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Abstra
tMeasurements of 
harm produ
tion in deep-inelasti
 s
attering at HERA at a
entre-of-mass energy of 318GeV are reported in this thesis. The analysis was per-formed using the data 
olle
ted with the ZEUS dete
tor during the years 2004 to2007, 
orresponding to an integrated luminosity of 363 pb−1. The produ
tion of
harm quarks was studied through the full kinemati
 re
onstru
tion of D∗± mesonsin the de
ay 
hannel D∗± → D0/D̄0 π±. The studies have been performed for vir-tualities of the ex
hanged photon of 5 < Q2 < 1000GeV2 and inelasti
ities of
0.02 < y < 0.7. The visible D∗± kinemati
 phase spa
e is de�ned by the trans-verse momentum range, 1.5 < pD∗±

T < 20GeV, and by the pseudorapidity region,
|ηD∗±| < 1.5, of the produ
ed D∗± mesons. The total visible 
ross se
tion for D∗±produ
tion as well as single- and double-di�erential 
ross se
tions were measuredand 
ompared to the 
orresponding D∗± measurements performed by the H1 
ol-laboration in the same phase-spa
e region. The measurements are well des
ribedby NLO QCD predi
tions. The double-di�erential 
ross se
tions were exploited toextra
t the 
harm 
ontribution to the proton stru
ture fun
tion, F cc̄

2 , expressed interms of the redu
ed 
harm-produ
tion 
ross se
tions, σcc̄
red, and 
ompared to thepredi
tions from HERAPDF1.5 and to the re
ent measurements from the H1 andZEUS 
ollaborations.



ZusammenfassungIn dieser Arbeit wird eine Messung der Produktion von Charmquarks in tief-unelastis
her Streuung mit einer S
hwerpunktsenergie von 318 GeV bei HERA pr�a-sentiert. Die Analyse wurde mit Daten dur
hgef�uhrt, die mit dem ZEUS-Detektorin den Jahren 2004 bis 2007 aufgenommen wurden und einer integrierten Lumi-nosit�at von 363 pb−1 entspre
hen. Die Produktion von Charmquarks wurde unter-su
ht indem die Kinematik der D∗± -Mesonen in der Zerfallskette D∗± → D0/D̄0 π±vollst�andig rekonstruiert wurde. Die Untersu
hung wurde dabei in einer Region desPhasenraumes dur
hgef�uhrt, die dur
h S
hnitte auf die Virtualit�at Q2 des ausge-taus
hten Bosons von 5 < Q2 < 1000GeV2 und dur
h S
hnitte auf die Inelastizit�atvon 0.02 < y < 0.7 gekennzei
hnet ist. Der si
htbare kinematis
he Phasenraumder produzierten D∗± -Mesonen wurde von ihrem Transversalimpuls von 1.5 <
pD∗±

T < 20GeV und von ihrer Pseudorapidit�at von |ηD∗±| < 1.5 bestimmt. Dersi
htbare vollst�andige Wirkungsquers
hnitt sowie einfa
h- und doppelt-di�erentielleWirkungsquers
hnitte f�ur die Produktion von D∗± -Mesonen wurde gemessen unddie Ergebnisse mit denen der H1-Kollaboration im glei
hen Phasenraumberei
h ver-gli
hen. Des Weiteren wurden theoretis
he QCD-Vorhersagen in n�a
hst-f�uhrenderOrdnung mit den hier pr�asentierten ZEUS-Ergebnissen vergli
hen. Die doppelt-di�erentiellen Wirkungsquers
hnitte wurden verwendet um den Beitrag der Charm-produktion F cc̄
2 zur Strukturfunktion des Protons zu bestimmen, wobei diese Gr�oßemit Hilfe des reduzierten Wirkungsquers
hnittes σcc̄

red bes
hrieben wurde. Zus�atzli
hwurde die in dieser Arbeit gemessene Strukturfunktion F cc̄
2 mit der Vorhersage vonHERAPDF1.5 und mit neusten Messungen von H1 und ZEUS vergli
hen.



"Mr. Spo
k, the women on your planet are logi
al. That'sthe only planet in the galaxy that 
an make that 
laim." �Kirk (Elaan of Troyius)Star Trek
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Introdu
tionEver sin
e the time began, people were eager to learn more about the mi
ro-world, the intri
a
ies of matter not observable by the naked eye. Nowadays, thefundamental 
onstituents of matter are the subje
t of the �eld of parti
le physi
s.The Standard Model of parti
le physi
s des
ribes all known phenomena 
onne
tedto visible matter. In its framework all visible matter 
onsists of six types of quarksand six types of leptons. Quarks 
an only be observed 
on�ned in hadrons. Theprodu
tion of hadrons 
ontaining 
harm and beauty quarks is of parti
ular interest,be
ause of the presen
e of the hard s
ale 
oming from the quark mass. Su
h a hards
ale ensures the appli
ability of perturbative 
al
ulations.In order to study the properties of heavy quarks and the for
es that bind them,hadrons are produ
ed in high-energy 
ollisions whi
h are provided by parti
le a

el-erators. Parti
les are either a

elerated and sent onto a �xed target or two beamsare a

elerated and brought to 
ollision. There were many a

elerators built overthe last years, among them the Stanford Linear Collider (SLC) at SLAC, the LargeEle
tron Positron 
ollider (LEP) at CERN, TEVATRON at Fermilab, HERA atDESY and the Large Hadron Collider (LHC) at CERN. Among them, HERA wasthe only ele
tron-proton 
ollider in the world. At HERA ele
tron and proton beamswere 
ollided at a 
entre-of-mass energy of √s = 318GeV. The a

elerator was inoperation for 15 years, a

umulating almost 0.5 fb−1 of integrated luminosity perexperiment. The HERA-
ollider physi
s-program [1℄ was very ri
h, in
luding manydi�erent pro
esses a

essible by probing the proton with ele
trons. It in
ludeddeep-inelasti
 s
attering, photoprodu
tion and di�ra
tive pro
esses, widening theobservable phase spa
e to large photon virtualities up to 30 000GeV2 and smallBjorken x, down to 10−6. Deep-inelasti
 s
attering pro
esses are espe
ially inter-esting, as they allow measurements of the proton stru
ture. The gluon 
ontent isa

essible through heavy quark produ
tion as the dominating produ
tion pro
ess isboson gluon fusion. HERA events 
ontaining heavy quarks are 
hara
terised by thepresen
e of multiple hard s
ales, whi
h in 
ase of the deep-inelasti
 pro
esses aregiven by the photon virtuality, by the mass of the heavy quark and by the transversemomenta of the produ
ed quarks. These 
ompeting s
ales are a 
hallenge for the
orresponding perturbative QCD 
al
ulations.The work presented in this thesis is a study of the 
ontribution of 
harm quark1



TABLE OF CONTENTSto the proton stru
ture fun
tion, F cc̄
2 . The 
harm quarks are tagged though theirfragmentation to D∗± mesons. The produ
tion of D∗± mesons in deep-inelasti
s
attering at HERA was studied to extra
t F cc̄

2 . For the re
onstru
tion of D∗±mesons, the so-
alled �golden� de
ay 
hannel with three parti
les in the �nal statewas 
hosen. The measurements were performed with the ZEUS dete
tor and werebased on data 
olle
ted during the HERA II running period with an integratedluminosity of 363 pb−1. This way of measuring open 
harm produ
tion has proven tobe the most pre
ise at HERA. The results presented here are signi�
antly improvedwith respe
t to previous ZEUS measurements due to larger statisti
s, new signalextra
tion methods, and improved 
alibration of the ZEUS dete
tor.The thesis is arranged as follows. First, Chapters 1�3 
ontain a brief theoreti
aloutline whi
h is ne
essary to understand the 
on
lusions derived from the stud-ies. Chapter 4 and 5 are devoted to the basi
 des
ription of the ZEUS dete
torand re
onstru
tion of events, respe
tively. Chapter 6 
ontains a des
ription of theMonte Carlo pro
esses that were used to simulate ep 
ollisions. Chapter 7 des
ribesthe presented analysis: the event sele
tion, the method of the D∗± signal extra
-tion, 
orre
tions to the a

eptan
e, systemati
 un
ertainties and the result of the
D∗± produ
tion measurement. Chapter 8 
ontains the results on F cc̄

2 . Chapter 9summarises the work presented in this thesis.The author was also involved in the dete
tor development for the future LinearCollider within the PLUME proje
t as the te
hni
al task. The results of thesestudies are presented in Appendix A.

2



Chapter 1The Standard Model of parti
lephysi
sA brief overview of the theoreti
al framework is ne
essary to understand thedis
ussions and results presented in this thesis.The 
urrent understanding of parti
le physi
s strongly relies on the so-
alledStandard Model [2℄. It is a quantum �eld theory that provides a des
ription of theknown phenomena of parti
le physi
s. The Standard Model (SM) 
onsists of sev-eral elements that des
ribe di�erent for
es whi
h all rely on gauge and symmetryprin
iples. Ele
tromagneti
 and weak intera
tions enter the Standard Model as theGlashow-Salam-Weinberg model of ele
troweak for
es [3, 4℄ and the strong for
e isdes
ribed by Quantum Chromodynami
s [5℄. The purely ele
tromagneti
 part ofthe ele
troweak for
e is well des
ribed by Quantum Ele
trodynami
s (QED) whi
hgeneralises the 
lassi
al theory of ele
tromagnetism by Maxwell to be
ome a quan-tum �eld theory. QED des
ribes the intera
tion between 
harged spin-1/2 parti
lesand photons. An example of a QED pro
ess is ele
tron-positron annihilation intotwo photons. QED is based on the Abelian symmetry group U(1), where the La-grangian for a free fermion �eld is invariant under phase transformations. The weakintera
tion [6℄ is responsible e.g. for the β de
ay of a neutron, n → p e−ν̃e and it isbased on the more 
omplex symmetry group SU(2).The parti
le 
ontent of the Standard Model is presented by 12 fermions 
alledquarks and leptons that are listed in Table 1.1. The for
es are mediated by bosons:massless photons and gluons for the ele
tromagneti
 and strong intera
tions, re-spe
tively, and massive W±, Z0 bosons for the weak intera
tion. In this model, allfermions obtain their masses by intera
ting with the Higgs �eld [7℄. The spontaneoussymmetry breaking 
onne
ted to the Higgs �eld is responsible for the mass of the
W±, Z0 bosons. The SM is well tested experimentally and the only missing pie
eis the Higgs boson. Re
ently both the ATLAS and CMS 
ollaborations publishedresults on the observation of a new Higgs-like boson with a mass of ∼ 125GeV [8, 9℄.3



CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICSLepton Charge Mass, (MeV) Quark Charge Mass, (GeV)
e− −1 0.511 d - 1/3 e 0.0047+0.0007

−0.0003

νe 0 < 2.3 ×10−6 u +2/3 e 0.0023+0.0007
−0.0005

µ− −1 105.66 s - 1/3 e 0.095 ± 0.005
νµ 0 < 190 ×10−3 c +2/3 e 1.275 ± 0.025

τ− −1 1776.82 ± 0.16 b - 1/3 e 4.18 ± 0.03
ντ 0 <18.2 t +2/3 e 160+5

−4Boson Charge Mass, (GeV) Spin For
e Range, (m)
γ 0 0 1 ele
tromagneti
 ∞
W± ±1 80.4 1 weak 10−18

Z0 0 91.2 1 weak8 g 0 0 1 strong 10−15Table 1.1: Standard model parti
les and for
e mediators with their parameters of 
hargeand mass taken from PDG2012 [10℄. The d-, u-, s- quarks, the mass valuerepresents the �
urrent mass� and for the c-, b, t-quarks - �running mass�. Thelimit of the �avour mass of mνe is taken from [11℄, for mνµ from [12℄ and mντfrom [13℄.The SM has so far done extremely well in all possible experimental tests. How-ever, the dis
overy of non-zero neutrino masses made a modest extension ne
essary.Despite its great popularity the SM is not able to explain the presen
e of dark matterand does not take into a

ount the gravitational for
e.1.1 Theory of ele
troweak intera
tionsThe theory of ele
troweak intera
tions (EW) is a gauge theory based on thesymmetry group SU(2)xU(1). The SU(2) part is 
alled the weak isospin group witha new quantum number denoted as I and the proje
tion as I3. The Gell-Mann-Nishijima relation reads I3 = Q−Y/2, where Q is the ele
tri
 
harge of the parti
le(see Table 1.1) and Y is its weak hyper
harge (see Table 1.2). The SU(2) symmetrytransformations a
t di�erently on left- and right-handed fermion �elds. The left-handed �elds, I=1/2, form three generation of doublets:
(

νe

e

)

,

(

u
d

)

;

(

νµ

µ

)

,

(

c
s

)

;

(

ντ

τ

)

,

(

t
b

)

. (1.1)The right-handed �elds are represented as singlets [eR, uR, dR]; [µR, cR, sR];
[τR, tR, bR]. They have I=0. In the SM, there are no right-handed neutrinos.4



1.1. THEORY OF ELECTROWEAK INTERACTIONSFermion Y I3
νeL, νµL, ντL -1 +1/2
eL, µL, τL -1 -1/2
dL, sL, bL +1/3 -1/2
uL, cL, tL +1/3 +1/2
eR, µR, τR -2 0
dR, sR, bR -2/3 0
uR, cR, tR +4/3 0Table 1.2: The weak isospin proje
tion I3 and hyper
harge Y for the left- and right-handed parti
les.The full EW Lagrangian 
an be written as [14℄

LEW = Lgauge + LF + LH + LY , (1.2)where:
• Lgauge = −1

4
W a

νµW
νµa − 1

4
BνµB

νµ is the gauge �eld Lagrangian. W a
µ are thethree ve
tor �elds asso
iated with the generators of the SU(2) group and Bµis one ve
tor �eld asso
iated with the hyper
harge group U(1).

• LF represents the kineti
 part of the fermion Lagrangian and the intera
tionbetween fermions and gauge bosons.
• LH stands for the 
oupling of the gauge �eld to the Higgs �eld. The HiggsLagrangian term reads LH = (Dµφ)†(Dµφ)−V (φ), where Dµ = ∂µ−ig2

σa

2
W a

µ +
ig1

2
Bµ is the 
ovariant derivative of the isospin doublet s
alar Higgs �eld, φ, and

g1,2 are the EW 
oupling 
onstants. The potential V (φ) = −µ2φ†φ + λ
4
(φ†φ)2with the 
onstants µ, λ represents a gauge-invariant intera
tion of the s
alar�eld. For µ2, λ > 0, the potential has a �Mexi
an hat� shape with it minimumat φ†φ = 2µ2/λ. This 
orresponds to the ground state va
uum.Through the me
hanism of spontaneous symmetry breaking [7℄, the gauge�elds Wµ, Bµ be
ome the �physi
al� massive �elds representing W+ and W−bosons as W±

µ = 1√
2

(

W 1
µ ∓ iW 2

µ

) and the massive �eld of the Z0 boson, Zµ,and the massless �eld of the photon, Aµ, are transformed as
(

Zµ

Aµ

)

=

(

cos θW sin θW

− sin θW cos θW

)

×
(

W 3
µ

Bµ

)

,where θW is the Weinberg angle, cos θW =
MW±

MZ0
, that rotates the original

W 3
µ and Bµ ve
tor boson plane, produ
ing as a result the Z0 boson, and thephoton. It was measured to be sin2 θW = 0.231 [10℄. 5



CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS
• LY stands for the Yukawa gauge invariant intera
tions between the Higgs andfermions �elds through whi
h fermions a
quire their masses [2, 15℄.1.2 Quantum Chromodynami
sQuantum 
hromodynami
s (QCD) [16℄ is a non-Abelian gauge theory based onthe SU(3) symmetry group. It des
ribes strong intera
tions of quarks. QCD operateswith the quantum number of �
olour�. There are three 
olours: Red, Green andBlue (RGB). Unlike the EW theory, QCD remains unbroken and furthermore it a
tson the quark �elds only. Colour is ex
hanged through eight gluons whi
h 
arry both
olour and anti-
olour and belong to the adjoint representation of the 
olour groupSU(3). In addition to the 
olour 
harge, ea
h quark also 
arries a �avour u, d, s, 
,b and t. For ea
h given quark �avour there are three possible 
olour 
harges andanti-
harges. Thus the theory operates with triplets of fermion �elds q = (q1, q2, q3).The Lagrangian of QCD 
an be written as:

LQCD = Σq q̄(iγµD
µ − mq)q −

1

4
Ga

µνG
a, µν , (1.3)where the sum over q runs over the six quark �avours and a = 1···8 runs over thegluons. The gluon �eld strength reads as Gµν . The 
ovariant derivative is de�nedas Dµ = ∂µ − igs

λa

2
Ga

µ, where the strong 
oupling 
onstant is αs ≡ g2
s/4π and λa arethe eight Gell-Mann matri
es. In the Lagrangian (1.3) the �rst term represents thequark �eld and the se
ond represents quark-gluon and gluon-gluon intera
tions. Anexample of quark-gluon and triple and quarti
 gluon-gluon sel�nteration is repre-sented in Figure 1.1. The quark masses, mq, enter the Lagrangian as free parameters.Di�erent approa
hes how to treat the quark masses will be dis
ussed later.The e�e
tive strong 
oupling 
onstant αs depends on the energy s
ale of theintera
tion. This is referred to as running of αs, see Figure 1.2. At small s
ale thestrong 
oupling 
onstant be
omes large, whi
h is referred to as the 
on�nement,while at large s
ale αs be
omes small, whi
h is 
alled asymptoti
 freedom [17℄. Thelatter 
an be explained by the gluon self-
oupling and allows perturbative te
hniques

a) b) c) d) e)Figure 1.1: Feynman graph representation of a) gluon, b) quark, 
) quark-gluon, d)-e)gluon-gluon parts of the QCD Lagrangian.
6



1.2. QUANTUM CHROMODYNAMICS

Figure 1.2: Summary of αs measurements [10℄ as a fun
tion of the respe
tive energys
ale Q.to be used in 
al
ulations at large energy s
ales. Con�nement arises sin
e the for
ebetween two 
olour 
harges grows with rising distan
e, produ
ing new quark pairsbefore any of the existing ones 
an be separated. Therefore, only 
olourless obje
ts,i.e. mesons (qq̄ states) and baryons (3-quark states), are observed experimentally.1.2.1 Perturbative QCD and renormalization s
aleQCD 
an in general only be treated perturbatively. At high energies, the QCDLagrangian 
an be evolved into a series with respe
t to αs. In perturbative QCD(pQCD), any 
ross se
tion, σ, is thus expressed as:
σ =

n
∑

i=0

ciα
i
s, (1.4)where n is the order of the 
al
ulation and the 
oe�
ients ci 
an be 
al
ulatedfrom the relevant Feynman diagrams. The number of diagrams in
reases with risingorder. Therefore, theoreti
al 
al
ulations are often made at small orders of αs.The lowest possible 
ontribution is 
alled leading order (LO, e.g. n = 1) andthe one next to it is referred to as next-to-leading order (NLO, e.g. n = 2).Contributions from quark and gluon loops, Figure 1.3, start to play a role at higherorders. Integration over the phase spa
e of the loops in Figure 1.3 will in
ludein�nite momenta of the virtual loop whi
h leads to so-
alled ultraviolet divergen-
ies. Another in�nity 
omes from the 
ollinear or soft gluon emission 
ausing the7



CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS
a) b) c)Figure 1.3: Feynman graph representation of examples of the loop 
orre
tions for a)gluon and b) quark loop 
orre
tions to the gluon propagator 
) vertex betweenthree gauge bosons.infrared divergen
ies [16℄. Those divergen
ies 
an be removed via 
hanging the di-mension of the spa
e-time integration from four to 4 − ǫ in the traje
tory integral:

∫

d4 → limǫ→0

∫

d4−ǫ, 
alled dimensional regularisation. The regularised divergen-
ies 
an be removed by absorbing them in to the de�nition of αs and mass. Thepres
ription for this is referred to as renormalization s
heme [18℄, that introdu
es arenormalization s
ale, µR. There are several pres
riptions for the renormalization.The on-shell s
heme [19℄ that 
an be used for the mass renormalization and themodi�ed minimal subtra
tion, MS, s
heme [20, Chapter 9℄ that 
an serve either forquark mass or αs renormalization. The 
hoi
e of the renormalization s
ale, µR, isa priori not �xed. In theoreti
al 
al
ulations to all order, the value of µR does nota�e
t the result for any physi
al observable, M , thus:
µ2

R

dM

dµ2
= 0. (1.5)At n large enough, any 
hanges in the 
al
ulation of M , due to introdu
tion of µR,should be 
ompensated through the re-normalised running 
oupling 
onstant αs(µ

2
R)(or mass) under the renormalization group equation:

µ2
R

dαs

d ln µ2
R

= β(αs), (1.6)where β(αs) = −α2
s

n
∑

i=0

biα
i
s is the beta fun
tion of QCD. The b 
oe�
ients are
al
ulable in QCD, e.g: b0 =

33−2nf

12π
and b1 =

153−19nf

24π2 where nf is the number of�avours that are 
onsidered in the 
al
ulation. At higher orders, the bi 
oe�
ientsdepend expli
itly on the renormalization s
heme that is used. Numeri
ally, the valueof the strong 
oupling is usually given at the referen
e s
ale µR = MZ0 , from whi
hit is possible to obtain its value at any other s
ale by solving Equation 1.6. At LOthe solution is:
αs(µR) =

b−1
0

ln(
µ2

R

Λ2
QCD

)
, (1.7)

8



1.2. QUANTUM CHROMODYNAMICSwhere ΛQCD ∼ 200 MeV is 
alled the QCD s
ale. The value of ΛQCD 
orresponds tothe s
ale where the perturbatively-de�ned strong 
oupling 
onstant will diverge. Theworld average for the strong 
oupling 
onstant is αs(MZ0) = 0.1184 ± 0.0007 [10℄.As it is not possible to 
al
ulate β(αs)n→∞, renormalization s
ale dependen
iesare introdu
ed, therefore the 
hoi
e of µR is important.1.2.2 Quark massesAfter renormalization, the quark masses still remain as free parameters of theLagrangian and have to be determined by 
omparing theoreti
al predi
tions withexperimental data. There are two main approa
hes to treat quark masses, so-
alled�pole� and �running� quark masses.The pole mass, mq, is based on the 
on
ept of a �free� quark. In this 
ase,the quark momentum pq is substituted by the quark mass mq, p2
q = m2

q at ea
hquark pole in the propagator in the on-shell renormalization s
heme. This de�nitionintrodu
es dependen
ies on ΛQCD

mq
[21℄. The pole mass 
annot be used to arbitrarilyhigh a

ura
y in pQCD be
ause of non-perturbative infrared e�e
ts in QCD.In the MS s
heme, the mass depends on the s
ale µR and is referred to as arunning mass [22, 23℄. The relation between pole and running mass is:

mq = mq(µR)(1 + αsd
1 + α2

sd
2 + · · · ), (1.8)where the 
oe�
ients di are known up to the third order [24℄.For the light �avour quarks u, d and s, often a 
onstituent quark mass is given. Itbasi
ally denotes the mass of the quarks while surrounded by a 
loud of gluons andvirtual quark pairs. The 
onstituent mass is used in non-relativisti
 quarks modelsat the s
ales of 
hiral symmetry breaking of ≈ 1GeV [25, 10℄. The 
onstituent massvalues are not dire
tly related to the LQCD mass parameters. They are only validwithin the models that introdu
e them.

