behave properly, in addition to N = Ni + N2 one can also
assume that &% = <T^ + cr%2, such that a third histogram with the events failing the cut is



Efficiency of a C u t 1 3 9

not even needed, and the above equations can be reduced to:

,-2

N2 ' "cut N2' [b .b)

Note that for ideal fits, which perfectly separate signal from background, one expects
GN-I. = VN\ a n d °"AT = y/N, and the equation F.6 simplifies to the formulae expected from
the binomial statistics (see equation F.2).

This method of determining the error of an efficiency was used in this analysis for the
trigger (section 6.4), fpt(D*fi) cut (section 6.6) and the L4 efficiencies (section 6.7).

An extensive discussion about the treatment of errors when calculating efficiencies can be
found for example in [87].
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Monte Carlo Data Sets

Run period

HERAI

HERA II

HERAI

HERA II

CHARM Monte Carlo
Generator

PYTHIA 6.1
PYTHIA 6.1

CASCADE

PYTHIA 6.2
PYTHIA 6.2

CASCADE

PYTHIA 6.1
PYTHIA 6.1

CASCADE

PYTHIA 6.2
PYTHIA 6.2

CASCADE

DIR

EXC
1.0

DIR
EXC
1.2

C [pb-1]

1574.68
832.18
702.36

895.016
954.562
432.127

PDF p/7

CTEQ5L
GRV-G LO

GRV-LO
GRV-G LO

BEAUTY Monte Carlo
DIR
EXC
1.0

DIR
EXC
1.2

15634.15
13871.89
7796.71

32774
92863.2
26550.8

CTEQ5L
GRV-G LO

GRV-LO
GRV-G LO

0

0

0

0

Main <

GeV2 < Q2

0<y
Vt{D*) >

15° < 6{D*

GeV2 < Q2

0.01 < y
Pt(D*)
\V(D*)\

GeV2 < Q2

o<y
Pt(D*) >

15° < 8{D*

GeV2 < Q2

0.01 < y
Vt{D*)

WD*)\

;uts

< 1 GeV2

< 1
lGeV
) < 165°

< 5 GeV2

<0.9
>1.3
< 2.5

< 1 GeV2

< 1
1 GeV
) < 165°

< 5 GeV2

<0.9
> 1.3
<2.5

Table G.I: Monte Carlo data sets used in this analysis. The label 'DIR' ('EXC') stands
for the direct (excitation) component in PYTHIA. For every Monte Carlo, events with
cc (bb) —» D* —> Kirirs were generated. The heavy quark masses were set to mc= 1.5 GeV
and mb = 4.8 GeV.
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Quark Flavour Separation

In chapter 5, the method used to extract the charm and beauty fractions for HERA I+II
run periods data sample was presented. For completeness, the fit results are presented here
separately for HERA I (see figure H.I and table H.I) and HERA II run periods (figure H.2
and table H.2). The fractions obtained for the two run periods are compatible, within the
errors.

150

100

50

Q(D-) = Q(n)

HERA I
-•-Data
— PYTHIA (b)

PYTHIA (c)

90 180 0

Q(D')*Q(d)

90 180 90 180

A<&(D
0 90 180

Figure H.I : Left: distributions of events in the four correlations regions for HERA I
data (black points) and initial beauty and charm PYTHIA Monte Carlo which are input
to the fit procedure. The Monte Carlo distributions are individually normalised to data.
Right: distribution of events in the four correlation regions determined with the x2 &t
(hashed region) compared with data (black points). The obtained x2/ndf, where 'ndf is
the number of degrees of freedom, and the fit probability are also shown.



142 Appendix H

Region 1 2 3 4 E
Before muon background correction

Nregi || 1 3 ± Q.3

K91

fregi[%]

1.1 ±0.4
54 ±11

23 ±5

10 ±4
70 ±10

4±1

23 ±9
15 ±6

66 ±5 || 94 ±21

7±3
90 ±4

41 ±16
70 ±10

After muon background correction
]\jsig, reg i

jysig, reg z

fsig,regi [%]

0

1.0 ±0.4
0

0.7 ±0.2

9±4
7±3

1.1 ±0.2

L 22 ±9
5±2

53 ±12

7±3
88 ±5

54 ±12

39 ±15
58 ± 11

Table H.I: Distribution of charm and beauty events in the four correlation regions for
HERA I run period, before and after muon background correction. The corresponding
fractions of charm events are also shown.
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X2lndf= 6.58/2
prob = 0.04
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(D
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Figure H.2: Left: distributions of events in the four correlations regions for HERA II
data (black points) and initial beauty and charm PYTHIA Monte Carlo which are input
to the fit procedure. The Monte Carlo distributions are individually normalised to data.
Right: distribution of events in the four correlation regions determined with the x2 fit
(hashed region) compared with data (black points). The obtained x2 jndf, where 'ndf is
the number of degrees of freedom, and the fit probability are also shown.

Region 1 2 3 4 E
Before muon background correction

A W || 11 ± 1
Nre9i

fregi [%]
4±1
72 ±6

84 ±10

36 ±10
70 ±6

20 ±2

64 ±17
24 ±5

267 ± 31 381 ± 42

23 ±6
92 ±2

127 ± 34
75 ±5

After muon background correction
pjsig,regi II Q

j^sig, reg i

fsig,regi \W]
4±1

0

5±1

34 ±9
12 ±3

7±1

62 ±17
10 ±3

228 ± 27 || 239 ± 27

21 ±6
92 ±2

120 ± 32
67 ±6

Table H.2: Distribution of charm and beauty events in the four correlation regions for
HERA II run period, before and after muon background correction. The corresponding
fractions of charm events are also shown.
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