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Kurzfassung

In dieser Arb eit wird die Charm-Quark-F ragmen tation in D ��
-Mesonen in der tief

unelastisc hen Elektron Proton Streuung un tersuc h t. Die Arb eit basiert auf dem

Datensatz der in den Jahren 2004 bis 2007 v om H1-Detektor b ei HERA aufgeze-

ic hnet wurde. Die Daten en tsprec hen einer in tegrierten Luminosität v on 354.1

pb

� 1
.

Di�eren tielle Wirkungsquersc hnitte w erden als F unktion der drei Observ ablen

zjet , zhem und z(jet)
hem , die in un tersc hiedlic hen Näherung den Üb ertrag des Impuls-

bruc h teiles v om Charm Quark auf das D �
-Meson darstellen, gemessen. Im F alle

v on zjet en tspric h t der Impuls des Quarks ungefähr dem Impuls des D �
-Jets, b ei

den anderen Observ ablen en tspric h t er annähernd dem Impuls einer en tsprec hend

de�nierten D �
Hemisphäre. Der sic h tbare Phasenraum wurde durc h den kinema-

tisc hen Bereic h Q2 > 5 GeV2
und 0:05 < y < 0:6 und den Sc hnitten auf das

rek onstruierte D �
-T eilc hen, 1:5 GeV < p t (D � ) < 15:0 GeV und j� (D � )j < 1:5 fest-

gelegt. In Ereignissen b ei denen die b eiden Observ ablen zjet , z(jet)
hem gemessen w erden,

wird auÿerdem ein rek onstruierter D �
-Jet v erlangt, der die zusätzlic he Bedingung

ET (D � � Jet) > 3:0 GeV erfüllt. Innerhalb dieses Phasenraumes w erden als F unk-

tion der drei Observ ablen die normierten, einfac h di�erenziellen Wirkungsquer-

sc hnitte extrahiert. Ansc hlieÿend w erden die Wirkungsquersc hnitte mit den b eiden

Mon te Carlo Mo dellen RAPGAP und CASCADE für v ersc hiedene P arametrisierun-

gen der Charm-F ragmen tationsfunktion (P eterson und Kartv elish vili) b erec hnet.

Beide QCD Mo delle b en utzen zur Besc hreibung das Lund-String-Mo dell, wie es

im PYTHIA Programm implemen tiert ist. Der Un tersc hied im Wirkungsquer-

sc hnitt zwic hen den Daten und den Mon te Carlo Mo dellen wird anhand eines � 2
-

T ests quan ti�ziert und die optimalen P arameter für die P eterson und Kartv elish vili

P arametrisierungen aus den � 2
-V erteilungen extrahiert. V orhersagen v on PYTHIA

für e+ e�
Annihilation w erden b en utzt, um eb enfalls optimale P arameter aus den

dazu publizierten Daten v on BELLE und ALEPH zu gewinnen und mit den Re-

sultaten dieser Arb eit zu v ergleic hen.

Die erhaltenen Resultate zeigen, dass die H1 Daten zw ar eine Bestimm ung

der F ragmen tationsparameter mit einer Genauigk eit die v on In teresse ist erlaub en,

die Resultate jedo c h ansc heinend v on der zur V erfügung stehenden Energie zur

Charm-Quark Pro duktion abhängen. Die v on der zhem V erteilung abgeleiteten

P arameter sind nic h t k onsisten t mit jenen, die auf der zjet bzw. z(jet)
hem V erteilung

basieren. Eb enso gibt es Ink onsistenzen b eim V ergleic h mit den P arametern aus

der e+ e�
Annihilation. Diese Ergebnisse legen nahe, dass die existierenden Mo d-

elle, inklusiv e der un tersuc h ten einfac hen F ragmen tationsfunktionen, nic h t adequat

sind, um die F ragmen tation v on Charm-Quarks b ei v ersc hiedenen Energien, nahe

der Sc h w elle und darüb er, zu b esc hreib en.



Abstract

In this w ork c harm quark fragmen tation in to D �
mesons is in v estigated in deep-

inelastic electron proton collisions. This w ork is based on data collected in the

y ears 2004 - 2007 b y the H1 detector at HERA, corresp onding to a total in tegrated

luminosit y of 354:1 pb� 1
.

Three observ ables denoted zjet , zhem and z(jet)
hem are measured, eac h of them

mean t to appro ximate the momen tum fraction of the c harm quark transferred to

the D �
meson. In case of zjet the quark momen tum is estimated as the momen tum

of the D �
jet, for the t w o other observ ables it is appro ximated b y the momen tum of

an appropriately c hosen D �
hemisphere. The visible range is de�ned b y the phase

space requiremen ts on the DIS ev en ts: Q2 > 5 GeV2
, 0:05 < y < 0:6 and b y the

cuts applied on the reconstructed D ��
particles: 1:5 GeV < p T (D � ) < 15:0 GeV

and j� (D � )j < 1:5. An additional constrain t ET (D � jet) > 3:0GeV en ters the phase

space de�nition in case of zjet and z(jet)
hem , where a reconstructed jet con taining the

D �
meson is required. Within this phase space the normalized single di�eren tial

cross sections are measured in bins of the three observ ables. T w o Mon te Carlo

mo dels, RAPGAP and CASCADE, b oth in terfaced with the PYTHIA program

for the Lund string fragmen tation, are used to mak e predictions of the resp ectiv e

cross sections for di�eren t parametrizations (P eterson and Kartv elish vili) of the

c harm fragmen tation function. The di�erence in cross sections b et w een data and

Mon te Carlo mo del predictions for di�eren t v alues of the fragmen tation parameter

is quan ti�ed b y calculating v alues of � 2
in order to extract optimal parameters for

the P eterson and Kartv elish vili parametrization. Using predictions from PYTHIA

for e+ e�
annihilation optimal parameters are extracted also from the published

BELLE and ALEPH data.

The obtained results sho w that the H1 data allo w the determination of the

fragmen tation parameters with a precision whic h is of in terest. The extracted pa-

rameters are ho w ev er found to apparen tly dep end on the c harm quark pro duction

energy: the zhem -based results are not consisten t with those deriv ed from zjet and

z(jet)
hem , and inconsistencies are also observ ed when comparing to e+ e�

v alues. The

results suggest that existing mo dels, including the in v estigated simple fragmen-

tation functions, are not adequate in describing c harm fragmen tation at di�eren t

pro duction energies with the same set of fragmen tation parameters.



Abstrakt

Táto práca je zameraná na ²túdium fragmen tácie p ô v abného kv arku na D ��
mezón y

v hlb ok onepruºnýc h elektrón-protóno výc h zráºk ac h. Je zaloºená na úda jo c h získ anýc h

p o £as rok o v 2004 - 2007 detektorom H1 na urýc h©o v a£i HERA, ktoré zo dp o v eda jú

354:1 pb� 1
in tegro v anej luminozit y .

Boli zade�no v ané tri p ozoro v ate©né v eli£in y , ozna£ené zjet , zhem a z(jet)
hem , z

ktorýc h k aºdá má apro ximo v a´ zlomok h ybnosti p ô v abného kv arku, ktorý je pre-

nesený na D �
mezón. V prípade zjet je h ybnos´ kv arku o dhadn utá p omo cou h yb-

nosti jetu, pre zvy²né dv e v eli£in y je apro ximo v aná h ybnos´ou vho dne zv olenej D �

hemisféry . Oblas´ merania je daná ohrani£eniami fázo v ého priestoru Q2 > 5 GeV2
,

0:05 < y < 0:6 a p oºiada vk ami na zrek on²truo v aný D �
mezón 1:5GeV < p T (D � ) <

15:0 GeV a j� (D � )j < 1:5. V prípade zhem a z(jet)
hem , kde sa p oºaduje zrek on²truo-

v aný jet obsah ujúci D �
£asticu, vstupuje do de�nície oblasti merania a j p oºia-

da vk a ET (D � jet) > 3:0 GeV. V rámci t ýc h to ohrani£ení b oli namerané normal-

izo v ané diferenciálne ú£inné prierezy v sp omínanýc h tro c h premennýc h. „alej

b oli vyuºité Mon te Carlo mo dely RAPGAP a CASCADE, oba za ú£elom mo d-

elo v ania Lund string fragmen tácie prep o jené s programom PYTHIA, na pred-

p o v edanie zo dp o v eda júcic h ú£innýc h prierezo v pre rôzne parametrizácie (P eter-

sono vu a Kartv elish viliho) fragmen ta£nej funk cie p ô v abného kv arku. Rozdiely v

ú£innýc h prierezo c h medzi nameranými úda jmi a Mon te Carlo predp o v e¤ami pre

rôzne ho dnot y fragmen ta£ného parametra b oli vyho dnotené za p omo ci výp o £tu

� 2
ho dnôt s cie©om ur£i´ optimálne parametre pre P etersono vu a Kartvilish viliho

parametrizáciu. Optimálne parametre b oli taktieº získ ané z publik o v anýc h úda jo v

exp erimen to v BELLE a ALEPH.

Dosiahn uté výsledky uk azujú, ºe H1 dáta umoºn ujú ur£it fragmen ta£né parame-

tre s dobrou presnos´ou. Získ ané ho dnot y parametro v v²ak, zdá sa, zá visia na

pro duk £nej energii p ô v abného kv arku: výsledky zaloºené na zhem nie sú v zho de

s výsledk ami získ anými p omo cou zjet a z(jet)
hem a nezro vnalosti sú p ozoro v ané a j pri

p oro vnaní s e+ e�
ho dnotami. Výsledky nazna£ujú, ºe sú£asné mo dely , vrátane

p ouºit ýc h jedno duc hýc h fragmen ta£nýc h func kií, nep opisujú adekv átne fragmen tá-

ciu p ô v abného kv arku pri rôzn yc h pro duk £nýc h energiác h s ro vnak ou sadou frag-

men ta£nýc h parametro v.
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In tro duction

Imp ortan t progress in the �eld of particle ph ysics during the last cen tury lead to

the construction of the so-called Standard Mo del of particle ph ysics. The Standard

Mo del of particle ph ysics is a quan tum-�eld theory describing pro cesses observ ed in

nature at the lev el of elemen tary particles. It is one of the most successful ph ysical

theories ev er dev elop ed, and its predictions are in v ery go o d agreemen t with man y

di�eren t exp erimen tal data. W e kno w ho w ev er that the Standard Mo del is not the

ultimate ph ysical theory - it do es not con tain gra vitation, it do es not explain fermion

masses and has other problems [1 ]. In spite of this fact it is w orth to men tion

the great successes of the Standard Mo del. Quan tum electro dynamics (QED), a

theory whic h is part of the Standard Mo del and whic h describ es the in teractions

b et w een c harged particles whic h are not in teracting strongly , is v ery successful in

describing electromagnetic phenomena. The theoretical prediction for the electron

magnetic anomaly - one of the b est measured quan tities in all of ph ysics [2] - is in

p erfect agreemen t with the exp erimen tal v alue. The Standard Mo del also pro vides

an elegan t uni�cation of electromagnetic and w eak in teractions, no w ada ys merged

in to one electro w eak theory , whic h w as and is still b eing con�rmed with ev en b etter

accuracy b y exp erimen ts [3].

In addition to the electro w eak in teractions, the Standard Mo del con tains a theory

of strong in teractions - quan tum c hromo dynamics (QCD). It is a dynamical theory

of quarks and gluons, and explains phenomena in whic h strong in teractions pla y a

role. This thesis is based on data from the H1 exp erimen t at the HERA accelerator,

where electrons collide with protons. Protons are ob jects made up of strongly in ter-

acting quarks and gluons and th us QCD is the theory whic h applies to our data

1

.

Un til no w the QCD pro vided man y pro ofs of b eing the correct theory to describ e

strong in teractions [4]. It has ho w ev er an unpleasan t feature (emerging from the

self-in teraction of gluons) that in some phase space regions the p erturbativ e calcula-

tions of ph ysical observ ables are not reliable or not applicable at all. This is true for

pro cesses with small momen tum transfer, esp ecially suc h as b ound states of quarks.

It is b eliev ed, although not rigorously pro v ed, that QCD has the prop ert y of con�ne-

men t. This refers to the fact that quarks are not observ ed as free particles, but are

alw a ys con�ned in b ound states called hadrons. P erturbativ e metho ds do not pro vide

an answ er to this observ ation, lattice QCD calculations ho w ev er supp ort it strongly

and suggest an appro ximately linear con�ning p oten tial b et w een quarks. F or pro-

1

An electron-proton in teraction is in the leading order electromagnetic. In higher orders QCD

e�ects con tribute.
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6 CONTENTS

cesses with high momen tum transfers p erturbativ e calculations pro vide results on

agreemen t with measuremen t. This is due to the imp ortan t prop ert y of QCD called

asymptotic freedom, whic h is rigorously pro v ed. It states that the strong running

coupling � s , whic h is the expansion parameter of a p erturbativ e series decreases with

increasing momen tum transfer. Th us, for pro cesses where the momen tum transfer is

high, the coupling � s b ecomes small and the series con v erges. This prop ert y allo ws

for QCD predictions that can b e tested b y exp erimen ts in high-energy ph ysics at

particle accelerators.

In suc h a high-energy exp erimen t one ho w ev er still deals with real particles in

the initial and �nal state and these particles ma y b e hadrons. Since it is not kno wn

ho w to treat them within p erturbativ e QCD (pQCD), it is ob vious that calculations

of ph ysical observ ables for real initial and �nal state particles con taining hadrons

cannot rely only on p erturbativ e QCD. Di�eren t factorization theorems - some rig-

orously pro v ed, some only assumed - allo w us to split the whole pro cess of in teraction

in to di�eren t parts. One part concerns the non-p erturbativ e description of the quark

dynamics in the initial-state hadron. The second part is pro vided b y the p erturba-

tiv e calculation of the quark and gluon in teractions at high momen tum transfer, the

so-called hard sub-pro cess. The third one, referred to as hadronization or fragmen-

tation, is supp osed to describ e the formation of hadrons from the �nal state partons

(quarks and gluons). Ev en though the p erturbativ e calculation is com bined with

non-p erturbativ e descriptions, the resulting predictions usually ha v e enough predic-

tiv e p o w er to serv e as a test of p erturbativ e QCD. F or this test to b e as accurate as

p ossible, the precise kno wledge of the non-p erturbativ e parts is essen tial, and this

kno wledge is to b e extracted from exp erimen t.

In this thesis w e fo cus on the fragmen tation of the c harm quark in to the D �

meson, the D � +
meson b eing an excited b ound state cd ( cd for D ��

) with the mass

of mD � = 2010:0 � 0:5 MeV. The pro cess of fragmen tation is describ ed b y di�eren t

non-p erturbativ e phenomenological mo dels. These mo dels usually mak e use of a

non-p erturbativ e fragmen tation function, a function whic h describ es the fraction

of the initial quark momen tum to b e transferred to the �nal state hadron with

some probabilit y . W e study , in deep-inelastic ep scattering, the c harm fragmen tation

function parameters for di�eren t pQCD mo dels and di�eren t parametrizations of the

fragmen tation function. W e also in v estigate the fragmen tation function univ ersalit y

with resp ect to e+ e�
exp erimen ts to gain some insigh t on whether the factorization

theorem holds, i.e. the non-p erturbativ e fragmen tation is pro cess-indep enden t.

In the �rst c hapter w e presen t the theoretical basis needed to understand the

fragmen tation pro cess, and w e also men tion the Mon te Carlo programs used in this

analysis. In the second c hapter w e describ e the HERA accelerator, the H1 exp erimen t

and its di�eren t sub-detectors, putting sp ecial emphasis on the systems whic h are

imp ortan t for this study . In the third c hapter w e presen t di�eren t exp erimen tal

metho ds used to study the fragmen tation functions. In the fourth c hapter w e explain

our data selection, the �fth c hapter is dedicated to description of data b y Mon te

Carlo mo dels and in the sixth c hapter the fragmen tation measuremen t is describ ed.

Finally , in c hapter 7, w e presen t our results and conclusions. The summary and

outlo ok can b e found in c hapter 8.



Chapter 1

Theoretical Ov erview

1.1 Standard Mo del and Quan tum Chromodynamics

1.1.1 Standard Mo del

The Standard Mo del of particle ph ysics is a relativistic quan tum gauge �eld theory

describing the fundamen tal in teractions b et w een fundamen tal particles. It w as de-

v elop ed b et w een 1970 and 1973 and is consisten t with b oth quan tum mec hanics and

sp ecial relativit y . The relativistic c haracter follo ws from its Lagrangian, whic h is a

Loren tz scalar and th us Loren tz in v arian t. The quan tum asp ects are a consequence

of the quan tization of classical �elds, and therefore the Standard Mo del has features

lik e probabilistic in terpretation, uncertain t y principle, energy quan tization, etc. The

Standard Mo del is a gauge �eld theory , i.e. gauge �elds (gauge b osons) w ere in tro-

duced using the lo cal SU(3) � SU(2) � U(1) gauge symmetry . Ho w ev er the existence

of massiv e gauge �elds W �
and Z 0

w ould sp oil the gauge symmetry . This is a v oided

b y the in tro duction of the Higgs b oson, a massiv e scalar �eld whic h couples to eac h

fermion prop ortionally to its mass as w ell as to itself and W �
and Z 0

b osons. The

Higgs �eld pro vides non-zero masses to all massiv e Standard Mo del particles b y the

so-called Higgs mec hanism, whic h is based on sp on taneous symmetry breaking. The

Higgs particle is the only particle of the Standard Mo del whic h has not y et b een

observ ed.

As w e already men tioned in the Intr o duction , the Standard Mo del describ es suc-

cessfully three out of four kno wn fundamen tal forces and all elemen tary particles

observ ed in nature. The particles of the standard mo del are summarized in table

1.1. They can b e divided (with the exception of the Higgs b oson) in to fundamen tal

fermions and gauge b osons.

Gauge b osons mediate in teractions: the photon the electromagnetic, the W �

and Z 0
b osons the w eak and the gluons the strong in teractions. Only W �

ha v e

electric c harge and only W �
and Z 0

are massiv e. They are all v ector particles and

only gluons ha v e color - in analogy of the electric c harge in QED. F undamen tal

fermions exist in three families (generations). Eac h particle from a giv en family has

a �partner� particle in eac h of t w o remaining families that has iden tical quan tum

n um b ers and the only di�erence comes from di�eren t masses. This mass di�erence

7
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F undamen tal

F ermions

J=

1
2~

F amily I I I I I I

Leptons

e
m = 511 keV=c2

Q = -1

� e

m = 0 eV=c2

Q = 0

�
m = 105.65 MeV =c2

Q = -1

� �

m = 0 eV=c2

Q = 0

�
m = 1.777 GeV=c2

Q = -1

� �

m = 0 eV=c2

Q = 0

Quarks

u
m � 3 MeV =c2

Q = 2/3

d
m � 6 MeV =c2

Q = -1/3

c
m � 1.3 GeV=c2

Q = 2/3

s
m � 100 MeV =c2

Q = -1/3

t
m � 175 GeV=c2

Q = 2/3

b
m � 4.5 GeV=c2

Q = -1/3

In termediate

Bosons

J= 1~

EM



m = 0 eV=c2

Q = 0

W eak

W � Z
m = 80.425 GeV=c2

m = 91.187 GeV=c2

Q = � 1 Q = 0

Strong

g
m = 0 eV=c2

Q = 0

Higgs Boson

J= 0~

H 0

m > 114 GeV=c2

Q = 0

T able 1.1: Elemen tary particles of the Standard Mo del. Electric c harges are indicated

in the absolute v alue of the electron c harge and quarks exist in three colors. All

particles ha v e an tiparticles, neutral b osons are iden tical with their an tiparticles. The

h yp othesis of massless neutrinos assumed in the Standard Mo del is no longer v alid,

exp erimen ts ha v e sho wn that neutrinos ha v e non-zero masses.
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remains unexplained within the Standard Mo del. Most of the ordinary matter

1

is

made up of the particles from the �rst family , the particles in the t w o remaining

families are unstable. Eac h family can b e further divided in to leptons (they do

not in teract strongly) and strongly in teracting quarks. Although in the Standard

Mo del one supp oses massless neutrinos, exp erimen ts studying neutrino oscillations

ha v e sho wn that all fundamen tal fermions including neutrinos ha v e non-zero masses.

Incorp oration of non-zero neutrino masses in to the Standard Mo del ho w ev er do es

not represen t a ma jor theoretical problem.

1.1.2 Quan tum Chromo dynamics

Quan tum c hromo dynamics (QCD) is a non-Ab elian quan tum gauge �eld theory

whic h is part of the Standard Mo del. It is based on the lo cal SU(3) color gauge

symmetry . QCD is mean t to describ e the strong in teractions b et w een quarks and

gluons. It is go v erned b y the SU(3) -symmetric Lagrangian (densit y)

L = q(i
 � @� � m)q � g(q
 � Taq)Ga
� �

1
4

Ga
�� G��

a ;

where q is the quark �eld, 
 �
are the Dirac matrices, Ga

� are the gauge �elds

corresp onding to 8 gluon states, Ta are the generators of the SU(3) group and

Ga
�� = @� Ga

� � @� Ga
� � gf abcGb

� Gc
� with f abc b eing the structure constan ts of the

group. The ph ysics of quarks and gluons is obtained from this Lagrangian b y apply-

ing the principle of least action follo w ed b y the quan tization of �elds. Eac h quark

has one of three p ossible strong c harges - colors (red, green, blue). Eac h gluon carries

t w o color indices, one corresp onding to a color and one to an an ti-color. A gluon

can couple to a quark pair and to t w o or three other gluons. The self-coupling of

gluons leads to the strong con�ning p oten tial b et w een quarks. It is b eliev ed that

quarks can exist only as b ound states within colorless ob jects, the hadrons. Hadrons

can b e mesons (quark - an tiquark pair) or bary ons (red quark, green quark and

blue quark)

2

. P erturbativ e calculations are not applicable to lo w-momen tum trans-

fer pro cesses (lik e b ound states) ho w ev er, it is generally b eliev ed that all observ ed

prop erties of hadrons can b e in principle explained b y QCD as partially con�rmed

b y lattice calculations. The QCD prop ert y of asymptotic freedom allo ws us to mak e

p erturbativ e calculations for high-momen tum transfer pro cesses. These calculations

ha v e sho wn go o d agreemen t b et w een predictions and exp erimen ts suc h as:

� the running of the QCD coupling,

� scaling violations in deep-inelastic scattering,

� jet cross sections,

� ev en t shap e observ ables,

1

Bary onic matter is mean t here, origin of the dark matter is unkno wn.

2

Exp erimen tal evidence for the (non-)existence of p en taquarks is still not conclusiv e.
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Figure 1.1: Electron - proton in teraction. T w o neutral curren t pro cesses and one

c harged curren t pro cess.

� hea vy-quark pro duction,

� QCD corrections to v ector b oson pro duction.

Un til new and reliable to ols for making predictions in the lo w-momen tum region

of QCD will b e dev elop ed, one relies on phenomenological mo dels for describing

lo w-momen tum transfer pro cesses. Therefore, if one desires to mak e QCD predic-

tions with curren t to ols as precise as p ossible, one needs to understand the parton

dynamics within hadrons and the fragmen tation of partons in to hadrons using non-

p erturbativ e phenomenological mo dels.

1.2 Deep-Inelastic Scattering

Generally sp eaking with deep-inelastic scattering (DIS) one understands a pro cess

in whic h a hadron (usually bary on) is prob ed b y a lepton and whic h leads to a

complete break-up of the hadron. It is this kind of pro cess whic h allo w ed to study

hadron structure and ev en tually lead to the disco v ery of quarks. In the con text of

the H1 exp erimen t w e understand b y DIS an electron

3

-proton collision in whic h the

transferred momen tum is large enough to resolv e the quark structure of the proton

( Q ! 1 , deep

4

) and in whic h the in v arian t mass of the hadronic �nal state is m uc h

higher than the mass of the proton ( mp � mX , inelastic). Since electrons do not

in teract strongly , their in teraction with a proton is mediated via a photon, W �
or

Z 0
b oson. This is graphically depicted in �gure 1.1. When the exc hanged b oson is

neutral, the pro cess is referred to as a neutral curren t pro cess, when it is c harged

as a c harged curren t pro cess. In c harged curren t pro cesses the conserv ation la ws

require the electron to c hange in to the corresp onding neutrino. F or the quarks in

the proton to b e resolv ed, one needs a short w a v elength of the virtual b oson and

th us a high momen tum transfer. The limit is to some exten t arbitrary . A pro cess is

usually considered to b e deep-inelastic when the transferred momen tum squared is

grater than 1 GeV2
so that the scattered electron en ters in to the acceptance of the

main H1 detector (op erational de�nition).

3

Wherev er w e refer to �electron� in this thesis w e refer to an electron or a p ositron.

4

The spatial resolution is appro ximately giv en b y the form ula d � ~c
Q ' 0:197

Q[GeV] [fm ]



1.2. DEEP-INELASTIC SCA TTERING 11

Figure 1.2: Kinematics of the deep-inelastic ep scattering.

1.2.1 Kinematics

The cross sections for unp olarized electron-proton DIS dep end on three indep enden t

kinematic v ariables. Since the cen ter-of-mass energy

p
s is at the accelerator �xed,

all predictions can b e form ulated in terms of t w o indep enden t v ariables. In this

paragraph w e pro vide a brief o v erview of some commonly used quan tities.

The pro cess of an electron in teracting with a proton is, at the lo w est order,

represen ted in �gure 1.2. The electron radiates a virtual photon, Z 0
or W �

whic h

breaks up the proton in to the hadronic �nal state X . Let the proton four-momen tum

b e P , the initial electron four-momen tum k and the �nal lepton (electron or neutrino)

four-momen tum k 0
. They can b e related to the cen ter-of-mass energy

p
s =

p
(k + P )2

and to the negativ e momen tum transfer squared

Q2 = � q2 = � (k � k 0)2 ;

b oth b eing Loren tz in v arian ts. Other useful Loren tz in v arian t quan tities are the

Bjork en scaling v ariable

x =
Q2

2P :q
;

whic h can in leading order b e in terpreted as the fraction of the proton momen tum

carried b y the struc k massless quark, and the inelasticit y

y =
P :q
P :k

;

whic h in the proton rest frame corresp onds to the fraction of the electron energy

transferred b y the exc hanged b oson to the proton. Finally , one uses the cen ter-of-

mass energy of the proton-photon system squared

W 2 = ( P + q)2 = Q2

�
1
x

� 1
�

+ m2
p ;
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Figure 1.3: A ccessible kinematic range at HERA.

whic h equals the in v arian t mass squared of the hadronic �nal state X . Using these

form ulas, one can relate the in tro duced quan tities in man y di�eren t w a ys.

A t the HERA accelerator the electron b eam energy Ee = 27:6 GeV and the

proton b eam energy Ep = 920 GeV, as of 1998, pro vide a cen ter-of-mass energy ofp
s = 318:7 GeV. The kinematic range that can b e explored at HERA is sho wn in

�gure 1.3.

1.2.2 Structure F unctions and Inclusiv e Cross Sections

A neutral curren t proton-electron in teraction can b e mediated b y a photon or a Z 0

b oson. In the kinematic range of our analysis Q2 < 100 GeV2
the Z 0

con tribution

to the cross section can b e neglected b ecause of the high mass of the Z 0
b oson

( m2
Z 0 � 100GeV2

). Th us, in the rest of the w ork w e will refer only to photon, whic h

is the only in termediate b oson relev an t in the con text of this analysis. In the one-

photon exc hange appro ximation the squared amplitude for the inclusiv e unp olarized

ep! eX scattering can b e written in the form

jMep! eX j2 =
e4

Q4
L �� W�� ;

where

L �� =
X

spin e

�u(k0)
 � u(k)�u(k)
 � u(k0)
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is the so-called leptonic tensor, whose expression follo ws from the F eynman rules for

the electron-photon v ertex, and

W�� =
1
2

X

spin p

X

X

hpjJ� j X i hpjJ� j X i �

is the hadronic tensor. Our inabilit y to express jpi and jX i in terms of quark �elds

leads us to the parametrization of the hadronic tensor with resp ect to its kno wn

transformation prop erties. Requiring the correct Loren tz transformations and taking

in to accoun t the Dirac equation and the W ard iden tit y one can parametrize W�� with

t w o scalar functions of x and Q2

W�� = �
�

g�� �
q� q�

q2

�
W1(x; Q2) +

1
m2

p

�
P� �

P :q
q2

q�

� �
P� �

P :q
q2

q�

�
W2(x; Q2):

Com bining the expressions for L ��
and W�� one arriv es (in the Bjorken limit Ep �

mp ) at the double-di�eren tial cross section form ula

d2� NC

dx dQ2
=

4�� 2
em

xQ4

�
xy2 � F1(x; Q2) + (1 � y) � F2(x; Q2)

�
; (1.1)

with F1 = W1 and F2 = P :q
mp

W2 . F unctions F1 and F2 are so-called structure

functions of the proton, and they need to b e determined exp erimen tally . One often

uses a di�eren t linear com bination of these function and in tro duces FL = F2 � 2xF1 .

Then the cross section form ula has the form

d2� NC

dx dQ2
=

4�� 2
em

xQ4

�
(1 � y +

y2

2
) � F2(x; Q2) �

y2

2
� FL (x; Q2)

�
:

The function F2 dominates the expression, FL pla ys a role only at large v alues of y .

1.2.3 Quark P arton Mo del and Ev olution Equations

The proton structure functions in tro duced in the previous section are w ell-de�ned

ob jects within the framew ork of the Standard Mo del. Ho w ev er, they ha v e the dis-

adv an tage to c haracterize only ep ! eX scattering, one cannot use them directly

in di�eren t pro cesses (e.g. proton-hadron scattering). One w ould th us lik e to �nd

ob jects that describ e the proton as suc h, in a pro cess-indep enden t w a y . Suc h a de-

scription ob viously requires some kind of factorization theorem, whic h w ould allo w

to separate the description of the parton b eha vior in the proton and the parton hard

in teraction.

In the �naiv e� parton mo del prop osed b y F eynman [5] and as further dev elop ed

b y Bjork en [6 ] for inelastic ep scattering, the proton consists of three partons iden ti-

�ed with the c harged, spin

1
2 p oin t-lik e quarks of the proton. A high-energy collision

with a lepton is describ ed as a photon in teracting with one of the quarks (whic h

are regarded as free as explained later), the parton (quark) carrying the momen tum

fraction � of the proton momen tum. The proton is regarded as mo ving v ery rapidly
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(in�nite-momen tum frame) so that the parton momen ta are collinear and the par-

tons with di�eren t momen ta remain together. Their momen tum distributions are

describ ed b y probabilit y functions qi (� ) (so-called parton distribution functions),

whic h giv e the probabilit y for the parton i to carry the proton momen tum fraction

b et w een � and � + d� . The assumption of free partons is mostly based on the fact

that the t ypical time scale of the hard in teraction is m uc h smaller than the t ypical

time scale of parton in teractions inside the proton when Q2
and W are large enough.

Supp osing that the parton-lepton in teraction is describ ed lik e a fermion in teraction

in QED one can, within the parton mo del, calculate the ep! eX cross section and

compare it to the expression (1.1). The comparison leads to

F2(x) = 2 xF1(x) =
X

quarks

Z 1

0
d� q(� ) xe2

q� (x � � ) =
X

quarks

e2
qxq(x);

x b eing the Bjork en scaling v ariable. It is in teresting to note that in the parton mo del

the structure functions lose their Q2
dep endence. This prop ert y is kno wn as Bjork en

scaling. And indeed, scaling is observ ed at x � 0:1 (see �gure 1.4), but at lo w er and

higher x v alues scaling is brok en. F urthermore, the sum of parton momen ta predicted

b y the parton mo del reac hes only appro ximately half of the proton momen tum. This

suggests that the �naiv e� parton mo del, in spite of b eing quite successful, do es not

pro vide a description precise enough to explain all measured data and th us needs to

b e impro v ed.

An impro v emen t can b e ac hiev ed b y considering QCD e�ects when describing the

parton dynamics inside the proton. In addition to the basic leading order photon-

quark scattering diagram with the QED v ertex (see �gure 1.5 a) one can tak e in to

accoun t real gluon emission from the quark lines (QCD v ertices, see �gures 1.5 b and

c) and calculate the corresp onding con tributions to the total scattering amplitude

in pQCD. Suc h an approac h in tuitiv ely explains the violation of Bjork en scaling at

higher x v alues ( x . 1). Whereas a lo w-virtualit y photon cannot resolv e a p ossible

gluon radiation from the quark, a high-virtualit y photon prob es smaller distances

and th us can in teract with a quark after the quark has radiated a gluon (see �gure

1.6). In the latter case, the photon e�ectiv ely in teracts with a quark carrying less

momen tum. A t smaller x v alues ( x � 1) the scaling violation is related to other QCD

e�ects: virtual gluon radiation o� v alence quarks and gluon splitting in to virtual sea-

quarks. These e�ects also accoun t for the missing proton momen tum: only a part of

the proton momen tum is carried b y the v alence quarks, a large part is also carried

b y gluons and the sea-quarks. The pQCD approac h, ho w ev er, mak es the mo del more

complex and in tro duces t w o new scales. The �rst one is the renormalization scale

� R , whic h is related to the renormalization of the strong coupling � s app earing in

the QCD v ertices. The second is the factorization scale � F . Since the corrections

to the parton dynamics are calculated p erturbativ ely one requires some hard scale

for these calculations to b e v alid. Ab o v e this scale the partons dynamics is treated

p erturbativ ely , b elo w this scale it is absorb ed in to the non-p erturbativ e part of the

parton densit y functions (PDF s). The div ergences that app ear in the p erturbativ e

calculations, whic h are due to collinear and soft gluon radiation, are also absorb ed
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Figure 1.4: Measured v alues of F2(x; Q2) at di�eren t exp erimen ts. Real gluon radi-

ation and creation of sea-quarks, an tiquarks and gluons and can accoun t for scaling

violations at high and lo w x and for the missing proton momen tum.