9





Chapter 2Proton stru
ture fun
tionIn this 
hapter, deep-inelasti
 s
attering pro
esses and their relation to protonstru
ture fun
tions are explained. Proton stru
ture fun
tions were introdu
ed aftermeasurements [26℄ revealed an internal stru
ture. To study this internal stru
ture,the proton has to be probed with energeti
 parti
les. A 
ommon approa
h is touse leptons (ele
trons, muons or neutrinos) as the probe. This 
an either be doneby sending a lepton beam onto a nu
leoni
 target [27℄ or by 
olliding ele
tron andproton beams as done at HERA [1, 28℄.2.1 Deep inelasti
 s
atteringDeep-inelasti
 s
attering (DIS) of leptons o� a hadroni
 target are widely usedin high energy parti
le experiments to study the internal stru
ture of the nu
leonand to test di�erent theoreti
al approa
hes. The leading order Feynman diagramof this pro
ess is shown in Figure 2.11. The in
oming lepton intera
ts via bosonex
hange with the proton and the latter is being broken and a new hadroni
 �nalstate is 
reated. If the ex
hange o

urs via one of the 
harged ve
tor bosons, this isa 
harge-
urrent (CC) intera
tion, and the s
attered lepton be
omes a neutrino of
orresponding �avour. If the ex
hange o

urs via a virtual photon or Z0 boson, thepro
ess is 
alled neutral-
urrent (NC). Only NC pro
esses will be 
onsidered fromhere on.DIS 
an be 
hara
terised by the following kinemati
 variables, assuming thatthe momenta of the in
oming parti
les are mu
h higher than their masses, su
h thatmasses 
an be negle
ted. The 
entre-of-mass energy of the system, √s, is given by:
√

s =
√

(h + l)2, (2.1)1In the following the proton quark lines are skipped in all drawings of Feynman diagrams. 11



CHAPTER 2. PROTON STRUCTURE FUNCTION

p(h)

e±(l)

e
± (l

′ ), νe

X

γ/Z0, W±(q)

Figure 2.1: Feynman diagram of deep inelasti
 s
attering in ep 
ollisions. The in
ominglepton is marked with e± and the s
attered lepton e± or neutrino (depending onthe type of the pro
esses) is marked with e′, νe. The proton and the hadroni
system are marked with p and X 
orrespondingly and the momenta are givenin bra
kets.where h and l are the 4-momentum of the in
oming proton and the in
oming lepton.The squared momentum of the ex
hanged boson is given by
Q2 = −q2 = −(l − l′)2, (2.2)where l′ is the 4-momentum of the s
attered lepton. Q2 is referred to as the virtualityof the boson. The Bjorken s
aling variable [29℄, x, 
an be written as:

x =
Q2

2h · (l − l′)
. (2.3)It des
ribes the fra
tion of the proton momentum 
arried by the stru
k quark withinthe Quark Parton Model (see Se
tion 2.2). The inelasti
ity, y, of an event is:

y =
h · (l − l′)

h · l . (2.4)It denotes the fra
tion of the lepton momentum transferred to the proton. All theseDIS variables are related through the equation Q2 = sxy.2.2 Quark Parton ModelThe Quark Parton Model (QPM) was introdu
ed by R. Feynman [30℄. A

ordingto this model the proton 
onsists of free point-like parti
les 
alled partons. Ea
h of12



2.2. QUARK PARTON MODEL
u

d

g

u

p

Figure 2.2: Illustration of the possible quantum �u
tuations inside a proton.those partons 
arries a fra
tion, ξi, of the proton momentum, p. Thus the partonmomentum, pi, 
an be written as: pi = ξip, where index i run over the 
onstituentpartons and 0 < ξi < 1. In the in�nite momentum frame with p ≫ mproton, like atthe HERA 
ollider (see Chapter 4), transverse momentum as well as masses of thepartons 
an be negle
ted. Therefore the Bjorken s
aling variable be
omes x = ξifor a stru
k massless parton i. The parton density of a parton i in the proton isdes
ribed by parton distribution fun
tions (PDF), fi(x). It denotes the density ofpartons that have momentum in the range of ξi ± dξi. At large Q2 the stati
 QPM
an be re-formulated as follows. The proton is made up of valen
e quarks (udu) andvirtual sea quark-anti-quark pairs, that are both treated as partons. The formerde�ne the �avour properties of the proton and the latter have no overall �avour.The anti-quark distributions within a nu
leon belong to the sea distributions, whilethe quark distributions have both valen
e and sea 
omponents.If the proton 
onsisted of quarks only, the sum-rule would be
I =

1
∫

0

xdx
∑

i

fi(x) = 1. (2.5)This sum-rule turned out not to be satis�ed, as experimentally it was measuredthat I ⋍ 0.5 [31℄, suggesting that approximately 50% of the nu
leon momentum is
arried by gluons. Thus, gluons inside the proton are also treated as 
onstituentpartons. The pure QPM model does not take into a

ount intera
tions between thepartons inside a nu
leon. An example of su
h intera
tions 
an be seen in Figure 2.2.The fa
t that quarks are 
on�ned also needs to be 
onsidered. Therefore the naiveQPM should be re�ned a

ording to QCD. 13



CHAPTER 2. PROTON STRUCTURE FUNCTION
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5Figure 2.3: Combined HERA in
lusive NC redu
ed 
ross se
tions (�lled points) as fun
-tion of Q2 for di�erent values of x and 
ompared to the results from �xed targetexperiments (open squares) and to the theoreti
al predi
tions from HERA-PDF1.0 [28℄.2.3 Proton stru
ture fun
tionsThe di�erential 
ross se
tion in Q2 and x of the in
lusive Neutral Current pro
ess(see Se
tion 2.1) for ele
tron proton 
ollisions 
an be expressed in terms of the protongeneralised stru
ture fun
tions, �F2, �F3 and �FL, that are sensitive to the quark andgluon 
ontent of the proton [32℄:

d2σe±pNC
dxdQ2

=
2πα

xQ4
[Y+

�F2(x,Q2) ∓ Y−�F3(x,Q2) − y2�FL(x,Q2)], (2.6)
14
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Figure 2.4: Longitudinal stru
ture fun
tion measured by the H1 (�lled points) and ZEUS(open points) 
ollaborations 
ompared to di�erent theoreti
al predi
tions [33℄.where Y± = 1 ± (1 − y)2 and α is the ele
tromagneti
 
oupling 
onstant. The gen-eralised stru
ture fun
tions 
an be expressed as linear 
ombination of 
ontributionsfrom pure photon, pure Z boson ex
hanges and Z-photon interferen
e.At HERA energies, F̃2 
omponent is the dominant one. It 
an be written interms of the 
ontributions arising from pure γ ex
hange, F γ
2 , (see Figure 2.1 for theFeynman diagram of the DIS pro
ess), γZ interferen
e, F γZ , and pure Z ex
hange,

FZ
2 [34, 35℄: �F2 ≡ F2 − ve

κQ2

Q2 + M2
Z

F γZ
2 + (v2

e + a2
e)

(

κQ2

Q2 + M2
Z

)2

FZ
2 , (2.7)where

κ =
1

4 sin2 θW cos2 θW

,and ae, ve are the weak axial and ve
tor 
ouplings of the ele
tron to the Z boson.In analogy to F̃2, xF̃3 
an be written as:
xF̃3 ≡ −ae

κQ2

Q2 + M2
Z

xF γZ
3 + 2veae

(

κQ2

Q2 + M2
Z

)2

xFZ
3 . (2.8)

FZ
2 is highly suppressed at HERA energies, be
ause it only be
omes importantat Q2 & M2

Z . F γZ
2 be
omes important when Q2 approa
hes M2

Z . HERA data isdominanted by F γ
2 .�FL is 
alled longitudinal stru
ture fun
tion. In QPM, FL = 0, that is 
alled theCallan-Gross relation [36℄. However, beyond leading order, FL is non zero and it isrelevant at high y. The measured F̃L [33℄ is shown in Figure 2.4. 15



CHAPTER 2. PROTON STRUCTURE FUNCTIONOften, instead of stru
ture fun
tions redu
ed 
ross se
tions, σ̃, are dis
ussed. Byremoving the kineti
 term in front of F̃2, the redu
ed 
ross se
tion is de�ned as
σ̃NC ≡ xQ4

1πα2

1

Y+

d2σ

dxdQ2
= �F2 ∓

Y−
Y+

x�F3 −
y2

Y+

�FL. (2.9)Figure 2.3 shows the measured redu
ed 
ross se
tions of the NC DIS pro
ess atHERA [28℄ over a wide kinemati
 range.Bjorken predi
ted a s
aling of the 
ross se
tion su
h that it only dependenton x [29℄. The data presented in Figure 2.3 show that su
h a s
aling is only anapproximation. There is a Q2 dependen
e and it 
hanges with x. This is des
ribedby QCD. Measurements of the proton stru
ture fun
tions serve as an input for theextra
tion of parton distribution fun
tions that are universal for all pro
esses.2.4 Parton distributions and QCD dynami
sThe higher the virtuality, Q2, of the ex
hanged boson, i.e the smaller the wavelength of the probe, the more detailed the interior of the proton 
an be studied,revealing the e�e
ts of the intera
tions between the partons. For example, thestru
k valen
e quark may radiate a gluon (see Figure 2.2) before the intera
tionwith the ve
tor boson. It 
an also happen that a gluon produ
es a qq̄ pair of seaquarks and one of those be
omes stru
k. Therefore PDFs 
an not be as simple asa number of partons of a 
ertain type within a nu
leon momentum fra
tion range.Thus, the quark momentum distribution inside a proton and the stru
ture fun
tionsare also dependent on Q2. This is referred to as Q2 evolution.One of the possible approa
hes to des
ribe Q2 evolution is the DGLAP formal-ism [37℄. The quark distributions are des
ribed by:
dqi(x,Q2)

d ln Q2
=

αs(Q
2)

2π

1
∫

x

dξ

ξ

[

∑

j

qj(ξ,Q
2)Pqiqj

(
x

ξ
) + g(ξ,Q2)Pqig(

x

ξ
)

]

, (2.10)where qi(ξ,Q
2) are the quark distributions for all momentum fra
tions ξ ∈ [x···1] that
ontribute to gluon radiation and g(ξ,Q2) is the distribution of gluons produ
ingquark-anti-quark pairs. The Pqiqj

(z) are 
alled splitting fun
tions. They give theprobability of a parton pj to emit a parton pi with the momentum fra
tion z = x
ξ
of

pj. The gluon distribution, g(x,Q2), due to gluon radiation of quarks and gluons isdes
ribed as:
dg(x,Q2)

d ln Q2
=

αs(Q
2)

2π

1
∫

x

dξ

ξ

[

∑

j

qj(ξ,Q
2)Pgqj

(
x

ξ
) + g(ξ,Q2)Pgg(

x

ξ
)

]

. (2.11)
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2.5. FACTORISATION THEOREMThe analyti
al expressions for the splitting fun
tions are known up to O(α2
s). They
an be found in [32℄ together with more details about the PDFs.Other approa
hes to QCD evolution like BFKL [38℄ are available. In the BFKLapproa
h an evolution in x instead of Q2 is performed on the gluon distribution only.Yet another approa
h is CCFM [39℄, where the parton evolution is treated in both

x and Q2 and relies on a di�erent s
heme of parton emission for quarks and gluons.So far, no 
onvin
ing experimental eviden
e that BFKL or CCFM dynami
s beingbetter than DGLAP were shown.2.5 Fa
torisation theoremThe PDFs themselves are not dire
t experimental observables. The fa
torisationtheorem [40, 41℄ provides the 
onne
tion between the measured 
ross se
tions oflepton-hadron DIS pro
esses des
ribed by the stru
ture fun
tions and the PDFs, fi.A

ordingly, the proton stru
ture fun
tion F2(x,Q2) 
an be written as:
F2(x,Q2) =

∑

i

1
∫

x

Ci(z,
Q2

µ2
R

,
µ2

F

µ2
R

, αs(µR))fi(z, µF , µR)
dz

z
, (2.12)where i runs over all partons, q, q̄, g. Here Ci are the matrix elements of the hardparton-level pro
ess 
al
ulable in QCD. The µR is the renormalization s
ale (seeSe
tion 1.2.1) and µF is 
alled fa
torisation s
ale. The PDFs, fi, are also dependenton the s
ales µR and µR in this ansatz. The fa
torisation theorem presents the 
rossse
tion of an ep pro
ess as a 
onvolution of partially non-perturbative PDFs at longdistan
es and perturbative partoni
 
ross se
tions at short-distan
es.The matrix elements (
oe�
ient fun
tions) Ci have expansions in powers of

αs(µR) in the pQCD approa
h. The µF represents the s
ale at whi
h the shortand long distan
e pro
esses 
an be separated. As in the 
ase of renormalization, themeasured 
ross se
tions should not depend on the 
hoi
e of µF . That leads to theset of di�erential equations:
dCi

d log µ2
F

= 0. (2.13)They 
an be solved iteratively. The solution for the C1 is
C1(µR, µF , αs) = C1(1, µR) + P0

1
∫

x

C0 log
Q2

µ2
F

fi(z, µF , µR)
dz

z
, (2.14)where P0 denotes the QCD evolution splitting fun
tion at leading order in αs. 17



CHAPTER 2. PROTON STRUCTURE FUNCTIONDue to the trun
ation of the perturbative 
hain the Ci will remain dependent onthe fa
torisation s
ale. Therefore the 
hoi
e of µF should be made 
arefully. Often,
µF is set to be equal to µR, but the possibility of separating those two s
ales is alsoan option as they refer to di�erent aspe
ts of the 
al
ulation.2.6 HERAPDFWhile the Q2 expansion is 
al
ulable through the DGLAP evolution, the x de-penden
e of the PDFs must be measured. Di�erent physi
s pro
esses 
an 
onstraindi�erent parts of the PDFs at some referen
e s
ale. Thus, the in
lusive DIS neutral-and 
harge-
urrent 
ross se
tions [42, 43℄, are espe
ially sensitive to the gluon 
on-tent of the proton as measured at HERA. Also TEVATRON or LHC experimentsperform W± asymmetry measurements [44℄ that 
an tighten up the un
ertaintiesof the ratio of u to d quark 
ontent. In
lusive jet 
ross se
tion data, also mea-sured at HERA [45℄, allow to embed the strong 
oupling 
onstant into the PDFdetermination.There are several 
ollaborations �tting the available data to extra
t PDFs:ABKM [46℄, CTEQ [47℄, MSTW [48℄, NNPDF [49℄. The 
ollaborations make di�er-ent 
hoi
es in the sele
tion of data sets and in the way PDFs are treated within thetheory. The details are beyond the s
ope of this dis
ussion.
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2.6. HERAPDFThe HERA experiments (see Chapter 4) provide their own set of PDFs 
alledHERAPDF [50, 28℄. These are based on HERA data only, obtained by the ZEUS andH1 
ollaborations. The PDFs are parametrised at the starting s
ale Q2
0 = 1.9 GeV2
hosen to be below the 
harm mass threshold as:

xg(x) = Agx
Bg(1 − x)Cg , (2.15)

xuv(x) = Auvx
Buv (1 − x)Cuv (1 + Euvx

2), (2.16)
xdv(x) = Advx

Bdv (1 − x)Cdv , (2.17)
xŪ(x) = AŪxBŪ (1 − x)CŪ , (2.18)
xD̄(x) = AD̄xBD̄(1 − x)CD̄ , (2.19)where xg(x) represents the gluon distribution, xuv(x), xdv(x) are the valen
e upand down quark distributions, respe
tively, and xŪ(x), xD̄(x) 
orrespond to thesea quark distributions. The Ag,uv ,dv are the normalisation parameters 
onstrainedby the quark number and momentum sum-rules, the parameters Bg,uv ,dv and Cg,uv ,dvare set to be free. For the sea distribution only one parameter is set B = BŪ = BD̄.The 
ontribution from strange sea quarks is set to be a fra
tion fs of dv-sea as:

xs̄ = fsD̄. At Q2 > m2
c and Q2 > m2

b the sea distributions are xŪ = xū + xc̄ and
xD̄ = xd̄ + xū respe
tively taking into a

ount heavy �avour 
ontributions. Thefull sea parton distribution is denoted as xS = 2x(Ū + D̄). The strong 
oupling
onstant is set to αs(MZ0) = 0.1176 and the heavy �avour quark pole masses areset to mc = 1.4GeV and mb = 4.75GeV.During the �t PDFs are evolved using the DGLAP equations (2.11),(2.11) inthe MS s
heme setting µR = µF = Q. Figure 2.5 shows the obtained PartonDistributions in the framework of HERAPDF1.5. There it is visible that the valen
equarks are a

essible at high values of x, while the gluon and the sea 
ontributionsare dominant at low x.
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Chapter 3Heavy �avourThis 
hapter 
ontains the des
ription of heavy �avour, 
 and b, produ
tion in
ep 
ollisions through neutral-
urrent intera
tions. The main emphasis is pla
ed on
harm quark produ
tion, as it is the main subje
t of this thesis. The most relevanttheoreti
al aspe
ts of the heavy quark treatment in QCD are also 
overed.3.1 Heavy �avour produ
tion in e±p 
ollisionsIn ele
tron-proton 
ollisions the 
harm and beauty quarks are mostly 
reated bythe boson-gluon fusion pro
ess (BGF), where the virtual ex
hange photon intera
tswith a gluon in the proton produ
ing a heavy quark-anti-quark pair. Therefore
harm produ
tion measurements are sensitive to the gluon 
ontent of the proton.The Feynman diagram of the BGF pro
ess is shown in Figure 3.1(a) with an exampleof cc̄ produ
tion. The produ
tion of heavy �avour quarks, like 
 and b in BGF, isonly possible when the 
entre-of-mass energy of the photon-gluon system, ŝ, ex
eedsthe squared mass of the qq̄ pair:

ŝ = (γ∗g)2 > 4m2
q. (3.1)At HERA 
ollider energies, 
harm quark produ
tion is strongly favoured over beautydue to the large mass of the beauty quark, mb ≈ 4.75GeV. In either 
ase, mqintrodu
e a hard s
ale that allows perturbative te
hniques to be applied down tothe produ
tion threshold. In DIS intera
tions, yet another hard s
ale is introdu
edby Q2. That 
an lead to 
ompli
ations of the theoreti
al predi
tions due to log Q2

m2
qterms. This is referred to as the multiple hard s
ale problem. In this respe
t, themeasurement of heavy �avour produ
tion provides a stress test for QCD. It wasshown that the 
harm 
ontribution to the in
lusive stru
ture fun
tion F2 is sizeable,from 10 to 30% [51℄, and therefore needs to be properly treated. 21
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c̄Figure 3.1: Feynman diagrams of 
harm produ
tion in ep 
ollisions via a) boson-gluonfusion and b) via photon 
oupling to a sea-type 
harm quark in the proton.Heavy �avour photoprodu
tion. Pro
esses are 
alled photoprodu
tion (PHP)when the virtuality of the ex
hanged photon is 
lose to zero, Q2 ≈ 0GeV2. Thenit is usually said that the ex
hange was done via a quasi-real photon, or photon-proton 
ollisions took pla
e. Typi
al diagrams for heavy quark produ
tion in su
hkind of intera
tions are shown in Figure 3.2. There are two 
omponents of PHP-like pro
esses: dire
t photoprodu
tion when the in
oming photon has a point-likestru
ture and resolved photoprodu
tion when the photon itself shows an intrinsi
hadroni
 stru
ture via �u
tuation into a quark-anti-quark pair and gluons.The dire
t pro
esses are 
al
ulable via the perturbative QCD approa
h, while theresolved 
omponent 
al
ulations are done via the 
onvolution of non-perturbationphoton PDFs [52℄ with matrix elements of the partoni
 
ross se
tions.Heavy �avour fragmentation. As quarks are 
on�ned, studies of heavy quarksare possible through the measurement of hadrons 
ontaining heavy �avours, like D
c̄
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p pFigure 3.2: Feynman diagrams of the photoprodu
tion pro
esses: a) dire
t and b) re-solved 
omponents.
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3.2. TREATMENT OF HEAVY FLAVOUR PRODUCTION IN QCDor B mesons. The hadronisation pro
ess of the transition of a 
harm quark to a Dmeson is not 
al
ulable with pQCD and should be extra
ted from experiment [53℄. Inthe hadronisation pro
ess two main notions are introdu
ed. One is 
alled fragmen-tation fra
tion, f(c → H), that 
hara
terises the probability of a quark to hadroniseinto a parti
ular 
olourless obje
t, H. The other is the fragmentation fun
tion orprobability density distribution, D(z), where z is the fra
tion of energy of the par-ent quark, q, transferred to the daughter hadron H. There are various models offragmentation. The ones that often being used in the theoreti
al 
al
ulations ofheavy �avour produ
tion 
ross se
tions are:
• Peterson fragmentation [54℄:

D(z) ∝ z(1 − 1

z
− ǫ

1 − z
)−2, (3.2)where ǫ is a measurable parameter.