Figure 1.5: Photon-quark in teraction and gluon emissions.
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Figure 1.6: In tuitiv e in terpretation of the scaling violation for x . 1.

in to the non-p erturbativ e parts of the PDF s. In DIS one usually c ho oses � 2
R = � 2

F =
Q2

. The factorization theorem states that the long and short distance in teractions

factorize, i.e. one obtains, within the impro v ed quark parton mo del, the follo wing

form ula for the total inclusiv e cross section:

� (x; Q2) =
X

f

Z 1

x

d�
�

�̂ (�; Q 2; � R ; � F )qf (
x
�

; Q2; � F ) ; (1.2)

where �̂ is the hard partonic cross section whic h is p erturbativ ely calculable , qf are

the parton densit y functions and the summation is done o v er v alence quarks, gluons

and sea-quarks and an tiquarks.

The parton densit y functions need to b e determined exp erimen tally . It is ho w-

ev er enough to measure them at one scale � 0 , their b eha vior at a di�eren t scale

can b e predicted from ev olution equations. These ev olution equations are deriv ed

from the requiremen t that the ph ysical cross section should not dep end on an (ar-

bitrary) factorization scale � F . Dep ending on ho w the gluon radiation is treated

(appro ximated) one gets di�eren t prescriptions. In the ma jorit y of approac hes one

represen ts the gluon radiation b y a ladder diagram (see �gure 1.7), and dep ending on

what supp ositions are made on the gluon emissions one obtains di�eren t ev olution

equations:

� The DGLAP

5

formalism [7, 8, 9, 10 ] predicts the ev olution of the PDF s in

Q2
. It assumes strong ordering in the virtualit y of the exc hanged gluons k2

0 �
k2

1 � : : : � k2
n� 1 � k2

n � Q2
, whic h at small x implies strong ordering in the

transv erse momen ta k2
t;0 � k2

t;1 � : : : � k2
t;n � 1 � k2

t;n � � 2
F . It also requires

the longitudinal momen ta x i P to b e greater than the transv erse momen ta

(collinear factorization). With these assumptions the DGLAP ev olution is

exp ected to b e v alid at high Q2
and not to o small x . In fact, it describ es

successfully the measuremen ts of the structure function at HERA do wn to the

smallest x accessible in the exp erimen ts.

� The BFKL

6

approac h [11 , 12 ] describ es the ev olution of the PDF s in x . The

longitudinal momen ta of the parton propagators are supp osed to b e strongly

5

Dokshitzer, Grib o v, Lipato v, Altarelli, P arisi

6

Balitsky , F adin, Kuraev, Lipato v
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Figure 1.7: Gluon emission ladder diagram.

ordered zi = x i +1 =xi � 1, but no restrictions are applied to the transv erse

momen ta kt . Unlik e the PDF s in the DGLAP formalism, the PDF s here dep end

explicitly on the transv erse momen tum kt (so-called unin tegrated PDF s) of the

gluon in the proton. This approac h is supp osed to b e v alid at lo w v alues of x .

� The CCFM

7

mo del [13 , 14, 15, 16 ] has the am bition to describ e the ev olution

of the PDF s at b oth, small and large x . It pro vides an ev olution in Q2
and

x in the region of large Q2
and mo derate x in agreemen t with the DGLAP

approac h and in the small x region according to the the BFKL appro ximation.

It is based on the strong angular ordering of subsequen t parton emissions, and

it mak es use of kt dep enden t unin tegrated gluon densities.

1.2.4 Hea vy Quark Pro duction in DIS

The dominan t hea vy quark pro duction pro cess is the so-called b oson-gluon fusion

pro cess (BGF) represen ted in �gure 1.8 a. Non-negligible con tributions to hea vy

quark pro duction at lo w Q2
ma y arise also from resolv ed-photon pro cesses whic h are

depicted in �gures 1.8 b-d. In resolv ed pro cesses the photon �uctuates in to virtual

hadronic states, whic h consequen tly in teract with the gluon coming from the proton.

The photon �uctuations can b e describ ed b y the photon parton densit y functions.

The hea vy quarks are pro duced almost exclusiv ely in the p erturbativ e regime, their

pro duction in the fragmen tation phase is v ery improbable.

A t the HERA accelerator pairs of c harm ( mc � 1:3 GeV) and b ottom quarks

( mb � 4:5 GeV) can b e pro duced via the BGF pro cess. The top quark ( mt �
175GeV) cannot b e observ ed at HERA, b ecause the b eam energy is not high enough

7

Ciafaloni, Catani, Fiorani, Marc hesini
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Figure 1.8: DIS c harm pro duction in leading order of p erturbativ e QCD, direct

pro cess and resolv ed photon pro cesses.

to allo w the pair pro duction of top quarks, and the single top pro duction pro cess

has a v ery lo w cross section. On the other hand the c harm and b ottom quark

pro duction cross sections represen t an imp ortan t part of the total inclusiv e cross

section. The fraction of c harm pro duction vs. inclusiv e QCD pro cesses is of order

10% in the p erturbativ e QCD regime, the b eaut y pro duction is with resp ect to c harm

suppressed b y t w o orders of magnitude (higher b mass and smaller electromagnetic

coupling) [17 ].

The hea vy quarks are in teresting ob jects to b e studied. Their high mass pro vides

a hard scale for p erturbativ e calculations so that hea vy quark ph ysics can serv e as

a go o d test �eld for p erturbativ e QCD calculations. Since their pro duction is dom-

inated b y gluon-induced pro cesses, hea vy quark ph ysics also pro vides information

ab out the gluon densit y in the proton. In addition, the high mass of hea vy quarks

implies hard fragmen tation, and th us one can exp ect a go o d correlation b et w een

parton and hadron lev el, b et w een the hea vy quark and the corresp onding jet of

hadrons.

1.3 F ragmen tation

1.3.1 General Considerations

Non-p erturbativ e e�ects in particle collisions are asso ciated not only with initial state

hadrons but also with �nal state hadrons. If only inclusiv e or su�cien tly inclusiv e

observ ables are studied, the detailed c haracter of these e�ects can b e neglected.

This is wh y the expression (1.2) do es not con tain an y information ab out hadron

formation from �nal state partons. On the same basis jet observ ables can b e studied

without precise kno wledge of the fragmen tation, pro vided that these observ ables do

not dep end on details of the jet in ternal structure.

Ho w ev er, a description of the fragmen tation phase is needed, if one is in terested

in details of the hadronic �nal state. This description is based on the QCD fac-
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torization theorem; the basic idea b eing that ph ysics at v ery di�eren t scales can

b e factorized. The hadron formation from partons is mo deled using so-called frag-

men tation functions D i ! h(z; � f ) whic h are formally v ery similar to parton densit y

functions and whic h giv e (if normalized) the probabilit y to observ e a hadron h car-

rying the momen tum fraction z of the initial parton i . The di�eren tial cross section

for the pro duction of hadron h as a function of its transv erse momen tum pT can b e

sc hematically written in the form of the con v olution

d� h

dpT
�

X

ik

qi (x; � f ) 

db� i
 ! kX

dpT

 Dk! h(z; � f ) + O

�
� QCD

pT

�
;

where qi (x; � f ) are scale dep enden t parton densit y functions, b� i
 ! kX is the partonic

cross section for parton k to b e pro duced in the photon-quark in teraction whic h can

b e calculated in pQCD and Dk! h(z; � f ) are scale dep enden t fragmen tation functions.

Summation is done o v er initial and �nal state partons. The fragmen tation functions

need to b e established exp erimen tally at some initial scale � 0 (usually lo w), then they

can b e ev olv ed using DGLAP-inspired ev olution equations to an y other scale � f . The

c hoice of the fragmen tation scale is to some exten t arbitrary . The ev olution of the

quark pro duced in the hard sub-pro cess can b e part of the p erturbativ e calculations

or it can b e absorb ed in to the fragmen tation function. In practice our kno wledge of

the p erturbativ e quark ev olution is limited b y our abilit y to calculate higher orders

in p erturbation theory . In addition, div ergences originating from collinear radiation

emerge in calculations. These div ergences can b e absorb ed in to the non-p erturbativ e

fragmen tation functions.

1.3.2 Hea vy Quark F ragmen tation

Due to the higher masses of the hea vy quarks it can b e sho wn [18] that the fragmen-

tation function for a hea vy quark Q can b e split in to t w o parts: a fully p erturbativ e

and pro cess indep enden t fragmen tation function D pert
Q (z; � f ) and a non-p erturbativ e

but scale indep enden t fragmen tation function D np
Q! H (z) , H b eing the hea vy hadron.

The function D pert
Q (z; � f ) accoun ts for the p erturbativ e gluon radiation o� the quark

and can b e ev olv ed via DGLAP-lik e equations. The collinear logarithms generated

b y gluon emissions are resumed to all orders and can b e absorb ed in to the p erturba-

tiv e cross section. The non-p erturbativ e fragmen tation function D np
Q! H (z) describ es

the hadronization of the hea vy quark whic h is, after ha ving radiated gluons, almost

on its mass-shell.

Man y di�eren t parametrizations are a v ailable to describ e the non-p erturbativ e

fragmen tation functions. They are based on di�eren t mo dels whic h all agree that

hea vy quark fragmen tation is hard, i.e. the hea vy quark lo oses on a v erage only a

small fraction of its momen tum when turning in to a hadron (in con trast to ligh t quark

fragmen tation). This is easily explained using a simple kinematic argumen t (Bjork en

[19 ], Suzuki [20 ]): the momen tum of a massiv e quark is only sligh tly in�uenced

when pic king up a ligh t quark from the v acuum. Supp osing the t ypical ligh t quark

mass to b e of the order of � , one exp ects from momen tum conserv ation mQ :vQ �
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Figure 1.9: Hea vy quark Q fragmen ting in to a hea vy hadron H.

Figure 1.10: F ragmen tation functions for quarks with di�eren t masses based on the

P eterson parametrization. Appropriate parameter v alues are supp osed.

z(mQ :vQ) + � :vq , vQ � vq , from whic h follo ws hzi np � 1 � �
mQ

(see �gure 1.9). The

hea vier the quark is, the harder the fragmen tation is exp ected to b e. An illustrativ e

example based on the P eterson parametrization of the fragmen tation functions is

sho wn in �gure 1.10. T w o commonly used parametrizations for the non-p erturbativ e

fragmen tation function whic h dep end on only one parameter are:

� P eterson parametrization [21]. It is deriv ed from quan tum mec hanical consider-

ations on transition probabilities b et w een t w o energetically close states with the

energy di�erence 4 E . The considered energy di�erence is 4 E = EH + Eq� EQ ,

q stands for a ligh t quark forming a hadron with a hea vy quark. The predicted

parametrization has the form

D np
Q! H (z) = N �

1
z

�
1 �

1
z

�
"

1 � z

� � 2

;

where N is a normalization factor, and " is a parameter related to the hardness

of the fragmen tation. The parameter " is supp osed to b e of the order of

m2
q

m2
Q

,

but since the uncertain t y on ligh t quark masses is big, " is usually considered

as a free parameter whic h can b e �tted in order to describ e the data. The

P eterson parametrization pro vides a rather precise prediction for the ratio of

the " parameters for c harm and b eaut y quark fragmen tation

" c
" b

= m2
c

m2
b

� 0:1.
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Figure 1.11: Field-F eynman fragmen tation mo del.

� Kartv elish vili parametrization [22 ]. Here the authors assumed that the frag-

men tation function D np
Q! H (z) b eha v es at large v alues of z lik e the densit y func-

tion f Q
H (z) of the hea vy quark Q in the hadron H (�recipro cit y relation�), the

densit y function b eing a function of the momen tum fraction of the hadron car-

ried b y the quark. Using the Kuti-W eissk opf mo del [23 ] for calculating the

densit y functions and extrap olating the v alidit y of the �recipro cit y relation� to

all v alues of z, they arriv ed at the parametrization:

D np
Q! H (z) = N � z� (1 � z) ;

where N is a normalization factor and � a parameter whic h equals 3 for the

c harm quark and 9 for the b ottom quark. When the Kartv elish vili parametriza-

tion is no w ada ys used, the parameter � is regarded as a free parameter related

to the hardness of the fragmen tation.

1.3.3 F ragmen tation Mo dels

F ragmen tation mo dels are phenomenological mo dels more or less inspired b y insigh ts

from QCD whic h are used in di�eren t Mon te Carlo programs (w e discuss them in

the follo wing section) in order to describ e the fragmen tation pro cess. Some of the

mo dels tak e a fragmen tation function in a parametrized form, while other mo dels do

not mak e an y use of an explicit fragmen tation function at all but rely on di�eren t

mec hanism to pro duce hadrons from quarks. In this section w e brie�y summarize

the most common mo dels.

Indep enden t F ragmen tation Mo del

Indep enden t fragmen tation is based on the idea of a parton fragmen ting indep en-

den tly of other �nal state partons. One of the w ell-kno wn mo dels assuming inde-

p enden t fragmen tation is the so-called Field-F eynman mo del [24 ]. In this mo del the

fragmen ting quark forms a b ound state with one of the quarks of a quark-an tiquark

pair pro duced from v acuum �uctuations. The remaining quark pairs up with a quark

from a pair again pro duced b y �uctuations... the mec hanism con tin ues recursiv ely ,

as indicated in �gure 1.11. The momen tum fraction whic h is transferred from ini-
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tiating quark to the pro duced hadron is describ ed b y a fragmen tation function; the

P eterson or Kartv elish vili parametrizations are commonly used.

The indep enden t fragmen tation mo del is no w ada ys rarely used. It has the dis-

adv an tage of not b eing Loren tz in v arian t and requires an ad ho c treatmen t of the

remaining quark from the v ery last quark-an tiquark pair pro duction. While it de-

scrib es man y general features of particle pro duction it fails to describ e exp erimen tal

data in detail at the high lev el of exp erimen tal precision whic h has b een reac hed.

The indep enden t fragmen tation mo del is implemen ted in the PYTHIA Mon te Carlo

program as a non-default option.

String F ragmen tation Mo del

In string fragmen tation mo del [25 , 26] the fragmen tation of �nal state partons de-

p ends on the other �nal state partons. The linear con�ning p oten tial b et w een par-

tons is mo deled via a string - a massless and relativistic ob ject ha ving the form of a

color �ux tub e with t ypical transv erse dimensions of the order of the hadronic size

( � 1fm). A string is stretc hed b et w een t w o quarks, an energetic gluon pro duces

a �kink� in the string. The t ypical string tension is � � 1 GeV=fm , and as the

quarks mo v e apart the string ma y break and pro duce a quark-an tiquark pair from

the v acuum. The probabilit y of pair creation is mo deled b y the quan tum tunnel-

ing pro cess and ob eys the form ula exp(� �m 2
q;? =� ) , where m2

q;? = m2
q + p2

q;? is the

transv erse mass. Since this probabilit y dep ends on the quark mass, hea vy quark

pro duction in the fragmen tation pro cess is strongly suppressed. The string breaking

resp ects the neutral color of daugh ter strings. The transv erse momen ta of pro duced

quarks are assumed to follo w a Gaussian distribution and are lo cally comp ensated

b et w een the quark and the an tiquark. The string breaking o ccurs recursiv ely un til

on-mass-shell hadrons are formed, the hadron transv erse momen tum b eing the sum

of the transv erse momen ta of the quarks. The v ariable

8 z = (E + pz )h
(E + pz )string

, indicating

whic h fraction of the quan tit y E + pz is transferred from the string to the hadron, is

determined b y the fragmen tation function f (z) . Usually the Lund symmetric frag-

men tation function is used f (z) = 1
z (1 � z)a exp

�
�

bm2
h; ?

z

�
, where a and b are free

parameters. This function pro vides indep endence of the result of the string breaking

on the end of the string at whic h the breaking starts. T o accoun t for sp eci�c asp ects

of hea vy quark fragmen tation (its hardness), often a di�eren t fragmen tation function

(P eterson, Kartv elish vili, Bo wler) is used.

Hadron formation is based on spin states coun ting and some additional mo del

complications m ust b e in tro duced to describ e bary on formation (diquark pro duc-

tion). The mo del also needs to cop e with di�eren t string top ologies whic h can o ccur.

In c harm pro duction in DIS via the BGF pro cess at least t w o strings are required

in order to ensure color neutralit y . One string connects the pro duced an tiquark with

a quark from the proton remnan t, the other one connects the pro duced quark with

the remnan t diquark, as seen in �gure 1.12.

8

This de�nition of z has the adv an tage to b e Loren tz in v arian t under the b o ost along the parton

direction.
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Figure 1.12: Color strings in the BGF pro cess.

The string mo del is commonly used and is implemen ted in the Mon te Carlo

program PYTHIA (and JETSET).

Cluster F ragmen tation Mo del

The cluster fragmen tation mo del, whic h is realized in the HER WIG Mon te Carlo

program [27, 28] exploits the prop ert y of �pre-con�nemen t� [29 ]. It states that at

the end of the p erturbativ e phase color-connected partons tend to b e close in phase

space, a lo cal comp ensation of color o ccurs. Th us suc h quarks are merged in to color-

singlet clusters, but b efore the cluster formation tak es place eac h gluon is forced to

split (non-p erturbativ ely) in to a quark-an tiquark pair (see �gure 1.13 ). T ypically

clusters ha v e small mass as of a couple of GeV, and subsequen tly (with the exception

of to o hea vy or to o ligh t clusters) they deca y indep enden tly directly in to hadrons.

Unless the cluster in v olv es a p erturbativ ely pro duced quark, its deca y is in its rest

frame isotropic with no angular momen tum in v olv ed. If a cluster is to o hea vy , it is

split in to t w o clusters and to o ligh t clusters deca y in to one hadron only . In the latter

case a small rearrangemen t of energy and momen tum with neigh b oring clusters is

needed (the deca ys migh t not b e completely indep enden t). The c hoice of the cluster's

deca y c hannel is based on the phase space probabilit y and spin degeneracy .

The cluster fragmen tation mo del is in spite of the small n um b er of parameters

quite successful and pro vides a fair description of the data. In general, ho w ev er, the

string mo del pro vides an impro v ed description of di�eren t data.

1.4 Sim ulation Programs

Presen t exp erimen ts in high-energy ph ysics need computer-based sim ulations in order

to determine the resp onse of the detector . They allo w to obtain di�eren t correction

factors whic h are usually related to

� �ducial acceptance of the detector and extrap olations to exp erimen tally non

accessible phase space regions,
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Figure 1.13: Cluster fragmen tation mo del: gluons are split in to quark-an tiquark pairs

and color-connected quarks are merged in to color singlet clusters whic h subsequen tly

deca y in to hadrons.

� resolution e�ects and migrations,

� e�ects of initial and �nal state QED radiation.

A t ypical sim ulation includes an ev en t generator program and a detector sim ulation

program. The ev en t generator sim ulates the ph ysics pro cess or pro cesses and pro vides

a complete set of �nal state partons as w ell as particles with their four-momen ta.

Suc h a program is usually based on a random n um b er generator and th us it is called a

Mon te Carlo program. Once the information on the �nal state particles is a v ailable,

the detector resp onse to the ph ysics ev en t is sim ulated. In this analysis the in ternal

H1 GEANT-based [30 ] soft w are pac k age H1SIM is used for this purp ose. After the

detector sim ulation the data format of the sim ulated ph ysics is the same as the data

format of the real ph ysics data. Th us b oth can b e treated in the same w a y and b e

pro cessed b y the reconstruction soft w are H1REC.

In the rest of this section w e fo cus on di�eren t ev en t generators whic h w e used

and the di�erences b et w een them. An ev en t generator ma y comprise :

� a calculation of the matrix elemen ts of the hard subpro cess (in leading order, no

ev en t generator with next-to-leading order matrix elemen ts is so far a v ailable

for ep ph ysics in DIS).

� parton densit y functions or an in terface to a program for them and for their

ev olution.

� an appro ximation of higher order con tributions to the p erturbativ e pro cesses.

This is accomplished using di�eren t t yp es of parton sho w er mec hanisms, where
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an energetic quark or gluon radiates further gluons and can b e asso ciated with

the p erturbativ e fragmen tation function.

� hadron formation (non-p erturbativ e fragmen tation) and hadron deca ys in to

stable particles

9

.

� additional e�ects due to QED radiation.

� m ultiple in teractions. Suc h e�ects ma y o ccur when the initial states consist of

sev eral partons (hadron-hadron collisions) and corresp ond to additional hard

or semi-hard scatterings. These e�ects do not seem to pla y an imp ortan t role

at HERA in DIS and can b e safely neglected in this analysis.

1.4.1 Ev en t Generators with LO Matrix Elemen ts

RAPGAP

RAPGAP [31] is an ev en t generator incorp orating leading-order QCD matrix ele-

men ts. It is based on the collinear factorization sc heme (DGLAP ev olution) using for

that purp ose mo di�ed routines from the LEPTO 6.1 [32 ] and PYTHIA 6.2 [33 ] pro-

grams. It includes con tributions from higher orders b y parton sho w ers in the leading

log appro ximation matc hed to the LO matrix elemen t suc h as to a v oid double coun t-

ing. The c harm quark is treated as massiv e ( mc = 1:5 GeV) and the renormalization

scale is c hosen to b e � 2
r = Q2 + p2

T (for hea vy quarks � 2
r = Q2 + p2

T + m2
HQ ). Resolv ed-

photon pro cesses

10

in hea vy quark pro duction are also implemen ted, resolv ed-photon

ev en ts are generated separately from direct ev en ts. E�ects of real photon emis-

sion and virtual QED con tributions are sim ulated b y in terfacing RAPGAP with the

HERA CLES [34] ev en t generator. The fragmen tation in RAPGAP is done with the

Lund-sting mo del as it is implemen ted in the PYTHIA program.

In this analysis w e use RAPGAP v ersion 3.1, the CTEQ5L [35] parametrization

of the PDF s of the proton and SaS-G 2D [36] for the PDF s of the photon in case of

resolv ed pro cesses.

CASCADE

The CASCADE Mon te Carlo program [37] di�ers signi�can tly from RAPGAP . It

emplo ys CCFM ev olution with an unin tegrated ( kt - dep enden t) gluon densit y func-

tion. In this ev olution the gluon whic h en ters the hard sub-pro cess is virtual and

th us requires an o�-shell matrix elemen t. Only the direct BGF pro cess is consid-

ered in c harm quark pro duction, but the kt -factorization sc heme partially includes a

hadronic photon comp onen t (see reference [38]). The renormalization scale is c hosen

to b e � 2
r = 4m2

c + p2
T and lik e in the case of RAPGAP , CASCADE is in terfaced with

9

The de�nition of a stable particle is to some exten t arbitrary . By a stable particle w e understand

all particles whic h do not deca y further or whic h ha v e a high probabilit y of deca ying in the trac king

detector.

10

W e use them in the ev aluation of systematic errors.
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the PYTHIA 6.2 program to accoun t for the fragmen tation (Lund-string mo del) and

particle deca ys.

In this analysis w e ha v e c hosen CASCADE as an alternativ e program to RAP-

GAP to correct our data and thereb y to study the mo del dep endence of our results.

The v ersion CASCADE 1.2 with the A0 [39] gluon densit y functions is used.



Chapter 2

HERA A ccelerator and H1 Detector

2.1 HERA A ccelerator

The HERA

1

accelerator (�gure 2.1) w as

2

a particle accelerator situated in German y

in the cit y of Ham burg at DESY

3

researc h institute. It w as a unique high-energy

collider with asymmetric b eams: an electron b eam colliding with a proton b eam,

eac h b eam stored in an indep enden t storage ring. It had appro ximately circular

shap e, and it w as housed in a 6336 m long tunnel with in ternal diameter of 5.2 m

situated 10 to 25 m under ground.

The �rst idea of HERA w as brough t in the early 1970s b y the Norw egian ph ysicist

Bjørn H. Wiik to DESY and the pro ject study follo w ed in 1980. Agreemen t for the

construction of the facilit y w as signed in 1981. Construction started in 1984 with

in ternational supp ort and �rst op eration of HERA started in 1990 (�rst ph ysics run

in 1992). In 2000-2001 HERA underw en t a luminosit y upgrade to HERA I I with a

di�cult restart of op eration in 2002.

The op eration of HERA required a c hain of pre-accelerators (LINA C I I and I I I,

DESY sync hrotron I I and I I I and PETRA I I and I I I) in order to pro vide HERA

with electrons and protons at suitable energies. Once the protons and electrons w ere

injected in to HERA, HERA to ok o v er and accelerated them to their �nal energy .

The designed �nal energy (after 1998) for the t w o t yp es of particles w as

Ep = 920 GeV;

Ee = 27:6 GeV;

with 96 ns b et w een t w o follo wing bunc h-crossings. In total 174 colliding bunc hes

w ere stored in eac h storing ring and the b eam crossing angle at the in teraction p oin t

w as zero. The electron b eam w as naturally transv erse-p olarized (Sok olo v-T erno v

1

Hadron Electron Ring Anlage

2

The HERA collider w as sh ut-do wn, after 15 y ears of successful op eration, at midnigh t on

30.06.2007.

3

Deutsc hes Electronen-Sync hrotron

27
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Figure 2.1: HERA accelerator and pre-accelerator subsystems, HERA exp erimen ts.

mec hanism) and a longitudinally p olarized electron b eam could b e obtained with a

system of spin rotators (installed after the upgrade to HERA I I).

Initially four exp erimen ts w ere designed to use the HERA b eams. The HERA-B

exp erimen t w as using only the proton b eam on a �xed target. It w as sh ut do wn

prematurely b ecause of unexp ected and serious problems during the detector con-

struction and the follo wing loss of comp etitiv eness with other w orld exp erimen ts

exploring the same ph ysics area. The HERMES exp erimen t w as using the unp o-

larized and p olarized electron b eam on a �xed unp olarized and p olarized target to

study mainly the spin structure of the n ucleon. The t w o remaining exp erimen ts, H1

and ZEUS, w ere colliding-b eam exp erimen ts with m ultipurp ose detectors studying

the proton structure and other topics related to proton-electron collisions. Sharing

the same b eams and using complemen tary detectors allo w ed these t w o exp erimen ts

to cross-c hec k their ph ysics results.

2.2 H1 Detector

The H1 detector w as lo cated in the north hall of the HERA ring. It w as a m ultipur-

p ose detector co v ering most of the solid angle around the nominal in teraction p oin t.

Its appro ximate dimensions w ere 12� 10� 15 m3
with the w eigh t of 2800 t. Because

of the asymmetry in b eam energy , the cen ter of mass of the electron-proton system

w as b o osted along the proton direction (w e will refer to this direction as �forw ard�

or �p ositiv e�), whic h w as re�ected in an asymmetric design of the detector. The H1

detector consisted of most of the standard detector subsystems used in a high-energy

ph ysic exp erimen t: a high-resolution trac king system, a �ne-gran ularit y calorimetric

system and m uon detectors. The trac king system as w ell as the calorimeter w ere

situated within a magnetic �eld of strength 1:2 T whic h w as pro vided b y a sup ercon-
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Figure 2.2: The H1 detector and the H1 co ordinate system.
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Figure 2.3: Design of the H1 trac king system.

ducting coil. Suc h a design allo w ed for less dead material in fron t of the calorimeter

and b etter particle iden ti�cation (esp ecially electron iden ti�cation) in the electro-

magnetic part of the calorimeter. The main comp onen ts of the H1 detector and

the H1 co ordinate system can b e iden ti�ed in �gure 2.2. The running of the H1

detector required an in telligen t and highly e�cien t trigger system, since the time

windo w b et w een t w o successiv e bunc h-crossings w as v ery short and the bac kground

w as high.

The hardw are comp onen ts of the H1 detector as w ell as the trigger system un-

derw en t imp ortan t upgrades during the luminosit y upgrade of HERA in 2001 and

2002. This analysis is based on the data from the HERA I I running p erio d and th us

w e will describ e the detector status in this p erio d, only brie�y men tioning the status

b efore.

In our analysis w e mak e no or only a small use of suc h subsystems as the m uon

c ham b ers, the plug calorimeter or the tail-catc her system. Th us w e will omit their

description in the follo wing sections, and w e will fo cus only on those detector subsys-

tems that are related to this analysis. An in terested reader ma y consult references

[40 , 41 ] for more information.

2.2.1 T rac king System

The b eam asymmetry at HERA w as also re�ected in the design of the H1 trac king

system (�gure 2.3). The system consisted of the cen tral and forw ard trac king detec-

tors (CTD and FTD) and a bac kw ard trac king system, whic h w as installed in fron t of

the bac kw ard calorimeter to impro v e the spatial resolution of the calorimeter, reject

photopro duction bac kground induced b y neutral hadrons and impro v e 
=e separa-

tion. The trac king system pro vided b esides the information for trac k reconstruction
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Figure 2.4: Radial view of the cen tral trac king system.

also the capacit y for trac k-based triggering and for particle iden ti�cation via dE=dx.

The H1 trac king system is, for this analysis, of crucial imp ortance, b ecause the trac k-

ing information is the main input for the reconstruction of the D �
mesons. Since w e

apply a constrain t on the pseudorapidit y

4

of the D �
mesons j� D � j < 1:5 w e use for

the D �
reconstruction only the most precise information from the cen tral trac king

detector.

Cen tral T rac king Detector

The H1 cen tral trac king detector in its initial form consisted of t w o concen tric m ul-

tiwire drift c ham b ers CJC1 and CJC2

5

, of t w o thin concen tric drift c ham b ers CIZ

and COZ, pro viding precise measuremen ts of the z-co ordinate, and of t w o concen-

tric prop ortional c ham b ers CIP and COP . The cen tral and bac kw ard silicon trac k ers

(CST and BST) w ere installed during HERA I running in close pro ximit y of the

b eam pip e to pro vide precision spatial measuremen t. The CJC1 and CJC2 as w ell

as the COZ, the COP , the CST and the BST remained after the detector upgrade

for HERA I I running. During the upgrade an additional silicon detector w as added

to co v er the forw ard region (FST). The CIZ and CIP w ere remo v ed and replaced

with CIP2000 - a cylindrical prop ortional c ham b er with more la y ers for impro v ed

triggering and v ertex reconstruction. The status of the CTD after the upgrade is

depicted in �gure 2.4. The angular co v erage

6

of the CTD w as 25� < � < 155�
.

The CJC1 and CJC2 w ere the most imp ortan t comp onen ts of the CTD, their

main parameters w ere � 112:5 cm < z < 107:5 cm and 20:3 cm < r < 84:4 cm. The

4

F or the de�nition of the pseudorapidit y see section 3.2.3.

5

Cen tral Jet Cham b er 1 and 2

6

The angle � is measured with resp ect to the �p ositiv e� (proton b eam) direction.
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sense wires of these c ham b ers w ere organized in drift cells and w ere parallel to the

b eam axis. The CJC1 con tained 30 drift cells with 24 sense wires p er cell, the CJC2

comprised 60 drift cells with 32 sense wires eac h. The drift cells w ere inclined b y

30

�
with resp ect to the radial direction so as to optimize the electron drift direction

in the magnetic �eld for nearly straigh t high momen tum trac ks. Single hits w ere

reconstructed with a spatial resolution of � 170� m in the r� -plane from the drift-

time measured b y the sense wires. The information ab out the z co ordinate could b e

extracted from a comparison of the signals at b oth ends of the sense wire with a pre-

cision of 22:0 mm. The precision of the momen tum measuremen t for reconstructed

trac ks w as � p=p2 < 0:01 GeV� 1
. After trac k reconstruction one can also determine

the energy loss of particles with established precision of � dE=dx � 6%. The kno wl-

edge of the energy loss helps - dep ending on the particle's momen tum - in particle

iden ti�cation or at least in the calculation of the probabilit y for a particle to b e of

a certain t yp e. The c ham b ers CJC1 and CJC2 w ere also used in the reconstruction

of the in teraction v ertex. The x and y p osition of the v ertex can b e deduced from

trac k extrap olation inside the b eam pip e, the information ab out the z p osition w as

ho w ev er determined with b etter precision from other c ham b ers.

The CIP 2000 [42 , 43] w as a �v e la y er prop ortional c ham b er, whic h w as designed

to pro vide - in comparison to the CIP in HERA I - a more e�cien t v ertex trigger

with larger solid angle acceptance and b etter rejection capabilities. The radius of

the c ham b er w as 15 cm< r < 20 cm and the length w as 2 m. Eac h detector la y er

comprised 120 pads in the z direction and the la y ers w ere organized in sixteen � -

sectors. Since the detector w as designed for trigger purp oses it had a short resp onse

time ( � 75 ns) and w as used for online ev en t selection. The angular co v erage of

the detector w as 11� < � < 169�
and the spatial resolution in z amoun ted to ab out

1:5 cm.