• Bowler fragmentation [55℄:
D(z) ∝ 1

z1+rqbm2
q
(1 − z)ae

−bm2
T

z , (3.3)where m2
T = (prel

T )2 + m2 is the transverse mass of the hadron and prel
T is thetransverse momentum of the hadron relative to the mother quark. Here a and

b are the measurable parameters.
• Kartvelishvili fragmentation [56℄:

D(z) ∝ zα(1 − z), (3.4)with α being the measurable parameter.3.2 Treatment of heavy �avour produ
tion in QCDThere are several ways to embed heavy �avour quark produ
tion into pQCD
al
ulations. Among them:
• Fixed Flavour Number S
heme (FFNS) [57℄. In this approa
h heavyquarks, 
 and b, are always treated as massive fermions. They are produ
edin the hard intera
tion pro
ess and the proton 
ontent is �xed by the light�avours and gluons. For the 
-quark the light �avours are u, d , s, while for b-quark produ
tion, the 
-quark 
an also be treated as light. For the perturbativeseries of the 
al
ulations in this approa
h 
ompli
ations arise from the presen
eof multiple hard s
ales. Thus at very high Q2, in higher orders of the αs23



CHAPTER 3. HEAVY FLAVOURperturbative 
hain, terms proportional to log Q2

m2
c

an be
ome large. Therefore,this s
heme is expe
ted to be most pre
ise at Q2 ≈ m2

c,b. In pra
ti
e, thes
heme works in the whole HERA kinemati
 region.
• Variable Flavour Number S
heme (VFNS) [58℄ In this s
heme, in orderto sum part of these large logs, log Q2

m2
c,b
, the heavy quark is allowed to bea parton in the proton. Then the PDFs satisfy the renormalization group(DGLAP) equations in the same way as the light �avour partons.

• Zero Mass Variable Flavour Number S
heme (ZM-VFNS) [59℄. Thiss
heme treats the heavy �avours as in�nitely massive partons below the thresh-old m2
c,b, and totally massless above the threshold, Q2 > m2

c,b. It means thatall 
oe�
ient fun
tions, Ci (see Chapter 2) of the perturbative expansion are
oupled dire
tly to the 
harm quark, that is being �turned on� at the threshold.The evolution also begins at the threshold and the number of �avours in the Ciand the running 
oupling 
onstant in
reases by one to nf + 1 dis
ontinuouslyat the threshold. Thus, the s
heme works at large Q2, while for the thresholdregions has in
orre
t behaviour.
• General Mass Variable Flavour Number S
heme (GM-VFNS) [60℄. Thisapproa
h is an interpolation between the FFNS and ZM-VFNS. The formalismof FFNS is kept for low values of Q2, while for high Q2 the ZM-VFNS is used.A

ording to this, the number of a
tive �avours 
hanges with Q2 and thereforea 
areful treatment of the transition region is ne
essary, whi
h introdu
ess
heme dependent ambiguities.3.3 D∗ mesonsHeavy �avours 
an be studied through the re
onstru
tion of heavy quark mesons.For the analysis of this thesis 
harm quarks were tagged by the re
onstru
tion of

D∗± mesons with invariant mass of 2010.38 ± 0.13MeV [10℄. There are three de
aymodes of D∗± mesons:
D∗+ → D0π+ B = 67.7 ± 0.5 % (3.5)
D∗+ → D+π0 B = 30.7 ± 0.5 % (3.6)
D∗+ → D+γ B = 1.6 ± 0.4 %, (3.7)where B denotes the probability of a parti
ular de
ay mode. For the presentedstudies the D∗+ mesons and their 
harge 
onjugates were re
onstru
ted from thede
ay 
hannel (3.5) with a subsequent de
ay of D0 → K− π+. The probability ofthe latter de
ay is (3.88± 0.05) %. Thus, the bran
hing ratio of the full de
ay 
hain24



3.3. D∗ MESONS
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ū

u d̄

π+

K−

W+

Figure 3.3: Quark level diagram of D∗+ meson de
ay to D0 and π+ with a subsequentde
ay of D0 to K− π+.is (2.627± 0.053) %. The quark level diagram of the re
onstru
ted de
ay 
hannel isshown in Figure 3.3. The D∗+ de
ays strongly into a D0 and the latter de
ays to aKaon and pion through the weak intera
tion. Thus the life time of D∗ mesons is veryshort (∼ 10−21 s), while the life time of D0 is about 10−13s. The de
ay of the D∗−
an be dedu
ed from the same diagram by repla
ing quarks by the 
orrespondinganti-quarks. As the masses of D∗ and D0 mesons are very 
lose, the pion of the
D∗ de
ay is often 
alled the �slow� pion be
ause the relative fra
tion of momentum
arried by this parti
le is small.There were several previous measurements of D∗± produ
tion at HERA. Fig-ure 3.4 shows the measured di�erential 
ross se
tion of D∗± meson produ
tion indeep-inelasti
 s
attering at HERA from the previous ZEUS measurement [61℄, as afun
tion of the ex
hanged photon virtuality, Q2, Bjorken x, transverse momentum,
pD∗

T pseudorapidity of D∗ , ηD∗ . The measurements were performed on HERA Idata.
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al un-
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Chapter 4Experimental setupThis 
hapter 
ontains a brief des
ription of the HERA a

elerator and the ZEUSdete
tor. Emphasis is pla
ed on the most relevant 
omponents of the dete
tor thatwere used for the measurements dis
ussed in this thesis.4.1 HERA 
olliderThe Hadron Ele
tron Ring A

elerator (HERA) [62℄ was so far the only ele
tron-proton 
ollider in the world. It was in operation from 1992 till 2007 and lo
ated ina tunnel 15 to 30 meters underground in Hamburg. The ring had a 
ir
umferen
e

Figure 4.1: S
hemati
 overview of the HERA a

elerator fa
ility at DESY.
27



CHAPTER 4. EXPERIMENTAL SETUP

Figure 4.2: Integrated luminosity for di�erent data taking periods for HERA II.of 6.3 km. Ele
trons or positrons1 with the energy of 27.5GeV were 
ollided withprotons of the energy 920GeV (820GeV before 1998). Ele
trons, e, and protons, p,had separate storage rings and were inje
ted into HERA from the pre-a

eleratorsystem at energies Ee = 12GeV and Ep = 40GeV, see Figure 4.1. Protons were heldon the 
ir
ular orbit using super
ondu
ting magnets [63℄ operating at a temperatureof 4.4K with a magneti
 �eld strength of B=4.68T. For the ele
tron beam nominal
ondu
ting dipole magnets with B = 0.16T were used. Colliding parti
les weregrouped in bun
hes with a time distan
e between two bun
hes of 96 ns and a spa
edistan
e of 30m. During nominal operation around 220 bun
hes were 
ir
ulatingin the storage rings. Ele
trons and protons were 
ollided at two experimental hallswhere the general purpose dete
tors H1 and ZEUS were installed. In addition, theHERMES experiment was taking data from 
ollisions of the ele
tron beam with agas target to study the spin stru
ture of the nu
leons. Another experiment HERA-Bdire
ted the proton beam on a 
arbon, tungsten or titanium target with the goal tostudy heavy �avour physi
s.There were two main data taking periods during the HERA operation: HERA I(1992-2000) [64℄ and HERA II (2002-2007). For the latter, dete
tor upgrades wereperformed [65℄ and spin rotators for the ele
tron beam were installed, introdu
ing alongitudinal polarisation of 40% on average. Figure 4.2 shows the integrated lumi-1From here on, the lepton beam is referred to as ele
tron, while both e−p and e+p 
ollisionsare meant.28



4.2. ZEUS DETECTOR
y

z x
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e

p

Figure 4.3: ZEUS 
oordinate system. Arrows from the left and from the right show thedire
tion of ele
tron and proton �ight. The X axis is pointing to the 
entre ofthe HERA storage ring.nosity HERA has delivered for di�erent sub-periods at HERA II. Overall 0.5 fb−1 ofintegrated luminosity per experiment was re
orded. During the last few months ofoperation, the proton beam energy was lowered to 575GeV and 460GeV (Mediumand Low Energy Runs). During the years 2003�2004 and 2006�2007 a positron beamwas used and the data sub-periods are 
alled 0304p, 0607p, MER, LER, respe
tively.In the years 2005 and 2006 the ele
tron beam was used with sub-period names 05e,06e. The measurements presented in this work were done on the HERA II data.4.2 ZEUS dete
torThe ZEUS dete
tor [66℄ was lo
ated in the the south hall of the HERA tunnel.The ZEUS 
oordinate system, Figure 4.3, is a Cartesian right-handed system withthe origin at the ep Intera
tion Point (IP). The x axis is pointing right to the 
entreof the a

elerator ring, the y axis pointing upwards and the z axis is pointing inthe proton beam dire
tion. In spheri
al 
oordinates the radial distan
e is de�ned asusual. The azimuthal angle, φ, is the angle between the proje
tion of a ve
tor intothe XY plain and the x axis. The polar angle, θ, is the angle between a ve
tor andthe z axis. The ZEUS dete
tor has a full 
overage of the azimuthal angle.The di�eren
es between ele
tron and proton beam energies resulted in a largeboost of the 
entre-of-mass system in the dire
tion of the proton beam and a largeforward-ba
kward asymmetry of the parti
le produ
tion. Therefore, the ZEUS de-te
tor had more sensitive material in the forward region. The terms forward (ba
k-ward) region denote the positive (negative) z dire
tion. At ZEUS the Lorentz-invariant kinemati
 variable of pseudo-rapidity is de�ned as η = − ln(tan θ
2
) and thetransverse momentum is de�ned as pT =

√

p2
x + p2

y.The ZEUS dete
tor in the XY proje
tion is depi
ted in Figure 4.4 and in the XZ29
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Figure 4.4: ZEUS dete
tor proje
tion to XZ plane.proje
tion in Figure 4.52. The main 
omponents starting from the most inner partwere:
• Mi
ro-Vertex Dete
tor (MVD), see Se
tion 4.2.1.1. The sili
on strip dete
torwas mounted3 during the luminosity upgrade shutdown in order to a

ess thelife-time information of the short-living parti
les and to improve the tra
kingresolution with respe
t to HERA I.
• Central Tra
king Dete
tor (CTD), see Se
tion 4.2.1.2. A 
ylindri
al drift
hamber en
losing the MVD and serving for the measurement of 
hargedtra
ks.
• Forward Tra
king Dete
tor (STT), see Se
tion 4.2.1.3. A straw tube drift
hamber was installed to measure tra
ks in the forward region not a

essibleby the CTD.
• Solenoid [67℄. A magnet with the �eld strength of 1.43T that was surroundingthe tra
kers allowing tra
k momentum measurements.
• The Uranium Calorimeter (CAL), see Se
tion 4.2.2, that 
onsisted of threedi�erent parts: Rear (RCAL), Barrel (BCAL ) and Forward (FCAL) 
alorime-ters with additional devi
es for a more pre
ise re
onstru
tion of the position2The pi
tures show the ZEUS dete
tor 
on�guration for the HERA I data taking period.3Instead of VXD in Figures 4.5 and 4.4.30
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Figure 4.5: ZEUS dete
tor proje
tion to XY plane.of the s
attered ele
tron Hadron Ele
tron Separator and Strip Rear Tra
kingDete
tor.
• The iron yoke surrounded CAL and served as a return path for the magneti
�eld. The yoke was equipped with proportional 
ounters, thus providing thepossibility to measure the energies of parti
les not stopped in the CAL. Thispart of the dete
tor is referred to as Ba
king Calorimeter (BAC).
• Muon 
hambers [68℄. Spe
ially dedi
ated dete
tors pla
ed inside and outsidethe BAC.
• The VETO wall [69℄ was situated at z = −7.5m. Its main purpose was toprote
t the 
entral dete
tor against parti
les from the beam halo a

ompanyingthe proton bun
hes by absorbing the ba
kground parti
les.
• The C5 
ounter [70, 71℄ was mounted at z = 1.2m and 
onsisted of 2 × 2s
intillator layers interleaved with layers of tungsten. It was used to moni-tor beam-gas intera
tions from ele
tron or proton beams, to measure bun
harriving times and to determine the intera
tion position.
• Luminosity monitors, see Se
tion 4.2.3. 31
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Figure 4.6: ZEUS Mi
ro-vertex dete
tor layout along the beam pipe.4.2.1 Tra
king system4.2.1.1 MVDThe Mi
ro-vertex dete
tor [72℄ was installed during the upgrade shutdown inorder to improve and extend the existing tra
king system. Thus, making possiblere
onstru
tion of signatures from long-living parti
les with a life time τ & 10−13 s.The position resolution was less than 20 µm. The MVD was 
omposed of single-sided sili
on strip sensors 
onsisting of 320 µm of n-type material with 20µm pit
h
p+ strips implanted on top. More te
hni
al details 
an be found in [73℄.When a 
harged parti
le passes through the sensitive area, ele
tron-hole pairsare generated in the n-type bulk. The holes drift to the p-type strips whi
h aremaintained at a negative potential. Only every sixth strip was read out to minimisethe number of readout 
hannels.The MVD 
onsisted of a forward (FMVD, proton dire
tion) and a barrel (BMVD,
entral) se
tion (Figure 4.6). The barrel se
tion was about 65 
m long and 
onsistedof three layers of sili
on strip sensors arranged in 
ylindri
al planes surrounding theintera
tion point and in planar wheels in the forward region. The size of the MVDwas di
tated by the dimensions of the inner wall of the CTD that had a diameterof 32.4 
m. An example of a barrel module is depi
ted in Figure 4.7(b). It 
onsistedof two (6.42× 6.42) 
m2 sensors of sili
on glued together side-by-side. The strips inone sensor were parallel to the beam line and those in the other were perpendi
ular.The BMVD modules were organised in 30 ladders and arranged in three 
ylindri
allayers, see Figure 4.7(a) (most inner layers had fewer ladders due to the ellipti
alshape of the beam pipe). The barrel part had a polar angle 
overage from 20 to 160degrees. A wheel module was made of two layers of sili
on of the same type as abarrel module but had a wedge shape. One layer had strips oriented parallel to oneof the long sides of the wedge while the other layer had strips tilted by 13 degrees inthe opposite dire
tion [74, 75℄. The 14 FMVD modules where arranged in a wheelmaking all together four wheels. The FMVD 
overed polar angles down to sevendegrees.32



4.2. ZEUS DETECTORIn summary, the MVD had a single hit resolution of ∼ 20 µm with a 
apabilityof two tra
k separation of 200µm and an e�
ien
y of tra
k re
onstru
tion of morethan 95%. However, the MVD introdu
ed additional material, thus in
reasing theprobability of a parti
le to intera
t hadroni
ally with material of the tra
king system(see Chapter 7.5.2).4.2.1.2 CTDThe Central Tra
king Dete
tor (CTD) [76℄ was the main tool to measure theposition, dire
tion, momentum and energy loss of tra
ks. It was a 
ylindri
al multi-wire drift 
hamber �lled with a gas mixture of Ar (83%), Ethane (14%) and CO2(3%) and water. The CTD a
tive volume had an inner radius of 16.2 
m and anouter radius of 79.4 
m. The longitudinal size was 203 
m with the 
entre at theintera
tion point. The polar angle 
overage was 15◦< θ < 164◦.When an in
ident 
harged parti
le travels through the CTD volume it ionises thegas produ
ing ele
tron-ion pairs. The ele
trons drift towards the positively 
hargedsense wires whereas the positive ions move to the negative anodes. Through thelarge ele
tri
 �eld at the surfa
e, ele
trons 
ause further showering, thus amplifyingthe signal that 
an be measured by the readout ele
troni
s. The high magneti
�eld produ
es large deviations from radial ele
tron drift. The CTD was designedto operate with an angle between the ele
tron drift velo
ity and the ele
tri
 �eld(the Lorentz angle) of 45◦ [77℄. The 
ell stru
ture of the CTD was adapted for thisa

ordingly.

Figure 4.7: (a) Barrel part of the MVD proje
ted to XY plane and (b) single MVDdete
tor module.
33
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Figure 4.8: ZEUS Central Tra
king dete
tor o
tant.The CTD wires were arranged into nine 
on
entri
 super-layers (SL) numbered
onse
utively from the inside out. The odd-numbered SL have sense wires runningparallel to the z axis (axial SL) while those in the even-numbered super-layers have a5 ◦stereo angle in
lination (stereo SL), see Figure 4.8. Three-dimensional information
(r, φ, z) was extra
ted using these small angle stereo layers. In addition, super-layers 1, 3 and 5 were also instrumented with a z-by-timing system [78℄. Thisdetermined the z position of a hit on one of the instrumented wires by measuringthe di�eren
e in time between the arrival of the pulses at ea
h end of the wireyielding a resolution of ∼ 4 
m. CTD based information was strongly used in many�rst level triggers where the main ba
kground reje
tion was done.The 
ombined tra
king system, MVD+CTD, had a momentum resolution of

σ(pT )

pT

= 0.0029 · pT ⊕ 0.0081 ⊕ 0.0012

pT

, (4.1)where the transverse momentum pT is expressed in GeV. In Equation 4.1 the �rstterm re�e
ts the position resolution, whereas the se
ond and third terms 
orrespondto the multiple s
attering e�e
ts before and after the CTD volume respe
tively.Details about the resolution parametrisation 
an be found in [79, 80℄.4.2.1.3 STTThe ZEUS forward region was equipped with a gaseous drift 
hamber 
alledStraw Tube Tra
ker (STT). The STT [81℄ 
overed the region of 5◦ < θ < 25◦. The34
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Figure 4.9: ZEUS Straw Tube Tra
king dete
tor together with CTD.straws were approximately 7.5mm in diameter with a length varying from 20 
mto 1m and were arranged in wedges 
onsisting of three layers rotated with respe
tto ea
h other, to provide a three-dimensional re
onstru
tion. Figure 4.9 shows theSTT together with the other tra
kers. The operational gas mixture was Ar andCO2 in the proportion 80%:20%. Due to the magneti
 �eld 
on�guration of theZEUS solenoid, the STT delivered mainly the position information, whereas themomentum information was marginal.4.2.2 Calorimetry systemCalorimeter [82, 83℄ in high energy physi
s is a tool to measure energies of 
hargedand neutral parti
les. With a su�
ient segmentation of the 
alorimeter some re
on-stru
tion of the position and dire
tion of a parti
le 
an also be performed. When aparti
le travels through the absorbing material of a 
alorimeter it 
reates plenty ofse
ondary parti
les whi
h again provoke the 
reation of new parti
les, thus makinga 
as
ade 
alled parti
le shower. This means that an in
ident parti
le leaves its en-ergy in the dete
tor that is 
onverted to a measurable signal. A parti
le 
an undergoboth ele
tromagneti
 (EM) and nu
lear (hadroni
) intera
tions. EM pro
esses aremore likely to o

ur at short passing distan
es, i.e. with small intera
tion length
λ4, whereas hadroni
 pro
esses take pla
e at larger λ. Thus, two types of parti
leshowers are dis
erned.The ZEUS 
alorimeter (CAL) [84℄ was a sampling and 
ompensating 
alorimeter.4The mean free path of a parti
le between intera
tions. 35



CHAPTER 4. EXPERIMENTAL SETUP

Figure 4.10: (a) Forward/Rear ZEUS 
alorimeter module and (b) Barrel ZEUS 
alorime-ter module.A single CAL module had a sandwi
h stru
ture with a heavy but insensitive absorberof 3.3mm thi
k depleted uranium5, interleaved with lighter sensitive material madeof an organi
 s
intillator (SCSN-38 type) of 2.6mm. Compensation refers to anequal response to EM and hadroni
 showers and was a
hieved by tuning the ratioof absorber to s
intillator. Due to the presen
e of neutrinos, muons, slow neutronsor nu
lear pro
esses that did not result in a measurable signal, the ratio betweenmeasured and in
ident energies 
an be less than unity.As was mentioned earlier in this 
hapter, the CAL was separated into three mainparts (see Figure 4.4):
• The FCAL [85℄ with an angular 
overage 2.2◦ < θ < 39.9◦. Figure 4.10(a)shows a s
hemati
 drawing of a single FCAL module. The full FCAL 
onsistedof 23 single modules pla
ed verti
ally next to ea
h other. One module had awidth of 20 
m and a length of up to 4m arranged in three units. The unit
losest to the intera
tion point had a depth of 0.96 λ and is referred as FEMC(forward ele
tromagneti
 
alorimeter), with a 
ell size of (10 × 20) 
m2. Theother two units were arranged 
onse
utively with a depth of 3.06 λ and referredto forward hadroni
 
alorimeters FHAC1 and FHAC2. The FHAC had a 
ellsize of (20 × 20) 
m2.
• The BCAL [86℄ was pla
ed in the 
entral region, 36.7◦ < θ < 129.1◦, 
ov-ered the full azimuthal angle and had 32 wedge-shape modules. One su
h598.1% 238U, 1.7% Nb, 0.2%235U.36



4.2. ZEUS DETECTORBCAL module is depi
ted in Figure 4.10(b). One single BCAL module hadthe azimuthal angle 
overage of about 11◦ and a length of 3.3m. The innerradius was 1.22m and the outer 2.3m. Like the FCAL this dete
tor part had3 se
tions. The ele
tromagneti
 unit had a depth of 0.85 λ (BEMC) and twohadroni
 units BHAC1 and BHAC2 had a depth of 2 λ ea
h.
• The RCAL 
overed the region of 128.1◦ < θ < 176.5◦. It had almost thesame stru
ture as FCAL with a di�eren
e in the size of the ele
tromagneti

ell (REMC) that was (5 × 20) 
m2. The RCAL had only one hadroni
 unit
alled RHAC.In order to improve the identi�
ation of ele
tromagneti
 obje
ts a Hadron Ele
-tron Separator (HES) [87℄ was installed in the rear and forward 
alorimeter parts.It 
onsisted of two layers of sili
on pads with area (3 × 3) 
m2 providing a spatialresolution of about 0.9 
m for a single hit. A Small angle Rear Tra
king Dete
-tor(SRTD) [88℄ was installed in the RCAL se
tion 
overing the RCAL in the rangeof 162◦ < θ < 176◦. The SRTD 
onsisted of two layers of s
intillator strips orientedperpendi
ular to ea
h other.Under test beam 
onditions, the ZEUS 
alorimeter had a resolution [85℄ of ele
-tromagneti
 energy re
onstru
tion of

σel

E
=

18%√
E

, (4.2)and for hadroni
 energy
σhad

E
=

35%√
E

, (4.3)where E is the measured parti
le energy in GeV. The 
alorimeter was 
alibrated ona day-by-day basis during its operation using 228U de
ays with an a

ura
y of 1%.4.2.3 Luminosity measurementA pre
ise knowledge of the luminosity is required for the pre
ise determinationof a 
ross se
tion asso
iated with any pro
ess. The value of the luminosity, L, givesthe proportionality between the number of intera
tion per se
ond, dR/dt, and the
ross se
tion σ:
dR/dt = L × σ. (4.4)At 
ollider experiments the luminosity needs to be monitored for ea
h bun
h 
ross-ing. At ZEUS the luminosity had been measured via investigation of the Bethe-Heitler(B-H) bremsstrahlung pro
ess [89℄:

ep → e′p γ. (4.5)37
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Figure 4.11: S
hemati
 drawing of the ZEUS luminosity system at HERA II.This pro
ess is well understood from QED, and has a high rate and an a

urately
al
ulable 
ross se
tion. The luminosity was 
al
ulated as L = R/σB−H, whereR is the measured bremsstrahlung photon rate. During the HERA II data takingtwo luminosity measurement systems were in operation at ZEUS (Figure 4.11), theLuminosity Spe
trometer (SPEC) [90℄ and the Photon Calorimeter (PCAL) [91℄.The SPEC was lo
ated 100m away from the intera
tion point6 and 
onsistedof two sampling 
alorimeters that were dete
ting ele
tron-positron pairs from thephoton 
onversion. The typi
al a

eptan
e of the SPEC was 30% and only 10%of the photons were 
onverted, therefore the dete
tor operation was not alwaysstable. The PCAL instead was measuring showers, rates and positions from non-
onverted photons. The two measurements were in agreement and by default thePCAL numbers were used for the luminosity and in the 
ase that PCAL informationwas not available, the SPEC luminosity was taken instead.4.2.4 Trigger systemThe information from the ZEUS dete
tor 
omponents was pro
essed by a 
ompli-
ated data a
quisition system (Figure 4.12). The main 
omponents were the triggersystem [92℄, front-end ele
troni
s and data storage devi
es. Triggers played a veryimportant role as they provided the de
ision on whether an event is sele
ted to bere
orded. At HERA beam 
ollisions took pla
e every 96 ns. The potential in
omingdata rate was thus 106 events/s. Not all of those events were produ
ed by the phys-i
al pro
esses s
ientists want to study. The main sour
es of ba
kground were beam-gas intera
tions, proton beam halo events, syn
hrotron radiation, 
osmi
-indu
edevents et
.The ZEUS trigger system 
onsisted of three trigger levels. Events were analysedby a trigger level and if they passed 
ertain trigger 
riteria they were passed on tothe next level. With in
reasing level the pre
ision as well as the 
omplexity of thealgorithms applied to the data in
reased. An event only was stored to dis
 if all6Beam was already bent away at that point.38



4.2. ZEUS DETECTOR

Figure 4.12: S
hemati
 drawing of the ZEUS data a
quisition system.three levels a

epted it as a 
andidate event of interest for physi
s analysis.4.2.4.1 FLTThe First Level Trigger (FLT) [93℄ was a fully pipe-lined system implemented inhardware. The trigger logi
 and 
uts were 
on�gured su
h that the rate of positivede
isions was kept below the maximum input rate a

eptable by the se
ond leveltrigger, e.g. below 1 kHz. As it was not possible to take an immediate de
ision duringthe bun
h 
rossing the data were put to a pipeline. Information from separate FLT
omponents arrived within 2 µs after the bun
h 
rossing and was passed to the GlobalFLT (GFLT), where a typi
al de
ision time was around 4 µs. The input to the FLT
onsisted of un
alibrated dete
tor data only available in 
oarse gain resolution. Itsalgorithms were able to 
al
ulate only global event properties like:
• energy deposits in the EMC or HAC parts of the 
alorimeter 
ells with thespe
i�
ation of the position (BCAL, RCAL, FCAL); 39
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• basi
 identi�
ation of 
lusters with energy deposits left by ele
trons or muons;
• tra
k multipli
ities with the implementation of di�erent tra
k qualities [94℄.In addition, ba
kground reje
tion was done by using CTD z-by-timing, CAL timingand veto dete
tor information. The �rst level trigger had 64 trigger slots (bits)devoted to di�erent physi
al pro
esses. The di�erent slots had di�erent 
alorimeterthresholds and tra
king requirements.4.2.4.2 SLTThe Se
ond Level Trigger system (SLT) [95℄ was software-based with progra-mmable algorithms that were running on-line on a massively parallel system oftransputers. The SLT used partly 
alibrated dete
tor information and simple tra
kre
onstru
tion algorithms. As in the 
ase of the FLT single module, de
isions weresent to the Global SLT (GSLT). The typi
al pro
essing time was 7 µs. At thisstage basi
 ele
tron identi�
ation, tra
k and vertex re
onstru
tion as well as E − pzinformation was available. For fast tra
king data pro
essing the Global Tra
kingTrigger (GTT) was developed. It 
onsisted of two parts: a �barrel algorithm� basedon the tra
k information from the CTD and MVD to obtain a global pi
ture of thetra
k topology in the barrel region and a �forward algorithm� that used informationfrom forward MVD and STT. GTT improved the vertex resolution and the tra
k�nding e�
ien
y at the ZEUS SLT level. The SLT lowered the event rate down to100Hz and passed data to the eventbuilder [96℄.4.2.4.3 TLTThe Third Level Trigger system [97℄ was also purely software-based. At this stageof data pro
essing, the full dete
tor resolution and segmentation was rea
hable with
omplex re
onstru
tion algorithms running on a dedi
ated 
omputer farm. Plentyof trigger slots were developed to study parti
ular physi
s pro
esses, e.g. in
lusiveDIS, di-jet produ
tion and the produ
tion of di�erent heavy-�avour mesons.
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Chapter 5General event re
onstru
tionThe raw data from the dete
tor 
ontain an assembly of signals from the dete
tor
omponents. Before doing any physi
s analysis on the data those signals shouldbe used to extra
t general 
hara
teristi
s of an event. In this se
tion the basi

on
epts of general-purpose algorithms for the tra
k, vertex and energy re
onstru
-tion are des
ribed. This 
hapter also 
ontains the explanation of s
attered ele
tronidenti�
ation that is relevant for the measurement of DIS pro
esses.5.1 Tra
kingAt ZEUS ea
h tra
k is parametrised [98℄ with �ve parameters, the 
ovarian
ematrix and a point of referen
e (Figure 5.1). For the parametrisation fun
tion ofthe traje
tory of a 
harged parti
le in a solenoidal magneti
 �eld, a helix was 
hosen.

Figure 5.1: The proje
tion of a tra
k helix onto the XY plane.
41



CHAPTER 5. GENERAL EVENT RECONSTRUCTIONAny point, s(φ), of this helix 
an be expressed as:
s(φ) = −QR(φ − φH), (5.1)where φ is an outbound tangent angle in the XY plane, φH is the azimuthal angleof the dire
tion ve
tor of the helix at the point-of-
losest approa
h. Q is the 
hargeof a parti
le and R is the lo
al radius. The full parametrisation 
onsists of �veparameters:

• φH ,
• Q/R,
• Q ·DH , where DH 
onne
ts the helix to the referen
e point (xref , yref ) = (0, 0),
• zH , the z 
oordinate of the helix,
• cot(θ) = tg(π

2
− θ), the angle of the dip with respe
t to the XY plane.The �rst three parameters spe
ify a 
ir
le in the XY plane and the last two �x thelo
ation.The tra
k �nding routine is based on the data from the three tra
king de-te
tors: STT, CTD and MVD. The pro
edure starts with hit re
onstru
tion inea
h tra
king dete
tor separately. Then a pattern re
ognition is performed on theMVD+CTD+STT system, where groups of hits are 
ombined to a seed startingfrom the most outer layer of CTD or STT1. The seed serves as a starting point. Its
onne
tion to the intera
tion point with the help of an approximate estimation ofthe momentum and 
harge of the tra
k gives roughly the path and dire
tion alongwhi
h a sear
h for further mat
hing hits is performed. Thus, hits are 
ontinuouslypi
ked up until a road from the STT or CTD through the MVD to the intera
tionpoint is �lled. Some tra
ks with multiply shared hits o

asionally are removed.Tra
ks that have hits only from one of the tra
king dete
tors are also stored and
alled CTD or MVD-only tra
ks.As the next step, the so-
alled rigorous tra
k �t [99℄ was performed. In thisapproa
h, inhomogeneities of the magneti
 �eld, multiple s
attering and the parti-
le energy loss were 
onsidered. The �tting pro
edure was based on the Kalman�lter [100℄ te
hnique. Outlier hits were reje
ted during the tra
k �t and hen
e thetra
k quality was further improved.After all tra
ks have been found, the primary and se
ondary2 verti
es 
an bere
onstru
ted. As in the 
ase of tra
k re
onstru
tion, vertex re
onstru
tion has two1For the forward region.2Those that originated from the de
ay of long-lived parti
les or the intera
tion of parti
les withthe dete
tor material.42



5.2. ENERGY FLOW OBJECTS

Figure 5.2: (a) S
hemati
 drawing to illustrate the island determination pro
edure.Shaded 
ir
les represent the energy deposits in the 
alorimeter 
ell. The size ofthe 
ir
les represent the amount of energy deposit. The 
ell asso
iations to thelo
al maximum are shown with arrows. (b) S
hemati
 drawing of EFO islandwith tra
ks mat
hed to it.stages: �nding and �tting. Vertex �nding involves the identi�
ation of the tra
ksbelonging to the same de
ay vertex while the vertex �tting implies the estimationof the vertex position as well as the tra
k parameters at the vertex. The primaryvertex re
onstru
tion initially assumes that a primary vertex lies along the protonbeam-line3. Tra
ks with a 
ommon vertex are 
ombined and a χ2 �t is performedto determine the vertex position. The verti
es with the best χ2 are stored. Afterthe primary vertex was found outliers are being removed and a sear
h for se
ondaryverti
es is performed.5.2 Energy Flow obje
tsIn order to improve the re
onstru
tion of the event kinemati
s, an algorithm that
ombines information from the tra
king and 
alorimeter system was used to extra
tenergy deposits 
aused by hadrons in the ZEUS dete
tor. The method 
onstru
tsEnergy Flow Obje
ts (EFOs) [101℄ in the following steps.First, 
ontiguous 
alorimeter 
ells from EMC, HAC1 and HAC2 are 
lusteredinto 
ell islands (Figure 5.2(a)) in order to improve the re
onstru
tion of the CAL3In addition, beam spot 
onstraints 
an be used, where the beam spot is the 
entre of theellipti
al interse
tion of the e and p beams determined every 2000 events. 43



CHAPTER 5. GENERAL EVENT RECONSTRUCTIONangular information. This is performed by sear
hing a seed 
ell with the highestenergy deposit and then asso
iating neighbouring 
ells to it to form an island.Se
ond, the 
ell islands undergo the 
luster sear
h in (θ, φ). This pro
edurestarts from the most outer part of the CAL, moves inward to the beam pipe, and
al
ulates the angular separation between the islands. As a result, 3D obje
ts arebuilt with the 
entre of the island, that is 
al
ulated by the logarithmi
 
entre-of-gravity of the CAL shower. In the very forward FCAL region, sometimes only oneisland 
an be formed with the 
entre pointing along the beam pipe.In the third step, tra
ks are mat
hed to the islands. Charged tra
ks with amomentum 0.1 < pT < 20GeV that were �tted to a vertex and passed at least fourCTD super-layers are extrapolated to the surfa
e of the CAL taking the magneti
�eld into a

ount. A mat
h is found if the distan
e of the 
losest approa
h betweenthe tra
k and the position of the island is less than 20 
m. The tra
k is also mat
hedif it is lo
ated inside the island.For the 
harged tra
ks asso
iated to the island, CTD information was used for theenergy assignment by the 
riteria of the best resolution. For non-mat
hed tra
kstra
king information was used to derive the energy by assuming that the tra
k
omes from a 
harged pion parti
le. For the non-mat
hed islands, only the CALmeasurements are used, assuming that deposits were 
aused by a neutral parti
le.In the 
ase that three or more tra
ks are mat
hed to the island, only the CALinformation is used. For the re
onstru
tion of the energy of the s
attered ele
tronalso the CAL information is used. More details 
an be found in [102℄.In the measurements presented in this thesis EFOs were used for the re
onstru
-tion of hadroni
 energy.5.3 Ele
tron re
onstru
tionThe measurement and identi�
ation of the s
attered ele
tron is essential forstudies of Neutral-Current DIS pro
esses. At ZEUS several software algorithmswere developed to re
onstru
t s
attered ele
trons 
alled SINISTRA [103℄, EM andELEC5 [104℄. Ea
h �nder was optimised either for a parti
ular phase spa
e or for aparti
ular pro
ess. For the 
urrent analysis ele
trons identi�ed with the SINISTRAneural network �nder were used.A s
attered ele
tron passing through the 
alorimeter 
reates an ele
tromagneti
shower. Most of its energy will be measured in the EMC 
ells with a small leak-age fra
tion towards HAC 
ells. Identi�
ation starts from the sear
h of the 
ellwith maximum energy deposit to form a 
ell island with a similar approa
h as theone explained for EFOs in the previous se
tion. On
e islands are formed the in-formation is passed to a neural network that performs a multi-variable analysis ofthe 
alorimeter showers and gives a probability, P , in the output. If P = 0 the44



5.4. RECONSTRUCTION OF KINEMATIC VARIABLESshower was 
aused by hadrons and if P = 1 by ele
trons. The �nder obtains asigni�
antly smaller probability for ele
trons with low energy (< 10GeV) be
auseit gets harder to disentangle ele
tron energy deposits from hadroni
 ones like π±.Also a 
ontamination from photons misidenti�ed as ele
trons 
an take pla
e. TheSINISTRA neural network was optimised for ele
tron identi�
ation in RCAL and
Q2 6 1000GeV2, but it 
an be used for the BCAL also. It was trained on NC low-Q2data and MC samples in 1995.In order to obtain the s
attering angle θe of an ele
tron 
andidate, the x and y
oordinates of an ele
tron energy deposit, were re
onstru
ted using the SRTD (if anele
tron was inside its geometri
al 
over) or HES dete
tors. If the ele
tron tra
k wasmeasured by the CTD, this information was also used for additional 
onstraints. Inthe 
ase that none of the above information was available the geometri
al 
entre ofthe CAL 
ell was taken for the x and y 
oordinates. More te
hni
al details 
an beobtained from [105℄.5.4 Re
onstru
tion of kinemati
 variablesThere are several methods for the experimental re
onstru
tion of the main kine-mati
 variables for the DIS pro
esses dis
ussed in Se
tion 2.1. After �nding a 
an-didate for the s
attered ele
tron and re
onstru
tion of the hadroni
 system it ispossible to dedu
e the variables Q2, x , y. Di�erent methods show di�erent resolu-tions in di�erent regions of the kinemati
 phase spa
e. Therefore, it is important to�gure out whi
h of the methods is the best for this analysis.

• The Ele
tron method is based on the measured ele
tron information onlyand on energy and momentum 
onservation laws.
Q2

el = 2EeE
′
e(1 + cos θe), (5.2)

yel = 1 − E ′
e

2Ee

(1 − cos θe),

xel =
Q2

el

s · yel

.Here Ee is the in
oming ele
tron(or positron) energy, E ′
e and θe are the s
at-tered ele
tron energy and angle. This method relies strongly on the measure-ment of the ele
tron energy and position (see Chapter 5.3) and be
ause of thepe
uliarities of the ZEUS dete
tor, those measurements are more pre
ise inthe rear region, therefore this method is optimal for low Q2.