The cen tral silicon trac k er (CST) [44 , 45] pro vided precise v ertex and trac k in-

formation and therefore allo w ed for precision determination of trac k parameters. It

w as the innermost trac king detector ( r � 5� 10cm) built up of t w o 36cm long la y ers

of silicon strip detectors co v ering the p olar angle region 30 < � < 150�
. The strip

detectors w ere organized in ladders, the inner la y er consisted of 12 and the outer

la y er of 20 ladders. The CST hits w ere measured with precision of 12 � m in the

r� -plane and 25 � m in z. T rac k reconstruction is mainly based on the CJC mea-

suremen t, ho w ev er, in com bination with precise CST information the resolution is

m uc h impro v ed. The in teraction v ertex p osition can b e determined with a precision

of � 40� m.

The c ham b ers COP and COZ w ere situated in-b et w een CJC1 and CJC2. The

COP w as a prop ortional c ham b er with short resp onse time that w as in the HERA

I p erio d used in com bination with CIP for trac k triggering purp oses and w as of

less imp ortance in HERA I I after the CIP upgrade. The COZ w as a t w o meters

long drift c ham b er whic h impro v ed the z-co ordinate measuremen t with resp ect to

CJC1 and CJC2. It w as situated at the distance of 92 cm < r < 97 cm from the

b eam axis and co v ered the angular region 25� < � < 155�
. The sense wires of

COZ w ere p erp endicular to the b eam axis whic h allo w ed for precision of 350� m in

determination of the z-co ordinate.
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Figure 2.5: Bac kw ard prop ortional c ham b er.

Bac kw ard T rac king Detector

The bac kw ard trac king detector ful�lled t w o imp ortan t tasks: it pro vided more pre-

cise xy p osition determination of particles with resp ect to a measuremen t b y the

bac kw ard calorimeter, and it allo w ed to di�eren tiate b et w een c harged and neutral

particle induced clusters. The latter is imp ortan t for the iden ti�cation of the scat-

tered electron and th us a correct reconstruction of the ev en t kinematics. The bac k-

w ard drift c ham b er (BDC) of HERA I w as in HERA I I replaced b y a new bac kw ard

prop ortional c ham b er (BPC) situated at z = � 146cm. It consisted of six wire la y ers

with three di�eren t orien tations inclined b y 60�
with resp ect to eac h other. The

whole detector had a hexagonal shap e and w as divided in to t w o parts with a gap

of appro x. 80 mm b et w een them (see �gure 2.5). The inner radius of the BPC w as

appro x. 140 mm and the outer radius appro x. 800 mm. The BPC enabled to mea-

sure the angle � with a precision of � � = 0:5 mrad, ho w ev er, the detector alignmen t

precision in HERA I I in tro duced a systematic error of the order � syst:
� = 0:8 mrad.

The horizon tal gap of the detector, whic h included at small radius highly p opulated

regions for the scattered electron did not allo w to alw a ys require BPC information

for the measuremen t, since this w ould lead to a big loss of statistics. In the default

H1-OO

7

electron �nding algorithm the BPC xy measuremen t is tak en in to accoun t,

if the extrap olated p osition of the electron candidate in the bac kw ard calorimeter is

close to the electron candidate cluster ( < 4 cm).

2.2.2 Calorimeters

The H1 calorimetric system comprised the liquid argon calorimeter whic h co v ered the

forw ard and the cen tral region and the lead/scin tillating-�bre calorimeter (spaghetti

calorimeter, Spacal) whic h co v ered the bac kw ard region. The H1 calorimetric system

pro vided iden ti�cation and measuremen t of electrons, photons, m uons and p enetrat-

ing neutral particles (in teracting strongly).

7

H1 ob ject-orien ted analysis framew ork.
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Figure 2.6: Liquid argon calorimeter, the longitudinal and the radial cross section.

Liquid Argon Calorimeter

The design of the liquid argon (LAr) calorimeter [46] is sho wn in �gure 2.6. It w as a

non-comp ensating

8

sampling calorimeter with a total w eigh t of 450t con taining 53m3

of liquid argon at the temp erature of 90 K. Its angular co v erage w as 4� < � < 154�
.

The calorimeter w as segmen ted in z in to eigh t wheels, and eac h wheel consisted

of eigh t � segmen ts - o ctan ts. All wheels except the v ery forw ard one con tained

an electromagnetic part, optimized for the measuremen t of electromagnetic sho w ers

from electrons and photons, and a hadronic part, optimized for the measuremen t of

hadronic sho w ers.

The absorb er material for the electromagnetic part consisted of 2:4 mm thic k

lead plates. They w ere organized in to �sandwic hes�, the gap b et w een t w o plates

comprised the liquid argon and the c harge collection and read-out structure and w as

2:35 mm thic k. Electromagnetic sho w ers w ere w ell con tained in the electromagnetic

part of the calorimeter, since its lateral dimensions corresp onded to 20 - 30 radiations

lengths ( X 0 ), dep ending on the p olar angle.

The absorb er material in the hadronic part of the calorimeter consisted of stain-

less steel plates. They w ere 19 mm thic k with a double gap of 2:4 mm liquid argon

and the c harge collection and read-out structure in b et w een them. The depth of the

hadronic calorimeter w as o v er 5 to 8 in teraction lengths ( � ), dep ending on the p olar

angle.

The orien tation of the absorb er plates in the whole calorimeter w as suc h that the

inciden t angle of a particle coming from the nominal in teraction v ertex w as alw a ys

less than 45�
. Since the calorimeter itself w as non-comp ensating, an o�ine soft w are

comp ensation algorithm w as dev elop ed to correct for this e�ect.

The H1 liquid argon calorimeter w as highly segmen ted and had ab out 65 000

8

Resp onse of a non-comp ensating calorimeter di�ers for electromagnetic and hadronic particles

of the same energy .
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Figure 2.7: Spacal calorimeter in HERA I: a) emplacemen t in the H1 detector b)

segmen tation of the EM part in to 16-cell mo dules and 2-cell mo dules c) segmen tation

of the hadronic part, circles sym b olize photom ultipliers.

electronic read-out c hannels. Ev en though the c harge-collection time w as rather

long, thanks to the information pip eline system a lev el 1 trigger decision could b e

deriv ed using a sp ecial electronics c hain for the trigger readout and the �constan t

fraction tec hnique� [47]. The energy resolution of the electromagnetic part w as in the

test b eam determined to b e � em
E =E � 11%=

p
E[GeV]� 1% and that of the hadronic

part to b e � had
E =E � 46%=

p
E[GeV] � 2%.

Spaghetti Calorimeter - Spacal

The Spacal calorimeter [48, 49, 50 ] w as a lead/scin tillating-�b er sampling calorimeter

situated at z = � 160 cm, whic h replaced the original BEMC calorimeter already

during the HERA I running p erio d. The detector had an o v erall cylindrical shap e

with radius of appro x. 80cm. Its main purp ose w as to measure the scattered electron

in DIS in the bac kw ard detector region with go o d spatial and energy resolution

and thereb y allo w for a precise ev en t kinematics reconstruction. It consisted of an

electromagnetic and a hadronic section. Its placemen t inside the H1 detector as

w ell as the electromagnetic and hadronic r� segmen tation are depicted in �gure 2.7

(status in HERA I). Both, the electromagnetic and the hadronic part w ere situated

in a magnetic �eld whic h w as tak en in to accoun t for a correct functioning of the

photom ultipliers whic h con v erted the scin tillation ligh t in to electric signals. The

original angular co v erage of 153� < � < 178�
, whic h allo w ed to measure the scattered

electron in the kinematic range 2GeV2 < Q 2 < 100GeV2
, had to b e reduced b ecause

of space requiremen ts for sup erconducting quadrup oles needed for the luminosit y

upgrade for HERA I I running p erio d. The innermost cells had to b e remo v ed,

and th us the angular co v erage and the Q2
range w ere reduced to appro ximately

153� < � < 173�
and 4 GeV2 < Q 2 < 100 GeV2

. The innermost region not co v ered

b y the detector acceptance had after the upgrade an elliptical shap e orien ted in the

horizon tal direction.

The electromagnetic part consisted of appro ximately 1500 cells organized in to

2-cell and 16-cell mo dules. A dra wing of a 2-cell mo dule is sho wn in �gure 2.8. The

cross section of one cell w as 40:5 � 40:5 mm2
, its activ e length w as 250 mm� 28 X0 .



36 CHAPTER 2. HERA A CCELERA TOR AND H1 DETECTOR

Figure 2.8: Spacal electromagnetic mo dule comprising 2 cells.

This design guaran teed - with resp ect to electron sho w er prop erties ( X 0 = 9:0 mm,

Molière radius = 25:5 mm) - a go o d con tainmen t of the sho w er in a small n um b er

of cells without leak age. The energy resolution w as determined to b e � em
E =E =

7:1%=
p

E[GeV]� 1%, and the spatial resolution as a function of the electron energy

to b e � em
xy =E = 4:4 mm=

p
E[GeV] + 1:0 mm.

The hadronic part of the Spacal had a less �ne gran ularit y , the cell size w as

119:3� 119:0mm2
, and its activ e length w as 250mm. The latter is of the order of only

one in teraction length, and th us the energy measuremen t of hadrons w as less precise.

The energy resolution measured in test b eams in the energy range 1 GeV� 7 GeV
for pions yielded � had

E =E � 38% for a sho w er length of the order of one in teraction

length (�rst in teraction required to b e in the hadronic section) and � had
E =E � 29% for

sho w er lengths up to t w o in teraction lengths (�rst in teraction in the electromagnetic

section; electromagnetic and hadronic information are com bined).

The Spacal w as a device suitable to pro vide fast trigger signals. It had a fast

resp onse with excellen t time resolution - b etter than 0:4 ns, see reference [49]. This

feature allo w ed the Spacal to serv e also as a time-of-�igh t v eto, i.e. to reject bac k-

ground originating outside the in teraction time windo w.

2.2.3 T rigger System

The ev en t rate at HERA w as high and therefore the H1 data acquisition system

could not read-out ev ery ev en t that o ccurred in the H1 detector. Ev en if it could,

it w ould b e a h uge w aste of storage space, b ecause the rates of bac kground ev en ts

w ere more than an order of magnitude higher than the rates of electron-proton

in teraction ev en ts. This �non- ep � bac kground w as mainly related to in teractions of

b eam particles with atoms of the remaining gas in the b eam pip es (b eam-gas ev en ts),

to in teractions of b eam particles whic h w ere to o far a w a y from their nominal orbit

with the w alls of the b eam-pip e (b eam-w all ev en ts) and to sync hrotron radiation of

electrons. The bunc h-crossing time at HERA w as 96 ns whic h corresp onds to a rate

of 10:4 MHz. Ho w ev er, only � 1000 electron-proton collisions whic h are of in terest

w ere exp ected p er second b ecause of small ep cross section. The estimates [40] for

di�eren t bac kground and ph ysic rates assuming the designed HERA I luminosit y

of L = 1:5 � 1031cm� 2s� 1
are sho wn in table 2.1. After the upgrade to HERA I I,

the b eam-related bac kground rates scaled appro ximately with the in tensit y of b eam

curren ts (whic h remained similar to HERA I) and the estimates for ph ysics-related
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Beam gas in teractions 50 kHz
Un tagged photopro duction 1 kHz
Cosmic m uons 700 Hz
T agged photopro duction 25 Hz
DIS Q2 < 100 GeV2 2:2 Hz
DIS 100 GeV2 < Q 2 1:4 min� 1

Charged curren t DIS (25 GeV < pT ) 3:0 h� 1

W pro duction 0:5 d� 1

T able 2.1: Rate estimates for HERA I.

Figure 2.9: H1 trigger system.

ev en t rates increased b y the luminosit y factor ( � 2:5). Stronger fo cusing magnets

installed during the upgrade lead to imp ortan t rise of the sync hrotron radiation.

T o cop e with this situation one needed a highly e�cien t trigger system that is

able to reject bac kground, �lter the ph ysics and sa v e those ev en ts whic h are v aluable

for ph ysics analysis. These requiremen ts w ere re�ected in the design of the H1 trigger

system (�gure 2.9). It comprised a four-lev el system with an input rate of 10 MHz
and an output rate of ab out 20 Hz (ev en ts written to tap e). Eac h trigger lev el had

more time than the previous one and th us could analyze and reconstruct the ev en t

in more detail. The dead-time

9

of the H1 detector during the readout of one ev en t

w as appro x. 1:4 ms and so one needed to �nd a compromise b et w een minimizing the

o v erall dead-time and allo wing for a su�cien tly high trigger rate. The H1 trigger

w as run suc h as to k eep the o v erall dead-time under 10%. The four trigger lev els are

describ ed in the follo wing sections.

9

It is time needed to pro cess an ev en t, during whic h the detector is not sensitiv e to register new

ev en ts.
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Lev el 1 T rigger

On lev el 1 a trigger decision w as made ev ery 96ns, b ecause an in teresting ev en t could

ha v e in principle o ccurred in an y bunc h-crossing. It implies that lev el 1 triggering

did not lead to detector dead-time. Since the detector comp onen ts could not b e read-

out within 96 ns, this problem w as solv ed b y feeding the detector information in to

pip elines whose length v aried dep ending on the read-out time of the sub detector. The

whole detector information needed to b e stored at least for the p erio d corresp onding

to the time in terv al b et w een the o ccurrence of the ev en t and the lev el 1 trigger

decision for whic h a time of 2:3� s w as foreseen. Di�eren t detector comp onen ts (LAr

calorimeter, Spacal calorimeter, CIP2000, CJC and others) pro vided so-called trigger

elemen ts, a trigger elemen t b eing an information bit. These bits w ere generated using

fast electronics from v ery aggregate detector information concerning timing, trac ks

and energy dep ositions (e.g. the total calorimetric energy compared to a threshold)

and w ere sen t to the cen tral trigger logic (CTL). Here they w ere com bined using

logical op erators in to so-called subtriggers. If a certain subtrigger ��red�, an L1Keep

signal w as generated, the pip elines w ere stopp ed and the detector read-out started.

A subtrigger migh t ha v e b een prescaled with a factor n , meaning that the read-out

started only in one of n cases where the subtrigger �red. A prescale factor w as

set to b e di�eren t from one, if a certain subtrigger induced a large detector dead-

time. This w as the case for some ph ysics pro cesses with a large cross section, lik e

photopro duction or v ery lo w Q2
inelastic scattering, but ma y also ha v e happ ened

when high bac kgrounds o ccurred for not immediately understo o d reasons. Ev en

though t the lev el 1 trigger used only a v ery aggregate information, it decreased the

rate under 1 kHz what w as acceptable for the lev el 2.

Lev el 2 T rigger

The lev el 2 trigger w as built up of t w o indep enden t systems running in parallel: a

neural net w ork system (L2NN) and a top ological trigger system (L2TT) based on

ev en t top ologies. They com bined the a v ailable information from di�eren t subsystems

in order to study ev en ts in more detail. Their decision w as deliv ered within 20 � s
and sen t to the CTL. If the ev en t w as rejected, the detector read-out w as stopp ed

and the detector w as put bac k in to the state where it could accept new ev en ts. If

ho w ev er the ev en t w as accepted, the L2Keep signal w as generated and read-out of the

whole detector w as initiated. Before the lev el 3 system b ecame op erational during

the HERA I I running, the output rate of the lev el 2 trigger w as 50 Hz at maxim um.

In com bination with the lev el 3 trigger the output rate could b e raised up to 200 Hz.

Lev el 3 T rigger

The lev el 3 trigger w as implemen ted during the y ear 2006. It w as based on the

fast trac k trigger

10

(FTT, see app endix B and C in reference [51]) and pro vided a

decision within less than 100� s. Dep ending on the lev el 3 decision, the L3Reject

10

After b eing implemen ted, the FTT also triggered on the lev el 1 and the lev el 2.
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or the L3Keep signal w as generated. In the �rst case the read-out of the detector

w as stopp ed, in the second case the read-out con tin ued and after b eing �nished the

ev en t w as passed to the lev el 4, the last trigger system. The implemen tation of the

FTT allo w ed to trigger on man y in teresting ev en ts, where the trac king information

pla ys a ma jor role b y p erforming a fast reconstruction of trac ks using a subset of

�hits� in the CJC. It made it p ossible to study di�eren t explicit c hannels, where

a suitable trigger w as missing b efore, for example the pro duction of D �
mesons in

the photopro duction regime. The maxim um output rate of the lev el 3 trigger whic h

could b e tolerated b y the next trigger lev el w as 50 Hz.

Lev el 4 T rigger

The lev el 4 trigger corresp onded to a full ev en t reconstruction and classi�cation of

the ev en t on a computer farm. It did not con tribute to the dead-time of the detector,

since it w ork ed in an async hronous mo de. The lev el 4 trigger system �rst c hec k ed

the decisions of the previous trigger lev els with impro v ed resolution. Then di�eren t

soft w are �nders classi�ed the reconstructed ev en t in to one of man y prede�ned ev en t

classes. If the ev en t lo ok ed lik e a bac kground ev en t

11

(class 0), then it w as highly

prescaled so that only a small part of these ev en ts w as k ept, mainly for trigger

monitoring purp oses. If the ev en t w as recognized as an electron-proton ev en t but

did not �t in to an y other class, it w as classi�ed as �soft ph ysics� and prescaled with

resp ect to its Q2
. If the ev en t w as lab eled to b elong to an y other class, then it w as

k ept as w ere the prescaled ev en ts and they w ere stored on tap e. The ro w ev en t

information as w ell as the reconstructed data are stored on so-called pro duction

output tap es (POT) and the reconstructed information w as written in compact form

to the so-called data summary tap e (DST), the starting p oin t for analyses in H1.

The output rate of this trigger lev el w as limited to � 20 Hz.

11

The term �not classi�ed junk� w as used for these ev en ts.
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Chapter 3

Reconstruction and Measuremen t

Metho ds

The detector hardw are comp onen ts describ ed in the previous c hapter pro vide basic

information consisting of signals in trac king detectors and of ionization-c harge or

scin tillating ligh t measured in calorimeters. These data are used b y smart soft w are

algorithms to reconstruct the kinematics of an ev en t at the detector lev el in order to

allo w the analysis, in our case, of c harm fragmen tation.

In this c hapter w e summarize the most imp ortan t reconstruction and measure-

men t metho ds for our analysis topic. Since the reconstruction of D �
mesons relies

almost exclusiv ely on the trac king, w e consider it necessary to brie�y men tion the

trac k reconstruction in H1. W e further quic kly explain the di�eren t particle �nders

that are used and whic h pla y an imp ortan t role: the electron �nder, whic h allo ws for

iden ti�cation of the scattered electron and th us for the correct kinematics reconstruc-

tion, the �nder of hadronic �nal state particles and the jet �nder whic h are necessary

in our fragmen tation study , where w e use jets and ev en t top ologies, and �nally the

D �
�nder. One subsection is dedicated to the extraction of the D �

signal from the

bac kground. Next, w e explain t w o di�eren t observ ables whic h are sensitiv e to the

fragmen tation of a c harm quark in to a D �
meson and w e pro vide a brief description

of the unfolding metho ds w e use to correct for detector e�ects. The last subsection

describ es the reconstruction of the ev en t kinematics. Although all these asp ects of

reconstruction and measuremen t metho ds are not necessarily directly related to eac h

other, w e prefer to giv e their compact description in one dedicated c hapter rather

than try to describ e them in the appropriate places in the measuremen t c hapter,

whic h w ould b e, w e b eliev e, less clear.

One should also k eep in mind that the afore men tioned topics represen t a large

amoun t of information, whic h cannot b e co v ered in all detail. Th us w e only brie�y

presen t the main ideas; an in terested reader should consult the giv en references.

41
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3.1 Cen tral T rac k Reconstruction

The trac k reconstruction in the cen tral detector region [52 , 53] is based on the CJC1

and the CJC2. It pro ceeds in t w o steps: a fast trac k reconstruction follo w ed b y an

optimized reconstruction of all trac ks.

A t the b eginning of the trac k reconstruction the initial T0 of the ev en t is estimated

(timing information). The estimate comes from the leading edge of the drift time

sp ectrum for all wires. Next the TGV

1

soft w are pac k age is called. This program

com bines di�eren t wires within a drift cell and searc hes for three successiv e wires

ha ving a hit, so-called triplets. Thanks to the inclination of wire planes ( � 30�
)

with resp ect to the radial direction, the drift side am biguit y can b e solv ed using

the criterion of a straigh t-line trac k coming from the in teraction p oin t. Then a

circular �t going through the origin is p erformed for eac h triplet and the �tted

circle is c haracterized b y its curv ature � (in v erse of the radius) and its angle '
at some reference radius ( � middle of the c ham b er, in eac h c ham b er CJC1/CJC2

separately). Afterw ard triplets are collected whic h cluster in the �' plane. Suc h

triplet clusters are regarded as trac k candidates (for eac h c ham b er separately) and

once more a circular �t is p erformed taking in to accoun t all hits b elonging to a

cluster in consideration. This �t do es not require the nominal in teraction p oin t, so

in addition to its curv ature � and its angle at the origin ' 0 , it is also c haracterized

b y its distance of closest approac h to the nominal in teraction p oin t ( dca). Finally ,

the matc hing of CJC1 and CJC2 �ts is done, the �ts are com bined in order to

�nd the trac ks that go through b oth c ham b ers. In this w a y the �fast trac ks� are

reconstructed in the xy -plane, their reconstruction in z is done separately . The

fast trac k reconstruction, ho w ev er, w orks w ell only for trac ks with small curv ature

(medium or high transv erse momen tum) and originating near the primary v ertex.

F or the �nal reconstruction of all trac ks (in H1REC) the already found fast trac ks

are used as seeds. The algorithm �nds hits in roads (1 cm wide) around eac h fast

trac k and rep eats the �t. The �t is p erformed in the xy -plane, the z-dev elopmen t of

the trac k is �tted separately . T rac ks crossing ano de or catho de wire planes allo w to

determine a trac k T0 . This T0 information from di�eren t trac ks is histogrammed, and

an impro v ed T0 of the ev en t is estimated from the p eak p osition of the histogram.

The found trac ks are then once more impro v ed using this T0 information. The trac k

reconstruction con tin ues b y remo ving all hits used up to no w and b y searc hing for

further trac ks with the aim to also reconstruct trac ks with big curv ature and big

dca. Again a triplet searc h is done in eac h cell using wires with remaining hits and

c hains of triplets are formed. On found triplet c hains a road searc h is done, and the

am biguit y due to mirror hits is solv ed b y using of the t w o p ossible solutions the one

with the longer c hain. The pro cedure is ac hiev ed b y a circular �t and in this w a y

the non-v ertex �tted trac ks are reconstructed.

F urther requiremen ts and the kno wledge of the run-dep enden t in teraction v ertex

region are applied to non-v ertex �tted trac ks in order to iden tify the trac ks originat-

ing from the primary v ertex. After rep eating trac k �ts with a common in teraction

1

�T rac ks à Grande Vitesse�
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v ertex constrain t, the v ertex-�tted trac k are obtained. The information from other

trac king detectors (COZ, CIP2000

2

, CST

3

) is tak en in to accoun t in order to impro v e

the z information and the v ertex reconstruction.

3.2 Soft w are Finders and Signal Extraction

The di�eren t soft w are �nders are part of the H1 ob ject-orien ted analysis framew ork

(H1-OO). This framew ork is based on the C++ programming language and the

R OOT soft w are pac k age. All �nders whic h w e will describ e ha v e b een dev elop ed

inside the H1 collab oration, and the most precise information ab out them can b e

obtained directly from the source co des of the appropriate classes.

3.2.1 Electron Finder

The Q2
range studied, 5GeV2 < Q 2 < 100GeV2

, implies that the electron is measured

with the Spacal calorimeter, and therefore w e describ e only the electron �nding

algorithm for this detector comp onen t. The high Q2
electrons, detected in the liquid

argon calorimeter, are iden ti�ed using a di�eren t soft w are algorithm

4

.

The electron �nding in Spacal is done b y lo oping o v er all reconstructed clusters

5

.

The clusters whic h ha v e to o lo w energy or are situated at to o small Spacal radius,

in comparison to giv en energy and radius thresholds, are �ltered out. F or eac h

remaining cluster the � and ' co ordinates are calculated with resp ect to the actual

in teraction v ertex p osition of the ev en t. Next, the BPC hits are considered. In the

case where candidate hits are found, the trac k p osition extrap olated in to the Spacal

is determined. If the distance b et w een this p osition and the cluster barycen ter is

smaller than 4 cm then the BPC measuremen t of the trac k is tak en in to accoun t and

� and ' are recalculated. Then CJC trac ks whic h can b e asso ciated to the cluster

are searc hed for. Preferen tially v ertex-�tted trac ks of high qualit y

6

are asso ciated,

then v ertex-�tted trac ks of lesser qualit y

7

and �nally also non-v ertex-�tted trac ks

are considered. In the �nal step a correction for the b eam-tilt

8

is applied to the �
and ' co ordinates of the electron candidates.

The electron candidates found with this pro cedure are further studied with re-

sp ect to di�eren t criteria lik e cluster isolation, cluster energy in the hadronic calorime-

ter, etc., and the resulting information is pro vided to the user. If more than one

electron candidate is found, then the candidate with the highest transv erse momen-

2

A t the time of writing this c hapter the CIP2000 is not used for the trac k reconstruction.

3

CST b ecoming op erational during 2006.

4

The corresp onding soft w are class is called H1Cr e ateLA rEm and is part of the standard H1-OO

framew ork.

5

A cluster is an ob ject reconstructed b y soft w are algorithms from detector signals that re�ects

the p osition and spatial distribution of the energy dep osit induced in the calorimeter b y an energetic

particle.

6

So-called �Lee W est� trac ks, a high qualit y subset of DTRA trac ks.

7

So-called DTRA trac ks.

8

The b eam-tilt refers to a non-zero angle b et w een the z axis and the b eam direction.
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tum is lab eled as the scattered electron. The electron iden ti�cation e�ciency is close

to 100% [54 , 55]. The electron-�nding algorithm as describ ed is implemen ted in

H1Cr e ateSp ac alEm and H1Cr e atePartEm classes of the H1-OO framew ork.

3.2.2 Energy Flo w Algorithm for Hadronic Reconstruction

The reconstruction of the hadronic �nal state

9

is based on the Hadr o o2 energy �o w

algorithm [56 ]. An energy �o w algorithm is c haracterized b y the com bination of

information coming from di�eren t detector comp onen ts, in our case trac king and

calorimetric information. Before the algorithm is applied, the input ob jects - trac ks

and clusters - need to b e preselected.

The trac ks are required to b e of go o d qualit y (�Lee W est trac ks�, see reference

[57 ]), and only cen tral ( 20� < � < 160�
) and com bined ( 0� < � < 40�

) trac ks are

accepted. The cen tral trac ks are reconstructed using information from the cen tral

trac king detector only , while the com bined trac k reconstruction relies on b oth, the

cen tral and the forw ard trac king system. In addition, further requiremen ts related to

di�eren t trac k quan tities lik e transv erse momen tum, starting radius, radial length,

etc., are applied so to select only those trac ks whose reconstruction and measuremen t

is w ell understo o d within H1. These requiremen ts di�er for cen tral and com bined

trac ks. A more detailed list of the essen tial trac k cuts can b e found in reference [56].

The calorimetric clusters considered are those of the Spacal and of the liquid ar-

gon calorimeter. Since the liquid argon calorimeter is non-comp ensating, a w eigh ting

algorithm is applied to correct for the on a v erage lo w er resp onse to hadrons in com-

parison to electrons or photons of the same energy . The w eigh ting is done in the

H1REC pac k age, ho w ev er, the classi�cation of what are hadronic or electromagnetic

clusters in the electromagnetic part of the LAr calorimeter is mo di�ed in Hadr o o2 .

An imp ortan t issue is also the noise suppression since a relativ ely large amoun t of

noise is presen t in the liquid argon calorimeter (sev eral GeV p er ev en t). First, one-

cell only clusters and clusters with energy smaller than 0:2 GeV are remo v ed. Then

a set of noise and bac kground �nders is applied. These �nders (FSCLUS, HALOID,

HNOISE, NEWSUP) reject lo w energy isolated clusters and also clusters whic h are

due to either b eam halo particles or cosmic ra y m uons. Their description can b e

found in reference [58].

The remaining clusters and selected trac ks en ter the Hadr o o2 algorithm whic h

constructs hadron candidates (or hadronic ob jects) b y com bining the trac ks and clus-

ters, taking their resp ectiv e resolution and geometric o v erlap in to accoun t, without

double coun ting of energy . The algorithm is based on the comparison of the relativ e

errors of the trac k-based energy measuremen t

� E track
E track

and the calorimeter-based en-

ergy measuremen t

�
� E
E

�
LAr

. The trac king measuremen t is b etter at lo w transv erse

momen ta, at high transv erse momen ta the calorimetric measuremen t b ecomes more

precise. It is ho w ev er not straigh tforw ard to compare these t w o quan tities, since

the energy measured in the calorimeter can ha v e a con tribution from neutral parti-

cles. Th us the estimate of

� � E
E

�
LAr expectation

is based on the energy of the trac k, i.e.

9

The hadronic �nal state refers here to all �nal state particles except the scattered electron.
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Figure 3.1: The geometry used in the calculation of Ecylinder .

� E LAr expect :

E track
= 0:46p

E track [GeV]
, and only then the quan tities are compared.

If

� E track
E track

< � E LAr expect :

E track
then the trac k measuremen t is preferred. In this case one

needs to tak e in to accoun t p ossible calorimetric con tributions from neutral particles.

F or this purp ose the trac k is extrap olated to the surface of the calorimeter and the

energy Ecylinder is computed as the sum of all clusters in the o v erlapping v olume

of a 67; 5�
cone and t w o cylinders of radius 25 cm in the electromagnetic part and

50 cm in the hadronic part of the liquid argon calorimeter (�gure 3.1) . In order

not to misiden tify the hadronic energy �uctuation as a neutral particle, one do es not

compare directly Ecylinder to E track but rather to the quan tit y

eE track = E track �

2

41 + 1:96

s �
� E track

E track

� 2

+
� � E

E

� 2

LAr expectation

3

5 ;

whic h should exclude a hadronic energy �uctuation at 95% C.L. with resp ect to the

estimated error. If Ecylinder < eE track then the whole energy Ecylinder is subtracted

from the calorimetric measuremen t. If Ecylinder > eE track then only the energy E track

is subtracted, the rest b eing regarded as an energy dep osit induced b y a neutral

particle.

If

� E track
E track

> � E LAr expect :

E track
three di�eren t p ossibilities are considered

� If (Ecylinder � 1:96� E cylinder < E track < E cylinder + 1:96� E cylinder ) then the t w o

measuremen ts are in terpreted as compatible, and the calorimetric measuremen t

is used to de�ne a hadron.

� If (E track < E cylinder � 1:96� E cylinder ) then neutral particle in addition to the

trac k is supp osed. The trac king information is used, and the energy Ecylinder is

subtracted from the calorimetric measuremen t.

� If (Ecylinder + 1:96� E cylinder < E track ) then the trac k is discarded and the calori-

metric measuremen t alone is used to de�ne a hadron.
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The clusters and trac ks not matc hing eac h other b ecome particle candidates on the

basis of measuremen t from one detector system only . The whole pro cedure w as

c hec k ed in detail, and it w as sho wn that the noise suppression algorithms w ork

prop erly and do not suppress the signal for analyses of exclusiv e �nal states. The

comparison of the Hadr o o2 algorithm with previous algorithms used b y H1 demon-

strated that the Hadr o o2 algorithm e�ectiv ely impro v es the hadronic �nal state

reconstruction and resolution, esp ecially in the high transv erse momen tum region.

3.2.3 Jet Finder

The QCD con�nemen t implies that free partons are nev er directly observ ed, they

are alw a ys b ound within hadrons. F or a high-momen tum parton pro duced in a hard

in teraction one ho w ev er exp ects the hadronization e�ects to b e small in compari-

son with the parton energy , suc h that the individual particles corresp onding to a

giv en parton are exp ected to b e con�ned within a rather small angular region. Th us

one exp ects to observ e streams of particles, so-called jets that originate from (high-

energy) partons. A high-energy jet is also exp ected to w ell appro ximate for example

the energy and the angle of the initiating parton. Jets w ere for the �rst time visually

observ ed in e+ e�
collisions at the PETRA collider at DESY and their de�nition w as

originally more or less in tuitiv e. So on the in tuitiv e approac h b ecame insu�cien t. It

w as not clear when close particle streams should b e considered as separate jets and

when they should b e merged in to one jet. In addition, comparison b et w een exp er-

imen t and theory and b et w een di�eren t exp erimen ts w as requiring a more rigorous

approac h. Th us di�eren t jet-�nding algorithms w ere prop osed and con tin ue to b e

prop osed un til to da y . Most algorithms used no w ada ys can b e split in to t w o groups:

cone algorithms and clustering algorithms.