• The Double-angle method is based on the re
onstru
tion of the angle of thes
attered ele
tron θel and the angle of the hadroni
 system γhad. The variables45



CHAPTER 5. GENERAL EVENT RECONSTRUCTIONare 
al
ulated as follows: the transverse momentum of the hadroni
 systemis PT,had =
√

Px,had
2 + Py,had

2 and δhad =
∑

had(Ehad − Pz,had). The hadroni
angle is de�ned as
γhad = arccos

(

P 2
T,had − δ2

had

P 2
T,had + δ2

had

) (5.3)and the kinemati
 variables are:
Q2

DA = 4E2
e

sin γhad · (1 + cos θe)

sin γhad + sin θe − sin(γhad + θe)
, (5.4)

yDA =
sin θe · (1 − cos γhad)

sin γhad + sin θe − sin(γhad + θe)
,

xDA =
Ee · (sin γhad + sin θe + sin(γhad + θe))

Ep · (sin γhad + sin θe − sin(γhad + θe))
.This method has the advantage that it is not sensitive to the energy s
ales,but it relies on the determination of the angle of the hadroni
 system.

• The Jaquet-Blondel method is based purely on the information from thehadron system. The variables are de�ned as:
Q2

JB =
P 2

T,had

1 − yJB

, (5.5)
yJB =

δhad

2Ee

,

xJB =
Q2

JB

s · yJB

.This method has 
ompetitive resolution at low y, while having poor resolutionfor the Q2 re
onstru
tion. It is widely used in analyses where the s
atteredlepton is not dete
ted like 
harged-
urrent DIS pro
esses or in photoprodu
-tion.
• The Sigma method. This method 
ombines information from the ele
tronand from the hadroni
 system:

Q2
Σ =

E ′
e
2 · sin2 θe

1 − yΣ

, (5.6)
yΣ =

δhad

δhad + E ′
e · (1 − cos θe)

,

xΣ =
E ′

e
2 · sin2 θe

s2 · yΣ · (1 − yΣ)
.
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5.4. RECONSTRUCTION OF KINEMATIC VARIABLESThis method is a 
ompromise in resolution and sensitivity between the ele
tronand Jaquet-Blondel methods. One of the disadvantages is its high sensitivityto the ele
tron energy s
ale.
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Figure 5.3: Resolutions for the DIS kinemati
 variables in the kinemati
 range of 5 <
Q2 < 1000 GeV2 and 0.02 < y < 0.7 with di�erent re
onstru
tion methods.The bla
k solid line represents the Ele
tron method, the dashed red line 
or-responds to the Double-angle method, the green dotted-dashed line is for theJaquet-Blondel method and the blue long-dashed line shows the Σ method.The de
ision whi
h method to take for this analysis was based on the best reso-lution 
riteria as obtained from MC studies. The resolution is de�ned as

σv =
vgen − vreco

vgen

, (5.7)where v denotes one of the Q2, x or y variables and vgen stands for the original(generated) and vreco for the dete
tor level re
onstru
ted quantities. The resolution47



CHAPTER 5. GENERAL EVENT RECONSTRUCTIONplots for Q2, y and x (Figure 5.3) were derived from the DIS signal MC generatedwith the RAPGAP program (see Chapter 6) in the kinemati
 region of 5 < Q2 <
1000GeV2 and 0.02 < y < 0.7. The variable x is not a dire
tly measurable quantity,it is 
al
ulated with the energy of 
entre-of-mass 
onstraint, Q2 = sxy. The xresolution then dire
tly depends on the Q2 and y resolutions. The width and themean value of the resolution distribution both serve as an input for the 
hoi
e of themethod. The smaller the width and the smaller the shift of the mean value fromzero, the better is the method.The Σ method was found to give optimal performan
e for Q2 and y a

ordingto the 
riteria des
ribed above and was used in this analysis.
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Chapter 6Monte Carlo simulationsIn this 
hapter a review of the Monte Carlo (MC) generators that were used forthe measurement presented in this thesis is given. MC simulations are widely usedfor di�erent purposes like: des
ription of the dete
tor responses, optimisation of theevent sele
tion without experimental bias, predi
tions for various physi
al pro
esseset
.6.1 Dete
tor simulationAny measurement of the 
ross se
tion with any experimental tool requires theknowledge of the fra
tion of event rate that this tool is able to dete
t. This quantityis 
alled a

eptan
e. For this purpose in high energy physi
s Monte Carlo [106℄simulations are used.The simulation involves several steps. First events from ep 
ollisions1 are gen-erated a

ording to some theoreti
al model. Then, generated events are passedthrough a virtual dete
tor and data a
quisition system in order to simulate the de-te
tor response. In the end the same physi
al analysis is performed on the MonteCarlo data as on real experimental data. The ZEUS dete
tor with a full des
rip-tion of its sub-
omponents was simulated with GEANT3.21 [107℄ software by aprogram 
alled MOZART. Simulation of the ZEUS trigger system in MOZART areperformed for all three trigger levels, but only for the slots related to the physi
sanalysis. At the last stage generated events are passed through the re
onstru
tionprogram ZEPHYR. For more details see [108℄ (Chapter 4).Events generated with Monte Carlo methods and passed through the full sim-ulation and re
onstru
tion 
hain are used to extra
t the dete
tor a

eptan
e thatenters dire
tly into the 
ross se
tion de�nition (see Chapter 7.8). It is importantthat the dete
tor response and the physi
al pro
esses of the simulation re�e
t those1or any other pro
ess 49



CHAPTER 6. MONTE CARLO SIMULATIONSof the experimental data.The di�erent stages of the basi
 event generation are depi
ted in Figure 6.1.At the �rst stage a 
al
ulation of the leading-order matrix elements of the hards
attering pro
ess is performed. At the se
ond stage the produ
tion of parton emis-sions in the initial or �nal state is done through parton showering (PS) a

ording toDGLAP ba
kward (for the initial state) and forward (for the �nal state) evolution(see Chapter 2). PS stops when a prede�ned 
ut-o� s
ale is rea
hed. At this pointparton density fun
tions enter the generation pro
esses. At the last stage all pro-du
ed partons undergo the hadronisation pro
edure with the 
onstraint that energyand momentum 
onservation laws are ful�lled. For the hadronisation Lund stringmodel as it implemented in PYTHIA6.2 [109℄ was taken.6.2 RAPGAPThe deep-inelasti
 s
attering heavy �avour BGF 
reation, see Se
tion 2.1, wassimulated with RAPGAP 3.0 [110℄ using massive matrix elements. QED radiationpro
esses were taken 
are of by the embedded HERACLES interfa
e in RAPGAP.Besides the dire
t boson-gluon fusion pro
ess (Figure 6.1), where the ex
hangedphoton is a point-like parti
le, resolved pro
esses with the photon showing hadronstru
ture (Figure 6.2 (a)) were also 
onsidered. Thus the RAPGAP simulation of

PDF

ME
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H
a
d
ro
n
is
a
tio
n

PS

Figure 6.1: Illustration to the basi
 event generation stages in 
ase of BGF in ep 
olli-sions. Di�erent stages highlighted with dashed boxes. ME stands for matrixelements and PS for parton showering.
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6.3. PYTHIA
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q̄Figure 6.2: Feynman diagram of 
harm quark produ
tion in a) resolved, b) 
harm gluonex
itation pro
esses and 
) 
harm photon ex
itation.DIS pro
esses 
onsists of two 
omponents referred as dire
t and resolved. For thelatter matrix elements are 
al
ulated with the massless approa
h. In the resolved
omponent also heavy �avour photon and gluon ex
itation are in
luded, see Fig-ure 6.2 (b)-(
). Heavy �avour, 
harm and beauty, 
reation was simulated with quarkmass parameter set to mc = 1.5GeV and mb = 4.5GeV. For the proton and photonPDFs CTEQ5L [111℄ and GRV-G [112℄ were used respe
tively.Di�ra
tive open 
harm produ
tion was measured by ZEUS [113℄ and found tobe ∼ 6% of the total 
harm DIS events. Therefore for the 
orre
t des
ription of thehadroni
 system the di�ra
tive BGF pro
esses need to be in
luded. Di�ra
tion itselfwas simulated using both Pomeron and Reggeon ex
hanges (Figure 6.3), that wereparametrised using the H1 �t [114℄. As in the 
ase of in
lusive DIS pro
esses theresolved 
omponent was also added to the simulation. The beauty 
ontribution tothe di�ra
tive heavy �avour 
reation was negle
ted due to small 
ross se
tion. TheLund string model from Pythia6.2 [109℄ was used for the hadronisation of quarks to
olourless obje
ts (see Chapter 3). In this model the Bowler fun
tion was used todes
ribe the heavy �avour quark's transverse momenta. For the light �avour quarksthe Lund form of the Bowler fun
tion was used [115℄. In the latter a string stret
hesbetween the oppositely 
oloured quark and anti-quark via gluon 
olour 
harges. Twogluons nearby in phase spa
e a
t like a single gluon with equal total momentum, sothe string model is infrared safe. The light �avour quarks are treated as massless.6.3 PYTHIAPhotoprodu
tion takes pla
e at Q2 ≈ 0GeV2. Due to dete
tor resolution e�e
tssome PHP events may be re
onstru
ted as DIS even though on the analysis sideba
kground reje
tion 
uts were applied. For the photoprodu
tion simulation the51



CHAPTER 6. MONTE CARLO SIMULATIONS
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Figure 6.3: Feynman diagram of di�ra
tive heavy �avour produ
tion in a BGF-likepro
ess via resolved Pomeron ex
hange.Pythia 6.22 generator was taken. The simulation 
onsists of the same sub-pro
essas in the 
ase of DIS. PHP events were generated 
omplementary to DIS using a
Q2 < 1.5GeV2 
ut.6.4 ARIADNEFor some MC based studies like trigger e�
ien
ies that were not related dire
tlyto the D meson re
onstru
tion, an in
lusive NC DIS sample generated with theARIADNE [116℄ program was used. This generator is based on the 
olour dipolemodel [117℄. In this model gluons emitted from qq̄ pairs 
an be treated as radia-tion from the 
olour dipole formed between the q and q̄. To a good approximationemission of a se
ond softer gluon 
an be treated as radiation from the two indepen-dent dipoles, one formed between the q and g and one between the q̄ and g. Thispro
ess 
ontinues until all dipoles have rea
hed a 
ertain minimum of energy. ThisMC is disfavoured for the des
ription of the heavy �avour signal be
ause 
harmand beauty quarks are treated as massless. Nevertheless, ARIADNE satisfa
torilydes
ribes general quantities of the event, e.g. E − pz, and 
an be used for studiesthat do not require a fully 
orre
t 
harm signal 
omponent.
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Chapter 7Measurement of D∗± mesonprodu
tion in DISThis 
hapter 
overs the measurement of 
harm produ
tion in ep 
ollisions atHERA in deep-inelasti
 pro
esses using the D∗± �nal state. This measurementserves as a test of pQCD due to the presen
e of the multiple hard s
ales like pT , Q2and mc. As was mentioned in Chapter 3, 
harm quarks are mainly produ
ed viaboson-gluon fusion.The measurements is done via the full kinemati
 re
onstru
tion of the D∗± de
aydis
ussed in Chapter 3 are done. In the �nal state there are three 
harged parti
les,
K∓, π± and π±

s , whi
h implies lower 
ombinatorial ba
kground with respe
t to other
hannels. As the masses of D∗ and D0 mesons are very 
lose, the pion of the D∗de
ay is often 
alled the �slow� pion as the relative fra
tion of momentum 
arriedby this parti
le is small. The limited phase spa
e for �slow� pions translates into anadvantage of the usage this 
hannel as it redu
es the 
ombinatorial ba
kground. There
onstru
ted de
ay of 
hannel is 
alled �golden� de
ay 
hannel. When the D∗ ismentioned both 
harge states are 
onsidered.7.1 Data and Monte Carlo samplesIn this se
tion a des
ription of the data samples used for the measurement isgiven together with the �nal luminosity values and un
ertainties. It also 
ontainsexplanations of the normalization of ea
h sub-sample and the des
ription of therelevant MC samples.7.1.0.4 Experimental dataDi�erent data taking periods (see Chapter 4) had some di�eren
es in the exper-imental environment like the trigger setup et
. Table 7.1 
ontains the information53



CHAPTER 7. MEASUREMENT OF D∗± MESON PRODUCTION IN DISYear ∫

L, pb−1 Nev, 106 CL, % δL, %04p 32.4 47.5 +0.7 2.505e 132.9 132.2 +0.7 1.806e 55.1 44.2 +0.7 1.80607p 141.2 127.8 +1.0 1.8 (2.11)04-07p 363 351.7 - 1.9Table 7.1: Summary luminosity table of the experimental data for di�erent periods usedfor the measurement of D∗ meson produ
tion in DIS. The last row shows thesum after the appli
ation of the 
orre
tions listed in the 4th 
olumn.about the statisti
s 
olle
ted during HERA II that was used in the 
urrent measure-ment expressed in terms of integrated luminosity (
olumn 2). The total number ofre
orded events,Nev, is also given. For the improvement of the luminosity values,a 
orre
tion fa
tor listed in the fourth 
olumn was applied on a sample-by-samplebasis [118℄. The un
ertainty of the luminosity measurement (after the 
orre
tion)is listed in the 
olumn number �ve. The full luminosity un
ertainty of the data set04-07p was 
al
ulated as a linear sum of the individual absolute un
ertainties of thesub-samples, giving the resulting value of 1.9%.7.1.0.5 Monte Carlo samplesThe MC samples used for the measurement of D∗ meson produ
tion in DIS 
overseveral pro
esses: DIS and di�ra
tive DIS heavy �avour 
reation, photoprodu
tionheavy �avour 
reation. The MC was generated in su
h a way that it 
ontainsonly signal events, thus the simulation of the light �avour 
ontribution was notperformed. Table 7.2 
ontains a summary of these MC samples. In order to speedup and simplify the analysis, only events 
ontaining 
ertain heavy �avour hadronswere stored and only signal simulation was performed. D-mesons and their 
harge
onjugates from eight de
ay 
hannels were sele
ted:1. D∗+ → D0 (→ K+, π−) π+;2. D∗+ → D0 (→ K+, π−, π+, π−) π+;3. D∗+ → D0 (→ KS, π−, π+) π+;4. D0 → K+, π− ;5. D+
s → φ0 (→ K+, K−) π+;6. D+ → φ0 (→ K+, K−) π+;7. D+ → K+, π−, π+;54



7.2. DIS EVENTS SELECTIONPro
ess Generator ∫

L, pb−1 Q2, GeV2DIS dire
t (
, b) RAPGAP 3.0 1373 Q2 > 1.5DIS resolved (
, b) RAPGAP 3.0 1373 Q2 > 1.5Di�ra
tive DIS dire
t (
, b) RAPGAP 3.0 1640 Q2 > 1.5Di�ra
tive DIS resolved (
, b) RAPGAP 3.0 1640 Q2 > 1.5Photoprodu
tion dire
t (
, b) Pythia 6.22 1600 Q2 > 0, full rangePhotoprodu
tion resolved (
, b) Pythia 6.22 1600 Q2 > 0, full rangeTable 7.2: Summary table of MC samples used for the analysis.8. Λ+
c → K−, π+, π+.In addition, a sele
tion of the so-
alled dangerous [119℄ ba
kgrounds was performed.These are ba
kgrounds whi
h arise from other de
ay modes of the same D mesonsand "similar" de
ay modes of other D mesons. The simulation of the full 
ombinato-rial ba
kground is not ne
essary for the present analysis, as the D∗ signal extra
tionte
hnique implies ba
kground subtra
tion. Additionally, an in
lusive DIS MC sam-ple generated with ARIADNE in the region Q2 > 4 GeV2 was used for the studiesthat were not related to the D meson re
onstru
tion. The sample has approximatelythe same luminosity as the data.7.2 DIS events sele
tionDeep-inelasti
 events were sele
ted with the following requirements:

• Data 
olle
ted after the run 48600 were sele
ted. In earlier runs, the dete
torhad very 
ompli
ated and unstable trigger settings.
• At least one s
attered ele
tron identi�ed with SINISTRA (see Se
tion 5.3)with energy Ee > 10GeV and probability2 Pe > 0.9. This ensures that theele
tron �nder works well.
• 40 < E − pz < 70GeV, where the sum E − pz =

∑

(Ei − Ei · θi) runs overall EFO obje
ts (see Se
tion 5.2) and Ei is the energy deposit left in the EFOand pz is the momentum proje
tion on the z dire
tion measured in the EFO.The lower boundary was sele
ted to reje
t photoprodu
tion events. The higherboundary ensures reje
tion of 
osmi
 ray ba
kground events and overlappingintera
tions.
• The re
onstru
ted s
attered ele
tron position is required to be inside a box ofx and y of (15 × 15) 
m2. This removes the beam pipe region and some part2The value of the probability is the output from the neural network �nder SINISTRA. 55



CHAPTER 7. MEASUREMENT OF D∗± MESON PRODUCTION IN DISof the inner RCAL region 
lose to it. Additional �du
ial 
uts to the ele
tronposition due to the dete
tor 
onstru
tion geometry are:the Chimney 
ut, y > 80 cm and x > −10 cm and x < 10 cm and z <
−150 
m removes a region of the top RCAL that was used for the 
ryogeni
sof the solenoid;the Cra
ks 
ut, √x2 + y2 > 175 cm and z < −153 
m removes ele
tronsdete
ted in the region of RCAL that is partially shaded by the BCAL.

• The position of the primary vertex, |Zvtx| < 30 
m, sele
ts events in the nom-inal region of ep intera
tions, ex
luding so-
alled satellite events [120℄.
• Required trigger slots:� First-Level trigger slots. They are based on general ba
kground reje
tion
riteria and a very preliminary s
attered ele
tron re
onstru
tion. TheFLT 
uts are 
omposed of 
alorimeter, CTD tra
king and veto dete
torinformation. The last two FLT sele
tion 
riteria 
an be found in [108℄and only CAL-based 
uts are des
ribed here as they are relevant for thedata understanding improvements performed in this analysis.FLT 30 requires an ele
tromagneti
 energy (EMC) deposit in theRCAL outer region, Remc > 3.9GeV, or EMC energy inside the innerregion of the RCAL to be Rth

emc > 15GeV, where th denotes threshold. Inaddition, the requirement of an isolated EMC region (further denoted asISOe, for details see Se
tion 7.5) was present with AND logi
. In orderto have the 
orre
t a

eptan
e 
al
ulation, events for whi
h one of theFLT 30 threshold was set to in�nity (mainly 0607p period) were ex
ludedif they were triggered by FLT 30 only be
ause this e�e
t is not properlysimulated by the MC;FLT 36 repeats the FLT 30 logi
 with the ex
eption that Rth
emc >

5GeV;FLT 44 requires an EMC deposit in the BCAL, Bemc > 4.8GeV orin the RCAL, Remc > 3.4GeV;FLT 46 takes events with Remc > 2GeV or Rth
emc > 3.7GeV andISOe;� Se
ond-Level trigger slots. There was no parti
ular SLT trigger 
hainsele
tion that implies the OR logi
 of all SLT trigger slots that passedthe FLT sele
tion 
riteria and required by TLT.� Third-Level trigger slots:HFL02 (valid for all data taking periods) sele
ts 
harmed hadrons inDIS with at least one TLT level re
onstru
ted D-meson 
andidate. There56



7.3. D∗MESON SELECTIONwere 17 dedi
ated D-meson re
onstru
tion slots available and HFL02 usesall of them. As an example, the D∗ TLT 
uts were: at least 3 tra
ks with
pT (K, π) > 0.35 GeV and pT (πs) > 0.1 GeV and for the D∗ itself
pT > 1.35 GeV and 1.40 < M(Kπ) < 2.20GeV andM(Kππs)−M(Kπ) <
0.171 GeV.SPP02 (valid only for 2004 and 2005) Low Q2 DIS sele
tion basedon the information measured by 
alorimeter, 30 < E− pz < 100GeV and
E ′

e > 4GeV. The position of the s
attered ele
tron 
andidate should lieoutside a box of size (12 × 12) 
m2 in x, y;SPP09 (valid sin
e 2006) same as SPP02 but the box was in
reasedto (15 × 15) 
m2;HFL17 (valid sin
e 2006) same as SPP02 with additional require-ments of at least two TLT tra
ks measured in the CTD;HPP31 (valid sin
e 2006) 34 < E − pz < 75GeV, E ′
e > 7GeV and

Q2 > 6GeV2 (the value of Q2 re
onstru
ted online on the TLT level maydi�er from the one used in the �nal analysis) and at least one tra
k inthe CTD with pT > 0.2GeV and −60 < Zvtx < 60 
m and the box 
utused in SPP02.
• 5 < Q2