A go o d jet algorithm should ful�ll certain criteria. It should b e easily applicable

at di�eren t lev els, e.g. at parton lev el (the domain of theoretical predictions b y

pQCD), hadron lev el (theoretical predictions including mo dels for hadronization,

hadron lev el corrected exp erimen tal data) or at detector lev el (trac ks, clusters). The

algorithm should lead to go o d correlation b et w een parton and detector lev el and

should also b e collinear and infrared safe. This last prop ert y refers to the fact that

the result of a jet-�nding algorithm should not dep end on radiation of soft particles

or on a particle splitting in to t w o collinear particles. In the exp erimen t, this prop ert y

re�ects as a small dep endence of the result on the detector gran ularit y .

In this w ork w e use the so-called kt -clustering algorithm [59, 60 , 61] whic h ful�lls

the previous criteria. In addition, it has the nice feature of b eing in v arian t under

b o osts along the b eam axis, since it is based on quan tities � (azim uthal angle)

and ey (rapidit y

10

) that transform simply under suc h b o osts. The azim uthal angle

do es not transform at all and the rapidit y de�ned as ey = 1
2 ln

�
E + pz
E � pz

�
has a simple

transformation rule ey ! ey � tanh� 1 � , so that the shap e of the rapidit y distribution

dN=dey is in v arian t. F or high momen ta m � p one often appro ximates the rapidit y

10

The common notation is y but in order to a v oid a confusion with the inelasticit y w e prefer to

use ey .
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Figure 3.2: Diagrammatic represen tation of the jet-�nding kt clustering algorithm.

b y the pseudorapidit y ey � � = � ln tan( �=2) whic h can b e directly related to the

measured angle � of the particle in the detector. The kt -clustering algorithm is

represen ted b y the c hart in �gure 3.2. An ob ject en tering the algorithm - a proto jet

- can b e of di�eren t nature: a parton, a stable particle or a reconstructed detector

ob ject. F rom among di�eren t p ossibilities, w e ha v e c hosen the ET -recom bination

sc heme that treats proto jets as massiv e ob jects. The distances di and dij men tioned

in the c hart are calculated for eac h p ossible proto jet pair (including the distance of

a proto jet to itself ) according to the form ulas

dij = min( E 2
T;i ; E2

T;j ):[(eyi � eyj )2 + ( � i � � j )2]=R2
0;

di = E 2
T;i ;

with R0 b eing an adjustable parameter related to the op ening angle b et w een jets.

W e use the default v alue R0 = 1 . The merging of t w o proto jets is done b y summing

up their four-v ectors

(px;k ; py;k ; pz;k ; Ek) = ( px;i + px;j ; py;i + py;j ; pz;i + pz;j ; E i + E j ):

All other necessary information to understand the algorithm is con tained in the

presen ted c hart.



48 CHAPTER 3. RECONSTR UCTION AND MEASUREMENT METHODS

3.2.4 D �
Finder

In this w ork w e consider for the D �
meson reconstruction only the �golden� deca y

c hannel D �� ! D 0(0)� �
s ! K � � � � �

s . The mass di�erence mD � � (mD 0 + m� ) is

small, and so only little kinetic energy is a v ailable in the D �
meson deca y . Th us,

in the D �
rest frame the D 0

meson and the pion are pro duced almost at rest. This

implies that in the lab oratory frame the D 0
meson carries most of the D �

energy

(b ecause of its high mass) and the � s only a small fraction. Therefore, the pion is

referred to as �slo w� and is giv en the index �s�. The reconstruction of the D �
meson

relies on found trac ks, with the slo w pion exp ected to b e reconstructed as a trac k

with large curv ature and small transv erse momen tum pT . A t HERA energies the

pro duced D �
and D 0

mesons do not ha v e enough energy to liv e long enough suc h

that a secondary v ertex cannot b e reconstructed in most of deca ys

11

. Therefore in

the D �
reconstruction one uses only trac ks originating from the primary v ertex.

The deca y c hannel used has a rather small branc hing ratio BR(D �� ! K � � � � �
s )

= BR(D �� ! D 0� �
s ) � BR(D 0 ! K � � � ) = (2:546� 0:064)% whic h could b e seen

as a dra wbac k. On the other hand this c hannel allo ws for clean signal reconstruction

and the com binatorial bac kground

12

is within reasonable limits. In addition, instead

using of the D �
in v arian t mass sp ectrum the so-called � M tagging tec hnique [62],

where � M = M (K � � � � �
s ) � M (K � � � ) , is applied. In the � M sp ectrum the signal

p eak p osition is near the pion-mass threshold and th us the com binatorial bac kground

is suppressed. F urthermore, the � M tec hnique allo ws for partial cancellation of

sev eral systematic errors.

The �nder algorithm itself is rather simple. It uses all go o d-qualit y primary-

v ertex �tted trac ks and runs o v er them in three m utually nested lo ops so that ev ery

three-trac k com bination is considered. In the outermost lo op ev ery trac k is regarded

as b eing a k aon, only a transv erse-momen tum requiremen t pT (K ) > 0:25 GeV is

applied. In the follo wing lo op a pion-candidate trac k is asso ciated. This trac k is

required to ha v e a transv erse momen tum pT (� ) > 0:25 GeV, and only the correct

c harge com bination with resp ect to the k aon candidate is accepted

13

. The mass of

the reconstructed D 0
meson candidate is required to ful�ll jm(D 0

candidate ) � m(D 0)j <
0:45 GeV. In the innermost lo op the slo w-pion candidate trac k is added. Once

more one requires the righ t c harge com bination with resp ect to the k aon, and the

requiremen t on the transv erse momen tum is pT (� s) > 0:07 GeV. F urther cuts

on the reconstructed D �
candidate are m(D �

candidate ) � m(D 0
candidate ) < 0:17 GeV,

pT (D � ) > 0:7 GeV and the pseudorapidit y cut j� (D � )j < 1:5 is in tro duced in order

to restrict the reconstruction to the region of the cen tral trac king detector. Finally ,

a common requiremen t on the D �
and the D 0

candidates [j m(D 0
candidate ) � m(D 0)j <

0:1GeV OR m(D �
candidate ) � m(D 0

candidate ) < 0:152GeV] is to discard suc h candidates

that ha v e rather badly reconstructed b oth, the D 0
mass and the D � D 0

mass di�er-

11

The D �
mesons deca y strongly and th us are short-liv ed. The D 0

mesons deca y w eakly , but

their mean lifetime � = (410:3 � 1:5) � 10� 15s is short.

12

The com binatorial bac kground arises from three trac ks that do not come from the golden-

c hannel D �
deca y but acciden tally ful�ll the criteria of the D �

�nder.

13

The wrong-c harge com binations K � � � � �
s are also separately reconstructed. They can b e used

to estimate the com binatorial bac kground.
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Figure 3.3: Righ t-c harge (left) and wrong-c harge (righ t) � M sp ectra for all HERA

I I data displa y ed together with corresp onding �ts.

ence. If the trac k com bination ful�lls all men tioned criteria, a D �
meson candidate is

found. Since all three-trac k com binations are considered, it is p ossible to ha v e more

than one D �
candidate p er ev en t.

3.2.5 D �
Signal Extraction

A t ypical � M sp ectrum resulting from the D �
�nder with additional requiremen ts

on the ev en t (explained later in c hapter 4) is presen ted in �gure 3.3-left. The signal

p eak app ears near the pion threshold around � M � 0:1455 GeV and its appro xi-

mate width is � � M � 0:001 GeV. The signal is sup erp osed on a smo oth and rising

com binatorial bac kground. The most appropriate w a y of extracting the signal (=

the n um b er of D � s) w ould probably b e done b y comparing the measured � M sp ec-

trum with the one from a Mon te Carlo sim ulation. If the Mon te Carlo mo del w ould

describ e the measured data w ell, then the signal extraction w ould b e rather straigh t-

forw ard, since in a Mon te Carlo sim ulation the true D �
ev en ts can b e iden ti�ed. This

metho d is ho w ev er almost outside the range of our tec hnical p ossibilities, b ecause

the com binatorial bac kground do es not originate from c harm ph ysics only but origi-

nates also from man y other ph ysics c hannels. Therefore, this metho d w ould require a

fully inclusiv e Mon te Carlo sim ulation with v ery high statistics. An enormous CPU

time w ould b e needed to generate it, and one could not guaran tee that the result

w ould describ e the measuremen t w ell

14

. Th us, the signal is extracted b y �tting the

measured � M sp ectrum with an appropriate function that is a sum of a bac kground

and a signal function.

The b eha vior of the bac kground can b e studied with a wrong-c harged � M sp ec-

14

The trac king in the MC sim ulation actually do es not repro duce the data b eha vior exactly , the

signal p eaks in the sim ulation are usually sligh tly narro w er than in the data.
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Figure 3.4: Righ t-c harge 4 M distribution for the radiativ e RAPGAP signal Mon te

Carlo sim ulation corresp onding to all of HERA I I running. The com binatorial bac k-

ground is v ery small but presen t, the signal asymmetry and non-Gaussian tails can

b e observ ed.

trum

15

, where the signal is not presen t (�gure 3.3 - righ t). The function

f bg(x) = Nbg(x � m� )� exp(� �x );

where Nbg , � and � are free parameters, describ es the wrong-c harged sp ectrum w ell.

It also describ es w ell the righ t-c harged sp ectrum outside the signal region and th us is

c hosen to b e the bac kground function in our �t. The signal p eak migh t b e describ ed

b y a Gaussian-lik e function; a simple Gaussian, ho w ev er, do es not w ork satisfactorily .

It is due to the fact that the signal has larger tails whic h are not prop erly describ ed

b y a simple Gaussian and that the signal shap e is asymmetric , the asymmetry b eing

also observ ed in the Mon te Carlo sim ulation. The smo oth b eha vior of the wrong-

c harged distribution in the tail regions as w ell as non-Gaussian tails of the p eak in

a signal Mon te Carlo sim ulation (�gure 3.4) suggest that the tails indeed con tain

signal and th us should b e included in the �t. The double-Gaussian function

f sig(x) = A tot (1 � A2=Atot ) 1
� 1

p
2�

exp
�

� (x � � 1 )2

2� 2
1

�
+

+ A tot (A2=Atot ) 1
� 1 (� 2=� 1 )

p
2�

exp
�

� (x � � 2 )2

2[� 1 (� 2=� 1 )]2

�

pro vides a go o d description of the signal region in the righ t-c harged sp ectrum and

the sum

f (x) = f sig(x) + f bg(x)

describ es prop erly the whole � M sp ectrum. The free parameters of the signal

function are

15

A wrong-c harged D �
candidate is a fak e particle created b y com bining a supp osed k aon trac k

with a pion trac k candidate that has an inappropriate (i.e. the same) c harge. The t w o particles

therefore cannot come form a D 0
deca y and so the sp ectrum of fak e (wrong-c harged) D �

particles

do es not con tain the signal and allo ws to study the b eha vior of the com binatorial bac kground.
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� A tot = A1 + A2 - total area (sum of areas of the t w o Gaussians) or n um b er of

D � s,

� A2=Atot - ratio of the area of the second Gaussian to the total area of the t w o

Gaussians (a single parameter in the �t),

� � 1 , � 2 - means of the t w o Gaussian functions,

� � 1 - width of the �rst Gaussian,

� � 2=� 1 - ratio of widths (a single parameter in the �t).

When extracting the n um b er of D �
mesons as a function of a v ariable V , then for all

ev en ts in a giv en bin of the V -distribution the � M �t is p erformed, and the signal is

extracted. Since in a single bin of the V -distribution the statistics b ecomes usually

lo w, the parameters A2=Atot , � 1 , � 2 and � 2=� 1 are �xed to the v alues from the �t

to all ev en ts. The parameters to b e �xed w ere determined studying the b eha vior of

�ts for di�eren t distributions; �xing the presen ted set of parameters allo ws to a v oid

wrong �ts caused b y statistical �uctuations and still allo ws for enough freedom to �t

the � M distribution w ell. The signal extraction for a signal Mon te Carlo sim ulation

(whic h also con tains a small amoun t of bac kground) is done in a similar w a y .

3.3 F ragmen tation Measuremen t Metho ds

The main aim of this thesis is to study the fragmen tation of the c harm quark in to a

D �
meson in electron-proton collisions in the DIS regime. Suc h a study requires to

de�ne an appropriate v ariable that is sensitiv e to the fragmen tation pro cess. Since

fragmen tation functions are related to the momen tum fraction of the c quark that is

transferred to the pro duced D �
meson, it seems appropriate to study the fragmen-

tation with resp ect to this momen tum fraction. Within an exp erimen t it is ho w ev er

imp ossible to access directly the momen tum of the initial quark, and therefore ap-

pro ximations need to b e done.

Charm quark fragmen tation has already b een studied in sev eral e+ e�
exp erimen ts

[63 , 64 , 65]. The commonly used v ariables are momen tum or energy fractions

xE =
ED �
p

s=2
;

xP =
j�! p D � j

p
s=4 � m2

D �

;

where s denotes the cen ter-of-mass (CMS) energy of the electron-p ositron system.

Suc h de�nitions follo w straigh tforw ardly from the lo w est order c harm quark pro-

duction diagram (see �gure 3.5) , where a c harm quark from the quark-an tiquark

pair is in lo w est order carrying one half of the CMS energy . The results obtained

b y e+ e�
exp erimen ts allo w ed to study c harm fragmen tation with quite some pre-

cision and led to standard parametrizations of fragmen tation functions. Assuming
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Figure 3.5: The lo w est order cc pro duction diagram in e+ e�
collisions.

univ ersalit y of fragmen tation functions, these parametrizations w ere later used also

in electron-proton collisions without studying in all detail the correctness of suc h an

extrap olation.

In electron-proton collisions at HERA w e can hardly comp ete with some of the

men tioned exp erimen ts from the p oin t of view of statistics. On the other hand, w e

ha v e the unique p ossibilit y to study the fragmen tation univ ersalit y b y c hec king the

compatibilit y of our results with those of e+ e�
exp erimen ts. The de�nition of an ob-

serv able is ho w ev er less straigh tforw ard compared to e+ e�
exp erimen ts.. In the BGF

pro cess (see �gure 1.8) the CMS energy of the pro duced quark-an tiquark pair is not

�xed and th us it is not p ossible to compare the measured D �
momen tum with some

�xed momen tum. It w ould app ear desirable to mak e the study in the gluon-photon

rest frame. The CMS energy in this frame w ould not b e �xed either but other-

wise the situation w ould b e similar to the situation in e+ e�
collisions, b ecause the

pro duced c harm quarks w ould ha v e bac k-to-bac k orien ted momen ta. Unfortunately ,

the exp erimen tal constrain ts do not allo w us to get precise enough information to

p erform a b o ost in to this frame. Th us, w e do our study in the photon-proton cen ter-

of-mass frame (often referred to as the 
P frame), where at least for the leading

order direct BGF pro cess, neglecting an y transv erse momen tum of the initial gluon

and �nal-state gluon radiation, the transv erse momen ta of the c and c quarks are

balanced. The a v ailable CMS energy W can b e calculated from the ev en t kinemat-

ics, see section 1.2.1. The quark pair is mostly pro duced in the photon direction

since, supp osing the resolv ed-photon con tribution to b e minor, the photon en ters

the in teraction with its whole momen tum, whereas the proton in teracts via a gluon

whic h t ypically carries only a small fraction of the proton momen tum.

In this w ork w e de�ne t w o observ ables, b oth in the 
P frame, in order to cross-

c hec k the compatibilit y of the results coming from them. W e replace in the frag-

men tation analysis the four-v ectors of the three deca y particles K � � � � �
s b y the

corresp onding four-v ector of the D �
candidate. This is done in order to a v oid situa-

tions where the deca y particles are found in di�eren t ev en t hemispheres or di�eren t

jets.
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Figure 3.6: Sc hematic represen tation of the c harm pro duction in the 
P frame via

the BGF pro cess. Arro ws denote particle momen ta.

3.3.1 Hemisphere Metho d

The hemisphere metho d is based on the global ev en t top ology in the 
P frame (�g-

ure 3.6). W e use the fact that the cc quark momen ta are in some appro ximation

transv ersely balanced, allo wing to divide the whole momen tum space in to t w o hemi-

spheres. T o do so w e consider the momen ta of all reconstructed particles and �rstly

exclude those whic h p oin t in the direction of the proton (i.e. the z comp onen t of

their momen tum is negativ e). In this w a y w e discard particles whic h are usually not

originating from the cc quark pair, but whic h are part of the proton remnan t and the

initial parton sho w er. A Mon te Carlo study using the RAPGAP ev en t generator w as

done in [66 ]

16

and demonstrated the correctness of this requiremen t. Since w e exp ect

a bac k-to-bac k top ology in the transv erse direction, w e consider the pro jections of

all remaining particle momen ta on to a plane p erp endicular to the z-axis and de�ne

17

a t w o-dimensional thrust v ariable with resp ect to an arbitrary axis in this plane

T =

P
i

�
�
�p�

i k

�
�
�

P
i jp�

i j
:

Then the axis maximizing T = Tmax is found. A completely isotropic ev en t w ould

ha v e Tmax = 0:5, an ev en t with an ideal bac k-to-bac k top ology w ould ha v e Tmax = 1
(see �gure 3.7). With the thrust axis found one can de�ne a plane orthogonal to

it and whic h can b e used to split the original plane con taining the particle pro jec-

tions in to t w o hemispheres. W e refer to the hemisphere con taining the D �
as the

� D �
hemisphere�, to the second hemisphere as the �other hemisphere�. W e �nally

construct our observ able

zhem =
(E � + p�

L )D �

P
i 2 hem E �

i +
�
�
�
P

i 2 hem
�!
p�

i

�
�
�

;

where the summation in the denominator is done o v er all particles of the D �
hemi-

sphere that propagate in the photon direction and p�
L is the longitudinal comp onen t

16

Measuremen t of c harm fragmen tation at HERA using 2000 data.

17

W e use the sup erscript * to design v ariables whic h are de�ned in the 
P frame.
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Figure 3.7: Plane orthogonal to the z-axis in the 
P frame with pro jections of

particle momen ta. The thrust axis (dashed line) and the plane orthogonal to the

thrust axis (full line) are indicated.

of the D �
momen tum with resp ect to the momen tum of the whole hemisphere. This

ligh t cone de�nition of the zhem observ able has the adv an tage of b eing in v arian t un-

der a b o ost along the D �
hemisphere direction. The hemisphere metho d has b y its

construction the tendency to sum up all gluon radiation in the D �
hemisphere.

In this thesis the distribution of the zhem observ able will b e studied for t w o

data samples. F or one sample w e ask the D �
to b e con tained within a jet ha ving

E �
T (D � jet) > 3 GeV, for the other sample this requiremen t is not made

18

. This

study is motiv ated b y the results of a previous fragmen tation analysis [66], whic h

suggest that the MC mo dels fail to describ e the data at c harm pro duction threshold.

Demanding the presence of a D �
jet with an E �

T ab o v e some minimal E �
T is exp ected to

select ev en ts where the c harm quarks are pro duced further a w a y from the pro duction

threshold compared to when no D �
jet is required. The minim um E �

T of 3 GeV is

c hosen to b e the same as in the jet metho d (see the follo wing section). T o distinguish

b et w een the t w o data sets w e will use t w o di�eren t notations, zhem when referring to

the inclusiv e sample and z(jet)
hem when referring to the sample with a D �

jet.

3.3.2 Jet Metho d

In the jet metho d the c harm quark momen tum is appro ximated b y the momen tum

of the jet that con tains the D �
meson. The observ able is naturally de�ned

19

as

zjet =
(E � + p�

L )D �

(E � + p� ) jet
;

18

The data samples are not indep enden t, one is a subset of the other.

19

This de�nition is driv en b y the de�nition of fragmen tation v ariable in the Lund string frag-

men tation mo del, see section 1.3.3.
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where E �
and p�

are energies and momen ta in the 
P frame and p�
L is the D �

momen tum comp onen t parallel to the jet axis. Jets are reconstructed using the kt -

clustering algorithm (section 3.2.3). In order to ensure a go o d quark-jet correlation

the jet is required to ha v e a transv erse energy E �
T (D � jet) > 3 GeV.

Unlik e the hemisphere metho d, the jet metho d sums up only gluon radiation

with small transv erse momen tum with resp ect to the jet axis, gluon radiation with

high pT ma y b e reconstructed as a separate jet. One th us exp ects the hemisphere

observ able to b e more analogous to the e+ e�
observ ables than the jet observ able.

One should also notice that unlik e the hemisphere observ able, the jet observ able

ma y not b e de�ned for ev ery ev en t with a D �
candidate, since there migh t not b e a

reconstructed jet with a transv erse energy high enough.

3.4 Unfolding Metho ds

The aim of exp erimen tal w ork in the area of elemen tary particle collisions is to mea-

sure observ able quan tities of particles as they emerge from collisions; in our case

the quan tities are zhem and zjet . This task is not straigh tforw ard, b ecause measur-

ing devices are not ideal and generally distort the original distribution that is to b e

measured. W e will refer to the original �true� distribution as the �hadron lev el� dis-

tribution and to the actually measured distribution b y the detector as the �detector

lev el� distribution. The imp erfections of the detector are due to its �nal gran ularit y ,

to the inactiv e materials inside the detector (supp orting structures, electronics), to

the imp erfect calibration, limited geometric acceptance and other e�ects. Some of

these e�ects can b e corrected only with help of a Mon te Carlo program where they

are sim ulated. In suc h a sim ulation the di�eren t e�ects can b e quan ti�ed and cor-

rection factors for the measured data can b e extracted. Let us supp ose w e measure

a distribution d in bins lab eled b y an in teger. Though t-out this section w e will use

the follo wing notations

� dHL ; Data
i - n um b er of en tries in the i th bin of the measured distribution at

hadron lev el. The extraction of these n um b ers is our aim.

� dDL ; Data
i - n um b er of en tries in the i th bin of the measured distribution at detec-

tor lev el. These n um b ers are obtained in the actual exp erimen tal measuremen t

b y the detector.

� dHL ; Mc
i - n um b er of en tries in the i th bin of the Mon te Carlo distribution at

hadron lev el.

� dDL ; Mc
i - n um b er of en tries in the i th bin of the Mon te Carlo distribution at

detector lev el.

Neglecting a p ossible bac kground, the resp onse of the detector can b e, with the help

of Mon te Carlo sim ulation, expressed in the form of a resp onse matrix

dDL ; Mc
i =

NX

j =0

Rij dHL ; Mc
j :
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With the resp onse matrix obtained from MC sim ulations the hadron lev el distribu-

tion can b e determined using data

dHL ; Data
i =

NX

j =0

�
R� 1

�
ij

dDL ; Data
j :

This straigh tforw ard metho d ma y w ork in certain cases, in practice, ho w ev er, the

results are usually unsatisfactory . This is due to the fact that matrix in v ersion is

often close to an ill-de�ned problem, i.e. it is sensitiv e to the statistical �uctuations

of the measured distribution and ma y lead to a strongly �uctuating resulting distri-

bution with h uge error bars in eac h bin. This �unfolding problem� is to b e solv ed

b y an appropriate pro cedure, and since one cannot get �something for nothing� an

additional a priori kno wledge m ust b e used. One often requires a certain lev el of

�smo othness� for the unfolded distribution. In the follo wing paragraphs w e presen t

three pro cedures that are commonly used for correcting the measured data to the

hadron lev el. It is w orth to men tion that all correction metho ds rely en tirely on the

correct description of the detector e�ects b y the Mon te Carlo sim ulation.

3.4.1 Bin-b y-Bin Metho d

The bin-b y-bin metho d is a v ery basic metho d of correcting the measured data to

hadron lev el. One ma y b e reluctan t to call it unfolding, since it tak es in to accoun t

only e�ciency related e�ects of the detector. F or eac h bin a correction factor Ci

is extracted from the Mon te Carlo sim ulation Ci = dDL ; Mc
i =dHL ; Mc

i and this correc-

tion factor is applied to the data dHL ; Data
i = dDL ; Data

i =Ci : It can b e regarded as an

unfolding pro cedure with Rij = Ci � ij .

The bin-b y-bin pro cedure usually pro vides smo oth hadron lev el distribution with-

out big error bars, but its use is justi�ed only when migrations b et w een di�eren t bins

are small or p erfectly describ ed b y the Mon te Carlo program. This is usually studied

using the Mon te Carlo sim ulation b y considering purity and stability distributions.

Their de�nitions are as follo ws

� purit y in bin i : Pi = dDL&HL ; Mc
i

dDL ; Mc
i

;

� stabilit y in bin i : Si = dDL&HL ; Mc
i

dHL ; Mc
i

;

where dDL&HL ; Mc
i denotes the n um b er of those ev en ts that w ere b oth generated

(hadron lev el) and reconstructed (detector lev el) in bin i . One usually requires

the purit y to b e ab o v e 40% in eac h bin. One migh t adjust the bin limits in order to

impro v e the purit y and stabilit y in individual bins in order to mak e the bin-b y-bin

metho d v alid.

3.4.2 Singular V alue Decomp osition (SVD)

This approac h to data unfolding is based on the singular v alue decomp osition of the

resp onse matrix. It can b e regarded as a decomp osition of the unfolded distribution
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in to a basis of v ectors of di�eren t frequencies. Implemen ting an a priori requiremen t

of smo othness of the unfolded distribution b y in tro ducing a regularization parameter

� allo ws highly oscillating comp onen ts of the solution to b e suppressed, and th us the

result b ecomes less sensitiv e to statistical �uctuations of the measured distribution.

The metho d is describ ed in detail in reference [67].

In singular v alue decomp osition a real matrix R is factorized in to a pro duct of

matrices

R = USVT ;

where U and V are orthogonal matrices UT U = UUT = V T V = V VT = I and S

is a diagonal matrix Sij = si � ij with si > 0. The n um b ers si are called �singular

v alues� of the matrix R, and the columns of the matrices U and V are called left

and righ t �singular v ectors� of the matrix R resp ectiv ely . As already men tioned, a

non-regularized unfolding of an exp erimen tal distribution is equiv alen t to solving the

linear system

RdHL ; Data = dDL ; Data ;

written no w in the matrix form. If the matrix or the righ t-hand side (r.h.s) of the

system of equations ha v e a certain lev el of uncertain t y and some of the singular

v alues of R are signi�can tly smaller than others, then the system is ill-de�ned and

di�cult to solv e. F or this reason regularization is needed. The whole SVD pro cedure

is done in sev eral steps.

� The system is normalized, a c hange of the v ariable wi = dHL ; Data
i =dHL ; Mc

i is

p erformed. The system can b e rewritten in the form

eRw = dDL ; Data ;

where

eRij = Rij dHL ; Mc
j . This step is motiv ated b y t w o reasons. Firstly , the

ratio dHL ; Data
i =dHL ; Mc

i expresses the deviation of the distribution to b e unfolded

from the hadron lev el Mon te Carlo distribution. If w e b eliev e that the initial

Mon te Carlo distribution is close to the realit y then the migrations in the v ari-

able w should b e small. Secondly , the matrix elemen ts

eRij are not in terpreted

as probabilit y , but rather con tain the actual n um b er of ev en ts that migrate

from the bin i to the bin j . This allo ws to suppress the in�uence of p o orly

p opulated matrix elemen ts, if there are an y .

� The equations are rescaled with resp ect to the correlation matrix of the mea-

sured v ariable so that eac h equation in the system has the same w eigh t. If the

errors of the measured distribution are purely statistical, then the correlation

matrix is diagonal, and the rescaling is equiv alen t to dividing eac h equation

of the system b y the corresp onding error � dDL ; Data
i . If the correlation matrix

is not diagonal, the rescaling is sligh tly more complicated; it is describ ed in

reference [67]. The pro cedure a�ects the resp onse matrix and the r.h.s of the

system. The new system can b e formally rewritten as

bRw = bdDL ; Data :
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� Regularization is in tro duced b y rede�ning the system of equations

�
bRC � 1

p
� � I

�
Cw =

�
bdDL ; ;Data

0

�
; (3.1)

where C is a matrix appro ximating the second deriv ativ e op erator, and � is

the regularization parameter. If � = 0 then the exact, non-regularized solution

is obtained, if � ! 1 , then the input hadron-lev el Mon te Carlo distribution

comes out as solution. The regularized system can b e solv ed using the singular

v alue decomp osition of the matrix

bRC � 1
, and the solution of the regularized

system can b e expressed in terms of the �non-regularized� solution. This ex-

pression (see reference [67]) mak es explicit the role of the parameter � ; it acts

as a (smo oth) cut-o� parameter to suppress quic kly oscillating singular v ec-

tors in the solution. Solving 3.1 yields the unfolded exp erimen tal distribution

dHL ; Data
.

Before applying the SVD metho d to the measured data one needs to c ho ose an

appropriate v alue for the parameter � . W e studied the statistical signi�cance of the

co e�cien ts with whic h the singular v ectors are com bined in to the solution and set

� to b e the square of the singular v alue that corresp onds to the least oscillating

singular v ector, whose co e�cien t is compatible with zero taking in to consideration

its error (see reference [67 ]).

3.4.3 Ba y esian Iterativ e Approac h

The Ba y esian iterativ e approac h is based on probabilit y considerations and the Ba y es

theorem. It is describ ed in reference [68]. Let us use the notation � bi � to express

that an ev en t b elongs to the i th bin of a giv en distribution. Keeping the notations

from the previous section one can write do wn the Ba y es theorem relev an t for our

purp oses

P(bHL ; Data
i jbDL ; Data

j ) =
P(bDL ; Data

j jbHL ; Data
i ) � P(bHL ; Data

i )
P

l P(bDL ; Data
j jbHL ; Data

l ) � P(bHL ; Data
l )

; (3.2)

with P designating probabilities. The aim is to unfold the distribution P(bHL ; Data )
and, since one relies on Mon te Carlo sim ulation for the detector e�ects, the assump-

tion P(bDL ; Data
j jbHL ; Data

i ) � P(bDL ; Mc
j jbHL ; Mc

i ) is made for the whole unfolding pro ce-

dure. The approac h is iterativ e, and th us one needs to c ho ose an initial probabilit y

distribution P0(bHL ; Data ) . An ob vious c hoice is to tak e P0(bHL ; Data ) = P(bHL ; Mc ) , but

in principle an y initial distribution can b e used (for example uniform distribution).

The v arious steps at eac h ( k th) iteration are:

� Using form ula 3.2 and the probabilit y distribution Pk(bHL ; Data ) calculate Pk(bHL ; Data
i jbDL ; Data

j ) .

� Calculate the n um b er of ev en ts in bins at hadron lev el

dHL ; Data
(k) i = (1 ="i ):

X

j

dDL ; Data
j :Pk(bHL ; Data

i jbDL ; Data
j ) ;
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where " i =
P

j P(bDL ; Data
j jbHL ; Data

i ) �
P

j P(bDL ; Mc
j jbHL ; Mc

i ) .

� Compute the total n um b er of ev en ts at hadron lev el dHL ; Data
(k); tot =

P
i dHL ; Data

(k) i
and the new probabilit y distribution at hadron lev el

Pk+1 (bHL ; Data
i ) = dHL ; Data

(k) i =dHL ; Data
(k); tot :

� F rom Pk+1 (bHL ; Data ) determine the distribution dHL ; Data
(k+1) (see t w o �rst steps)

and, on the basis of a � 2
comparison b et w een the distributions dHL ; Data

(k) and

dHL ; Data
(k+1) , decide to con tin ue with another iteration or stop with dHL ; Data

(k+1) as the

unfolded distribution.

It can b e sho wn that in eac h iterativ e step the distribution Pk+1 (bHL ; Data ) lies b et w een

P0(bHL ; Data ) and the true distribution. The error treatmen t is describ ed in reference

[68 ] and, since also in this metho d h uge statistical �uctuations app ear after a big

n um b er of iterations, one needs to stop the iterativ e pro cedure at the righ t time; the

n um b er of iterativ e steps can b e regarded as an in teger regularization parameter.

W e determine the n um b er of iterativ e steps b y computing the � 2
: the unfolded

distributions obtained in the iterativ e pro cess tend to con v erge quic kly and after few

iterations the di�erences b et w een dHL ; Data
(k) and dHL ; Data

(k+1) b ecome tin y . Calculating

� 2[dHL ; Data
(k) ; dHL ; Data

(k+1) ], w e stop to iterate when further iterations start to ha v e small

impact on the unfolded distribution.

3.5 Reconstruction of the Ev en t Kinematics

A go o d reconstruction of the kinematic v ariables of the ev en t (see section 1.2.1) is

imp ortan t for our study . It is due to ob vious reasons (e.g. correct measuremen t

within the visible range) but also due to the fact that fragmen tation observ ables

are determined in the 
P frame, where the precision of the b o ost in to this frame

is giv en b y the precision of the kinematics reconstruction. Ev en though the proton

remnan t cannot b e measured, the measuremen t of electron and �nal state hadron

quan tities in the detector pro vides enough information to reconstruct the kinematics.

The kinematics is actually o v er-constrained b y the a v ailable measured data, and

therefore sev eral di�eren t reconstruction metho ds [69] are p ossible. They are based

on the measured energy Ee and angle � e of the scattered electron, or on the energy

EX and the angle � X of the hadronic �nal state (see �gure 3.8). The most common

metho ds are the electron metho d (using Ee and � e), the metho d b y Jacquet-Blondel

(using EX and � X ) or the double angle metho d (using � e and � X ). In this analysis

the con v en tional electron metho d is c hosen whic h pro vides a v ery go o d Q2
and y

resolution, it b ecomes less precise at lo w y ( y < 0:1) where other metho ds b ecome

comp etitiv e. The kinematic v ariables, expressed in terms of Ee and � e , are

ye = 1 �
Ee

2E i
e
(1 � cos� e);
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Figure 3.8: De�nition of v ariables used in the reconstruction of the ev en t kinematics.

Q2
e = 2E i

eEe(1 + cos� e)

and

xe =
E i

e

EP
�

Ee(1 + cos� e)
2E i

e � Ee(1 � cos� e)
:



Chapter 4

Data Selection

In this c hapter the data selection is presen ted, starting from general considerations

and follo w ed b y more detailed tec hnical requiremen ts. The fo cus here lies on the

selection and not on the description of data b y Mon te Carlo mo dels. With the

selection criteria describ ed in the presen t c hapter, appro ximately 16 600 D �
particles

are reconstructed for the whole HERA I I running p erio d (see �gure 3.3-left).

4.1 Running P erio ds and Luminosities

The study of c harm quark fragmen tation in to D �
mesons is based on data collected

b y the H1 detector during the HERA I I running p erio d, i.e. during the y ears 2004

- 2007. F or the purp ose of more detailed in v estigations this p erio d is divided in to

�v e subp erio ds. The division is naturally driv en b y c hanges of the detector (ma jor

sh utdo wns and upgrades) and of running conditions (p ositron vs. electron) that ma y

ha v e in�uenced the data collected. Sho wing that all these e�ects are su�cien tly w ell

sim ulated b y Mon te Carlo sim ulations for the �v e subp erio ds, one can correct the

measured data for a p ossible p erio d dep endencies.

The D �
mesons w ere iden ti�ed via the �golden� deca y c hannel in to K � � � � �

s .

The ev en ts w ere selected b y the subtrigger s61 - a lev el 1 subtrigger describ ed in

section 4.2. The total in tegrated luminosit y collected b y the H1 detector needs to b e

corrected for trigger e�ects, since the subtrigger w as disabled for certain runs and

had o ccasionally a small prescale factor applied.

In addition, in our run selection w e include only those runs whic h are lab eled

as b eing of a �go o d� or �medium� qualit y

1

and during whic h all ma jor sub detectors

w ere op erational (CJC1, CJC2, Spacal, Liquid Argon Calorimeter, Time-of-Fligh t

and V eto Systems, Luminosit y System).

The established division in to running p erio ds as w ell as the trigger corrected

in tegrated luminosities that ha v e b een collected in the selected runs are presen ted in

table 4.1.

1

A run at H1 is an arti�cial time p erio d ( � tens of min utes) during the HERA accelerator �ll

( � man y hours) when all detector and data taking settings remain unc hanged. The qualit y of a

run tak es in to accoun t the general detector p erformance and data taking conditions.

61
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Running P erio d In tegrated Luminosit y

2004e+ 50:6 pb� 1

2004e�
and 2005e� 112:3 pb� 1

2006e� 59:2 pb� 1

2006e+ 86:2 pb� 1

2007e+ 45:8 pb� 1

All HERA I I 354:1 pb� 1

T able 4.1: Running p erio ds with corresp onding luminosities corrected for high v olt-

age e�ciency and trigger prescales.

4.2 Data Online Selection b y T rigger

The de�nition of the subtrigger s61 whic h is used to trigger on D �
ev en ts w as not

stable during the whole HERA I I running. It can, ho w ev er, b e sc hematically written

in the form

s61 = (Spacal P art) && ( T rack T rigger P art) && ( V ETO P art) ;

where a logical AND is denoted b y && .

4.2.1 Spacal T rigger Elemen ts

The Spacal electron trigger at lev el 1 [70 ] is based on a �sliding windo w� tec hnique.

In this metho d o v erlapping trigger to w ers are de�ned, eac h trigger to w er consisting

of 4 � 4 electromagnetic cells. The trigger to w ers o v erlap in b oth x and y direc-

tions so that an electron cluster is w ell con tained within at least one trigger to w er.

The trigger condition requires that at least one trigger to w er energy is ab o v e a giv en

threshold; three thresholds ha v e b een implemen ted. The Spacal trigger elemen t com-

bination en tering the s61 subtrigger w as stable during the whole HERA I I running.

It com bines t w o trigger elemen ts using a logical OR

Spacal P art = SP CLe_ IET > 2 jj SP CLe_ IET _ Cen_ 3 ;

where SP CLe_ IET refers to a logical OR p erformed on all Spacal trigger to w er

energies and it is co ded in t w o bits in order to pro vide the threshold information.

The trigger elemen t SP CLe_ IET _ Cen_ 3 is a logical OR from Spacal trigger to w ers

in the cen tral IET region

2

with the highest threshold condition. During the HERA

I I running w as the highest trigger threshold set to 9 GeV.

4.2.2 T rac k T rigger Elemen ts

The trac k trigger elemen ts related to the subtrigger s61 w ere based on trigger infor-

mation from CJC1 and CJC2. Ho w ev er, the trigger design c hanged considerably in

2

Spacal is for triggering purp oses divided in to 25 so-called IET (Inclusiv e Electron T rigger)

regions, eac h IET region con taining a certain n um b er of trigger to w ers.
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Track T rigger P art =

T rigger Elemen t Time P erio d

DCRPh_THig 2004 - Jan uary 2005

FTT_m ul_T c>2 Jan uary 2005

FTT_m ul_T c>1 Jan uary-F ebruary 2005

FTT_m ul_T d>0 F ebruary 2005 - 2007

T able 4.2: T rac k trigger elemen ts included in the subtrigger s61 during the HERA

I I running p erio d.

Jan uary 2005, when the DCr� trigger [71 ] w as replaced b y the more p o w erful FTT.

In addition, the trigger elemen ts from the FTT, included in s61 w ere mo di�ed t wice

at the b eginning of the FTT running, but only short time p erio ds are a�ected, after

whic h the FTT trigger elemen ts remained unc hanged un til the end of the HERA I I

running. The c hanges in s61 related to the trac k trigger elemen ts are summarized

in table 4.2.

� The DCr� trigger w as based on signals coming from sev en wire la y ers of the

CJC1 and three la y ers of the CJC2. These signals w ere compared with ap-

pro ximately 10 000 pre-de�ned signal patterns exp ected for trac ks originating

from the origin. The DCRP h _ THig trigger elemen t w as set, if a trac k with

transv erse momen tum pT > 800 MeV w as found.

� The FTT trigger at lev el 1 used information from t w elv e wire la y ers of the

CJC1 and CJC2. These wire la y ers w ere organized b y three in to so-called

trigger la y ers, three trigger la y ers w ere situated in the CJC1 and one in the

CJC2. The wires of a giv en trigger la y er within one drift cell w ere called a

trigger cell. The trigger decision at lev el 1 used only r� information from

hits measured in trigger la y ers. Signals coming from individual trigger cells

w ere compared with pre-de�ned masks, and if a matc h w as found so-called

trac k segmen t together with its �� information w as considered. Coincidences

b et w een di�eren t trac k segmen ts w ere searc hed for using the �sliding windo w�

tec hnique in the �� plane. If a coincidence b et w een at least t w o out of four

p ossible segmen ts w as found, a trac k candidate w as constructed. The trigger

decision w as based on the n um b er of trac ks ab o v e a giv en threshold. In our

case the trigger elemen t de�nitions w ere

1. FTT_m ul_T c>2: A t least 3 trac ks with pT > 400 MeV.

2. FTT_m ul_T c>1: A t least 2 trac ks with pT > 400 MeV.

3. FTT_m ul_T d>0: A t least one trac k with pT > 900 MeV.

4.2.3 VETO T rigger Elemen ts

The VETO trigger elemen ts included in the subtrigger s61 k ept c hanging during the

HERA I I p erio d. Their aim w as to �lter out bac kground, mainly b eam-gas and b eam-

w all ev en ts. In the case of s61 these trigger elemen ts w ere based on the time-of-�igh t
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(TOF) measuremen ts, i. e. ev en ts o ccurring outside of the in teraction time windo w

w ere not accepted. Since the in teraction time windo w pro vides a clear and simple

rejection criterion, the TOF VETO is considered to b e safe and e�cien t. On the

other hand it ma y happ en that a go o d ev en t is rejected b ecause of a di�eren t ev en t

(presumably a bac kground ev en t) happ ening near in time and triggering the TOF

VETO. These e�ects

3

need to b e tak en in to accoun t in a cross section measuremen t,

ho w ev er, in this analysis w e are only concerned with the shap e of distributions and

not their absolute normalization. Since one do es not exp ect the pile-up bac kground

to b e correlated with the ph ysics of the ev en t, the results w e obtain are not a�ected

b y a p ossible TOF VETO �ine�ciency�.

In August 2006 a CIP VETO condition w as added to s61 . This step w as tak en,

b ecause of large bac kgrounds caused b y late proton satellite bunc hes

4

in the proton

b eam. The condition !( CIP _ mul > 11 && CIP _ sig == 0 ) rejects all ev en ts that

ha v e a high trac k m ultiplicit y (>11), and y et the signi�cance of the cen tral p eak in

the z- v ertex histogram is small (as reconstructed from the CIP).

The study of trigger e�ciencies for di�eren t parts of the subtrigger s61 is pre-

sen ted in section 5.2.

4.3 O�ine Selection

By de�nition the o�ine selection cannot impro v e the measured data. It can, ho w ev er,

reject bac kground ev en ts and select ev en ts of go o d qualit y that ful�ll our phase space

requiremen ts and corresp ond to the deca y c hannel under study .

4.3.1 Z-p osition of In teraction V ertex

The longitudinal size of the in teraction region w as driv en b y the proton bunc h length

( � z � 13 cm), the electron bunc h length w as m uc h smaller ( � z � 2 cm). F or �xed

b eam parameters the zvertex distribution w as appro ximately Gaussian and the mean

p osition v aried b y ab out 1 cm from �ll to �ll. The b eams w ere fo cused so as to

collide close to nominal in teraction v ertex and therefore it is meaningful to restrain

the z -p osition of the reconstructed ev en t v ertex to the cen tral detector area. Firstly ,

this w a y one can reject bac kground ev en ts that do not originate from electron-proton

collisions. Secondly , one exp ects the outgoing particles to b e w ell con tained in the

detector and th us w ell measured and reconstructed, whic h migh t not b e the case

for ev en ts o ccurring outside of the cen tral detector region. In this analysis the

requiremen t � 35 cm< z vertex < 35 cm is applied.

3

T ypically the �ine�ciency� induced b y the TOF VETO reac hes couple of p ercen ts ( � 1 � 3%),

see references [72 , 54 ].

4

The proton bunc hes w ere designed to ha v e appro ximately Gaussian shap e. Proton satellite

bunc hes w ere additional protons situated in tail regions of the main bunc hes causing deviations

from the o v erall Gaussian shap e of the bunc hes.
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Quan tit y Selection Criteria

Electron energy
Ee > 11 GeV

z -P osition of the electron cluster

barycen ter

zcluster > � 180 cm

Energy in the hadronic part of the Spacal E Had: Spacal
e < 0:5 GeV

F raction of the electron energy in the

hadronic part of the Spacal

E Had : Spacal
e

Ee
< 0:03

Relativ e di�erence b et w een the energy of

the isolation cone and the energy of the

electron cluster

E Iso : Cone � Ee
Ee

< 0:1

T able 4.3: Requiremen ts on an electron candidate. F or more detailed explanation

refer to the text.

4.3.2 Electron Qualit y Requiremen ts

The scattered electron candidate as pro vided b y the electron �nder (section 3.2.1)

ful�lls only the v ery basic qualit y criteria. In order to reject photopro duction bac k-

ground

5

, accept only ev en ts that allo w for reliable kinematics reconstruction and

a v oid a wrong energy measuremen t or trigger ine�ciencies, further qualit y criteria

on the reconstructed electron are applied. Some of these criteria apply to eac h elec-

tron candidate as suc h, some of them are detector-related and tak e in to accoun t the

presence of areas in the Spacal whic h su�ered from a bad energy measuremen t due

to dead or miscalibrated cells and/or from trigger ine�ciencies. In addition to the

Spacal also the BPC e�ciency w as lo w for some time p erio ds during the HERA I I

running whic h also a�ects the reconstruction of the scattered electron.

General Criteria

The criteria related to measured quan tities of the scattered electron are summarized

in table 4.3. The cut on the electron energy is mainly driv en b y the Spacal trigger

e�ciency , whic h decreases to w ards lo w energies. The follo wing three criteria, the z-

p osition of the electron cluster barycen ter and the energy and the fractional energy

measured in the hadronic Spacal in the direction of the electron candidate, re�ect the

exp ectation for an electron cluster to b e w ell con tained in the electromagnetic part

of the Spacal. The last criterion in v olv es an isolation cone, a suitably de�ned cone

around the electron cluster, that ma y , in addition to the electron cluster, con tain

some energy dep osition. F or a precise electron energy measuremen t one exp ects the

electron cluster to b e separated in space - an energy dep osit nearb y in tro duces an

am biguit y on whether it is indeed originating from the electron and should con tribute

to the electron energy or not.

5

By photopro duction bac kground one understands ev en ts, where the electron scatters under

a v ery small angle and escap es do wn the b eam pip e, and a hadron measured in the detector is

misiden ti�ed as the scattered electron.



66 CHAPTER 4. D A T A SELECTION

Figure 4.1: Spacal �ducial cuts in �v e di�eren t run p erio ds. The excluded areas are

white.

Spacal Fiducial Cuts

The Spacal areas su�ering from miscalibrated, dead or trigger ine�cien t cells are

excluded b y applying �ducial cuts. The measuremen t of trigger e�ciencies will

b e explained in section 5.2. The areas leading to wrong energy measuremen ts are

iden ti�ed b y detector exp erts (list of dead cells) and b y comparing the measured

energy of the electron in the Spacal with the electron energy computed with the

�double angle� metho d (see section 3.5). In general, the areas with biased energy

measuremen ts w ere usually situated near the b eam pip e, where leak age of the cluster

energy out of the inner Spacal mo dules is to b e exp ected. Therefore, for eac h p erio d

(see table 4.1) an appropriate circular or elliptical radial cut on the innermost Spacal

region is applied. The other dead, miscalibrated or trigger ine�cien t areas w ere

usually also situated in the inner Spacal region, since this region su�ered most from

high sync hrotron radiation. The Spacal p erformance w as rather bad during the y ear

2004, b ecame b etter in 2005, and the detector w as in a v ery go o d shap e during

the y ears 2006 and 2007. The p erformance dep ended on b oth, running conditions

and hardw are repairs, the ma jor repairs to ok place during the win ter 2005/2006

sh utdo wn. The �ducial cuts are de�ned with resp ect to run n um b ers and so can

c hange during a run p erio d. Ho w ev er, this is the case for only a few of them, the

stable cuts are visualized in �gure 4.1.



4.3. OFFLINE SELECTION 67

BPC T reatmen t

Information from the BPC is, if a v ailable, used when de�ning an electron candidate,

ho w ev er, requiring it for ev ery ev en t w ould lead to an imp ortan t loss of statistics

b ecause of insu�cien t spatial acceptance of the BPC with resp ect to the Spacal.

Th us, the question of BPC e�ciency arises. W e de�ne the BPC e�ciency to b e the

ratio of the n um b er of ev en ts with a scattered electron candidate within the BPC

acceptance and with BPC information to the total n um b er of ev en ts with a scattered

electron candidate within the BPC acceptance

"BPC =
# events(BPC acceptance AND BPC information)

# events(BPC acceptance)
:

This e�ciency is presen ted for di�eren t run p erio ds in �gure 4.2. Eac h histogram

bin con tains a giv en n um b er of ev en ts that is �xed for eac h p erio d; the bins are �lled

progressiv ely starting from the �rst one resp ecting the time sequence of the ev en ts.

One notices that the BPC e�ciency w as lo w in the y ear 2004 and at the b eginning

of 2005 as w ell as at the end of the y ear 2007. In order to a v oid the usage of BPC

information for p erio ds with doubtful BPC p erformance, all electron quan tities are

recalculated for these p erio ds using the Spacal measuremen t only

6

. W e did this

for all runs with Run Number < 411288 (2004 and 2005) and for all runs ha ving

Run Number > 499811(2007).

4.3.3 Selection with Resp ect to Ev en t Kinematic V ariables

Energy and Longitudinal Momen tum

F our-momen tum conserv ation implies that the quan tit y E � pz is conserv ed in eac h

ev en t. In the initial state only the proton and the electron are presen t. Neglecting

the particle masses ( E � pz ) one can write

(E � pz) initial = ( E � pz)p + ( E � pz)e = 2Ee � 55 GeV:

In the �nal state one needs to sum o v er all �nal-state particles

(E � pz)�nal = ( E � pz)e; �nal +
X

i 6= e

(E � pz) i; �nal :

F rom the conserv ation la w (E � pz) initial = ( E � pz)�nal one exp ects (E � pz)�nal =
2Ee. The measuremen t, ho w ev er, su�ers from resolution e�ects and, in general,

not all particles are measured in the detector and therefore a v alue di�ering from

the exp ectation can b e obtained when reconstructing (E � pz)�nal from the detector

information. The particles that are usually not measured in the detector are those

originating from the proton remnan t, whic h in most cases scatter under small angles

and go do wn the b eam pip e. The small scattering angle means that the z -comp onen t

of their momen ta is dominan t and th us their con tribution to the sum

P
i 6= e(E �

6

The kinematic v ariables reconstructed from the electron quan tities w ere also recomputed.
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Figure 4.2: BPC e�ciency in HERA I I. Bins of histograms con tain a constan t n um b er

of ev en ts that ha v e the scattered electron within the BPC acceptance.

pz) i; �nal is small. Therefore, to a go o d appro ximation one still exp ects E � pz �
55 GeV, where the electron is supp osed to b e measured in the bac kw ard calorimeter.

The quan tit y E � pz is in teresting from the p oin t of view of bac kground suppres-

sion. If, in a photopro duction ev en t, the scattered electron lea v es the in teraction

under a small angle disapp earing in the b eam pip e and a hadron misiden ti�ed as

scattered electron is reconstructed in the Spacal, then E � pz is strongly shifted to-

w ards small v alues allo wing for a go o d separation b et w een DIS and photopro duction.

F or a small fraction of ev en ts is E � pz signi�can tly ab o v e 55 GeV. Suc h v alues can-

not b e explained b y particles not measured in the detector or b y resolution e�ects,

but rather p oin t to a p o or ev en t reconstruction. T o a v oid badly reconstructed ev en ts

and suppress the photopro duction bac kground, w e select only ev en ts that ful�ll

40 GeV< E � pz < 75 GeV:

Phase Space Requiremen ts

In this w ork the study of c harm fragmen tation is restricted to the phase space region

5 GeV2 < Q 2 < 100 GeV2

and

0:05 < y < 0:6:
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Quan tit y Requiremen t

pT (D � ) > 1:5 GeV and < 15:0 GeV
pT (� s) > 0:12 GeV

pT (K ) + pT (� ) > 2:0 GeV
jm(D 0

candidate ) � m(D 0)j < 0:07 GeV

T able 4.4: Selection criteria on D �
candidates with resp ect to reconstructed momen ta

and in v arian t masses.

The �rst condition - the DIS regime - is driv en b y the Spacal geometrical acceptance,

since Q2
and the electron scattering angle are strongly correlated. One could think of

studying c harm fragmen tation also in the photopro duction regime. Ho w ev er, b efore

the FTT w as implemen ted there w ere no appropriate triggers that w ould allo w to

trigger on D �
ev en ts with high e�ciency .

The lo w er limit of 0:05 on the inelasticit y y is due to deteriorating resolution of

the �electron metho d� (section 3.5); this metho d b ecomes less precise at lo w er y . The

upp er limit in y is related to the minimal electron energy requiremen t. A higher y
limit w ould lead to a p o orly p opulated high- y phase space region, since y and the

electron energy are strongly correlated. In addition, this cut suppresses ev en ts whic h

su�er from large corrections due to QED e�ects.

4.3.4 Selection of D �
Ev en ts

The selection of D �
ev en ts is based on the D �

�nder describ ed in section 3.2.4. All

ev en ts with at least one D �
candidate are considered, and further requiremen ts are

applied so as to impro v e the signal to bac kground ratio. Since only the D �
-daugh ter

particles ( K � � � � �
s ) are directly observ ed in the detector, most of the follo wing

criteria are related them.

Requiremen ts on Reconstructed Momen ta and In v arian t Masses

W e men tion here only the requiremen ts that are tigh ter than those in the D �
�nder.

They are summarized in table 4.4. The tigh ter cut on the reconstructed in v arian t

mass of the D 0
candidate straigh tforw ardly rejects additional bac kground. Also the

cuts on the transv erse momen ta are related to signal enhancemen t and bac kground

suppression and ha v e b een used in most of the H1 D �
analyses. In principle they

could b e lo w ered; the corresp onding e�ect w as studied on all HERA I I data. The

cuts w ere lo w ered in a consisten t w a y , resp ecting their m utual correlations

7

, do wn to

pT (D � ) > 0:8 GeV, pT (� s) > 0:07 GeV and pT (K ) + pT (� ) > 1:1 GeV, whic h is close

to the limits imp osed b y the D �
�nder. One observ es that the exp ected increase

of the signal (appro ximately 20%) is strongly p enalized b y a m uc h larger rise of

the com binatorial bac kground (appro ximately 180%) with the �nal e�ect of a bigger

relativ e error, i. e. (� # D � =# D � )Higher Cuts = 0:0225< 0:0281 = (� # D � =# D � )Lower Cuts
(see also �gures 3.3-left and 4.3). Since the relativ e error is the relev an t quan tit y

7

F or correlation plots of these quan tities see for example reference [51 ].
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Figure 4.3: 4 M sp ectrum for HERA I I data, corresp onding to lo w ered pT cuts on

momen ta of the D �
meson and its daugh ter particles (see the text).

when studying the shap es of the zjet =hem distributions, the lo w ered pT cuts w ere

abandoned.

An additional condition is applied when studying zjet and z(jet)
hem (see sections 3.3.2

and 3.3.1). These t w o observ ables are determined only for those ev en ts where a D �

jet with ET > 3:0 GeV is found. This requiremen t is considered as an additional

constrain t and is not tak en in to accoun t in c hapter 5, when con trol distributions or

other plots are presen ted in whic h ev en ts �from the 4 M distribution� en ter.

T rac k Qualit y Requiremen ts

Detector-related qualit y criteria are applied to the reconstructed trac ks of the D �

daugh ter particles. They are mean t to ensure a selection of w ell measured trac ks.

The limits on di�eren t quan tities w ere studied and de�ned already in HERA I (see

references [73, 66 ]), and since the relev an t trac king detector (the CJC 1 and 2)

remained the same in HERA I I, the use of the same criteria seems to b e justi�ed.

They are iden tical for the k aon and the pion, b ecause comparable transv erse momen ta

for b oth particles are exp ected on a v erage. The criteria di�er for the slo w pion

whose t ypical transv erse momen tum tends to b e m uc h smaller. The requiremen ts are

summarized in table 4.5. The quan tit y d0
ca refers to the distance of closest approac h

to the reconstructed in teraction v ertex in the r' -plane, and � z0 = jz0
ca � zvtx j , where

z0
ca is the z-co ordinate of the p oin t of closest approac h in the r' plane, as indicated

in �gure 4.4.

Energy Loss and P article Iden ti�cation

F urther impro v emen t of the signal to bac kground separation is ac hiev ed b y consid-

ering the energy loss of c harged particles in the gas of the cen tral trac king c ham b ers.

The energy loss di�ers for di�eren t particles and can b e determined from recon-

structed trac ks. Ho w ev er, particle iden ti�cation based on the energy loss is reliable
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Figure 4.4: De�nition of the trac k quan tities d0
ca and z0 that en ter the selection

criteria. The reconstructed in teraction v ertex is denoted b y �x�.

Quan tit y Requiremen t for K and � Requiremen t for � s

T rac k length > 18.9 cm > 10 cm

Starting radius < 30 cm < 30 cm

Num b er of CJC hits > 10 > 10

jd0
caj < 1 cm < 1 cm

� z0 < 20 cm < 20 cm

jd0
ca sin� j < 0.5 cm < 0.7 cm

j� z0 sin� j < 18 cm < 18 cm

T able 4.5: Qualit y criteria on reconstructed trac ks of the D �
daugh ter particles

K � � � � �
s .
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only for particles

8

with relativ ely small momen ta ( � 2 GeV and smaller) at H1, for

higher momen ta the energy losses are v ery similar and th us the separation b ecomes

di�cult, if not imp ossible. The mean energy loss is predicted b y the Bethe-Blo c h

form ula [2]

�
dE
dx

= Kz 2 Z
A

1
� 2

�
1
2

ln
2mec2� 2
 2Tmax

I 2
� � 2 �

�
2

�

with

K = 4�N A r 2
emec2;

where z is the c harge of the inciden t particle (in units of the elemen tary c harge). Z
and A are the atomic n um b er and the atomic mass of the absorb er and � = p=m
and 
 = E=m are the standard relativistic factors of the inciden t particles, I is the

mean excitation energy , NA is A v ogadro's n um b er, re is the classical electron radius,

and Tmax is the maxim um kinetic energy that can b e imparted to a free electron in

a single collision. The letter � denotes the densit y e�ect correction - a complicated

expression, if expressed in terms of material and kinematic v ariables.

In the H1 soft w are a parametrized form ula that mimics the Bethe-Blo c h equation

is used. It allo ws to tune the parameters suc h that p ossible deviations from the Bethe-

Blo c h prediction arising from detector and trac k reconstruction e�ects are tak en in to

accoun t. Its expression

9

is

�
dE
dx

=
P1

� 2

�
P2 + ln

�
� 2
 2

�
� � 2 � �

�
;

with the parameter v alues P1 = 0:45879and P2 = 9:6433. The measured energy-loss

together with predictions from the H1 parametrization is sho wn in �gure 4.5. The

�gure is based on all HERA I I data and is done for all selected trac ks in ev en ts with

a D �
candidate that satis�es all imp osed D �

criteria.

The energy-loss requiremen ts used in this w ork are inherited from previous D �

analyses ([73 , 66 ]) and are based on lik eliho o d considerations. F or eac h daugh ter

particle of the D �
the normalized lik eliho o d of b eing the correct t yp e is computed.

The calculation uses the H1 parametrization and the measuremen t errors �
�

dE
dx

�

and � (ptrack ) . The criteria for a go o d signal to bac kground separation are c hosen

dep ending on the momen tum and are sho wn in table 4.6. The error �
�

dE
dx

�
strongly

dep ends on the n um b er of measured hits for a giv en trac k and th us, for the K and �
particle trac ks, a minim um of 10 so-called dE/dx-hits is required (hits used in the

dE
dx

calculation). F urthermore, the computation of the energy-loss can in some cases b e

unreliable or tec hnically imp ossible, and in these cases

dE
dx is set to a negativ e v alue.

Therefore the cut

dE
dx > 0:01 is applied for the K and � particle candidates.

8

By �particles� w e refer here to c harged hadrons that app ear in the detector ( p; K; � ); electrons

and m uons are iden ti�ed b y other means.

9

The correction � = � (P3; P4) dep ends on t w o additional parameters and has a rather compli-

cated expression that can b e found in the H1-OO class H1De dx. The v alues of the parameters are

P3 = 0 :022817and P4 = � 1:1995.
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Figure 4.5: The energy loss as function of the particle momen tum as measured b y

the H1 detector together with the H1 parametrizations of energy loss for di�eren t

particle t yp es. The energy loss is scaled with resp ect to that of minim um ionizing

particle (mip).

Momen tum range LH(K) LH( � ) LH( � s)
p < 0:7 GeV > 20% > 5% > 5%

0:7 GeV < p < 1:2 GeV > 5% > 5% > 5%

1:2 GeV < p - - > 5%

T able 4.6: Criteria imp osed on normalized lik eliho o ds (LH) for the D �
daugh ter

particles to b e of the correct t yp e.
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Chapter 5

Data T reatmen t and Description of

Data b y Mon te Carlo Mo dels

The structure of this c hapter will in man y p oin ts follo w the structure of the previous

one. The exception is the �rst section where some additional information ab out the

used MC programs is pro vided. In the remaining sections the trigger e�ciencies

and selection and ev en t quan tities are studied in a y ear-dep enden t w a y in order to

determine whic h data corrections and Mon te Carlo rew eigh tings are needed. Finally ,

plots for the whole HERA I I running p erio d are presen ted.

5.1 Mon te Carlo Programs

W e use the RAPGAP and CASCADE Mon te Carlo (MC) ev en t generators together

with detector sim ulation soft w are to correct the measured data for detector e�ects.

The description of RAPGAP and CASCADE w as giv en in section 1.4.1 and w e use

b oth of these programs so that the systematic error related to the MC mo del can

b e estimated. The description of the data b y the MC programs is studied for eac h

running p erio d separately using detector sim ulation soft w are v ersion appropriate for

the p erio d. A go o d description of the data b y the MC mo del is ac hiev ed b y applying

necessary corrections to b oth data and MC mo dels, so as to b e able to p erform

the unfolding to the hadron lev el. The MC ev en ts are treated - with the exception

of triggers - in the same w a y as data, iden tical requiremen ts and cuts are applied.

The trigger e�ciencies are determined from appropriate data and corresp onding

corrections are applied to the data to b e analyzed, as will b e describ ed in section

5.2.

In addition to trigger ine�ciency corrections applied to data, other corrections

are applied to the MC sim ulations. The correction pro cedures are de�ned in a

p erio d-dep enden t w a y and �gures sho wn, based on all of HERA I I data, tak e in to

accoun t p erio d-dep enden t correction factors. The MC distributions for di�eren t

time p erio ds are luminosit y rew eigh ted so that luminosit y fractions corresp onding to

di�eren t running p erio ds in the MC sim ulations are the same as those in the data.

75
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5.1.1 T reatmen t of QED Radiation and Resolv ed Pro cesses

MC mo dels, whic h are t ypically based on QCD calculations in v olving di�eren t ap-

pro ximations often do not include QED radiativ e e�ects. The measured data ho w ev er

con tain these e�ects and one needs to correct for them, since they are usually not of

in terest and in order to compare the data to the theory . This correction needs to b e

done b y exp erimen talists, since it dep ends on the detector hardw are, its resolution

and gran ularit y . The correction pro cedure is p ossible due to the a v ailabilit y of some

MC sim ulations whic h con tain QED radiation.

In the case of the RAPGAP MC program w e ha v e t w o options: initial and �nal

state QED radiation can b e switc hed on or switc hed o�. W e exp ect the data to b e

describ ed when QED radiation is turned on. T ogether with sim ulations with QED

radiation o�, it allo ws us to extract correction factors for QED radiativ e e�ects to

b e applied to the measured data.

In the CASCADE MC program QED radiation is not implemen ted. Th us, at

least for the bin-b y-bin unfolding metho d, QED correction factors from RAPGAP

are used. The pro cedure will b e discussed in more detail in the c hapter dedicated to

the data unfolding to hadron lev el.

The con tribution from resolv ed pro cesses is omitted for the purp ose of this anal-

ysis. This can b e justi�ed b y the fact that the resolv ed comp onen t tends to b e

suppressed at higher Q2
. Our requiremen t for the transferred four-momen tum is

5 GeV < Q 2
, whic h is a higher limit than the one applied in previous HERA I stud-

ies, where the resolv ed con tribution w as considered. F urthermore, w e observ e that

the direct con tribution of RAPGAP alone describ es the data w ell. This observ ation

is also con�rmed b y other D �
analyses of HERA I I data [51 ]. In addition, a MC

sim ulation for resolv ed pro cesses with QED radiation is not a v ailable, so including a

resolv ed comp onen t in our study w ould in tro duce new complications and uncertain-

ties related to prop erly correcting the MC distributions for QED radiativ e e�ects.

In the ev aluation of systematic errors, an error related to the resolv ed comp onen t is

ho w ev er tak en in to accoun t.

5.1.2 T reatmen t of Beaut y Comp onen t

A small fraction of the reconstructed D �
particles originates from deca ys of b eaut y

hadrons. Since w e study the fragmen tation of the c harm quark, the b eaut y com-

p onen t is regarded as bac kground and needs to b e subtracted. W e subtract the

exp ected b eaut y con tribution as predicted b y the RAPGAP MC sim ulation directly

from the measured data, normalizing the data and the b eaut y MC distributions to

the luminosit y . All �gures whic h include presen tations of data are data after the

b eaut y subtraction.

A D �
particle originating from a b eaut y hadron tak es a certain fraction of the

hadron momen tum, and the b eaut y hadron itself inherits a certain fraction of the

b quark momen tum. These consecutiv e momen tum transfers lead to zjet and zhem

sp ectra with softer fragmen tation as will b e sho wn in c hapter 6. The b eaut y-induced

D �
s represen t appro ximately 1% - 2% of the total n um b er of measured D �

s.



5.2. TRIGGER EFFICIENCIES 77

5.2 T rigger E�ciencies

When studying the measured data one usually tries to describ e the measuremen ts

b y Mon te Carlo sim ulations whic h include all measuremen t e�ects. In this w a y one

aims to ac hiev e a go o d description of the data b y the MC mo del so as to b e able

to correct the data to the hadron lev el. This is the approac h w e follo w with resp ect

to all detector e�ects lik e acceptance, e�ciencies, resolution etc., ho w ev er with the

exception of trigger e�ciencies. The main reason is that the o�cial Mon te Carlo

pro duction do es not y et include the FTT sim ulation at the time of writing this

thesis. Th us the trigger e�ciencies for b oth, the trac k trigger and the Spacal, are

obtained from data. W e apply di�eren t pro cedures for the t w o triggers.