Σ < 1000GeV2. The lower 
ut is imposed by the box 
ut size of 15 
mand the upper one by the appli
ability of the SINISTRA ele
tron �nder. Athigher Q2 values the s
attered ele
tron is being dete
ted in the FCAL region,where the SINISTRA �nder does not work well. Another limitation 
omesfrom the available statisti
s.
• yJB > 0.02 ensures that the hadroni
 system was measured pre
isely and

yel < 0.7 ensures that the s
attered ele
tron does not enter the FCAL region.
• For 
ertain run ranges in the 06e and 0607p data periods, ele
tron 
andidatesre
onstru
ted in the RCAL in the region 7.515 < x < 31.845 
m and 7.90 <

y < 31.90 
m were not 
onsidered as the RCAL e�
ien
y was not 
orre
tlyreprodu
ed [121℄ by MC for these 
andidates.The 
orresponding 
ontrol distributions of NC in
lusive DIS ARIADNE MC
ompared to the data after the 
urrent DIS sele
tion 
an be found in Appendix B.This MC sample was not used to measure the 
ross se
tions of the D∗ produ
tion.7.3 D∗meson sele
tion
D∗mesons (see Chapter3) were identi�ed using the so-
alled �golden� de
ay 
han-nel with three 
harged parti
les in the �nal state. D∗ de
ays to D0 and �slow� pion57
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Figure 7.1: Mass spe
trum of the re
onstru
ted D0 
oming from D∗ de
ays for ∆Msele
tion window of 143.2 < M(Kππs) − M(Kπ) < 147.7MeV. The 
orre
tsign 
ombinations are marked with �lled points, the wrong 
harge 
ombinationsare marked with open blue points. The D0 sele
tion window is highlighted asthe shaded area.with the subsequent de
ay of the D0 to a Kaon and a pion:
D∗± → D0 π±

s

→֒ K∓ π±.Due to the di�eren
e in mass between the D∗ and the D0 , whi
h is just above thepion mass, only a small fra
tion of the D∗ momentum is transferred to the pion inthis de
ay, and therefore the designation �slow� is used.The D∗ sear
h starts with 
ombining two oppositely 
harged tra
ks into a D0 
an-didate. Those tra
ks are required to have pT > 0.4GeV and were alternately assignedthe mass of K and π. Afterwards, the invariant mass of the D0 , M(Kπ), is
al
ulated. The D∗ 
andidates are formed from the two tra
ks from the D0 de
ayand an additional 
harged tra
k with π mass assignment and pT > 0.12GeV. Allthree tra
ks should originate from the same primary vertex as D∗ de
ays stronglyto D0 (see Chapter 3). The life-time information from the MVD 
ould also be58



7.4. D∗ SIGNAL EXTRACTION METHODused to re
onstru
t D0 from se
ondary verti
es in order to redu
e ba
kground [122℄.In the 
ase of D∗ mesons this introdu
es more systemati
 un
ertainties than thestatisti
al gain [123℄. Therefore the life-time information was not used. In addition,all three tra
ks should pass at least three �rst CTD super-layers, whi
h implies
|ηK,π,πs | < 1.75. After all these steps the invariant mass, M(Kππs), of the D∗ is
al
ulated.After D∗ 
andidates have been found, the following kinemati
 phase spa
e se-le
tion 
riteria were applied:

• the transverse momentum of the D∗ , 1.5 < pT < 20GeV and |η| < 1.5;
• the mass window for the D0 
andidate, 1.8 < M(Kπ) < 1.92GeV;
• the D∗ mass window of 143.2 < M(Kππs) − M(Kπ) < 147.7MeV.One of the advan
ed features of the D∗measurement is the possibility to estimatethe 
ombinatorial ba
kground by 
ombining tra
ks with equal 
harges into �D0�
andidates and then form a �D∗ � by adding another πs. The 
harge of the πstra
k 
orresponds to the opposite 
harge of the fake D∗ meson 
andidate. Thoseba
kground 
andidates are 
alled Wrong-Sign (WS) 
ombinations, while the signal
andidates are referred as Corre
t-Sign (CS) 
ombinations. The WS ba
kgroundusually des
ribes the shape of the CS signal [124℄. The mass spe
trum of D∗ mesonis usually represented as the spe
trum of ∆M = M(Kππs) − M(Kπ) in order toimprove the mass resolution. The D∗ spe
trum for all re
onstru
ted D∗ 
andidatesis shown in Figure 7.2, showing a 
lear D∗± peak.The mass spe
trum of the re
onstru
ted D0 from D∗ de
ay is depi
ted in Fig-ure 7.1. The WS distribution provides an estimate of 
ombinatorial ba
kground.The ex
ess of 
orre
t-sign 
andidates in the MKπ distribution at lower masses thanthe D0 peak is due to partly-re
onstru
ted D0 de
ay modes, mostly D0 → K−π+π0in whi
h π0 was not identi�ed.7.4 D∗ signal extra
tion methodThe pro
edure for the extra
tion of the D∗ yields may di�er from analysis toanalysis [125℄. It 
an be done by subtra
ting the WS spe
trum with a propernormalisation, or by the approximation of the D∗ 
andidate mass spe
tra with afun
tion. In this analysis a hybrid te
hnique was used. This te
hnique 
ombines both�tting and ba
kground subtra
tion. A

ording to the method, the �t is performedin order to des
ribe the ba
kground. The usage of both CS and WS distributionallows de
reasing the statisti
al un
ertainty be
ause those are two independent datasamples, and therefore the �t pro
edure is 
alled a simultaneous �t. Thus the shapeof the ba
kground �t fun
tion is derived from the WS and the normalisation from59
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Figure 7.2: Illustration of the D∗ sele
tion and signal extra
tion methods on the D∗spe
trum in the sele
ted kinemati
 phase spa
e. D∗ ∆M spe
trum is obtainedfor 1.8 < M(Kπ) < 1.92GeV. Corre
t-sign 
ombinations are marked with�lled points, wrong-sign 
ombinations are marked with open blue points. Thesele
tion region for D∗ is highlighted with the shaded area. For more detailsplease refer to the text.the CS 
ombinations. The region of 140 < ∆M < 150MeV was ex
luded from theCS mass spe
trum when the �t was performed. This region is shown by the twoverti
al dashed lines in Figure 7.2. This was done in order not to bias the shape ofthe ba
kground with signal-like events. As the ba
kground �t fun
tion the Granetfun
tion:
G(x) = A · xBeC·x, (7.1)

x = |∆M − mπ|,was used for WS (long-dashed line in Figure 7.2). For the CS spe
trum, a relativenormalisation parameter D was used (solid line in Figure 7.2) for the same Granetfun
tion:
G′(x) = D · G(x). (7.2)
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7.5. CORRECTIONS APPLIED TO MONTE CARLO SIMULATIONSHere A, B, C, D are the free parameters of the �t that was performed in the range
139.6 < ∆M < 168.0MeV. For the minimisation of the �t, the least χ2-method wasused, with an ex
eption of some 
orners of phase spa
e (low y, low Q2), where thestatisti
s of the events was small, e.g. less than 100 entries in the mass spe
tra.Then, a Poisson-Likelihood method was used.After the �t, the integral of the �t fun
tion is 
al
ulated in the ∆M sele
tionregion and subtra
ted from the 
orre
t-sign 
ombinations. The sele
tion region was
143.2 < ∆M < 147.7MeV (shaded area in Figure 7.2).The possibility of �tting D∗ peak was dis
arded, as in this 
ase the �t3 does notdes
ribe the peak tails whi
h leads to a strong dependen
e on the 
hoi
e of the �tfun
tion.The usage of the hybrid method leads to a redu
tion of the statisti
al un
ertaintywith respe
t to the wrong-
harge subtra
tion method. Thus, for the wrong 
hargesubtra
tion method the relative un
ertainty is 1.7% and for the hybrid method it is1.4% 4. The un
ertainty is redu
ed be
ause the ba
kground predi
tion un
ertaintyis redu
ed, be
oming the one from the �t, and �u
tuations are smoothed out. Thetotal signal (Figure 7.2) in data is ND∗

= 12893 ± 185.More information about the D∗ and D0 spe
tra 
an be found in Appendix C.7.5 Corre
tions applied to Monte Carlo simulationsMost of the the time for any dete
tor simulation some simpli�
ations are made,therefore not all dete
tor features 
an be simulated with the full a

ura
y. Thisse
tion des
ribes the 
orre
tions applied to the simulated events in order to obtaina 
orre
t a

eptan
e.7.5.1 ISOe 
orre
tionsIn the previous, Se
tion 7.2, the FLT level sele
tion was des
ribed. One ofthe 
riteria given there is an ele
tron isolation, ISOe. The basi
 prin
iple of thisalgorithm is illustrated in Figure 7.3. The ISOe algorithm analyses energy depositsin a blo
k of 4 × 4 CAL 
ells (bla
k quadrants in the pi
ture). A 2 × 2 subse
tionof the se
tion of the blo
k is required to have EMC deposits greater than a giventhreshold. At the same time, the energy deposit left in the hadroni
 part of theCAL 
ells should be less then a 
ertain HAC threshold. Both thresholds are givenbelow. Towers marked with Q showed no a
tivity, meaning that the energy depositswere less than some external threshold. When all these 
riteria are ful�lled, the3Several di�erent �t fun
tions were tested and none of them gave a satisfa
tory des
ription ofthe peak tails.4The gain on the statisti
al un
ertainty was larger for the signal extra
tion in a parti
ular bin.61
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Figure 7.3: Illustration of the ISOe algorithm.ISOe 
ondition is satis�ed. During the data taking, an ine�
ien
y of the FLT slotsusing the ISOe requirement was found [126℄. The dete
tor simulation did not fullydes
ribe this ine�
ien
y, thus introdu
ing a bias to the a

eptan
e 
al
ulations.Therefore, dedi
ated studies are ne
essary. The relevant e�
ien
y is de�ned as
ǫ =

FLT44 & ISOe & Remc > 3992FLT44 & Remc > 3992
, (7.3)where the numbers are given in MeV. FLT44 is the only trigger slot used in the
urrent analysis that does not rely on the ISOe 
riteria. Thus, it was used as a
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Figure 7.5: The same ratio as in Figure 7.4 as a fun
tion of the re
onstru
ted ele
tronposition xe and ye for RunNr < 60400 (∼ 04p-06e data periods). The 
olourpalette represents the ratio ǫdata
ǫmc

.monitor trigger whi
h is 100 % e�
ient with respe
t to ISOe. In Equation (7.3)an additional 
ut on the energy deposit in the outer part of the RCAL, Remc, wasused. This implies that event re
onstru
tion relies on the outer part of the RCALindependently on what is happening in the inner part of the RCAL that has its ownine�
ien
y.The e�
ien
y was 
al
ulated separately for the data and for the MC. The ratioof the two is the subje
t of interest, be
ause it represents the relative ine�
ien
yof the MC simulation with respe
t to the data. From Figure 7.5 it is seen that thesimulation fails in the region 26.5 < x < 29.5 cm and |y| < 10 cm whi
h 
orrespondsto the gap between two RCAL modules. This ine�
ien
y a�e
ts mostly low Q2events. The ine�
ien
y of the simulation as shown in Figure 7.4 is present only forthe run range RunNr < 60400 that 
orresponds to the data period from 04p to 06eand a small fra
tion of 06p.The ratio was re
al
ulated after removing the badly simulated region and theremaining ine�
ien
y is shown in Figure 7.6 for the run range before and after run60400. The �nal ISOe 
orre
tion was implemented as follows. Events that were nottriggered by FLT44 and had an ele
tron re
onstru
ted in the region of failure, 26.5 <
x < 29.5 cm, |y| < 10 cm, were removed from the analysis. After the ex
lusion63
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(a)

(b)Figure 7.6: (a) Residual ine�
ien
y of the ISOe simulation after 
utting away the regionof failure for the period RunNr < 60400 as a fun
tion (from left to the right)of γhad, yel, Q2
Σ and E′

e. (b) Same as (a) for the period RunNr > 60400.The blue solid line represents a �fth order polynomial approximation, the �tparameters are written in the box in ea
h plot and listed in Appendix D.64
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Figure 7.7: The e�e
t of the ISOe 
orre
tion, σ
orr−σnom
σnom , on the single di�erential 
rossse
tions for transverse momentum of D∗ (pD∗

T ), pseudorapidity of D∗ (ηD∗),virtuality of the ex
hanged photon (Q2), event inelasti
ity (y), variable x and
zD∗ .of that region, the ratio of e�
ien
ies did not be
ome unity. Therefore, for theremaining events, a 
orre
tion was applied to the MC as a fun
tion of the inelasti
ityof the event re
onstru
ted with the Ele
tron method, yel, shown in Figure 7.6. Theobservable yel was 
hosen, as it 
overs the e�e
ts of the s
attered ele
tron energyre
onstru
tion and the re
onstru
tion of Q2, while e.g. the γhad relies only on thehadroni
 angles. The e�e
t of the 
orre
tion on the single-di�erential 
ross se
tion isshown in Figure 7.7. For the lowest Q2 bins the 
orre
tion shifts up the 
ross se
tionby ∼ 1% as shown. The de�nition of the 
ross se
tion will be dis
ussed later. More65
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(b)Figure 7.8: Fra
tion of hadroni
 intera
tions, Ihad, for (a) K+ (red dashed line) and K−(blue solid line), Ihad = IK , and for (b) pions, Ihad = Iπ, for an integratedparti
le momentum.details and the e�e
t of the 
orre
tion on the double-di�erential 
ross se
tions aregiven in Appendix D.First level triggers had also 
uts based on tra
king information. Thus, the FLTtra
king e�
ien
y were also studied. It was found that MC simulations des
ribe thedata well, therefore no 
orre
tion is needed [127℄.7.5.2 Tra
king 
orre
tionsAnother very important aspe
t of understanding the a

eptan
e is the simulationof the tra
king performan
e. There are a few sour
es that 
ause a tra
king ine�-
ien
y like dead material, performan
e of the tra
king dete
tors, trigger e�
ien
y,tra
k re
onstru
tion software features. In [128℄, the relative tra
k ine�
ien
y in thedata with respe
t to the MC for tra
ks with pT < 0.26 GeV was estimated with
K0

S de
aying into two pions. The experimental te
hnique of the 
al
ulation of thee�
ien
y versus parti
le momentum is explained in [129℄. The resulting 
orre
tionwas implemented as a weight to the MC dete
tor level events as a fun
tion of thetransverse momentum, for pπs
T < 0.26GeV
fp = 1 + 0.548 · (pπs

T − 0.26), (7.4)where pT is given in GeV. The fun
tion assumed to be unity for pπs
T > 0.26 GeV. The
orre
tion improved the MC des
ription of the data for low-momentum D∗s with

pD∗
T < 2.5 GeV.66



7.5. CORRECTIONS APPLIED TO MONTE CARLO SIMULATIONSAny tra
king dete
tor introdu
es additional material, where a parti
le 
an inter-a
t with a nu
leus from the medium. This 
an 
ause imperfe
tions in the dete
torsimulation due to systemati
s of the model that is used to des
ribe hadroni
 inter-a
tions. For the ZEUS tra
king system the simulation shows an underestimationof the hadroni
 intera
tions by 40% for tra
ks with pT < 1.5GeV estimated usingex
lusive ρ0 de
ays [130℄, taking into a

ount that the dead material distribution isreasonably des
ribed by the MC [131℄. The transverse momentum threshold 
an berelated to the GEANT3 GHEISHA hadroni
 shower pa
kage. It uses experimentaldata for pion and proton 
ross se
tions on nu
lei for a parti
le momentum startingfrom 2GeV. Below that some �reasonable� approximation is used [107℄. Therefore,two possible thresholds 
an be 
onsidered, either for the tra
ks with pT < 1.5GeVor p < 2GeV.The value of the 
orre
tion, W , should be 
al
ulated for ea
h parti
le that isbeing 
onsidered in the analysis by 
onvolving a probability of a parti
le to intera
thadroni
ally, I, with a fra
tion of hadroni
 intera
tion rate that is underestimatedby the MC, ǫ. The value of I was estimated on the MC sample for the Kaonand pion hypothesis, separately for positive and negative 
harges, depending on themomentum, pseudo-rapidity and azimuthal angle of the tra
k [132℄. The 
orre
tionshould be applied to the dete
tor-level MC events.Thus, for the 
ase of the D∗ de
ay 
onsidered in this thesis, the 
orre
tion wasde�ned as
Whad = (1 − WK) · (1 − Wπ) · (1 − Wπs), (7.5)where WK = ε·IK

1−IK
is the 
orre
tion for Kaons, Wπ, πs = ε·Iπ

1−Iπ
is the 
orre
tion forpions and �slow� pions and ε = 0.4 stands for the 40% that are missing. Fig-ure 7.8 shows distribution of IK,π for Kaons and pions for the overall momentumand pseudorapidity range of the D∗ analysis.The e�e
t on the 
ross se
tion is shown in Figure 7.9. It is 3 % on average andrises up to 6 % for pD∗

T < 1.8GeV and for very rear and forward pseudorapidities,where there is more material and the intera
tion probability is larger. For the �nalresults, the pT threshold-like 
orre
tion was applied.7.5.3 Tails 
orre
tionsAs was explained in Se
tion 7.3, the D∗ de
ay topology is 
hara
terised by thepresen
e of a �slow� pion tra
k with low momentum produ
ed 
lose to the threshold.In the ZEUS dete
tor, tra
ks with momentum above 0.1 GeV 
an be re
onstru
ted.The lower the momentum of a parti
le, the more sensitive it is to multiple s
atteringintera
tions, and therefore the re
onstru
ted momentum will di�er from the original.For the D∗ measurement, a 
ut pπs
T > 0.12 GeV was used for the sele
tion. 67



CHAPTER 7. MEASUREMENT OF D∗± MESON PRODUCTION IN DIS

, GeVD*
T

p
2 3 4 5 6 7 8 10 20

no
m

σ
no

m
σ-

co
rr

σ

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

D*η
-1.5 -1 -0.5 0 0.5 1 1.5

no
m

σ
no

m
σ-

co
rr

σ

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

2, GeV2Q
10 210 310

no
m

σ
no

m
σ-

co
rr

σ

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

y
0.1 0.2 0.3 0.4 0.5 0.6 0.7

no
m

σ
no

m
σ-

co
rr

σ

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

x

-410 -310 -210 -110

no
m

σ
no

m
σ-

co
rr

σ

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

D*z

0 0.2 0.4 0.6 0.8 1

no
m

σ
no

m
σ-

co
rr

σ

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Figure 7.9: E�e
t of the tra
king 
orre
tion de�ned as σ
orr−σnom
σnom for the pT < 1.5 GeV(red �lled points) and for the p < 2 GeV thresholds (open blue points) on thedi�erential 
ross se
tions in bins of pD∗

T , ηD∗ , Q2, y, x, z
D∗ .Misre
onstru
ted �slow� pions 
an 
ause a di�erent mass assignment for the D∗re
onstru
tion by enlarging the width of the ∆M spe
trum, see Figure 7.10. Thisenlargement is 
alled tail of the peak. It is important to 
he
k how well these e�e
tsare simulated by the MC.For the ZEUS dete
tor simulation the M�oliere approa
h [133℄ was used for themultiple s
attering model. By 
omparing the tails in D∗ ∆M spe
tra in the dataand in the MC a sizeable di�eren
e was found. However, MC does not fully des
ribethe size of the e�e
t, an attempt to pin down the origin of the tails using the MCshowed that they are 
aused by badly re
onstru
ted D∗s, due to the �slow� pion andnot be
ause of the ba
kground [134℄.For the dis
rimination variable of the tails, the fra
tion of missed events, κ,outside the sele
tion region was de�ned under the assumption that any ex
ess over68



7.5. CORRECTIONS APPLIED TO MONTE CARLO SIMULATIONS

) (MeV)0M(D*)-M(D
140 145 150 155 160 165 170

 D
* 

co
m

bi
na

tio
ns

 p
er

 0
.4

5 
M

eV

0

50

100

150

200

250

300

350

400

450

< 1.25 D*ηD* spectrum for 1.0 <

Figure 7.10: The D∗ ∆M spe
trum for the 
entral region. The ba
kground �t to the CS
ombinations is shown with the solid line. The ba
kground �t the the WS
ombinations is shown with the dashed line. The 
ir
le to the left to the D∗peak demonstrates an example of the signal ex
ess over the ba
kground thatis referred as tail in the text. The signal region lies between the two verti
aldashed lines.the ba
kground in that region is due to signal events:
κ =