In the case of the Spacal trigger the ine�ciency is propagated only in to the

measuremen t error, and w e do not correct for it. The trigger e�ciency of the Spacal

dep ends on

� the electron energy ,

� the p osition of the electron induced sho w er in the Spacal (detector defects) and

� the bac kground (�ring a VETO trigger or a c harged hadron �ring a Spacal

trigger).

One do es not exp ect the fragmen tation observ ables to b e correlated with the bac k-

ground, and one do es not exp ect a strong correlation with resp ect to the electron

energy or the electron p osition in the Spacal. Th us a small ine�ciency has an e�ect

on the absolute normalization of our distributions but should not ha v e a signi�can t

impact on their shap e. In addition, ev en if some correlation is presen t, the Spacal

trigger is highly e�cien t and e�ciencies are relativ ely �at with the exception of

p o orly p opulated regions (lo w electron energy , lo w electron theta) whose statistical

signi�cance is suppressed. One should also stress that the error due to Spacal trigger

ine�ciency has small con tribution to the total systematic error.

In the case of the trac k trigger w e correct for the ine�ciency and mak e an estimate

for the uncertain t y of this correction. The decision to correct for the trac k trigger

ine�ciency follo ws from an observ ed dep endence of the ine�ciency on the observ ables

( zjet , zhem and z(jet)
hem ) and from the fact that the ine�ciency b ecomes rather large (5%

- 8%) for some run p erio ds and histogram bins.

W e study the trigger e�ciencies in a p erio d-dep enden t w a y , since imp ortan t

trigger-related upgrades o ccurred during the HERA I I running, e.g. the upgrade

of the trac k trigger at the b eginning of 2005 and the repair of the Spacal detector

during the sh utdo wn 2005/2006.

5.2.1 Spacal T rigger E�ciency

The Spacal trigger e�ciency w as determined using a set of triggers based on the

Liquid Argon calorimeter. Most of them are mean t to trigger on high Q2
ev en ts

(electron in the LAr calorimeter) or on c harged-curren t ev en ts (neutrino in the �nal
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Figure 5.1: Spacal trigger e�ciencies as a function of E electron , � electron and ' electron

for the running p erio ds 2004 and 2005.

state and th us missing pT ). W e ho w ev er require the scattered electron to b e recon-

structed in the Spacal calorimeter and th us no high Q2
or c harged-curren t ev en ts

en ter our study , the related triggers b eing �red b y bac kground

1

. The actual trigger

set c hosen to monitor the s61 trigger con tains the subtriggers s67, s24, s25, s75,

s64, s77, s83, s84 and s68 .

In addition to an appropriate c hoice of monitor triggers one also needs to mak e a

correct c hoice of ev en ts. If the trigger e�ciency w ould dep end only on the electron

energy and the electron p osition in the Spacal, one could study it with all measured

ev en ts and in this w a y signi�can tly increase the statistics. Ho w ev er, the trigger

e�ciency is also related to the bac kground whic h is reduced b y our analysis cuts.

So, in order to a v oid a p ossible bias caused b y our analysis requiremen ts, w e study

the Spacal trigger e�ciency only for ev en ts that en ter the � M distribution.

Note that b y the Spacal trigger e�ciency w e here understand the ratio of the

n um b er of ev en ts that w ere triggered b y a monitor trigger (at least one included in

the set) and had the �Spacal part� (= SP CLe_ IET > 2 jj SP CLe_ IET _ Cen_ 3)

set �on� (the Spacal part of the s61 �red) to the total n um b er of ev en ts triggered b y

the indep enden t trigger mix

"Spacal trigger =
# events (monitor trigger AND Spacal part of s61)

# events (monitor trigger)
:

1

Bac kground with resp ect to the selected triggers. Ev en ts with D �
in the visible range of this

analysis can b e acciden tally triggered b y high Q2
or c harged-curren t triggers.
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Figure 5.2: Spacal trigger e�ciencies as a function of E electron , � electron and ' electron

for the running p erio ds 2006e�
, 2006e+

and 2007.
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Figure 5.3: T rac k trigger e�ciencies as a function of zjet , zhem and the

combined variablefor the running p erio ds 2004and 2005. The op en circles (red) cor-

resp ond to the status b efore the rew eigh ting, the full mark ers (blac k) to the situation

after the rew eigh ting w as applied.

The Spacal trigger e�ciencies as a function of electron energy , electron � and elec-

tron ' are sho wn in �gures 5.1 and 5.2 for the �v e running p erio ds of HERA I I.

One observ es that, with the exception of the y ear 2004, the e�ciencies are high -

reac hing a lev el of 99%. The regions of lo w er e�ciencies corresp ond to lo w electron

energy and high electron scattering angle (lo w � electron ) and are, as already men tioned,

statistically less signi�can t.

5.2.2 T rac k T rigger E�ciency

The trac k trigger e�ciency w as determined using the Spacal subtriggers s1, s2, s3,

s4, s35 and s36 . The de�nitions of these subtriggers w ere c hanged sev eral times suc h

that it w as not p ossible to use all of them for the en tire HERA I I running p erio d. The

c hoice of monitor triggers w as th us run-dep enden t; for a giv en p erio d an appropriate

subset of the men tioned subtriggers w as c hosen in order to use subtriggers that

dep end on the Spacal only . As in the previous case w e considered only those ev en ts

that en ter the � M distribution in order to a v oid p ossible biases. F urthermore, for

the determination of trigger e�ciencies as a function of the v ariables zjet , zhem and

z(jet)
hem the signal w as extracted in bins of these v ariables in order to eliminate p ossible

di�erences in trigger e�ciency b et w een the signal and the com binatorial bac kground.
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Figure 5.4: T rac k trigger e�ciencies as a function of zjet , zhem and the

combined variable for the running p erio ds 2006e�
, 2006e+

and 2007. The op en

circles (red) corresp ond to the status b efore the rew eigh ting, the full mark ers (blac k)

to the situation after the rew eigh ting w as applied.
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The trac k trigger e�ciency is de�ned as

" track trigger =
# events (monitor trigger AND track trigger part of s61)

# events (monitor trigger)
;

where the meaning of � track trigger part of s 61� is giv en in table 4.2.

When correcting for the trac k trigger ine�ciency one needs to �nd an appropriate

w a y when a trigger sim ulation is not y et a v ailable. W e c hose to rew eigh t eac h ev en t

according to a v ariable sensitiv e to the trac k trigger e�ciency . This pro cedure is

more consisten t than correcting eac h individual distribution with di�eren t correction

factors. Rew eigh ting on an ev en t basis propagates the corrections in a consisten t

w a y in to eac h measured distribution. On the con trary , when correcting individual

distributions the statistical uncertain ties of the correction factors for t w o correlated

distributions migh t lead to an inconsisten t pro cedure of treating these distributions,

whic h w ould not resp ect their m utual correlations.

The trac k trigger is a complicated device and one cannot exp ect its e�ciency

b eha vior to b e fully describ ed b y a single-v ariable distribution. Th us one cannot

exp ect a rew eigh ting dep ending on a single v ariable to pro vide a p erfect correction.

Ho w ev er, as the results sho w, this pro cedure impro v es the trigger e�ciency distribu-

tions signi�can tly . The c hoice of the sensitiv e v ariable w as driv en b y the exp ected

b eha vior of the trac k trigger. The trac k trigger is supp osed to trigger on high- pT

trac ks. In addition, the trac k trigger is based on the comparison of a measured sig-

nal patterns with pre-de�ned patterns. Hence one exp ects it to dep end on the trac k

m ultiplicit y of the ev en t - the more trac ks in the ev en t, the bigger is the probabilit y

for one to �t a pattern. T ypical transv erse momen ta of particles are usually b elo w

8 GeV and the t ypical trac k m ultiplicities (for �selected� trac ks) are b elo w 40. Th us

w e de�ne the c ombine d variable

combined variable=
Highest track pT

8 GeV
+

Event track multiplicity
40

;

with t ypical v alues b et w een 0 and 2. The trac k trigger e�ciency as a function of this

v ariable is determined and then �tted with the function

f (x) =
A

1 + exp[� B (x + C)]
;

where A , B and C are free parameters. Then eac h ev en t is w eigh ted b y 1=f (x)
so as to mak e the trigger e�ciency in the c ombine d variable �at and close to one.

The result of this pro cedure as w ell as its impact on the trigger e�ciencies for zjet

and zhem can b e seen in �gures 5.3 and 5.4, the e�ciencies for z(jet)
hem can b e found

in app endix A. One observ es that the rew eigh ting noticeably impro v es the trigger

e�ciencies for the observ ables zjet , zhem and z(jet)
hem .

5.2.3 CIP VETO Condition

The CIP VETO condition in tro duced in section 4.2.3 con tains trac king information

and th us one cannot exclude v ariations of the trigger e�ciency as a function of the
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Figure 5.5: V ertex z -p osition for all triggered ev en ts (left) and for ev en ts rejected b y

the CIP VETO (righ t). The �gures are from the Cen tral T rigger presen tation giv en

b y Z. Rúrik o v á on 21/09/2006.

Figure 5.6: Pro duction of D �
mesons in bins of constan t luminosit y for p erio ds b efore

and after the CIP VETO activ ation (whole y ear 2006).
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fragmen tation observ ables. Although one do es not exp ect a big correlation (the

CIP VETO condition requires a small z-v ertex signi�cance, whereas require a w ell

reconstructed in teraction v ertex) the sub ject needs a more detailed study to b e

rep orted b elo w.

Sev eral in v estigations w ere done b y cen tral trigger exp erts after the CIP VETO

w as in tro duced in August 2006. In �gure 5.5-left the z -p osition of the in teraction

v ertex for all triggered ev en ts is sho wn. The p eak in the region z � � 150 cm
originates from in teraction of late proton satellite bunc hes and w as the reason for

the in tro duction of the CIP VETO. In �gure 5.5-righ t one can see the z� v ertex

p osition of ev en ts whic h w ere rejected b y the CIP VETO. One observ es that the

CIP VETO condition e�cien tly rejects ev en ts with shifted in teraction v ertex (w ell

out of our selection criterion), the fraction of rejected ev en ts ha ving the in teraction

v ertex in the cen tral detector region is at the lev el of 1% of all triggered ev en ts. This

suggests that the e�ect of the CIP VETO should not a�ect our measuremen t m uc h.

T o sp eci�cally study the impact of the CIP VETO on D �
meson pro duction,

the total D �
pro duction yield as function of the luminosit y w as studied in p erio ds

b efore and after the CIP VETO w as in tro duced. The study w as done for all ev en ts

that ful�ll the analysis requiremen ts and the results are depicted in �gure 5.6. The

yields p er luminosit y are in arti�cial units that do not corresp ond to cross sections,

since the yields w ere not corrected for branc hing ratios and v arious other e�ects.

The a v erages w ere calculated for the t w o p erio ds to mak e a quan titativ e comparison.

One concludes that no decrease in the D �
pro duction is observ ed in relation with

the CIP VETO, and the small increase is of no statistical signi�cance.

5.3 Rew eigh ting of Mon te Carlo Distributions

If a measured quan tit y is supp osed to b e sim ulated in the MC mo del, and if the

description of the data b y the MC sim ulation is unsatisfactory , then one usually

rew eigh ts the MC mo del in order to ac hiev e a go o d description. W e applied rew eigh t-

ing in t w o cases: the in teraction z -v ertex p osition and the BPC e�ciency , b oth

quan tities b eing not w ell sim ulated in the MC program. Since the correction factors

dep end on the run p erio d, w e study b oth quan tities in a p erio d-dep enden t w a y . In

addition, w e study the option of rew eigh ting the pseudorapidit y distribution of the

D �
mesons for the whole HERA I I running p erio d, but this rew eigh ting is �nally not

done.

5.3.1 Z-p osition of In teraction V ertex

A correct rew eigh ting metho d requires to rew eigh t the MC mo del at the hadron lev el

so that once the rew eigh ting is done the MC sim ulation at the reconstructed lev el

describ es the data w ell. Suc h an approac h usually leads to a rather complicated and

time-consuming iterativ e pro cedure. In the case of z -v ertex rew eigh ting w e are in a

luc ky situation b ecause the ph ysics is indep enden t on the spatial p osition. Th us the

z -v ertex rew eigh ting factorizes from an y ph ysical observ able, and it is safe to p erform
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Figure 5.7: Comparison of area-normalized �z-v ertex� distributions for data with

RAPGAP and CASCADE Mon te Carlo programs after the rew eigh ting pro cedure.

The distributions are sho wn for eac h running p erio d separately as w ell as for all of

HERA I I.

it on the reconstructed lev el. Rew eigh ting the v ertex z- p osition has its imp ortance

- the detector acceptance as seen b y particles lea ving the in teraction p oin t dep ends

on the p osition of the in teraction in the detector. The z -v ertex rew eigh ting of the

MC mo del th us corrects for these acceptance e�ects.

The rew eigh ting as p erformed in this w ork is done in a p erio d-dep enden t w a y , so

as to accoun t for detector c hanges (trac k trigger upgrade, Spacal �ducial cuts, etc.).

A bin-wise rew eigh ting w as a v oided in order not to dep end on bin limits and rather

a smo oth rew eigh ting pro cedure w as adopted. F or eac h run p erio d the z -v ertex

distribution w as �tted with a Gaussian b oth for the data and the MC prediction,

and the ratio of the t w o normalized Gaussian functions w as tak en as the rew eigh ting

factor for a giv en MC mo del. The shap es of the distributions in the data w ere not

exactly Gaussian (esp ecially in the y ear 2004), and this explains small remaining

deviations after the rew eigh ting, see �gure 5.7.

5.3.2 BPC E�ciency

The MC sim ulation of the BPC for the HERA I I running p erio d is not p erfect. The

BPC e�ciency (as de�ned in section 4.3.2) is to o high - it signi�can tly o v ersho ots

the e�ciency extracted from the data. A plot pro duced using the RAPGAP and
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Figure 5.8: BPC e�ciency of the RAPGAP and CASCADE MC and detector sim-

ulations sho wn for the whole HERA I I running p erio d.

CASCADE MC programs is sho wn in �gure 5.8. This �gure is to b e compared with

results in �gure 4.2. Unlik e in the data, the e�ciency in the MC sim ulation is close

to 100%. T o reconcile the MC b eha vior with the data the follo wing strategy w as

adopted:

� F or p erio ds with lo w BPC e�ciency in the data, electron quan tities are re-

calculated from the Spacal information alone, and the same is done for MC

sim ulation ev en ts.

� F or p erio ds with high BPC e�ciency in the data w e �t b oth, the data and

the MC prediction with a constan t, and w e use the ratio of these constan ts for

correcting the BPC e�ciency in MC mo del. Since ev en ts with no BPC infor-

mation are v ery rare in the MC sim ulation a standard rew eigh ting pro cedure

cannot b e applied. Th us a di�eren t metho d is adopted: in the MC program

w e randomly c ho ose to recalculate electron quan tities from the Spacal in suc h

a w a y that the fraction of ev en ts with BPC information is the same in the MC

sim ulation as in the data.

5.3.3 Study of Rew eigh ting in � (D � )

RAPGAP , unlik e CASCADE, do es not describ e the � (D � ) distribution w ell. The

observ ed di�erences are related to the ph ysics mo del of RAPGAP rather than the

detector sim ulation, b ecause ma jor detector e�ects (trigger and BPC e�ciencies)

ha v e b een tak en in to accoun t already and the discrepancies app ear in ev ery running

p erio d. One th us considers rew eigh ting the � (D � ) distribution in RAPGAP for the

whole HERA I I data. Suc h rew eigh ting w as studied and its impact is sho wn in �gure

5.9.

One observ es, that although the rew eigh ting impro v es (b y de�nition) the descrip-

tion of the pseudorapidit y distribution, it sp oils the description of the basic kinematic

v ariables suc h as the electron energy and the inelasticit y . This correlation strongly
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a) No � (D � ) rew eigh ting.

b) Rew eigh ting in � (D � ) applied.

Figure 5.9: E�ects of the rew eigh ting in � (D � ) for the RAPGAP MC mo del.

disfa v ors the rew eigh ting pro cedure, and since w e prefer the basic kinematic v ariables

to b e describ ed prop erly , w e do not apply rew eigh ting in � (D � ) . The remaining dis-

crepancies originate in the ph ysics mo del and th us will b e co v ered b y the systematic

error related to the mo del dep endence (RAPGAP vs. CASCADE) of our results.

5.4 Con trol Distributions for HERA I I

The comparison of data and reconstructed MC distributions for v arious kinematic,

detector and D �
-related quan tities w as studied for the di�eren t running p erio ds. No

prominen t deviations of the MC predictions from the data w ere observ ed. In cases

where small deviations exist, they w ere found to b e rather observ able- than p erio d-

related, and th us they w ere found in all of the HERA I I p erio ds. F or this reason

and for reasons of space w e presen t here only distributions for all of the HERA I I

p erio ds com bined. As explained in the previous paragraphs,

� the small con tribution due to b eaut y pro duction is subtracted from the data

distributions,

� the data distributions are corrected for the trac k trigger ine�ciency ,
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� the rew eigh ting of the z -v ertex p osition of the in teraction p oin t is applied for

the MC distributions, and

� the MC distributions are corrected for the BPC ine�ciency .

The �gures are naturally divided in to three sets: �gures related to the ev en t kine-

matics, detector-quan tities (trac king) and to the D �
kinematics. In all presen ted

distributions the D �
signal w as extracted for eac h individual bin and all distribu-

tions are area-normalized. The data are compared to RAPGAP and CASCADE MC

predictions. In addition to the �gures presen ted in this section additional con trol

distributions are sho wn in app endix A.

5.4.1 Ev en t Quan tities

The distributions for the c hosen ev en t quan tities are presen ted in �gure 5.10. One

observ es a fairly go o d description for most of the observ ables. Esp ecially Q2
, inelas-

ticit y , electron energy , electron ' and the transv erse momen tum of all selected trac ks

are w ell describ ed. In the remaining plots one can see some deviations.

The electron scattering angle � is w ell describ ed except for a single bin at � �
3:03 rad. Since this b eha vior is observ ed for b oth MC mo dels (RAPGAP and CAS-

CADE), w as also observ ed in other D �
HERA I I analyses (e.g. [51]) and w as not

observ ed in HERA I ([66 , 73 ]) where similar MC programs w ere used, one exp ects

it to b e due to an imp erfect detector sim ulation rather than to the wrong ph ysics

mo del. The scattering angle in question corresp onds to the inner Spacal region that

w as mo di�ed during the upgrade to HERA I I.

In the pseudorapidit y distribution for all selected trac ks one observ es that the

data ha v e the tendency to lie ab o v e the MC prediction in the cen tral region ( � � 0)

and b elo w the MC v alues in the forw ard region ( � � 1:5 � 2). The selected trac ks

in the forw ard region (last t w o bins) are lik ely to b e �com bined� trac ks that use

information from b oth, the CTD and the FTD. The p erformance of the FTD and its

sim ulation w ere nev er completely reliable and an imp erfect description in this region

a�ects the whole region, since the distributions are area-normalized. The com bined

trac ks migh t not b e the only source of discrepancy , though. An o v erestimated b eam-

drag e�ect or to o m uc h gluon radiation in the MC sim ulations w ould also explain

the excess of trac ks in the forw ard region.

The double-ratio plot

(Emeasured =Edouble angle )Data

(Emeasured =Edouble angle )MC
, whic h compares the direct electron

energy measuremen t with the double-angle metho d in data and MC sim ulations,

sho ws acceptable deviations of the order of 1-2% for the upp er three bins. Less w ell

describ ed is the lo w est-energy bin where the deviation reac hes 4%. This can b e at

least partially explained b y the fact that the double-angle metho d is precise only

for high electron energies (or lo w inelasticit y y < 0:1), for smaller electron energies

the reconstructed hadronic angle � X su�ers from bad resolution (see reference [74],

Section 7.2.2). Moreo v er, the Spacal calibration at small electron energy is in gen-

eral more di�cult, since the photopro duction bac kground starts to pla y a role and

statistics is signi�can tly smaller in comparison to regions near the kinematic p eak.
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Figure 5.10: Ev en t kinematic v ariables for all of HERA I I data.
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W e exp ect the in�uence of this deviation to b e suppressed b y its small statistics, and

w e tak e the observ ed deviations in the electron energy measuremen t in to accoun t

when studying the systematic errors.

Also in the E � pz distributions a di�erence b et w een the data and MC mo dels can

b e seen, the MC histograms indicating a b etter resolution. This observ ation is not

sp eci�c to this study (see once more reference [51]), our analysis cut is ho w ev er far

a w a y from the region where the disagreemen t is observ ed. The calculation of E � pz

is based on all particles reconstructed in the detector and unless the MC sim ulation

is p erforming w ell for the whole detector in all its details, one migh t exp ect some

di�erences in this quan tit y . The cause of this discrepancy migh t b e due to the energy

calibration of hadronic �nal state particles for the HERA I I data, whic h at the time

of the writing of this thesis is still not �nalized.

W e consider the observ ed deviations to b e within tolerable limits and do not

correct for them. A systematic error will co v er the uncertain t y in the electron energy

measuremen t.

5.4.2 Detector-Related T rac k Quan tities

The detector-related trac k quan tities (n um b er of CJC hits, trac k length and pseu-

dorapidit y) for K , � and � s of the reconstructed D �
meson are presen ted in �gure

5.11. One observ es that the description is (with the exception of the last bin in the

�n um b er-of-hits� histogram) quite go o d, ev en in the case of the slo w pion, where the

measuremen t is the most di�cult.

Since in our selection w e also apply requiremen ts related to the particle energy

loss, w e study in �gure 5.12 the agreemen t b et w een data and sim ulations using the

RAPGAP MC mo del. As dE=dx is a reconstruction-related quan tit y (it is primarily

related to the detector sim ulation and not to the ph ysics of the MC mo del), one

exp ects a similar b eha vior for RAPGAP as for CASCADE. The data are visualized

as blac k scatter plot, the MC distribution is visualized in form of a con tour plot. A

rescaling of the MC distribution w as needed for an easier comparison with the data.

One observ es that the con tour lines of the MC mo del follo w w ell the structure of the

data scattered plot.

5.4.3 D �
V ariables

The D �
v ariables are presen ted in �gure 5.13. One observ es a fairly go o d description

of the D �
transv erse momen tum, the D �

azim uthal angle ' and, in the case of

CASCADE, the D �
pseudorapidit y distribution.

The latter distribution is less w ell describ ed b y RAPGAP , the di�erence migh t

come from di�eren t parton ev olutions or from the resolv ed comp onen t (partially

included in CASCADE). The mo del dep endence of our measuremen t is ho w ev er re-

�ected in the systematic error that is in tro duced in c hapter 6. A p ossible rew eigh ting

in y of the D �
meson w as abandoned as explained in section 5.3.3.

Both mo dels di�er from eac h other and from the data in the case of the pseudo-
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Figure 5.11: T rac k quan tities for D �
daugh ter particles for all of HERA I I data.
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Figure 5.12: Energy loss for all selected trac ks in D �
ev en ts for all of HERA I I data.

F or the con tour plot of RAPGAP the bin con ten t w as scaled b y z ! 0:1� ln2(1+ z) .

Figure 5.13: D �
- related v ariables for all of HERA I I data.
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rapidit y distribution for the D �
hemisphere as reconstructed in the 
P frame

2

. This

observ able is constructed from all particles in the hemisphere and is th us sensitiv e

to a correct reconstruction of all of them. An imp erfect sim ulation of some detector

region ma y cause the MC predictions to di�er from the data. The t w o MC mo dels

are sharing the same detector sim ulation, the di�erence b et w een them migh t ho w ev er

arguably originate from resolv ed pro cesses.

The last t w o distributions are related to the jet metho d and represen t jet pro�les

in � and ' , i.e. the di�erences in � and ' b et w een the jet axis and the full hadronic

�nal state. The description of the jet pro�les is acceptable.

2

W e refer here to the pseudorapidit y with resp ect to the momen tum of the whole D �
hemisphere.
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Chapter 6

F ragmen tation Measuremen t

In this c hapter the hadron lev el corrected data for the three fragmen tation observ-

ables are presen ted. These distributions represen t the �nal outcome of the exp eri-

men tal measuremen t and are used to study c harm quark fragmen tation. The pro ce-

dure of correcting the data to hadron lev el is based on metho ds describ ed in c hapter

3.4. Here w e pro vide additional commen ts and clari�cations concerning bac kground

subtraction and regularization parameters. In the second part of this c hapter the

ev aluation of systematic errors is explained. The study of fragmen tation mo dels

based on measured distributions is the sub ject of c hapter 7.

6.1 Visible Range De�nition and Previous F ragmen-

tation Measuremen ts

The distributions of the fragmen tation observ ables zhem , zjet and z(jet)
hem are measured

in the visible range de�ned b y

Q2 > 5 GeV2;

0:05 < y < 0:6 ;

1:5 GeV < pT (D � ) < 15:0 GeV;

j� (D � )j < 1:5 ;

and additionally for zjet and z(jet)
hem

ET (D � jet) > 3:0 GeV:

F or all other constrain ts men tioned in c hapter 4 the data are corrected using the

Mon te Carlo mo dels.

This study of c harm quark fragmen tation is to b e seen in the con text of previously

p erformed fragmen tation measuremen ts. Man y of them studied c harm fragmen tation

in e+ e�
annihilation (see references [63, 64, 65 ]) and pro vided in teresting and imp or-

tan t results. Our study can b e most easily compared to measuremen ts at HERA, one

95
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b y ZEUS in photopro duction and one b y H1 in DIS. Detailed information ab out the

preliminary ZEUS analysis [75] (esp ecially MC settings) is not a v ailable. A compari-

son with the H1 HERA I analysis [66 ] is the most straigh tforw ard. Man y tec hniques

and metho ds used in the previous HERA I measuremen t w ere adopted, esp ecially

the de�nitions of our observ ables and some of the selection criteria. T o emphasize

new features of the presen t analysis and sho w its p oten tial with resp ect to a b etter

understanding of c harm fragmen tation, w e list some of the ma jor di�erences.

� New data with m uc h more impro v ed statistics ( 36pb� 1
in the HERA I analysis

vs. 354 pb� 1
in this HERA I I analysis).

� Di�eren t de�nition of the visible range, b ecause of detector c hanges due to the

HERA I I collider and detector upgrade (electron energy , inelasticit y and Q2

limits are di�eren t).

� New detector comp onen ts w ere studied and understo o d (BPC, new trac k trig-

ger).

� Unfolding pro cedures. In addition to the bin-b y-bin metho d used in [66 ], the

SVD and the Ba y esian approac h are emplo y ed in this analysis.

� Some other minor di�erences in measuremen t and reconstruction metho ds, e.g.

di�eren t signal extraction that resp ects b etter the signal shap e (single Gaussian

in [66] vs. double Gaussian function used here).

6.2 Unfolding Hadron Lev el Distributions

The unfolding metho ds ha ving b een describ ed earlier, one still needs to pro vide

more information ab out the pro cedure: explain bac kground subtraction, bin limits,

regularization parameters, treatmen t of QED radiativ e corrections and so on. These

topics are co v ered in the follo wing paragraphs.

6.2.1 Bac kground T reatmen t, Migrations in to Visible Range

and Beaut y Subtraction

When unfolding the data, bac kground is an imp ortan t issue whic h needs to b e con-

sidered t wice: �rstly , when using the MC sim ulation to ev aluate the resp onse matrix

and secondly , when measuring the actual distribution to b e unfolded.

In the �rst case a problem could arise from bac kground app earing at the MC

reconstructed lev el used in the matrix determination. In the presen t analysis the

error related to this e�ect is exp ected to b e negligible. This is mainly b ecause the

signal MC sim ulation only w as used to determine the resp onse matrix and therefore

the bac kground reconstructed on detector lev el is v ery small in comparison with

the signal (although existing). The main source of bac kground is the com binatorial

bac kground whic h is of the order of 1% (�gure 3.4). Its e�ect on the resp onse

matrix determination is ho w ev er limited only to those ev en ts where a fak e D �
is
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Figure 6.1: Ratio of the n um b er of D �
s reconstructed and generated in the visible

range to the total n um b er of D �
s reconstructed in the visible range as predicted b y

RAPGAP MC sim ulation in bins of zhem , zjet and z(jet)
hem .

Figure 6.2: Measured data including D �
mesons from b eaut y deca ys in bins of zhem ,

zjet and z(jet)
hem together with this b eaut y bac kground as predicted b y the RAPGAP

MC mo del. The distributions are normalized to luminosit y .

reconstructed at the detector lev el and at the same time a true D �
within the visible

range is found at the hadron lev el so that the �fak e� reconstructed zDet : Lev:
hem=jet is wrongly

asso ciated with zHad: Lev:
hem=jet on the hadron lev el. In addition, the resp onse matrix is

determined from ev en ts lying in the 4 M signal region only (a cut is applied) so that

the com binatorial bac kground situated far from the signal p eak is ignored.

The second case whic h needs to b e considered is related to bac kground subtrac-

tion, a measured distribution incompletely corrected for bac kground leads to wrong

results. The reason for this is that one requiremen t for the di�eren t unfolding pro ce-

dures from section 3.4 is a bac kground-free data distribution. In the signal extraction

pro cedure w e �t the signal p eak and th us the non- D �
bac kground is �ltered out. P os-

sible remaining con tamination can originate from true D �
particles whic h are still

considered bac kground in this analysis. There are t w o sources of suc h D �
s: particles

that migrate from outside the hadron-lev el visible range in to the visible range at

detector lev el and deca ys of b eaut y mesons.

The magnitude of migration e�ects is estimated using the RAPGAP MC mo del.
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Figure 6.3: The purit y and the stabilit y for the zhem , zjet and z(jet)
hem distributions as

estimated with the RAPGAP and CASCADE MC sim ulations (for HERA I I running

conditions).

Appro ximately 4% of the reconstructed ev en ts w ere generated outside the visible

range on hadron lev el as can b e seen in �gure 6.1. One observ es that the relativ e

1

con tributions due to migrations are almost constan t, and therefore the shap es of the

sp ectra are only sligh tly a�ected. The predicted bac kground is subtracted from the

measured distributions

2

.

The same applies to the D �
con tamination from b eaut y deca ys. This b eaut y-

induced bac kground as predicted b y RAPGAP (see paragraph 5.1.2 for more details)

is sho wn in �gure 6.2 and is subtracted from data.

6.2.2 Purit y and Stabilit y

Purit y and stabilit y ha v e b een de�ned in paragraph 3.4.1. Unfortunately , these

quan tities do not impro v e with increasing statistics. They re�ect detector e�ects

whic h remain the same, indep enden t of the amoun t of collected data. Purit y and

stabilit y are related to migrations in bins b et w een the hadron and the detector

lev el distributions and one requires these migrations to b e reasonably small for the

1

Relativ e with resp ect to the c harm signal.

2

W e do not asso ciate a systematic error to migration-related bac kground, since the in�uence on

the shap es is negligible with resp ect to other systematic errors.
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unfolding metho ds to w ork prop erly

3

. Therefore, the established v alues of purit y

and stabilit y pro vide a constrain t on the p ossible bin widths.

In this w ork the c hoice of the bin limits w as driv en b y t w o ideas. Firstly , w e

require a binning suc h that purit y and stabilit y are nev er b elo w 40%. Secondly , it is

con v enien t to c hose the bin limits suc h that an easy comparison with the previous

analysis is p ossible. Th us, purit y and stabilit y with the binning of the HERA I

analysis w ere studied and the results are sho wn in �gure 6.3. One observ es that

b oth quan tities are nev er smaller than 40%, although the bin limits in the high

zjet =hem region could b e sligh tly rede�ned to mak e the distributions �atter. Since w e

prefer to ha v e the p ossibilit y of an easy comparison with the previous measuremen t,

the presen ted binning is k ept. The actual bin limits are:

zhem and z(jet)
hem distributions : 0:2; 0:4; 0:5; 0:625; 0:75; 0:85; 1:0;

zjet distribution : 0:3; 0:55; 0:7; 0:825; 0:9; 1:0;

6.2.3 Unfolding P arameters

The c hoice of unfolding parameters w as addressed already in paragraph 3.4. Here w e

pro vide more details ab out the regularization for the SVD and the Ba y esian metho d

used for extracting our distributions with the RAPGAP MC mo del. The bin-b y-bin

metho d do es not in v olv e regularization parameters and therefore do es not need an y

further explanations.

Before commen ting on the c hoice of parameters, it is p oin ted out that for b oth

metho ds, SVD and Ba y esian, a resp onse matrix with an additional bin at the lo w er

edge of the sp ectrum ( 0:0 � 0:2 for zhem and 0:0 � 0:3 for zjet ) is used. The added

bin will not b e used later in �ts, b ecause it con tains large bac kground con tamination

and a small signal. It is considered to tak e in to accoun t migrations from this bin to

other bins in the zhem , z(jet)
hem and zjet distributions.

SVD

Within the SVD metho d (see section 3.4.2) the result of the matrix in v ersion is

expressed as a sum of scalar co e�cien ts times basis v ectors with di�eren t frequencies.