NΣ − Nσi

NΣ

. (7.6)Here, NΣ is the number of D∗s extra
ted using the widest D∗ sele
tion region of
140 < ∆M < 150 MeV whi
h 
orresponds to a 10σ width of the full D∗ spe
trum.Outside this region it is assumed that there is no D∗ signal. The value of σ =
0.46 MeV is extra
ted from the �t with a Modi�ed Gaussian, see Appendix C. Nσiis the number of D∗s extra
ted in the 
onsidered sele
tion region. A s
an of the tail
ontribution to the D∗ peak in the data and in the MC was performed in steps of
1σ. Figure 7.11(a) demonstrates that the simulation underestimates the size of thetails. Therefore, a 
orre
tion is needed. It 
an be de�ned as κdata − κmc.The presen
e of the tails is also relevant for the D∗ re
onstru
tion in photopro-du
tion (PHP). The triggered rate of the D∗ produ
tion in PHP is approximatelythree times higher than the one in DIS. Therefore the 
ontribution to the D∗ spe
tratails was also extra
ted from the D∗s produ
ed in the PHP pro
esses. For moredetails about the D∗ sele
tion in PHP, see Appendix E and [135℄. 69
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(b)Figure 7.11: (a) Data to MC 
omparison of the fra
tion of missed events outside thesele
tion region, κ, as a fun
tion of the sele
tion window width expressedin the number of σs. (b) DIS to PHP 
omparison of κdata − κmc with thesele
tion window width expressed in MeV.Figure 7.11(b) demonstrates the tails 
orre
tion de�ned above for the DIS andPHP events. It 
an be seen that the 
orre
tions for these two samples are di�erent.One of the possible reasons of the di�eren
e is from trigger thresholds on D∗produ
tion that in the 
ase of PHP were pT > 1.8 GeV (due to larger ba
kgrounds)and for DIS pT > 1.35 GeV. And the other reason 
ould be the TLT tra
kinge�
ien
y [123℄ whi
h was based on information from the CTD only. It was ob-served that the tails strongly depend on the transverse momentum of the D∗ (seeAppendix G) and that is why the PHP sample 
an not be used to extra
t the
orre
tion for DIS events 5.As the tails are 
aused by the �slow� pions, the 
orre
tion was applied as fun
tionof pπs
T . Figure 7.12 shows the 
orre
tion, κdata − κmc, versus pπs

T for the 5σ sele
tionwindow of the ∆M spe
trum of D∗. The 
orre
tion itself was derived from the χ2�t of the κdata − κmc distribution in DIS shown in the �gure. The �t was performedusing a fun
tion
t(x) = a · x2 + b, (7.7)where x is the transverse momentum of the �slow� pion and a = 0.0014 ± 0.0006and b = 0.0096±0.0113 are the parameters from the �t. The 
orre
tion was appliedto the MC dete
tor level events as a weight (1 − t(x)) under the assumption that

κmc ≪ 1 [136℄. The e�e
t of the 
orre
tion on the single-di�erential 
ross se
tionsis shown in Figure 7.13. The 
orre
tion in
reases the 
ross se
tion by ∼ 8 % in5On some of the plots the 
orre
tion for the PHP sample is shown, but it was not applied forDIS events.70
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Figure 7.12: Tail 
orre
tion as a fun
tion of pπs
T for DIS (�lled 
ir
les) and for PHP (opensquares) for the sele
tion region used in the 
urrent analysis. The parametersof the 
orre
tion fun
tion and their un
ertainties are given in the box. The
orre
tion fun
tion is marked with blue long-dashed line and its variation thatwas used as systemati
 un
ertainty is marked with dotted-dashed green line.the low pD∗

T bins and by ∼ 1 % for the high pD∗

T bins. The implementation of the
orre
tion signi�
antly improved the understanding of the systemati
 e�e
ts relatedto the D∗ re
onstru
tion. The un
ertainty of the 
orre
tion will be dis
ussed inSe
tion 7.9.The same studies were performed for the D0 mass spe
tra after appli
ation ofthe tails 
orre
tion for D∗. D0 
andidates were re
onstru
ted in the D∗ sele
tionwindow 143.2 < ∆M < 147.7 MeV, whi
h is the one used in the 
urrent analysis.Figure 7.14 shows the tails in the data and in the MC, κdata − κmc, versus thewidth of the D0 sele
tion window. The width is expressed in σ = 12.75 MeV. The
σ, as in the 
ase of the D∗ spe
trum, was derived from the �t with a modi�edGaussian (see Appendix C). The D0 sele
tion window 
orresponds to N σ = 5.For this window the MC des
ribes the data within 2% a

ura
y independently ofthe kinemati
 region. Therefore a 
orre
tion for D0 tails was not applied, but wastreated as systemati
 un
ertainty. 71
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Figure 7.13: E�e
t of the tails 
orre
tion on single-di�erential 
ross se
tion as fun
tionsof pD∗

T , ηD∗ , Q2, y, x, zD∗ expressed as a fra
tion of unity.7.5.4 Monte Carlo reweightingThe RAPGAP Monte Carlo simulation does not fully des
ribe the measureddistributions of Q2, pD∗

T and ηD∗ at ZEUS. It underestimates the low Q2 part andoverestimates the low pD∗

T . The pseudorapidity spe
trum is shifted to the rear re-gion with respe
t to the data (Figure 7.15). Therefore, in order to have a 
orre
tevaluation of the a

eptan
e the MC events were reweighted. The weighting fa
torswere obtained from the ratio of rates, Ndata/NMC , after the appli
ation of the all
orre
tion dis
ussed in the previous se
tions.For the η reweighting, a smooth linear fun
tion was used:
wη = 0.084 + 0.998 · ηD∗

. (7.8)The Q2 and pD∗

T reweighting was done in a two-dimensional grid be
ause the pD∗

Tand Q2 spe
tra are 
orrelated. Therefore those two distributions were reweightedsimultaneously using the grid as shown in Table 7.3.72



7.6. CONTROL DISTRIBUTIONS
H

H
H

H
H

H
pD∗

T

Q2 5-13 13-20 20-40 40-60 60-10001.5-2.6 0.993 0.816 0.903 0.77 0.6942.6-3.5 1.178 1.122 1.140 0.636 0.7723.5-4.5 1.188 1.134 1.078 0.853 0.6784.5-20 1.335 1.110 1.135 1.191 0.933Table 7.3: Weighting fa
tors, wpT ,Q2 , for the simultaneous Q2, pD∗

T reweighting. The �rstrow shows the Q2 ranges in GeV2 and the �rst 
olumn shows the pD∗

T ranges inGeV.
The result of the reweighting is shown in Figure 7.15 together with the ratioof data to MC rates before and after the reweightings. By 
onstru
tion, after thereweighting, the agreement between MC and data be
ame signi�
antly better.
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Figure 7.15: ηD∗± , pD∗±

T and Q2 distributions (left) in data (bla
k points) 
ompared tothe MC before (shaded area) and after reweightings were applied (solid line)together with the result of the χ2 test. To the right the ratio of data to MCrates is displayed before reweightings (open points) and after (�lled points).Dashed lines 
orrespond to unity.7.6 Control distributionsIn this se
tion the validation of the D∗ signal des
ription by the MC is shown.For the simulation, a mixture of sub-pro
esses of 
harm and beauty RAPGAP DIS,
harm RAPGAP Di�ra
tive DIS and Pythia photoprodu
tion in almost equal lumi-nosities was used. The DIS part 
ontained only dire
t photon BGF pro
esses, seeSe
tion 7.1. The normalisation of the MC sub-pro
esses was performed as follows:
• The beauty 
omponent, Nb, was normalised by a fa
tor kb

F = 1.6 
onsistentlywith the ZEUS measurements [137, 138, 139℄.
• Di�ra
tive events, Ndiff , were normalised with a fa
tor kdiff

F = 1.0, i.e. the74



7.6. CONTROL DISTRIBUTIONSnormalisation as it 
omes from the RAPGAP generator. Often for the sele
-tion of the di�ra
tive events the ηmax observable is being used [140℄. ηmaxis the rapidity of the most forward EFO with energy deposit larger than athreshold of 400MeV. Figure 7.16 shows the distribution of ηmax in the MCand in the data. The di�ra
tive 
omponent of the DIS events dominates in theregion of ηmax < 2. In that region the RAPGAP MC underestimates the 
on-tribution from the di�ra
tive pro
esses. This was taken into a

ount duringthe evaluation of systemati
 un
ertainties.
• The hadron-like resolved photon pro
esses in DIS were only in
luded to eval-uate a model systemati
 un
ertainty.
• Photoprodu
tion events, generated with Pythia, Nphp, were normalised to themeasured 
ross se
tion of D∗ mesons in photoprodu
tion pro
esses [141℄ with

kphp
F = 0.9.

• The total 
harm 
ontribution from non-di�ra
tive and di�ra
tive DIS, Nc, wasnormalised to data with kc
F as

Ndata = Nck
c
F + Nbk

b
F + Nphpk

php
F , (7.9)

Nck
c
F = NDIS

c kbgf
F + Ndiffkdiff

F ,where kbgf
F = 1.0.
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Figure 7.17: Distribution of E − pz, Zvtx of the event and the re
onstru
ted energy ofthe s
attered ele
tron, Ee, in the MC 
omposition (shaded areas) with respe
tto the data (�lled points). Di�erent MC samples are marked with di�erent
olours.In addition, di�ra
tive and photoprodu
tion MC events were normalised to theluminosity of the 
harm BGF sample. The 
orre
tions and reweightings dis
ussedbefore were applied.Figure 7.17 shows the 
omparison of the distribution of the general observables
E − pz, the z 
oordinate of the primary vertex Zvtx, and the energy of the s
atteredele
tion, Ee, in the MC and in the data. Ea
h bin in the given distributions 
orre-sponds to a separate extra
tion of the D∗ signal from the 
orresponding δM peak asdes
ribed in Se
tion 7.4. Figure 7.18(a) shows the 
omparison of the DIS kinemati
variables, Q2, x and y distributions in the MC and in the data in the same binningas was used for the 
ross se
tion extra
tion.Figure 7.18(b) shows 
omparison of the D∗-related observables, pD∗

T , ηD∗ and
zD∗ . The latter variable denotes the fra
tion of the full hadroni
 momentum 
arriedby the D∗ meson and was re
onstru
ted as

zD∗

=
(E − pz)

D∗±

(E − pz)had
.
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7.7. ACCEPTANCE, PURITY, EFFICIENCYFigures 7.19(a) and 7.19(b) show the distributions of the transverse momentumand pseudorapidity for the D∗ de
ay produ
ts: K± , π± and π±
s . The 
ontroldistributions of the D∗ produ
tion in bins of Q2 and y 
an be found in Appendix F.Overall the MC des
ribes the data well, su
h that the a

eptan
e 
an be reliably
al
ulated.7.7 A

eptan
e, purity, e�
ien
yAnother important aspe
t of the analysis related to the MC simulation is theestimation of migrations. Due to resolution e�e
ts, the re
onstru
ted value of phys-i
al observable may not be exa
tly the same as the one generated. Thus, e.g. anevent instead of being re
onstru
ted in the region ς ends up in the region ς + δςintrodu
ing the so-
alled migration. The lower the migrations e�e
ts the higher isthe purity of the re
onstru
ted signal.A

eptan
e is de�ned as A =

ND∗

reco

ND∗

gen

, (7.10)where ND∗

gen is the generated number of D∗s , de
aying to K∓ π± π±
s (beforepassing the dete
tor simulation) and ND∗

reco is the number of re
onstru
ted D∗s(at the dete
tor level) in a given kinemati
 bin.Purity reads as P =
ND∗M

reco

ND∗

reco

, (7.11)where ND∗M
reco is the number of D∗s that were generated and re
onstru
ted inthe same bins a

ording to the mat
hing 
riteria. The mat
hing was donevia angles a

ording to ∆R =

√

(φgen − φreco)2 + (|ηgen| − |ηreco|)2, where
φreco, ηreco are the azimuthal angle and pseudorapidity of the re
onstru
ted
D∗ and φgen, ηgen of the generated one. The mat
hing su

eeded if∆R < 0.025.The higher is the purity, the lower are the migrations.E�
ien
y is de�ned as E = A · P. It is a fra
tion of generated events that werere
onstru
ted out of the total generated events.Figure 7.20 shows the values of purity, a

eptan
e and e�
ien
y for every bin of

pD∗±

T , ηD∗± , zD∗± , Q2, y and x, in whi
h the 
urrent analysis has been performed.The values of P, A and E were estimated on the MC after all the 
orre
tions and79



CHAPTER 7. MEASUREMENT OF D∗± MESON PRODUCTION IN DISreweightings dis
ussed earlier in the text. The values of purity are found to besatisfa
tory for the measurement of D∗ produ
tion in DIS. The overall a

eptan
eof the dete
tor is 25%, while it goes down to 15% at low pD∗±

T and rises up to 40%at high pD∗±

T . The ine�
ien
ies are mainly 
aused by the transverse momentum andpseudorapidity 
uts on the de
ay produ
ts.
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7.8. CROSS SECTION DEFINITION7.8 Cross se
tion de�nitionIn this se
tion the de�nition of measured D∗ produ
tion 
ross se
tions is de-s
ribed. The kinemati
 region of the measured 
ross se
tions is:
5 < Q2 < 1000 GeV2,

0.02 < y < 0.7,

|ηD∗| < 1.5,

1.5 < pD∗

T < 20 GeV.The di�erential 
ross se
tion of the D∗ produ
tion in a given bin of the measuredobservable ζ, 
orre
ted to the Born level, is given by:
dσ

dζ
=

ND∗data − ND∗php
L · BR · ε · ∆ζ

· CQED, (7.12)where:
ND∗ is the number of D∗ , measured at ZEUS in the given bin of ζ;
ND∗

php is the D∗ rate of the photoprodu
tion ba
kground estimated with the PythiaMC and normalised as dis
ussed in Se
tion 7.6;
L is the integrated luminosity of the data 
olle
ted by ZEUS, see Se
tion 7.1;
∆ζ is the bin width of the measured observable ζ;
ε is the a

eptan
e of the dete
tor in the given bin of ζ, extra
ted from the MCand de�ned as in Se
tion 7.7. The 
ontribution from B-hadrons to D∗ mesonprodu
tion is in
luded in the a

eptan
e;
CQED is the 
orre
tion to the QED Born level 
ross se
tion. The in
oming or s
at-tered ele
tron (positron) 
an undergo QED pro
esses emitting a photon, thusintrodu
ing a bias to its initial or �nal energy. The 
orre
tion is de�ned as

CQED =
σBorn

vis

σRad
vis

, (7.13)where σBorn
vis is the RAPGAP 
ross se
tion is the sele
ted kinemati
 regionwithout in
luding QED radiation, but keeping the �ne stru
ture 
onstant,

αEM , running and σRad
vis is the RAPGAP 
ross se
tion with QED radiationturned on [108, 121℄. Typi
ally, the QED 
orre
tion ranges from 1 to 2% ;BR is the D∗ bran
hing ratio of the 
onsidered de
ay 
hannel BR(D∗+ → D0π+)×BR(D0 → K+π−) = 2.627 ± 0.053% [10℄. 81



CHAPTER 7. MEASUREMENT OF D∗± MESON PRODUCTION IN DISThe single- and double-di�erential 
ross se
tions were measured in the 
ommonbinning of the two experiments ZEUS and H1, whi
h simpli�es the 
ombination and
omparison and later 
ombination of the measurements.7.9 Systemati
 un
ertaintiesIn this se
tion a des
ription of the systemati
 un
ertainties of the measured 
rossse
tion is given. The un
ertainties themselves were 
al
ulated as δ = σsyst−σnom

σnom
,where σnom is the nominal 
ross se
tion and σsyst is the 
ross se
tion after the mod-i�
ation of the sele
tion, extra
tion pro
edures et
. on a bin-by-bin basis. The �nalsystemati
 un
ertainty was 
al
ulated by summing up in quadratures the individualun
ertainties. In the following, the 
onsidered sour
es of the systemati
 un
ertaintiesare listed. The e�e
t on the full visible 
ross se
tion is given in bra
kets.

• Experimental apparatus:1. δ1, energy s
ale of measured hadrons. To a

ount for the di�eren
es of thehadron energy re
onstru
tion in the dete
tor with respe
t to the MonteCarlo simulation, the E − pz of the hadron system was shifted by ± 2%in the Monte Carlo a

ording to the pres
ription [142℄ (±0.5%);2. δ2, energy s
ale of the re
onstru
ted ele
tron. E ′
e was shifted by ± 1%to a

ount for the di�eren
es of the re
onstru
ted ele
tron energy in thedete
tor with respe
t to the MC simulation for E ′

e > 10GeV a

ordingto [143℄ (±1.1%);3. δ3, ele
tron position. The alignment of the SRTD dete
tor is known up to2mm. Therefore, to a

ount for possible di�eren
es in the SRTD positionin the simulation, the box 
ut was 
hanged by applying shifts to the xand y 
oordinates of the box 
ut position by ±2 mm [120, 143℄ (±0.4%);4. δ4, re
onstru
tion of DIS events. The size of the box 
ut of (15 ×15) 
m2was varied in order to a

ount for the non-homogeneity of the CAL re-sponse in regions that are not simulated in full detail by the MC. Thevariation was done in the data and in the MC by enlarging and squeez-ing the box 
ut by 1 
m. The upper variation, enlarging by 1 
m, 
utsaway a signi�
ant amount of statisti
s in the low y, low Q2 bins. Thismakes this systemati
 un
ertainty statisti
s dependent. Therefore onlythe down variation, redu
ing by 1 
m, was 
onsidered and the e�e
t wassymmetrised (±0.3%);5. δ5, the tra
king e�
ien
y 
orre
tion. The 
orre
tion due to hadroni
intera
tion des
ribed in Se
tion 7.5.2 was varied by ±50% (±3%);82



7.9. SYSTEMATIC UNCERTAINTIES6. δ6, luminosity measurement. The luminosity un
ertainty is 1.9%, seeSe
tion 7.1. This un
ertainty is fully 
orrelated, therefore it is listedseparately. It was not in
luded in the �nal numbers and is not shown inthe 
ross se
tion plots.
• Model un
ertainties:1. δ7, the beauty quark 
ontribution to the D∗ 
ross se
tion. The normalisa-tion kb

F was varied by ±50 % to 
over all beauty measurements by ZEUS(±0.1%);2. δ8, the photoprodu
tion 
ontribution. The normalisation fa
tor kphpF wasvaried by ±100 % (±0.2%);3. δ9, the di�ra
tive 
ontribution. The normalisation fa
tor kdi�F for thedi�ra
tive events was varied by ±50 % in order to 
over previous ZEUSmeasurements [113℄ and to 
over the tenden
y preferred by the ZEUSdata, see Se
tion 7.6 (±0.5%);4. δ10, the resolved 
ontribution. Pro
esses where the in
oming photon hasnon point-like stru
ture were in
luded into the a

eptan
e 
al
ulations.The MC reweighting fun
tion for η and fa
tors for pD∗

T , Q2 were re
al
u-lated in order to make the MC des
ribe the data (±1%);5. δ11, the pD∗

T ,Q2 distribution reweighting. Reweighting fa
tors were variedby ±0.5 ·wpT ,Q2 to a

ount for possible shape di�eren
es of the distribu-tions, see Se
tion 7.5.4 (±0.8%);6. δ12, the ηD∗ distribution reweighting. Reweighting fa
tors were varied by
±0.5 · wη to a

ount for possible shape di�eren
es in the distributions(<±0.1%);7. δ13, the reweighting of the inelasti
ity distribution. RAPGAP has atenden
y to underestimate D∗ produ
tion in low y region. Thus, thereweighting of y distribution was performed on a bin-by-bin basis insteadof the η reweighting as those two distributions are 
orrelated. In the�nal un
ertainty only δ13 was used instead of δ12 as it gave bigger e�e
t(±0.7%).

• D∗ signal extra
tion pro
edure:1. δ14, �t un
ertainty. The Granet ba
kground fun
tion, see Se
tion 7.4,was repla
ed by the fun
tion f ′(x) = A · x 3
2 + B · x + C · x 1

2 + D, where
x = ∆ M −mπ± . This fun
tion des
ribes the WS and gives a reasonablequality of the �t (±0.2%);2. δ15, another �t un
ertainty. The upper edge of the �t range was 
hangedfrom 168.0 to 165.0MeV (<±0.1%); 83



CHAPTER 7. MEASUREMENT OF D∗± MESON PRODUCTION IN DIS3. δ16, D∗ un
ertainty of the 
orre
tion for missed events outside the sele
-tion region, tails 
orre
tion. The 
orre
tion fun
tion, see Se
tion 7.5.3,Equation 7.7, t(x) was varied by ±
√

( δa2

x
)
2
+ δb2, where δa and δb arethe 
orresponding parameter un
ertainties taken from the �t used to de-termine t(x) (±4%);4. δ17, D0 sele
tion. The single-sided un
ertainty of +2% was applied inea
h bin of the 
ross se
tion to a

ount for the D0 tails, see Se
tion 7.5.3.