W e denote with di these co e�cien ts divided b y their statistical errors with i = 1
referring to the least and i = imax to the most oscillating term . T o ac hiev e a

certain lev el of smo othness in the solution one needs to suppress the highly oscillating

comp onen ts. The most straigh tforw ard w a y of doing this is to suppress those v ectors

whic h ha v e co e�cien ts for whic h jdi j . 1, i.e. one lo oks for the �rst index k suc h that

for j > k one t ypically

4

has jdj j . 1. One then c ho oses the v alue of the regularization

parameter to b e � = s2
k , where sk is the k th singular v alue (see reference [67 ]).

3

Strictly sp eaking, this requiremen t is necessary only for the application of the bin-b y-bin

metho d. One ho w ev er doubts ab out an y unfolding metho d in case of h uge migrations since in

this case the matrix unfolding is usually close to an ill-de�ned problem.

4

The v alues of jdi j are t ypically falling, ho w ev er, dep ending on the concrete problem it migh t

happ en that a high-frequency v ector has a jdj j signi�can tly larger than one.
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Figure 6.4: Co e�cien ts jdi j as function of their index. The c hosen v alues kSVD (zhem) ,

kSVD (zjet ) and kSVD (z(jet)
hem ) are indicated b y arro ws.

This pro cedure w as applied to the fragmen tation observ ables and the corresp onding

resp onse matrices. F rom �gure 6.4 w e obtain for the di�eren t observ ables:

kSVD (zjet ) = 2 ;

kSVD (zhem) = 3 ;

kSVD (z(jet)
hem ) = 3 ;

where w e prefer to giv e the index p osition of the last signi�can t v ector rather than

a hardly in terpretable v alue of the parameter � .

Ba y esian Approac h

A kno wn feature of the Ba y esian iterativ e approac h (see section 3.4.3) is that the

most imp ortan t mo di�cations in unfolded distributions o ccur in the v ery �rst steps,

further steps lead only to sligh t c hanges in progressiv ely unfolded sp ectra

5

. After

a few of iterations the di�erence � 2
k = � 2[dHad: Level; Data

(k) ; dHad: Level; Data
(k+1) ] b et w een t w o

consecutiv e distributions b ecomes small and the solution stabilizes. In our case w e

observ e that for all three observ ables zjet , zhem and z(jet)
hem the result is mainly driv en

b y the �rst iteration, from the second one on w ards the c hanges in distributions are

tin y and v ery close to zero. Th us a �ne-tuning of the n um b er of steps do es not mak e

sense and w e c ho ose for the three observ ables the n um b er of iterativ e steps to b e 3,

i.e.

kBayes(zhem) = kBayes(zjet ) = kBayes(z
(jet)
hem ) = 3 :

6.2.4 T reatmen t of QED Radiativ e Corrections

The used MC mo dels di�er also with resp ect to the implemen tation of QED radi-

ation (see section 1.4.1). The RAPGAP mo del is a v ailable with and without QED

5

See for example page 496 of reference [68 ] where one reads �...one can realize that in most cases

a go o d agreemen t is reac hed after a few iterations�.
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radiation, for CASCADE QED radiation is not implemen ted. This is the reason wh y

the correction pro cedures are not the same for the t w o mo dels. W e study all pre-

sen ted unfolding metho ds (SVD, Ba y es, bin-b y-bin) with the RAPGAP sim ulation

and apply only the bin-b y-bin approac h to the CASCADE mo del. In the case of

RAPGAP , the di�eren t metho ds allo w us to in v estigate the systematic error related

to the unfolding pro cedure. The bin-b y-bin approac h applied to b oth, RAPGAP

and CASCADE, enables us to establish the error related to the MC mo del.

RAPGAP

The unfolding pro cedure is rather straigh tforw ard for the RAPGAP mo del, where

b oth options, with and without QED radiation, are a v ailable. First, the measured

(detector lev el) distribution dDL ; Data
i is unfolded via one of the describ ed metho ds

(SVD, Ba y es or bin-b y-bin) to the radiativ e hadron lev el dHL ; Data ; Rad
i using the re-

sp onse matrix from the radiativ e RAPGAP

6

. Next, the obtained distribution is cor-

rected for radiativ e e�ects applying the bin-b y-bin correction factors

cHL ; RAP ; QED
i =

dHL ; RAP ; Non� Rad
i

dHL ; RAP ; Rad
i

;

determined from radiativ e and non-radiativ e MC sim ulations. One th us has

dHL ; Data ; Non� Rad
i = cHL ; RAP ; QED

i � dHL ; Data ; Rad
i :

The use of the bin-b y-bin metho d in the last step is justi�ed, b ecause the di�er-

ence b et w een the t w o MC distributions do es not in v olv e detector e�ects or di�eren t

ph ysics, only QED radiation. Moreo v er, the co e�cien ts cHL ; RAP ; QED
i are precisely

kno wn due to the high statistics a v ailable in MC sim ulations at hadron lev el.

CASCADE

In CASCADE, QED radiativ e e�ects are not included, and therefore w e estimate

them from RAPGAP . Including the RAPGAP estimates of these e�ects in to the

SVD or Ba y esian unfolding is complicated and th us w e prefer to a v oid it. Hence

w e correct the data with CASCADE using the bin-b y-bin metho d only . F or this

purp ose w e add radiativ e corrections to b oth, detector and hadron lev el CASCADE

distributions, as estimated from RAPGAP

dDL ; CAS; Rad
i = cDL ; RAP

i � dDL ; CAS; Non� Rad
i ; cDL ; RAP

i =
dDL ; RAP ; Rad

i

dDL ; RAP ; Non� Rad
i

and

dHL ; CAS; Rad
i = cHL ; RAP

i � dHL ; CAS; Non� Rad
i ; cHL ; RAP

i =
dHL ; RAP ; Rad

i

dHL ; RAP ; Non� Rad
i

:

6

Here di refers to n um b er of en tries in the i th bin, the same notation as in section 3.4 is used.
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Figure 6.5: Area-normalized and b eaut y-subtracted detector lev el distributions for

zjet , zhem and z(jet)
hem together with c harm MC predictions (all HERA I I).

W e de�ne correction factors to correct the data from the detector lev el to the radia-

tiv e hadron lev el (i.e. �unfolding�)

cDL � HL ; CAS; Rad
i =

dHL ; CAS; Rad
i

dDL ; CAS; Rad
i

and correction factors to correct for QED radiation on the hadron lev el

cHL ; CAS; QED
i =

dHL ; CAS; Non� Rad
i

dHL ; CAS; Rad
i

:

The hadron-lev el data distributions, corrected for QED radiativ e e�ects, can b e

written as

dHL ; Data ; Non� Rad
i = cHL ; CAS; QED

i � cDL � HL ; CAS; Rad
i � dDL ; Data

i ;

or, after simpli�cations, as

dHL ; Data ; Non� Rad
i =

dHL ; CAS; Non� Rad
i

dDL ; CAS; Non� Rad
i

�
dDL ; RAP ; Non� Rad

i

dDL ; RAP ; Rad
i

� dDL ; Data
i ;

where all ratios are calculated with the help of MC mo dels at detector or hadron

lev el and with or without QED radiativ e e�ects.

6.2.5 Hadron Lev el Unfolded Distributions

The information presen ted so far allo ws us to correct the measured data to hadron

lev el and obtain normalized di�eren tial cross sections in zjet , zhem and z(jet)
hem . The

measured sp ectra at detector lev el together with their predictions from RAPGAP

and CASCADE are sho wn in �gure 6.5. The description of the data b y the MC

mo dels is not p erfect, whic h is not completely unexp ected, since the mo dels ha v e

not b een tuned with resp ect to the fragmen tation parameters. Extraction of optimal
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Figure 6.6: Area-normalized distributions for zjet , zhem and z(jet)
hem corrected to hadron

lev el (all HERA I I) using di�eren t unfolding metho ds with statistical errors only .

The meaning of the legend nomenclature is as follo ws: Rap. = RAPGAP , Cas.

= CASCADE, BBB = bin-b y-bin unfolding, BA Y = unfolding based on Ba y esian

approac h, SVD = SVD unfolding.
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fragmen tation parameters is what w e are aiming for in this thesis. The sp ectra

corrected to hadron lev el using di�eren t unfolding metho ds are presen ted in the

�gure 6.6. One observ es that the results obtained with di�eren t metho ds agree w ell

with eac h other in the case of zjet , the agreemen t is less go o d in the case of zhem

and z(jet)
hem . The di�erences are not alw a ys co v ered b y the statistical errors. F or our

�nal results w e mak e use of the sp ectra (data p oin ts and their statistical errors)

obtained via the SVD metho d. This metho d is exp ected (b y construction - it tak es

in to accoun t migrations) to b e b etter than the bin-b y-bin approac h, and its b eha vior

with resp ect to the regularization seems to b e more appropriate than in the case of

the Ba y esian pro cedure (the latter one ha ving small sensitiv eness to the v alue of the

regularization parameter).

The last step to w ards the �nal results requires the ev aluation of systematic errors.

6.3 Systematic Errors

Systematic errors result from imp erfect kno wledge of detector e�ects and inexact

reconstruction and measuremen t metho ds. Most of them are studied using the

RAPGAP MC mo del. A quan tit y under consideration ma y b e v aried in the MC

sim ulation within its systematic uncertain t y and the resp onse matrix is ev aluated.

Using this resp onse matrix the data are corrected to hadron lev el via the regular-

ized SVD unfolding. The c hanges in the resulting distribution with resp ect to the

nominal distribution are tak en as systematic error due to the uncertain t y of that

quan tit y . Other systematic uncertain ties are ev aluated using the data. In the latter

case one in v estigates the impact of using an alternativ e data treatmen t (for example

a di�eren t signal extraction or a di�eren t unfolding metho d) on the fragmen tation

sp ectra.

W e consider systematic errors related to uncertain ties in:

� signal extraction,

� unfolding metho d,

� mo del dep endence,

� trigger e�ciency ,

� electron energy ,

� electron � ,

� energy loss dE=dx,

� hadronic energy scale,

� trac k momen ta,

� b eaut y con tribution to the D �
pro duction and
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Figure 6.7: In an alternativ e approac h, the D �
signal is estimated as di�erence

b et w een the hatc hed (red) and c hec k ered (blue) area. The latter is divided b y a

normalization factor determined from the �t (blac k line).

� resolv ed photon comp onen t.

In the follo wing, w e brie�y describ e the ev aluation of systematic errors related to

eac h individual source. The n umerical v alues for eac h bin in zjet , zhem and z(jet)
hem will

b e giv en in summary tables at the end of this section.

6.3.1 Determination of Systematic Uncertain ties

Signal Extraction

T o ev aluate the uncertain t y in the n um b er of D �
mesons due to our nominal signal

extraction pro cedure, w e consider an equally reasonable alternativ e metho d and

compare the results. Since w e do not w an t the statistical uncertain ties to in�uence

the outcome, w e do not in v estigate the di�erences b et w een the t w o metho ds in eac h

bin of zjet =hem . Therefore w e study the t w o approac hes using the inclusiv e 4 M
sp ectrum, where the statistical errors are small and hence their in�uence on the

result of the �t.

The alternativ e pro cedure that w e adopt can b e summarized in the follo wing

steps:

� A sim ultaneous �t on the righ t-c harge and wrong-c harge bac kground is p er-

formed, whereb y the signal region in the righ t-c harge sp ectrum is ignored in

the �t. The �t function is

f 0(x) = f bg(xRC ) + k f bg(xWC ); x = � M

where f bg(x) = Nbg(x � m� )�
and k is a m ultiplicativ e factor (a free parameter,

together with Nbg and � ) whic h is in tro duced in order to normalize the wrong-

c harge bac kground to the righ t-c harge one.
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Figure 6.8: Comparison of t w o signal extraction metho ds.

� The (scaled) n um b er of en tries in the signal region of the wrong-c harge sp ec-

trum is subtracted from the n um b er of en tries in the signal region of the righ t-

c harge sp ectrum and the result is considered as the extracted n um b er of D �

mesons.

� The n um b er from the previous step is compared to the n um b er obtained using

the double-Gaussian function and the relativ e error is calculated as

� sys:(ND � ) =

�
�N Gauss

D � � N Sub:
D �

�
�

N Gauss
D �

:

� These uncertain ties are assigned to eac h bin of the resp ectiv e observ able dis-

tribution.

This pro cedure is illustrated in �gure 6.7.

W e also in v estigated the t w o signal extraction metho ds in bins of zjet =hem in order

to lo cate p ossible correlations b et w een them. If the relativ e di�erence b et w een the

t w o metho ds is constan t in bins of an observ able then the uncertain t y extracted

from the inclusiv e � M sp ectrum ma y b e an o v er-estimate since w e study the shap e

of the sp ectra, not their absolute normalization. The results are sho wn in �gure

6.8 and one observ es that a systematic shift is indeed presen t, although not in all

bins. One ho w ev er also sees signi�can t di�erences at lo w zjet =hem v alues, bigger than

what is exp ected from the inclusiv e estimate. These di�erences can b e ascrib ed to a

large exten t to statistical �uctuations that ha v e in�uenced the result of the �t or the

subtraction. Th us, w e consider the estimate coming from the inclusiv e data sample

as more reliable, not o v er-estimating the uncertain t y and w e adopt it.

Unfolding Metho d

F or the extraction of a systematic error related to the unfolding pro cedure w e tak e a

rather straigh tforw ard approac h. W e consider the three used metho ds (bin-b y-bin,

SVD and Ba y esian approac h) and for eac h bin in eac h of the zhem=jet distributions
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w e de�ne the systematic error as

� sys:
Unfold :(di ) =

1
2

[max(dBBB
i ; dSVD

i ; dBAY
i ) � min(dBBB

i ; dSVD
i ; dBAY

i )];

where di refers to the n um b er of en tries in a giv en bin. The error is scaled when the

normalized cross sections

1
� vis

d� vis
dzhem =jet

are presen ted.

Mo del Dep endence

The use of t w o di�eren t mo dels - RAPGAP and CASCADE - allo ws us to estimate

the corresp onding systematic uncertain t y . Unfortunately , the una v ailabilit y of QED

radiation in CASCADE mak es the SVD and the Ba y esian unfolding di�cult to p er-

form and therefore w e do not use these unfolding metho ds here. Th us, to ev aluate

the uncertain t y of our results related to the mo del, w e rely on the bin-b y-bin correc-

tion pro cedure as describ ed in paragraph 6.2.4. On one hand this approac h migh t b e

inconsisten t to some exten t with the SVD unfolding for our nominal results, on the

other hand the p ossible bias is exp ected to b e partially canceled, since w e use the

bin-b y-bin metho d for b oth, RAPGAP and CASCADE. In this con text, w e are not

in terested in the unfolded distributions themselv es, but only in v ariations b et w een

the obtained distributions using the t w o mo dels. Th us w e exp ect the bin-b y-bin

pro cedure to pro vide rather conserv ativ e estimates for the mo del uncertain t y . One

half of the di�erence in eac h bin b et w een the (bin-b y-bin) corrected distributions b y

RAPGAP and CASCADE is tak en as mo del-related systematic uncertain t y of the

results.

T rigger E�ciencies

The uncertain ties in the trigger ine�ciencies are estimated from the plots presen ted

in section 5.2. The uncertain t y is calculated as luminosit y-w eigh ted a v erage of (re-

maining

7

) trigger ine�ciencies o v er the �v e running p erio ds. An a v erage global

error is assigned to all bins of all distributions in case of the Spacal triggers. A

bin-dep enden t error is applied in case of the trac king trigger ine�ciencies. In the

latter case the uncertain t y re�ects the remaining ine�ciency that is still visible after

the rew eigh ting pro cedure. The trigger-related systematic uncertain ties are small in

comparison to other systematic uncertain ties.

Electron Energy

The uncertain t y of the energy of the scattered electron can b e estimated from the

double-ratio plot presen ted in �gure 5.10. One observ es that at lo w energies the de-

viation of the MC description reac hes 4%, at higher energies it is of the order of 1%.

Th us w e apply to our detector sim ulation a linear energy-dep enden t v ariation, start-

ing with � 4% for Eelec: = 11:0 GeV and going do wn to � 1% for Eelec: = 27:6 GeV.

7

In case of the trac k trigger.
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Figure 6.9: Energy-loss distribution for all selected trac ks in ev en ts en tering the � M
distribution (data).

This v ariation is considered safe and conserv ativ e, since the deviation at lo w er en-

ergies also receiv es con tribution from inaccuracies of the double-angle metho d (see

section 5.4.1). Moreo v er, detailed studies ([74 , 76]) w ere done for the HERA I p e-

rio d, the results of whic h ha v e also some signi�cance for HERA I I, since the detector

(Spacal) is the same apart from a reduced acceptance at small radii from the b eam

axis. These results supp ort our estimates as b eing conserv ativ e.

Applying these v ariations and correcting the data with the mo di�ed MC sim u-

lation, w e de�ne the errors as the di�erence b et w een the obtained distributions and

the nominal ones obtained with the nominal MC mo del.

Electron Scattering Angle

The angular resolution of the BPC is appro ximately 4 � elec: � 0:5 mrad and that of

the Spacal is 4 � elec: � 1 mrad. A large n um b er of scattered electrons is ho w ev er

detected outside the BPC geometrical acceptance. An additional uncertain t y of

the order of 4 � elec: � 0:8 mrad due to misalignmen t is asso ciated with the BPC

measuremen t. Th us, preferring a conserv ativ e estimate, w e v ary the electron angle

in the MC detector sim ulations b y 4 � elec: = � 1 mrad. The pro cedure for extracting

the resulting uncertain t y is the same as in the previous cases.

Energy Loss

The uncertain t y of the particle energy loss for the D �
- daugh ter particles is estimated

in the follo wing w a y . F rom the distribution

8

of dE=dx for all selected trac ks in data

ev en ts that en ter the 4 M plot (�gure 6.9) one estimates the dE=dx measuremen t

resolution. The relativ e resolution is appro x. 13% and v ariations (up w ards and

do wn w ards) of this magnitude w ere applied to the MC dE=dx v alues.

W e observ e that in all bins of zjet , zhem and z(jet)
hem distributions the extracted

8

This distribution is just the pro jection on the v ertical axis of the t w o-dimensional plot from

�gure 4.5.



6.3. SYSTEMA TIC ERR ORS 109

Figure 6.10: Double-ratio plot for transv erse momen tum pT measured as function

of Q2
for hadronic �nal state and for the scattered electron in b oth, data and MC

mo dels.

relativ e error is negligible in comparison to other systematic errors, and th us it is

neglected in summary tables.

Hadronic Energy Scale

The estimated uncertain t y of the hadronic energy measuremen t is essen tially based

on the double-ratio plot in �gure 6.10. It sho ws the comparison of data to MC

sim ulations with resp ect to the pT balance b et w een the scattered electron and the

hadronic �nal state. The displa y ed quan tit y

(P Had :
T =PElec :

T )Data

(P Had :
T =PElec :

T )MC
is indep enden t of the

ph ysics mo del

9

and th us re�ects the measuremen t biases. The plot suggests an

uncertain t y of the order of 4%. This v alue can b e considered as safe uncertain t y

estimate and is supp orted b y HERA I analyses (the calorimeters remained the same

in HERA I I), see for example reference [77]. T o accoun t for the w orse hadronic

energy measuremen t in the Spacal compared to the Liquid Argon Calorimeter, w e

apply di�eren t shifts for hadrons measured in these t w o detectors. The calorimetric

energy

10

of hadronic ob jects is then v aried b y � 4% for the LAr Calorimeter and

� 7% for the Spacal. The systematic uncertain ties asso ciated with the hadronic

energy scale w ere de�ned in a similar w a y to previous cases.

T rac k Momen ta

The v ariation in tac k momen ta of the D �
- daugh ter particles w as tak en to b e � 0:5%

[78 ].

9

In ev ery mo del momen tum conserv ation implies the balance in transv erse momen ta.

10

In man y cases the energy is tak en from the trac k information. In this case the v ariation is not

done.
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Beaut y Con tribution to D �
meson pro duction

The b eaut y fraction w as raised b y 100 % (doubled) with resp ect to the default v alue

predicted b y the RAPGAP mo del. The impact of this v ariation on the unfolded

sp ectra de�nes the corresp onding systematic uncertain t y . A do wn w ard v ariation of

the b eaut y con tribution is not supp orted b y existing studies in b eaut y ph ysics and

w as therefore not done.

Resolv ed Photon Comp onen t

The last systematic uncertain t y tak en in to accoun t is the resolv ed photon comp o-

nen t. It w as so far neglected in our fragmen tation study and in order to ev aluate

the impact of a p ossible resolv ed photon con tribution, w e in v estigate its e�ect b y

sim ulating resolv ed pro cesses at the lev el as predicted b y RAPGAP . Ho w ev er, a

complication in unfolding arises, since QED radiativ e e�ects are not a v ailable when

sim ulating resolv ed con tribution with RAPGAP . T o o v ercome this di�cult y the bin-

b y-bin pro cedure w as adopted. Although this do es not seem to b e fully consisten t

with the nominal pro cedure based on the SVD approac h, w e exp ect the systematic

bias in tro duced b y this approac h to cancel in large parts, b ecause w e apply the bin-

b y-bin pro cedure to b oth, the nominal direct-only MC mo del as w ell as to the MC

sim ulation including also a resolv ed photon comp onen t. The correction of QED ra-

diativ e e�ects for the resolv ed con tribution is done in a similar w a y as for CASCADE

(see section 6.2.4). The systematic uncertain ties due to the additional resolv ed con-

tribution are de�ned as di�erences b et w een the bin-b y-bin corrected sp ectra using

the direct-only MC ev en ts in one case and using a mixture of direct and resolv ed

ev en ts in the other.

6.3.2 Summary of Statistical and Systematic Uncertain ties

The three follo wing summary tables con tain the n umerical v alues for the statisti-

cal and systematic uncertain ties. They w ere obtained as describ ed in the previous

section. Systematic uncertain ties whic h are correlated b et w een di�eren t bins of the

extracted distributions are visualized in the plots of app endix B.
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zjet in terv al 0.3 - 0.55 0.55 - 0.7 0.7 - 0.825 0.825 - 0.9 0.9 - 1.0

Statistical error 1.80 % 1.12 % 0.18 % 1.04 % 2.04 %

Signal extraction 4.49 % 4.49 % 4.49 % 4.49 % 4.49 %

Unfolding uncertain t y 9.28 % 2.97 % 0.90 % 2.38 % 1.53 %

Mo del dep endence 3.54 % 0.19 % 1.22 % 0.20 % 1.05 %

Spacal trigger e�ciency 0.64 % 0.64 % 0.64 % 0.64 % 0.64 %

T rac k trigger e�ciency 0.27 % < 0.01 % < 0.01 % 1.54 % 0.49 %

Electron energy [+ (4 - 1) %] 0.47 % 0.16 % -0.04 % -0.07 % -0.38 %

Electron energy [- (4 - 1) %] -0.66 % -0.20 % 0.07 % 0.37 % 0.30 %

Electron � [+1.0 mrad] 0.04 % < 0.01 % -0.01 % 0.05 % -0.05 %

Electron � [-1.0 mrad] -0.01 % > -0.01 % -0.01 % 0.01 % 0.01 %

Had. energy scale [+ 4 %Lar : , + 7 %Spa: ] -0.70 % -0.42 % -0.04 % 0.38 % 0.71 %

Had. energy scale [- 4 %Lar : , - 7 %Spa: ] 0.65 % 0.41 % 0.03 % -0.37 % -0.70 %

T rac k momen ta [+0.5 %] 0.41 % 0.24 % 0.03 % -0.21 % -0.43 %

T rac k momen ta [-0.5 %] -0.28 % -0.17 % > 0.01 % 0.14 % 0.29 %

Beaut y fraction [+100 %] -0.42 % -0.25 % -0.02 % 0.22 % 0.43 %

Resolv ed con tribution 2.85 % 0.53 % -0.59 % -0.88 % -1.22 %

T able 6.1: Statistical and systematic errors for bins of zjet distribution.
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zhem in terv al 0.2 - 0.4 0.4 - 0.5 0.5 - 0.625 0.625 - 0.75 0.75 - 0.85 0.85 - 1.0

Statistical error 4.03 % 2.63 % 1.58 % 2.04 % 2.32 % 3.02 %

Signal extraction 4.49 % 4.49 % 4.49 % 4.49 % 4.49 % 4.49 %

Unfolding uncertain t y 10.83 % 10.93 % 2.78 % 3.75 % 6.21 % 6.19 %

Mo del dep endence 0.85 % 2.21 % 1.42 % 0.15 % 2.31 % 1.17 %

Spacal trigger e�ciency 0.64 % 0.64 % 0.64 % 0.64 % 0.64 % 0.64 %

T rac k trigger e�ciency 0.60 % 1.09 % 0.02 % 1.05 % 0.12 % 0.79 %

Electron energy [+ (4 - 1) %] 2.41 % 1.23 % 0.50 % -0.18 % -0.89 % -1.61 %

Electron energy [- (4 - 1) %] -2.78 % -1.69 % -0.88 % 0.12 % 1.31 % 2.26 %

Electron � [+1.0 mrad] -0.13 % -0.09 % -0.07 % -0.01 % 0.08 % 0.15 %

Electron � [-1.0 mrad] 0.12 % 0.14 % 0.07 % > -0.01 % -0.09 % -0.15 %

Had. energy scale [+ 4 %Lar : , + 7 %Spa: ] -3.29 % -2.62 % -1.40 % 0.36 % 1.88 % 2.84 %

Had. energy scale [- 4 %Lar : , - 7 %Spa: ] 3.36 % 2.74 % 1.55 % -0.35 % -2.05 % -2.97 %

T rac k momen ta [+0.5 %] 0.39 % 0.40 % 0.26 % -0.04 % -0.30 % -0.43 %

T rac k momen ta [-0.5 %] -0.34 % -0.28 % -0.23 % > -0.01 % 0.22 % 0.45 %

Beaut y fraction [+100 %] -2.53 % -1.72 % -0.55 % 0.56 % 1.09 % 1.24 %

Resolv ed con tribution [switc hed ON] 2.11 % 0.38 % -0.23 % -1.01 % -0.43 % 0.58 %

T able 6.2: Statistical and systematic errors for bins of zhem distribution.
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z(jet)
hem in terv al 0.2 - 0.4 0.4 - 0.5 0.5 - 0.625 0.625 - 0.75 0.75 - 0.85 0.85 - 1.0

Statistical error 4.29 % 2.63 % 1.61 % 2.99 % 3.72 % 5.12 %

Signal extraction 4.49 % 4.49 % 4.49 % 4.49 % 4.49 % 4.49 %

Unfolding uncertain t y 11.17 % 3.97 % 4.35 % 2.13 % 3.01 % 1.58 %

Mo del dep endence 3.41 % 0.21 % 0.87 % 0.35 % 0.92 % 2.46 %

Spacal trigger e�ciency 0.64 % 0.64 % 0.64 % 0.64 % 0.64 % 0.64 %

T rac k trigger e�ciency 0.62 % < 0.01 % 0.06 % 0.32 % 0.94 % 0.68 %

Electron energy [+ (4 - 1) %] 0.67 % 0.13 % -0.04 % -0.17 % -0.29 % -0.13 %

Electron energy [- (4 - 1) %] -0.55 % 0.17 % 0.28 % 0.06 % -0.32 % 0.03 %

Electron � [+1.0 mrad] 0.13 % > -0.01 % -0.01 % -0.04 % -0.060 % 0.03 %

Electron � [-1.0 mrad] -0.01 % 0.03 % 0.05 % 0.01 % -0.09 % -0.04 %

Had. energy scale [+ 4 %Lar : , + 7 %Spa: ] -2.73 % -2.05 % -0.87 % 0.77 % 2.41 % 3.63 %

Had. energy scale [- 4 %Lar : , - 7 %Spa: ] 2.84 % 2.19 % 0.99 % -0.94 % -2.68 % -3.50 %

T rac k momen ta [+0.5 %] 0.79 % 0.67 % 0.28 % -0.31 % -0.78 % -0.91 %

T rac k momen ta [-0.5 %] -0.86 % -0.60 % -0.29 % 0.32 % 0.74 % 0.94 %

Beaut y fraction [+100 %] -2.13 % -1.42 % -0.33 % 0.81 % 1.47 % 1.73 %

Resolv ed con tribution [switc hed ON] 4.10 % 1.02 % -0.07 % -1.65 % -1.68 % -1.54 %

T able 6.3: Statistical and systematic errors for bins of z(jet)
hem distribution.
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Chapter 7

Results

7.1 Hadron Lev el Sp ectra with Statistical and Sys-

tematic Errors

The zhem , zjet and z(jet)
hem distributions corrected to hadron lev el together with their

statistical and systematic errors are one of the main results of this w ork, exploiting

the four y ears long data taking p erio d at the HERA I I collider. The n um b ers of

reconstructed D �
mesons for the whole HERA I I running p erio d are sho wn in table

7.1. The di�eren tial cross sections for the D �
meson pro duction normalized to the

visible total cross section within the zjet =hem -range displa y ed in the resp ectiv e sub-

�gures are presen ted in �gure 7.1 and the n umerical v alues can b e found in table 7.2.

The visible range is de�ned b y Q2 > 5 GeV2
, 0:05 < y < 0:6, 1:5 GeV < pT (D � ) <

15:0 GeV, j� (D � )j < 1:5, and additionally for zjet and z(jet)
hem b y ET (D � jet) > 3:0 GeV.

The di�eren t sources of systematic errors are considered as uncorrelated for eac h

histogram bin. They are added in quadrature with the corresp onding statistical

uncertain t y . If for a giv en error source t w o uncertain t y estimates are a v ailable (one

coming from an up w ard and the other from a do wn w ard v ariation of the quan tit y in

consideration) then the a v erage of their absolute v alues is tak en. One should also b e

a w are of the fact that correlations b et w een di�eren t bins exist, but that they cannot

b e seen in �gure 7.1 and in table 7.2. These correlations ho w ev er are tak en in to

accoun t in the follo wing section, where the corresp onding co v ariance matrices are

presen ted and �ts of fragmen tation functions using the unfolded distributions are

p erformed.

7.2 Extraction of F ragmen tation P arameters

The measured normalized D �
cross sections in zjet , zhem and z(jet)

hem allo w us to ex-

tract parameters for di�eren t parametrizations of the c harm quark fragmen tation

function. This analysis is p erformed in the framew ork of the Lund String fragmen-

tation mo del that is implemen ted in PYTHIA, whic h has b een in terfaced to b oth,

RAPGAP and CASCADE. The parametrizations in v estigated are the ones b y P e-

115
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Figure 7.1: The di�eren tial cross sections for the D �
meson pro duction normalized

to the visible total cross section for zjet , zhem and z(jet)
hem . T otal errors are sho wn,

statistical uncertain ties are denoted b y short horizon tal lines. The di�eren t b eha vior

of zjet distribution with resp ect to the t w o other distributions in the highest bin is

caused b y reconstructed jets con taining only the D �
particle. F or suc h jets zjet = 1:0.
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zjet 0.3 - 0.55 0.55 - 0.7 0.7 - 0.825 0.825 - 0.9 0.9 - 1.0

# D �
930 1819 2175 1146 1941

zhem 0.2 - 0.4 0.4 - 0.5 0.5 - 0.625 0.625 - 0.75 0.75 - 0.85 0.85 - 1.0

# D �
1474 1869 3095 3981 3128 3010

z(jet)
hem 0.2 - 0.4 0.4 - 0.5 0.5 - 0.625 0.625 - 0.75 0.75 - 0.85 0.85 - 1.0

# D �
1076 1197 1813 1944 1183 924

T able 7.1: Num b er of reconstructed D �
mesons in bins of zjet , zhem and z(jet)

hem for all

of the HERA I I data.

zjet 0.3 - 0.55 0.55 - 0.7 0.7 - 0.825 0.825 - 0.9 0.9 - 1.0

1
� vis :

d� vis :
dzjet

0.480 1.735 2.177 1.748 2.127

Stat. err. 0.009 0.019 0.004 0.018 0.043

Syst. err. 0.054 0.095 0.105 0.095 0.101

T otal err. 0.055 0.097 0.105 0.097 0.118

zhem 0.2 - 0.4 0.4 - 0.5 0.5 - 0.625 0.625 - 0.75 0.75 - 0.85 0.85 - 1.0

1
� vis :

d� vis :
dzhem

0.455 1.080 1.631 1.942 1.852 0.997

Stat. err. 0.018 0.029 0.026 0.040 0.043 0.030

Syst. err. 0.059 0.136 0.094 0.119 0.156 0.086

T otal err. 0.062 0.139 0.098 0.125 0.162 0.091

z(jet)
hem 0.2 - 0.4 0.4 - 0.5 0.5 - 0.625 0.625 - 0.75 0.75 - 0.85 0.85 - 1.0

1
� vis :

d� vis :

dz(jet)
hem

0.618 1.456 1.962 1.866 1.322 0.635

Stat. err. 0.027 0.038 0.032 0.056 0.049 0.033

Syst. err. 0.085 0.097 0.126 0.101 0.087 0.044

T otal err. 0.089 0.104 0.130 0.116 0.100 0.055

T able 7.2: The di�eren tial cross sections for the D �
meson pro duction normalized to

the visible total cross section and their uncertain ties in bins of zjet , zhem and z(jet)
hem .
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a) RAPGAP direct

b) CASCADE

Figure 7.2: Cross-c hec k of the rew eigh ting pro cedure for ev en ts generated using

RAPGAP direct and CASCADE. Ev en ts are pro duced using the P eterson function

with " = 0:04 and Q2 > 1 GeV and are rew eigh ted to other parametrizations ( " =
0:02 for P eterson and � = 6:0; 3:0 for Kartv elish vili). Graphs of the P eterson and

Kartv elish vili functions themselv es are also sho wn (dotted lines); they matc h w ell

with the rew eigh ted distributions (an appropriate normalization w as c hosen).

terson and Kartv elish vili. They dep end on a single parameter. The extraction of

fragmen tation parameters is based on calculating � 2
from the measured data and the

MC distributions, eac h MC distribution corresp onding to a di�eren t fragmen tation

parameter. First, the pro duction of MC distributions with di�eren t fragmen tation

parameters is explained, next the � 2
metho d and the obtained results are presen ted.

7.2.1 Rew eigh ting of Mon te Carlo Mo dels in zgen

In order to extract fragmen tation parameters one needs to ha v e a large n um b er

of hadron-lev el MC distributions, with negligible statistical error, corresp onding to

di�eren t fragmen tation functions in order that the minimization pro cedure using

the � 2
metho d w orks prop erly and the optimal parameter as w ell as its error can

b e determined reliably . A straigh tforw ard w a y of ful�lling this requiremen t w ould

b e to run the MC sim ulation man y times, eac h time with a di�eren t fragmen tation

parameter. Ev en though no detector sim ulation is needed for our purp ose, this
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pro cedure still requires a large amoun t of computing time. This is the reason wh y a

di�eren t approac h w as c hosen. Let us denote the relev an t MC quan tit y used in the

string breaking as zgen. The MC programs w ere mo di�ed suc h that the relev an t v alues

of zgen w ere written in to an output bank (gki bank). Then just one high statistics MC

run w as made with the P eterson parametrization and the parameter " = 0:04. The

zjet , zhem and z(jet)
hem distributions (at hadron lev el, with all visible range requiremen ts)

for di�eren t fragmen tation functions w ere then obtained b y rew eigh ting the generated

MC ev en ts with resp ect to zgen. This pro cedure w as constructed suc h that, after the

rew eigh ting, the zgen distribution follo ws the analytical shap e of the P eterson function

with the c hosen v alue for the parameter " or the Kartv elish vili function with a c hosen

� . This pro cedure has sev eral nice features: it is quic k, �exible and, in addition,

it enables us to cross-c hec k our understanding of the implemen tation of the Lund

String fragmen tation in MC programs and observ e that the initial zgen distribution

indeed follo ws the P eterson function with " = 0:04.

The rew eigh ting pro cedure w as tested. F or that purp ose ev en ts w ere generated

with the P eterson fragmen tation function and " = 0:04. W e required Q2 > 1 GeV2
,

whic h w as needed b ecause of the steeply rising cross section at lo w Q2
; the absence

of this cut w ould lead to a large n um b er of ev en ts lying outside the visible range.

This requiremen t migh t ha v e an impact on the shap e of the zgen distribution and

can, in principle, in terfere with the rew eigh ting pro cedure. Ho w ev er, the results

presen ted in �gure 7.2 indicate a negligible in�uence. The �gure also illustrates that

the initial zgen distributions (for RAPGAP and CASCADE) indeed follo w w ell the

P eterson fragmen tation function with " = 0:04 (a small bias can b e explained b y the

Q2
cut) and that after rew eigh ting the zgen distributions resp ect the functions they

w ere rew eigh ted to.

When extracting fragmen tation parameters using RAPGAP , resolv ed ev en ts w ere

tak en in to accoun t to o, since these ev en ts ha v e sligh tly di�eren t zjet , zhem and z(jet)
hem

sp ectra. The same rew eigh ting pro cedure w as applied, and direct and resolv ed ev en ts

w ere com bined with resp ect to their cross sections as predicted b y the MC mo del.

This com bination w as then used in the � 2
metho d.

7.2.2 � 2
Metho d and Extracted F ragmen tation P arameters

Metho d of � 2
Ev aluation

The optimal fragmen tation parameters are determined via a � 2
comparison b et w een

the generated MC distributions and the measured data. Since the unfolding in tro-

duces correlations of statistical uncertain ties among di�eren t histogram bins, and

since some of the systematic errors are also correlated, instead of the simple � 2

form ula an expression with the full co v ariance matrix is used:

� 2(A) = uT (A)C � 1u(A) ;

where A denotes the used fragmen tation parameter ( A = "; � ), u a v ector with the

n um b er of bins as length ui = zData
i � zMC

i (A) and C the co v ariance matrix related
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to the statistical and systematic errors. C is the sum of three matrices:

C = X stat :
corr : + Y sys:

corr : + Z sys:
uncorr :;

where X stat :
corr : , Y sys:

corr : and Z sys:
uncorr : are the co v ariance matrices corresp onding to the cor-

related statistical errors, the correlated systematic and the uncorrelated systematic

errors, resp ectiv ely .

The matrices X stat :
corr : for eac h of the three observ ables zjet , zhem and z(jet)

hem are

obtained follo wing the prescription giv en in section 6 of reference [67 ] :

� zjet :

X stat :
corr : =

0

B
B
B
B
@

1135 1500 164:6 � 678:4 � 2164
1500 1992 237 � 896:9 � 2889
164:6 237 58:91 � 99:16 � 367:5

� 678:4 � 896:9 � 99:16 405:9 1294
� 2164 � 2889 � 367:5 1294 4209

1

C
C
C
C
A

;

� zhem :

X stat :
corr : =

0

B
B
B
B
B
B
@

23380 13940 � 522:2 � 21490 � 15230 � 8303
13940 9890 3647 � 12390 � 11810 � 7905

� 522:2 3647 11660 4136 � 7806 � 10310
� 21490 � 12390 4136 25590 11350 346
� 15230 � 11810 � 7806 11350 15830 12600
� 8303 � 7905 � 10310 346 12600 16090

1

C
C
C
C
C
C
A

;

� z(jet)
hem :

X stat :
corr : =

0

B
B
B
B
B
B
@

10810 5916 � 1988 � 9981 � 5644 � 2713
5916 3848 255:9 � 5540 � 3973 � 2366

� 1988 255:9 3980 2421 � 1380 � 2421
� 9981 � 5540 2421 10780 4773 828:1
� 5644 � 3973 � 1380 4773 4636 3335
� 2713 � 2366 � 2421 828:1 3335 4128

1

C
C
C
C
C
C
A

:

These matrices need to b e further mo di�ed for t w o reasons. Firstly , the n umerical

v alue of a giv en matrix elemen t re�ects the n um b er of ev en ts, but when comparing

the area-normalized distributions of the data with those of the MC mo dels, w e need

to scale the matrices so that the diagonal elemen ts corresp ond to the squares of the

established statistical errors. Secondly , the distributions obtained via unfolding ha v e

b een further mo di�ed

1

, together with their statistical errors, and consequen tly an

inconsistency has b een in tro duced b et w een the diagonal elemen ts of the presen ted

matrices and the �nal statistical errors. Therefore, it is not p ossible to scale the

matrices b y a single scalar factor to matc h the diagonal elemen ts and the statistical

errors, but one needs to de�ne bin-dep enden t scaling factors s2
i = X ii =� 2

i suc h that

1

The bin-b y-bin radiativ e corrections w ere applied.
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a giv en matrix elemen t is scaled b y X ij �! X ij =si sj . This means that the diagonal

matrix elemen ts are b y construction set to the correct v alues. T o mak e sure, that this

pro cedure do es not in tro duce a bias, the ratios si =sj w ere calculated for all scaling

factors. It w as found that they are alw a ys close to one, meaning that the applied

pro cedure is not v ery di�eren t from one using a scalar normalization factor.

The co v ariance matrix Y sys:
corr : of the correlated systematic errors of a giv en ob-

serv able is de�ned as the sum of matrices con taining the di�eren t systematic error

sources, Y sys:
corr : =

P
k Y k

(see tables 6.1, 6.2 and 6.3). W e considered that a correla-

tion b et w een di�eren t bins exists for the uncertain ties related to the electron energy

and azim uthal angle � , the hadronic energy scale and the trac k momen ta, and the

b eaut y and resolv ed con tributions. The plots in app endix B sho w a simple t yp e of

correlation - the bins on opp osite sides of the histograms are an ticorrelated with an

appro ximately linear dep endence. Th us, w e de�ne

2

the co v ariance matrix elemen ts

to b e Y k
ij = #ij � sys: corr :

i � sys: corr :
j , where #ij giv es the sign ( � 1) of the pro duct � up

i � � up
j ,

where � up
i and � up

j corresp ond to the uncertain ties of bin i and j estimated b y the

up v ariation of the resp ectiv e quan tit y .

The diagonal elemen ts of the co v ariance matrix for uncorrelated systematic errors

of a giv en t yp e is de�ned as Z k
ii = ( � sys: uncorr :

i )2
, the o�-diagonal elemen ts are set to

zero.

Fits and F ragmen tation P arameters

The metho d describ ed ab o v e allo ws us to determine the dep endence of � 2
on the

fragmen tation parameters, the resulting plots are presen ted in app endix C. The

obtained p oin ts are �tted b y a parab ola in the region near the � 2
minim um, and the

minim um of the parab ola de�nes the b est �t v alue for the extracted parameter. The

error on this parameter is determined b y a v ariation of the parameter leading to a

rise of � 2
b y 1. The comparison of the data and the MC predictions with near-to-

optimal parameters

3

is sho wn in �gure 7.3, and the n umerical results are presen ted

in table 7.3.

7.3 Results from e+ e�
Exp erimen ts

4

F ragmen tation univ ersalit y is an imp ortan t and still op ened issue that requires fur-

ther studies. In this section w e fo cus on the results of three e+ e�
exp erimen ts,

BELLE [65], CLEO [64 ] and ALEPH [63 ] and extract the optimal P eterson frag-

men tation parameter. These three exp erimen ts studied c harm fragmen tation in to D �

mesons, BELLE and CLEO at energies close to b�b pro duction threshold ( � 10:52�
10:58 GeV) and ALEPH at energies corresp onding to the Z resonance ( 91:2 GeV).

2

If for a giv en bin t w o estimates of the systematic error � sys: corr :
i; 1 and � sys: corr :

i; 2 are a v ailable

(v ariation up and do wn), w e use � sys: corr :
i = 1

2

� �
� � sys: corr :

i; 1

�
� +

�
� � sys: corr :

i; 2

�
� �

.

3

The parameters used to pro duce the sho wn MC distributions corresp ond to the MC settings

that lead to the p oin ts lying next to the parab ola minim um, see app endix C.

4

The w ork presen ted in this section w as done with the help of Thomas Lübb ert, a DESY summer

studen t in 2007 whom Dr. Grindhammer and I w ere sup ervising, see [79 ].
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Figure 7.3: Comparison of data and MC distributions, the MC predictions w ere

pro duced with near-to-optimal parameters.

zjet P arameter ( �; " ) � 2=n:d:f:

P eterson's "
Rap.: " = 0:0285� 0:0028

Cas.: " = 0:0273� 0:0027
5.28/3 = 1.76

10.43/3 = 3.48

Kartv elish vili's �
Rap.: � = 4:88� 0:23

Cas.: � = 5:08� 0:24
2.71/3 = 0.90

5.89/3 = 1.97

zhem P arameter ( �; " ) � 2=n:d:f:

P eterson's "
Rap.: " = 0:0116� 0:0031

Cas.: " = 0:0129� 0:0030
3.35/4 = 0.84

3.65/4 = 0.91

Kartv elish vili's �
Rap.: � = 7:33� 0:91

Cas.: � = 7:24� 0:81
4.49/4 = 1.12

2.16/4 = 0.54

z(jet)
hem P arameter ( �; " ) � 2=n:d:f:

P eterson's "
Rap.: " = 0:0241� 0:0040

Cas.: " = 0:0223� 0:0036
8.92/4 = 2.23

8.48/4 = 2.12

Kartv elish vili's �
Rap.: � = 4:88� 0:45

Cas.: � = 5:27� 0:47
3.76/4 = 0.94

3.48/4 = 0.87

T able 7.3: Extracted fragmen tation parameters together with the � 2=n:d:f: v alue of

the �t.
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Figure 7.4: Area-normalized D �
sp ectra as a function of xp as measured b y the CLEO

and BELLE collab orations. The data p oin ts agree within the giv en errors.

Some of these collab orations extracted fragmen tation parameters for the P eterson

and/or the Kartv elish vili function, w e ho w ev er will not compare our results to their

n um b ers here. The reason is our lac k of detailed kno wledge ab out the MC mo dels

used for their parameter extraction. It is kno wn that the results dep end on whether

higher c harm resonances are tak en in to accoun t, on the particles masses used as w ell

as on v arious other steering parameters. Therefore, w e rely only on their published

data and run the PYTHIA MC mo del in e+ e�
mo de with the P eterson fragmen ta-

tion function and settings iden tical to what w e used in the ep study . The optimal

P eterson parameter " is then determined b y the � 2
minim um found b y comparing

the published data and generated MC distributions.

CLEO

The CLEO measuremen t is in man y asp ects v ery similar to the BELLE one, b oth

used the same observ able xp (reduced momen tum, see section 3.3) and b oth w ere

running at similar CMS energies. Ho w ev er, the BELLE measuremen t has b etter

statistics and th us is preferable. In order to c hec k the compatibilit y of the t w o

measuremen ts w e normalized and o v erlaid their published sp ectra in �gure 7.4. One

observ es that the t w o distributions are in go o d agreemen t within their errors. Due to

the bigger errors w e omit the CELO data and base our study on fragmen tation uni-

v ersalit y only on the BELLE and ALEPH measuremen ts, whic h are brie�y describ ed

in the follo wing.

BELLE

The published BELLE data allo w for an easy analysis, since they do not con tain

an y bb con tamination and are corrected for all detector e�ects. W e consider the

measured xp sp ectrum determined from the c harged D � ! D 0� deca y c hannel,

where for xP < 0:5 only con tin uum data (

p
s = 10:52 GeV, no deca ys of B mesons)

w ere used and for xp > 0:5 a w eigh ted a v erage of con tin uum and �on resonance�

data (

p
s = 10:58GeV) w as used. The b eaut y comp onen t in the �on resonance� data

is for xp > 0:5 strongly suppressed. The data are not corrected for QED radiation
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Figure 7.5: Comparison of data measured b y BELLE and the prediction of the

PYTHIA mo del with the P eterson fragmen tation parameter " = 0:032.

e�ects, and therefore w e use a radiativ e MC sim ulation for the � 2
comparison. The

comparison of the BELLE data with the MC prediction based on a near-to-optimal

parameter v alue of " = 0:032 is sho wn in �gure 7.5. In order to �t the fragmen tation

parameter, v alues of � 2
are calculated

5

with resp ect to the measured data for MC

predictions with di�eren t " and a parab ola is �tted to the � 2
p oin ts close to the

observ ed � 2
minim um. The total measuremen t errors (statistical and systematic)

are tak en in to accoun t and are considered as uncorrelated; the information ab out

correlations b eing not a v ailable. The " corresp onding to the minim um is considered

to b e the optimal fragmen tation parameter, and the spread in " leading to the

v ariation of � 2
b y 1 is considered as � 1� error. The obtained results are

" = 0:0316� 0:0006

and

� 2
min :=n:d:f: = 148:95=45 = 3:31:

The imp ortan t statistics accum ulated b y BELLE and the small statistical errors

resulting from it re�ect in b oth, the small uncertain t y of the extracted parameter and

a rather bad v alue of � 2=n:d:f: . The latter suggests that the P eterson parametriza-

tion and the MC mo del are not able to pro vide an adequate description of these

precise data.

The BELLE collab oration using their MC mo del obtained " = 0:054 for the

P eterson parameter; this result and the v alue � 2
min :=n:d:f: = 55:6 suggest that the

higher excited c harm states w ere not included in their MC sim ulation, in con trast to

our study .
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Figure 7.6: Comparison of data measured b y ALEPH and the prediction of the

PYTHIA mo del with the P eterson fragmen tation parameter " = 0:042.

ALEPH

The ALEPH measuremen t di�ers signi�can tly from the BELLE one in sev eral p oin ts.

Unlik e BELLE, the ALEPH collab oration uses the fractional energy xE as the ob-

serv able quan tit y (see section 3.3), the accum ulated statistics is m uc h smaller and the

higher CMS energy en tails more bac kground. An imp ortan t fraction of D �
mesons

comes from deca ys of b eaut y hadrons and a non-negligible fraction originates from

c harm quarks that are created in the splitting of a p erturbativ e gluon in to a c�c pair.

Although the last case in v olv es gen uine c harm quark fragmen tation in to D �
mesons,

these pro cesses are regarded as bac kground, since the observ able xE is constructed

to re�ect the exp ectation coming from the lo w est-order c�c pro duction diagram (see

�gure 3.5) and the splitting of a p erturbativ e gluon in v olv es higher order diagrams.

The ALEPH data w ere analyzed in a similar w a y to the BELLE data. W e used

PYTHIA in the e+ e� ! cc ! D � X mo de. W e are able to repro duce the shap e

of the xE sp ectra for b oth, D �
s coming from direct cc pro duction and D � s from

gluon splitting. The relativ e normalization of these distributions is di�eren t from

the one observ ed in ALEPH data, but this can b e explained b y the fact that our

sim ulation do es not include the pro duction of ligh t �a v ors with gluon radiation, i.e.

other gluon splitting pro cesses suc h as e+ e� ! qqg ! qqcc ! D � X , whic h are

presen t in the data. So, comparing the ALEPH and PYTHIA xE -sp ectra for the

direct c�c pro duction, w e determined the optimal P eterson fragmen tation parameter

using the � 2
metho d for non-empt y bins

" = 0:042� 0:003

and

� 2
min :=n:d:f: = 13:26=17 = 0:78:

5

In the � 2
calculation only the bins with non-zero con ten t are tak en in to accoun t.
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Figure 7.7: Summary of the results for the P eterson and the Kartv elish vili frag-

men tation parameter. Sho wn are the parameters extracted in this analysis from the

HERA I I data, the parameters from the HERA I data and from the data published

b y BELLE and ALEPH.

The data and the MC distribution pro duced with the �tted parameter, are sho wn in

�gure 7.6.

The ALEPH measuremen t lead to a b etter v alue of � 2=n:d:f: than the BELLE

results. In addition, one observ es that the BELLE and the ALEPH v alues for the

fragmen tation parameter are not consisten t ( � 3:5 � ) suggesting that ev en within

e+ e�
exp erimen ts c harm fragmen tation is, at least for the Lund String mo del and

the P eterson parametrization, not completely understo o d.

7.4 Comparison of Results and Conclusions

7.4.1 Observ ations

The results from this w ork together with the most recen t results from the HERA I

analysis [80] are summarized in �gure 7.7.

Concerning the P eterson parameter, one observ es go o d agreemen t for the v alues

extracted using the zjet and z(jet)
hem metho d for b oth, the HERA I and HERA I I running

p erio ds. These results are roughly consisten t with the result obtained from the

BELLE data, a deviation of 2:58 � is observ ed for the result obtained b y the z(jet)
hem

metho d used in com bination with CASCADE in HERA I I. The parameters deviating
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signi�can tly from those extracted via zjet and z(jet)
hem in HERA I I are the ones using

zhem and the one from the ALEPH data. The results based on zhem suggest a harder

fragmen tation, the result extracted from ALEPH data a softer one.

F or the extracted Kartv elish vili fragmen tation parameter one observ es a similar

b eha vior. The parameters from zjet and z(jet)
hem for HERA I and HERA I I agree rea-

sonably w ell with eac h other, the ones from zhem indicate a preference for a harder

fragmen tation.

F or b oth parametrizations, results from HERA I exploiting the zhem observ able

and using an unfolding with a resp onse matrix are not a v ailable. Ho w ev er, results

based on the bin-b y-bin pro cedure exist [66] as w ell as results obtained with matrix

unfolding and based on the zhem observ able reconstructed for ev en ts with no D �
jet

only [80]. These results con�rm the discrepancy b et w een parameters from the zhem

and zjet metho ds.

The observ ed features of the presen ted results can b e summarized as follo ws

� The results based on the zjet and z(jet)
hem observ ables are consisten t and b oth are

inconsisten t with the results based on zhem . F or b oth fragmen tation parameters

the zhem metho d suggests a harder fragmen tation function.

� The results obtained with t w o di�eren t MC mo dels (RAPGAP and CAS-

CADE) are consisten t.

� The results from the HERA I analysis are consisten t with the HERA I I re-

sults obtained in this analysis, the HERA I I results ha ving smaller total errors

(mainly driv en b y smaller statistical errors).

� In case of the P eterson fragmen tation parameter, the results from the t w o

e+ e�
exp erimen ts di�er from eac h other b y � 3:5� , a discrepancy whic h has b een

seen also b y other authors [81]. The result extracted from the BELLE mea-

suremen t, whic h is based on larger statistics and less bac kground (no b eaut y

deca ys, no gluon splitting) is roughly consisten t with our zjet and z(jet)
hem results.

� The � 2=n:d:f is acceptable for most HERA I I results, it tends to b e somewhat

smaller for the Kartv elish vili parametrization than for the P eterson parametriza-

tion. The � 2=n:d:f is rather large for the BELLE �t and suggests that the Lund

String mo del with the P eterson function is not able to pro vide an adequate de-

scription of the precise data of BELLE.

7.4.2 In terpretation of Results

The most imp ortan t observ ations with resp ect to p ossible in terpretations are the

indep endence (or small dep endence) of the obtained results on the mo del of parton

ev olution (DGLAP vs. CCFM) and also on the running p erio d and analysis (HERA I

vs. HERA I I, analyzed indep enden tly). The existing discrepancy b et w een the results

from the zhem and z(jet)
hem metho ds (the latter b eing consisten t with the zjet result) is

presumably coming from a di�eren t ev en t selection (ev en ts with jet only vs. all
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ev en ts) and indicates that the observ ed di�erence in parameters extracted via zhem

and zjet do es not originate in the di�eren t de�nitions of the observ ables but rather

in the ph ysics of the ev en ts. The z(jet)
hem and zjet -based results corresp ond to ev en ts

signi�can tly ab o v e the c harm pro duction threshold where enough energy is a v ailable

for a jet with ET > 3 GeV. One further observ es that the HERA �jet� results are (in

most cases) consisten t with the v alue extracted from the BELLE data, the BELLE

exp erimen t ha ving a CMS energy comparable with the a v erage CMS energy of the

photon-gluon system in BGF ev en ts en tering the z(jet)
hem and zjet distributions

6

.

T aking these considerations in to accoun t, the most plausible in terpretation of the

obtained results is the inadequacy of existing mo dels

7

in describing c harm fragmen-

tation o v er the whole range of pro duction energies. Using the Lund String mo del

with the P eterson or Kartv elish vili parametrization of the fragmen tation function,

the data suggest harder fragmen tation near the pro duction threshold and softer frag-

men tation for higher energies. The result deriv ed from the ALEPH data �ts w ell

in to this picture: the ALEPH data corresp ond to the highest CMS energy , and they

lead to the softest fragmen tation function. One should also notice that the HERA

I I data sho w a sligh t preference for the Kartv elish vili parametrization.

The discrepancy b et w een the v alues deriv ed from the ALEPH and BELLE data

is of the same order as the discrepancy b et w een parameters extracted via zhem and

via z(jet)
hem and zjet . Th us the question of fragmen tation univ ersalit y is obscured b y

inconsistencies within data ha ving the same particles in the initial state and cannot

b e addressed easily . T aking �our� BELLE result at face v alue and comparing it

with �our� ALEPH result, one w ould conclude that within the PYTHIA mo del w e

do not �nd univ ersalit y . The agreemen t b et w een the z(jet)
hem and zjet -based results

and the parameter extracted from the BELLE data suggests that, at least for the

corresp onding c harm pro duction energies and for the used mo dels, the assumption of

fragmen tation univ ersalit y is v alid. Ho w ev er, it is di�cult to analyze the univ ersalit y

issue for a mo del that seems not to describ e the data of same t yp es at di�eren t c harm

pro duction energies.

The p ossible causes of the inadequacy of the mo dels to describ e the range inp
ŝc�c migh t b e clari�ed b y further theoretical w ork; in v estigating of more appropriate

parametrizations of the fragmen tation function, analysis of di�eren t fragmen tation

mo dels or study the v alidit y of the factorization theorem for c harm pro duction in

deep-inelastic ep collisions.

6

The c harm pro duction energy is

p
ĥsc�ci � 10 GeV for ev en ts with jet and

p
ĥsc�ci � 8 GeV for

all ev en ts (with and without a jet).

7

By mo del w e understand the Lund string mo del together with the P eterson or Kartv elish vili

fragmen tation function.



Chapter 8

Summary and Outlo ok

In this w ork the fragmen tation of the c harm quark in to D ��
mesons in deep-inelastic

electron-proton collisions w as studied. The data w ere tak en b y the H1 detector

during the y ears 2004 - 2007 (HERA I I running p erio d), exploiting the b eams of the

HERA collider. W e de�ned three observ ables quan tities ( zjet , zhem and z(jet)
hem ) whic h

are sensitiv e to the fragmen tation pro cess and measured the normalized di�eren tial

D ��
pro duction cross sections for these observ ables in the visible range de�ned b y

the phase space requiremen ts Q2 > 5 GeV2
, 0:05 < y < 0:6, b y the cuts on the

D �
meson 1:5 GeV < pT (D � ) < 15:0 GeV, j� (D � )j < 1:5, and additionally for zjet

and z(jet)
hem b y ET (D � jet) > 3:0 GeV. The RAPGAP and CASCADE Mon te Carlo

mo dels w ere used in com bination with a metho d of regularized unfolding to correct

the measured data for detector e�ects. The measured cross sections, together with

their statistical and systematic errors, are visualized in �gure 7.1 and the n umerical

v alues can b e found in table 7.2.

The Lund String fragmen tation mo del w as used to extract the optimal fragmen-

tation parameters for the P eterson and Kartv elish vili parametrizations of the frag-

men tation function. F or that purp ose t w o Mon te Carlo generators (RAPGAP and

CASCADE) with di�eren t parton ev olutions w ere used, b oth generators b eing in ter-

faced with PYTHIA 6.2, where the Lund String fragmen tation is implemen ted. The

corrected data w ere compared to predictions of the mo dels using di�eren t v alues for

the fragmen tation parameter and, using a � 2
metho d with a full co v ariance matrix,

w e extracted optimal fragmen tation parameters for the three observ ables. In total 12

v alues for fragmen tation parameter w ere extracted (for 2 mo dels, 2 parametrizations

and 3 observ ables). The results are summarized in table 7.3.

In order to c hec k the univ ersalit y of the c harm fragmen tation function with the

mo del under our con trol w e analyzed the data published b y the BELLE and ALEPH

collab orations. Using the PYTHIA 6.2 program in the e+ e�
mo de, but otherwise

with parameter setting for the analysis of our ep data, w e �tted the fragmen tation

parameter for the P eterson parametrization.

All results are summarized in �gure 7.7. Their comparison suggests that c harm

fragmen tation is not fully understo o d y et, neither when comparing the e+ e�
results

with ep results, nor when comparing results for di�eren t observ ables or exp erimen ts

based on data with the same initial state. In the case of electron-proton deep-inelastic

129
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collisions, the zhem observ able suggest a harder fragmen tation than what is found

when studying the zjet and z(jet)
hem distributions, the t w o latter b eing consisten t with

eac h other. In the case of e+ e�
annihilation, the fragmen tation parameters extracted

from BELLE and ALEPH data are not consisten t; this discrepancy has b een observ ed

also b y other authors [81 ]. The ALEPH data prefer a softer fragmen tation than what

is obtained from the BELLE data.

The fact that the results are consisten t for di�eren t parton ev olution mo dels

(DGLAP in RAPGAP , CCFM in CASCADE) and also for di�eren t running p erio ds

(HERA I I analyzed here, HERA I analyzed in [80]) suggests that the discrepancies

in results migh t originate from the description of the fragmen tation itself. It seems

that the Lund String mo del with the P eterson or Kartv elish vili parametrization of

the fragmen tation function is unable to describ e consisten tly b oth, the ph ysics near

the c harm pro duction threshold (sensitiv eness of the zhem observ able) and pro cesses

a w a y from the threshold ( zjet and z(jet)
hem - requiring a jet with ET > 3 GeV), since

a dep endence of the extracted fragmen tation parameter on the c harm pro duction

energy is observ ed. The result deduced from the ALEPH data, the data with the

highest CMS energy w e ha v e in v estigated, �ts w ell in to this picture and predicts the

softest fragmen tation function.

It is di�cult to unam biguously address the question of fragmen tation univ ersalit y

when inconsistencies are observ ed within the data ha ving the same particles in the

initial state. Ho w ev er, if w e restrict our atten tion to the BELLE result only and the

results obtained via the zjet and z(jet)
hem metho ds, where the c harm pro duction energies

are comparable ( � 10 GeV), then w e observ e agreemen t. This suggests that in this

domain fragmen tation univ ersalit y is, in the con text of the tested mo del, observ ed.

The presen t kno wledge of c harm fragmen tation and its univ ersalit y can b e im-

pro v ed. Concerning the H1 data, some ro om for further impro v emen ts and �ne-

tuning remains esp ecially with resp ect to systematic errors, but since the data taking

at HERA is o v er, the presen ted results are exp ected to b e �nal or near-to-�nal. The

latter is true only on condition that further e�orts will b e in v ested in to the study

of c harm fragmen tation in H1. P ossible future steps could b e the usage of the FTT

sim ulation in the Mon te Carlo programs, the use of impro v ed trac k reconstruction

metho ds and detector calibrations. One could also pro duce a fully inclusiv e Mon te

Carlo sample in order to impro v e the understanding of the D �
signal extraction. And

exploit new Mon te Carlo generators with NLO matrix elemen ts and parton sho w ers

that should b ecome a v ailable so on.

F rom the theory p oin t of view, further e�orts could b e made in the in v estigation

of the v alidit y of the factorization theorem, fragmen tation univ ersalit y and in the

study of parametrizations of fragmen tation functions or, ev en tually , in the study of

new fragmen tation mo dels.



App endix A

T rigger E�ciencies in z(jet)
hem and

A dditional Con trol Plots

In this app endix the trac k trigger e�ciencies as a function of z(jet)
hem as w ell as additional

con trol plots are presen ted whic h ha v e not b een sho w previously . The con trol plots

are related to the ev en t v ariables, detector quan tities and D �
observ ables. Lik e in

section 5.4, the distributions are area-normalized, and the data are compared to the

t w o MC mo dels - RAPGAP and CASCADE. The data sho wn corresp ond to all of

HERA I I data.

Figure A.1: T rac k trigger e�ciencies in z(jet)
hem for di�eren t run p erio ds. The op en

circles (red) corresp ond to the status b efore the rew eigh ting, the full mark ers (blac k)

to the situation after the rew eigh ting w as applied.
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Figure A.2: T w o ev en t quan tities (electron azim uthal angle, trac k m ultiplicit y) and

some trac k-related quan tities for all �selected� trac ks and for trac ks with p ositiv e

electric c harge.
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Figure A.3: T rac k-related quan tities for trac ks with negativ e electric c harge.
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Figure A.4: D �
-related quan tities: transv erse momen tum and pseudorapidit y of neg-

ativ e and p ositiv e D �
particles, transv erse momen tum of the curren t hemisphere and

4 R of the D �
jet.



App endix B

Plots of Systematic Errors

In addition to the n um b ers giv en in tables 6.1, 6.2 and 6.3, w e pro vide here plots

of correlated systematic errors. The v ertical scales of the plots are �xed so that

the uncertain ties can b e directly compared. The �Relativ e di�erence� refers to the

relativ e di�erence with resp ect to the �default� distributions that ha v e b een obtained

via unfolding based on a MC mo del without systematic shifts.

Figure B.1: Systematic errors related to the electron energy measuremen t and the

measuremen t of the electron p olar angle.
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Figure B.2: Systematic errors related to the measuremen t of particle energy loss,

energy of calorimetric clusters and trac k momen ta.
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Figure B.3: Systematic errors related to the b eaut y comp onen t and to the con tribu-

tion of resolv ed ev en ts.
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App endix C

� 2
Fits and P arameter Extraction

The follo wing �gures sho w the ("; � 2) and (�; � 2) plots used in the parameter extrac-

tion together with the resulting �ts and the extracted parameter v alues. A parab ola

with three free parameters w as c hosen as �tting function; the �t determines the � 2

minim um and the symmetric uncertain ties. The �t w as p erformed only to the �v e

p oin ts with the lo w est � 2
, �tting a bigger range in man y cases leads to a biased

determination of the � 2
minim um.

139



140 APPENDIX C. � 2
FITS AND P ARAMETER EXTRA CTION

Figure C.1: � 2
plots and corresp onding parab ola �ts used in the extraction of the

P eterson fragmen tation parameters for di�eren t MC mo dels and observ ables.
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Figure C.2: � 2
plots and corresp onding parab ola �ts used in the extraction of the

Kartv elish vili fragmen tation parameters for di�eren t MC mo dels and observ ables.
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