• A

eptan
e 
orre
tion un
ertainty:1. δ18, statisti
al un
ertainty of MC sample, used for the 
al
ulation of thea

eptan
e, 
al
ulated with the binomial statisti
s approa
h as des
ribedin [144℄ (±1%);2. δ19, statisti
al un
ertainty of the QED 
orre
tion fa
tors, 
al
ulated withthe binomial statisti
s approa
h based on the additional RAPGAP MCsamples used to determine the QED 
orre
tion (<±0.1%).
• δ20, bran
hing ratio un
ertainty from the PDG is 1.5%. As in the 
ase for theluminosity measurement, it is listed separately.The un
ertainties of the ISOe 
orre
tion and absolute tra
king e�
ien
y 
orre
tionare found to be negligible (<0.5%) and thus were not 
onsidered. The full breakdownof the systemati
 un
ertainties for ea
h bin is given in Appendix H.7.10 Theoreti
al predi
tionsThe D∗ produ
tion in DIS was 
al
ulated at next-to-leading order (NLO), O(α2

s),in the �xed-�avour-number s
heme (FFNS) (see Chapter 3). Both the single anddouble di�erential D∗ produ
tion 
ross se
tions were 
al
ulated with the HVQDISprogram [145℄.The input parameters of the HVQDIS program were taken from the pres
riptionof the HERA 
ombination group [146℄:
• the pole 
harm quark mass was set to mc = 1.50GeV;
• the renormalization and fa
torisation s
ales were set to be equal, µR = µF =
√

Q2 + 4m2
c ;

• the strong 
oupling 
onstant in the three-�avour FFNS was set to αnf=3
s (MZ) =

0.105 ± 0.002;84



7.10. THEORETICAL PREDICTIONS
• The PDFs were taken from a set of FFNS variants of the HERAPDF1.0�t [147℄, obtained with the same mc, µR, µF and αs as used in the HVQDISprogram;
• The HVQDIS program provides di�erential 
ross se
tions for c quark pro-du
tion. Therefore a fragmentation model [146℄ was implemented to allow a
omparison to the measured D∗ 
ross se
tions.The longitudinal fragmentation was performed in the γ∗p 
entre of mass frameusing the fragmentation fun
tion of Kartvelishvili, see Chapter 3, whi
h is
ontrolled by a single parameter, αK . Di�erent values of αK are used inthree di�erent regions of the γ∗-parton 
entre-of-mass energy squared, ŝ. Theparameters of the fragmentation fun
tion are reported in Table 7.4. Moredetails about the fragmentation pro
edure 
an be found in [146℄;
• Transverse fragmentation was implemented assigning to the hadron a trans-verse momentum, kT , with respe
t to the 
harm quark dire
tion a

ording to

f(kT ) = kT exp(−2kT /〈kT 〉), with 〈kT 〉 = 0.35 ± 0.15 GeV;
• The fra
tion of 
harm quarks hadronising into D∗+ mesons was set to f(c →

D∗+) = 0.2287 ± 0.0056 [148℄;
• The B-meson 
ontribution to the D∗± produ
tion was extra
ted from RAP-GAP BGF MC pro
esses and was added to the predi
tions by HVQDIS, asthe beauty quark 
ontribution is a part of the 
ross se
tion de�nition.

ŝ range (GeV2) αK

ŝ < ŝ1 6.1 ± 0.9
ŝ1 < ŝ < 324 3.3 ± 0.4

ŝ > 324 2.67 ± 0.31Table 7.4: The parameters of the fragmentation fun
tion used for the 
al
ulation of D∗±meson produ
tion. The �rst 
olumn shows the ŝ range, with ŝ1 = 70±40GeV2.The parti
ular value of αK for ea
h ŝ range is given in the se
ond 
olumn.The un
ertainties of the theoreti
al 
al
ulations were estimated by varying thesetup parameters of the HVQDIS program, the e�e
t on the total visible 
ross se
tionis given in bra
kets:
• The fragmentation s
ale was varied by a fa
tor two up and down (+11

−16 %);
• The renormalization s
ale was varied by a fa
tor two up and down indepen-dently of the fragmentation s
ale (+12

−10 %); 85



CHAPTER 7. MEASUREMENT OF D∗± MESON PRODUCTION IN DIS
• The 
harm quark mass was varied by ±0.15GeV (+10

−9 %);
• The parameters of the fragmentation fun
tion ŝ range and αK were varied asgiven in Table 7.4 (+3

−2%) ;
• Variation of strong 
oupling 
onstant by ±0.002 (< ±1 %);
• The PDF un
ertainties were 
al
ulated a

ording to the HERAPDF1.0 pre-s
ription [147℄ and found to be negligible.The total systemati
 un
ertainty of the predi
tion was obtained by summing up alllisted e�e
ts in quadratures.7.11 Results7.11.1 Total D∗ 
ross se
tionThe 
ross se
tion of D∗± meson produ
tion in DIS was measured for the visiblekinemati
 phase spa
e listed in Se
tion 7.8, 
orre
ted to the Born level, as
σvis(D∗±) =

[

5.31 ± 0.08 (stat.) +0.27
−0.22(syst.)] nb ± 1.9%(L) ± 1.5%(BR).(7.14)From the next-to-leading order QCD predi
tions by HVQDIS program with thesettings parameters listed in the previous se
tion, the total visible 
ross se
tion isfound to be

σvis(D∗)HVQDIS =
[

5.1 +1.0
−1.1 (theory un
.)] nb. (7.15)The theoreti
al predi
tions des
ribe the measured visible 
ross se
tion of the D∗±produ
tion in DIS within the quoted theoreti
al and experimental un
ertainties.7.11.2 Single- and double-di�erential D∗ 
ross se
tionsSingle- and double-di�erential 
ross se
tions of the D∗± produ
tion in deep-inelasti
 s
attering were measured in the 
ommon phase spa
e agreed by the two
ollaborations H1 and ZEUS [149℄. The measurement is based on the full availablestatisti
s from HERA II with an integrated luminosity of 363 pb−1. The phase spa
eof the measurement is de�ned in Se
tion 7.8.Figure 7.21 shows the single-di�erential 
ross se
tions as fun
tions of D∗ ob-servables: pD∗±

T , ηD∗± and zD∗± . The 
ross se
tions fall with rising pD∗±

T , while theyremain almost �at with ηD∗± . The theoreti
al QCD predi
tions in next-to-leading86



7.11. RESULTSorder, as des
ribed in Se
tion 7.10, are 
ompared to the measured 
ross se
tions andfound to be in good agreement within the quoted un
ertainties. The predi
tionsdo not fully des
ribe the measured 
ross se
tions in all zD∗± bins. This may sug-gest that the fragmentation treatment may require further investigations from thetheoreti
al point of view. The Monte Carlo predi
tions for the BGF pro
ess fromRAPGAP are also shown in Figure 7.21. The RAPGAP predi
tions are only LO,therefore they were s
aled up by 10% for the 
harm part in order to agree with thefull visible 
ross se
tion, see Se
tion 7.11.1. The beauty 
omponent was s
aled by afa
tor of 1.6 as dis
ussed in Se
tion 7.6. The MC predi
tions follow the measureddata in shape.Figure 7.22 shows the single-di�erential 
ross se
tions as a fun
tion of Q2, yand x. The 
ross se
tion falls with rising Q2 by three orders of magnitude. Asimilar behaviour is seen with respe
t to x. As in the 
ase of the D∗ observablesthe NLO QCD predi
tions des
ribe the measured 
ross se
tions within the quotedun
ertainties.The values of the 
ross se
tions as well as the un
ertainties are reported inTables 7.5 and 7.6.Figure 7.23 shows the double-di�erential 
ross se
tion of D∗± produ
tion in deep-inelasti
 s
attering in Q2 and y for Q2 < 100GeV2. The previous measurementperformed in the same �
ommon� phase spa
e by the H1 
ollaboration at low Q2 [150℄are 
ompared to the 
urrent results. The H1 results are the most pre
ise singlemeasurement of D∗± produ
tion in DIS so far. The two data sets are in a goodagreement and have similar pre
ision. As in the 
ase of single-di�erential 
rossse
tions, the NLO 
al
ulations des
ribe the data reasonably well.Figure 7.24 shows the double-di�erential 
ross se
tion of D∗± produ
tion in deep-inelasti
 s
attering in Q2 and y for the region 100 < Q2 < 1000GeV2. As in thelow Q2 
ase, the NLO theoreti
al predi
tions des
ribe the data well. Previous H1measurements in the high Q2 region [151℄ are 
ompared to the presented ZEUSmeasurements and found to agree within statisti
al un
ertainties.The measured double-di�erential 
ross se
tion values are reported in Table 7.7.A dire
t 
omparison of the D∗± produ
tion 
ross se
tions to the HERA I mea-surements [61℄ is not possible sin
e the previous measurements were performed in adi�erent phase spa
e and binning.7.11.3 e+/e−p asymmetryPreviously the ZEUS 
ollaboration measured the ratio of D∗ produ
tion in e−pand e+p 
ollisions [61℄. The measurement was done on HERA I data with a lu-minosity of 79 pb−1. A

ording to this measurement some deviation of the ratioof σe−p/σe+p from unity was observed in the region of Q2>40GeV2. There are noknown physi
al pro
esses that 
ould explain this di�eren
e. The result was inter-87
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Figure 7.21: Single-di�erential 
ross se
tion of the D∗± produ
tion, marked with �lledpoints, as fun
tions of a) pD∗±

T , b) ηD∗± and 
) zD∗ . The inner error bars rep-resent the statisti
al un
ertainty and the outer bar represents the statisti
aland systemati
 un
ertainties added in quadratures. The NLO QCD theoret-i
al predi
tions from HVQDIS are shown as a dashed line with theoreti
alun
ertainties indi
ated by the band. The RAPGAP MC (long-dashed line)predi
tions are also shown. The beauty 
ontribution from RAPGAP is shownas a separate blue solid line. The total predi
tion is the sum of the HVQDIS
harm and s
aled RAPGAP beauty predi
tions.
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7.11. RESULTS
pD∗

T (GeV) dσ/dpD∗
T (pb/GeV) δstat(%) δsyst(%) Cr1.50 : 1.88 2160 9.9 +7.0

−5.5 1.031.88 : 2.28 2300 5.8 +5.4
−5.8 1.042.28 : 2.68 1950 4.4 +5.0
−4.4 1.032.68 : 3.08 1630 4.0 +4.7
−4.0 1.033.08 : 3.50 1220 3.8 +4.9
−4.2 1.043.50 : 4.00 970 3.4 +4.4
−3.7 1.034.00 : 4.75 630 3.2 +4.2
−3.5 1.054.75 : 6.00 330 3.0 +4.3
−3.7 1.016 : 8 120 3.8 +4.1
−3.8 1.068 : 11 33 6.0 +4.4
−3.7 1.1111 : 20 3.6 12.3 +5.3
−6.1 1.11

ηD∗
dσ/dηD∗ (pb) δstat(%) δsyst(%) Cr-1.50 : -1.25 1480. 7.5 +6.8

−6.7 1.06-1.25 : -1.00 1660 5.4 +5.6
−5.3 1.05-1.00 : -0.75 1610 4.9 +6.1
−4.4 1.05-0.75 : -0.5 1850 4.2 +4.6
−3.8 1.03-0.5 : -0.25 1940 4.2 +4.3
−3.5 1.03-0.25 : 0.00 2020 4.0 +4.3
−3.7 1.040.00 : 0.25 1900 4.4 +4.2
−3.4 1.040.25 : 0.50 1970 4.4 +4.3
−3.3 1.050.50 : 0.75 1960 4.7 +4.5
−3.6 1.030.75 : 1.00 2000 4.9 +4.8
−4.2 1.021.00 : 1.25 2000 5.8 +5.3
−5.1 1.011.25 : 1.50 1840 7.7 +7.4
−5.6 1.01

zD∗
dσ/dzD∗ (pb) δstat(%) δsyst(%) Cr0 : 0.1 3000 12.3 +8.6

−7.1 1.000.1 : 0.2 6800 6.1 +6.1
−5.0 1.010.2 : 0.325 8180 3.5 +5.5
−4.9 1.020.325 : 0.45 9100 2.5 +4.6
−3.8 1.030.45 : 0.575 9140 2.3 +4.6
−4.0 1.050.575 : 0.8 5120 2.4 +6.5
−5.1 1.070.8 : 1 630 9.1 +9.9
−8.5 1.07Table 7.5: Di�erential 
ross se
tion of the D∗± produ
tion in pD∗±

T , ηD∗± and zD∗± in thekinemati
 range 5 < Q2 < 1000 GeV2, 0.02 < y < 0.7, 1.5 < pD∗±

T < 20 GeV,
|ηD∗± | < 1.5. The 
olumns show the bin range, the bin-averaged di�erential
ross se
tion, the statisti
al and systemati
 un
ertainties in per
ent and theQED 
orre
tion fa
tors, respe
tively. The overall normalization un
ertaintiesfrom luminosity (1.9 %) and bran
hing ratio (1.5 %) are not in
luded. 89
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Figure 7.22: Single-di�erential 
ross se
tion of the D∗± produ
tion marked with �lledpoints as a fun
tion of a) Q2, b) y and 
) x. The inner error bars represent thestatisti
al un
ertainties and the outer error bars represent the statisti
al andsystemati
 un
ertainties added in quadratures. The 
entral values of the NLOQCD theoreti
al predi
tions from HVQDIS are shown as a dashed line withtheoreti
al un
ertainties indi
ated by the band. The s
aled RAPGAP MCpredi
tions (long-dashed line) are also shown. The s
aled beauty 
ontributionpredi
ted by RAPGAP is shown as a separate blue solid line.
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Q2 (GeV2) dσ/dQ2 (pb/GeV2) δstat(%) δsyst(%) Cr5 : 8 500 3.9 +6.7

−6.1 1.038 : 10 310 4.3 +6.0
−5.2 1.0310 : 13 222 4.0 +4.9
−4.1 1.0213 : 19 125 3.5 +5.6
−5.0 1.0319 : 27.5 75 3.7 +4.9
−4.0 1.0427.5 : 40 41.5 3.9 +4.8
−3.8 1.0440 : 60 16.9 4.7 +5.6
−5.6 1.0560 : 100 7.5 5.0 +7.1
−5.1 1.06100 : 200 1.71 7.8 +6.6
−4.4 1.07200 : 1000 0.14 12.5 +6.1
−5.2 1.14

y dσ/dy (pb) δstat(%) δsyst(%) Cr0.02 : 0.05 12000 7.9 +15.6
−11.8 1.070.05 : 0.09 20700 3.4 +6.7
−6.5 1.050.09 : 0.13 17900 3.4 +4.5
−4.0 1.040.13 : 0.18 13700 3.6 +4.6
−4.8 1.040.18 : 0.26 11300 3.3 +4.8
−3.7 1.040.26 : 0.36 8000 3.7 +4.8
−4.0 1.030.36 : 0.50 5090 4.2 +5.2
−4.5 1.020.50 : 0.70 2900 6.0 +9.3
−7.1 1.01

x dσ/dx (pb) δstat(%) δsyst(%) Cr8 · 10−5 : 0.0004 4750 · 103 3.5 +6.0
−5.3 1.060.0004 : 0.0016 1980 · 103 2.1 +4.8
−3.9 1.030.0016 : 0.005 357 · 103 2.6 +4.9
−3.9 1.020.005 : 0.01 55 · 103 5.7 +6.3
−5.1 0.990.01 : 0.1 1.59 · 103 10.7 +9.2
−8.4 1.08Table 7.6: Di�erential 
ross se
tion of the D∗± produ
tion in Q2, y and x bins. SeeTable 7.5 for details.

91



CHAPTER 7. MEASUREMENT OF D∗± MESON PRODUCTION IN DIS

y
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

)2
 (

pb
/G

eV
2

/d
yd

Q
σ2

d

0

500

1000

1500

2000 2=5-9 GeV2Q

y
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

)2
 (

pb
/G

eV
2

/d
yd

Q
σ2

d

0

200

400

600

800

1000 2=9-14 GeV2Q

y
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

)2
 (

pb
/G

eV
2

/d
yd

Q
σ2 d

0

100

200

300

400

500

600
2=14-23 GeV2Q

y
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

)2
 (

pb
/G

eV
2

/d
yd

Q
σ2 d

0

50

100

150

200
2=23-45 GeV2Q

y
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

)2
 (

pb
/G

eV
2

/d
yd

Q
σ2 d

0

10

20

30

40

50
2=45-100 GeV2Q

 e D* X→ep 

-1ZEUS D* 363 pb

H1 D*

 1.6 ×HVQDIS + RAPGAP b 

 1.6× 1.1 + b ×RAPGAP BGF c 

1.6×RAPGAP b

ZEUS

Figure 7.23: Double-di�erential 
ross se
tion of the D∗± produ
tion in bins of Q2 and yfor the region of Q2 < 100 GeV2. The results of this thesis are marked with�lled bla
k points. Measurements by the H1 
ollaboration are shown as opensquares. In both, the inner error bars represent the statisti
al un
ertaintiesand the outer eeror bars represent the statisti
al and systemati
 un
ertaintiesadded in quadratures. The NLO QCD theoreti
al predi
tions from HVQDISas well as the s
aled RAPGAP MC predi
tions (long-dashed line) are alsoshown. The s
aled beauty 
ontribution from RAPGAP is shown as a separateblue solid line.
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Figure 7.24: Double-di�erential 
ross se
tion of the D∗± produ
tion in bins of Q2 and
y for the region of 100 < Q2 < 1000GeV2. The results of this thesis aremarked with �lled bla
k points. Measurements by the H1 
ollaboration areshown as open triangles. In both, the inner error bars represent the statisti
alun
ertainties and the outer error bars represent the statisti
al and systemati
un
ertainties added in quadratures. The NLO QCD theoreti
al predi
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tions (long-dashedline) are also shown. The s
aled beauty 
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Q2 (GeV2) y σvis (pb) δstat(%) δsyst(%) σbeauty

vis (pb) Cr5 : 9 0.020 : 0.050 120 23.1 +19.2
−20.1 0.0 1.040.050 : 0.090 279 10.0 +11.4
−11.1 1.5 1.040.090 : 0.160 420 6.0 +6.8
−7.0 5.2 1.040.160 : 0.320 550 5.3 +6.5
−5.8 11.0 1.030.320 : 0.700 460 6.8 +6.3
−5.5 18.2 1.029 : 14 0.020 : 0.050 108 13.9 +16.5

−12.3 0.1 1.050.050 : 0.090 178 6.5 +7.0
−6.0 1.2 1.040.090 : 0.160 220 5.8 +4.7
−4.6 2.9 1.030.160 : 0.320 352 5.1 +4.5
−3.7 8.1 1.020.320 : 0.700 307 7.2 +6.6
−5.0 12.5 1.0014 : 23 0.020 : 0.050 70 14.9 +16.0

−12.1 0.2 1.070.050 : 0.090 160 6.4 +6.2
−7.2 1.2 1.040.090 : 0.160 205 5.6 +4.7
−4.7 3.1 1.030.160 : 0.320 267 5.9 +4.9
−4.4 9.0 1.030.320 : 0.700 250 7.4 +5.7
−6.7 13.5 1.0123 : 45 0.020 : 0.050 37 29.1 +17.6

−18.4 0.1 1.080.050 : 0.090 134 7.0 +7.5
−7.8 0.9 1.060.090 : 0.160 196 5.3 +4.4
−4.3 3.6 1.050.160 : 0.320 275 5.1 +4.1
−3.4 10.2 1.030.320 : 0.700 284 6.1 +6.4
−4.5 14.7 1.0245 : 100 0.020 : 0.050 14 37.9 +35.4

−17.8 0.0 1.250.050 : 0.090 72 9.6 +8.0
−7.2 1.2 1.070.090 : 0.160 87 8.4 +4.9
−4.6 3.9 1.040.160 : 0.320 180 5.7 +5.3
−3.9 9.4 1.040.320 : 0.700 175 7.6 +6.6
−5.6 14.0 1.02100 : 158 0.020 : 0.350 80 10.6 +7.6
−4.2 5.8 1.10.350 : 0.700 45 16.2 +7.6
−7.8 5.0 0.99158 : 251 0.020 : 0.300 50 14.4 +4.8
−6.3 3.5 1.160.300 : 0.700 37 17.2 +6.6
−4.9 4.3 1.04251 : 1000 0.020 : 0.275 28 24.4 +8.2

−10.0 2.4 1.260.275 : 0.700 50 20.6 +8.7
−5.1 6.9 1.07Table 7.7: Visible 
ross se
tions of the D∗± produ
tion in bins of Q2 and y. The se
ondlast 
olumn reports the 
ontribution from beauty de
ays, based on the RAPGAPMC res
aled to ZEUS data. See Table 7.5 for details.94
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Figure 7.25: The ratio of σe−p/σe+p as a fun
tion of pD∗±

T , ηD∗± , Q2, y, x and zD∗± . Theverti
al lines represent the statisti
al un
ertainties of the measurement, whilethe horizontal bars show the bin width and the dashed line is the unity line.
preted as a statisti
al �u
tuation. The 
urrent measurement of D∗ produ
tion inDIS is based on almost four times higher statisti
s, 187 pb−1 of the e+p sample and174 pb−1 of the e−p sample. Therefore, the new measurement is able to 
he
k theresult of HERA I.The behaviour of the ratio σe−p/σe+p was measured as fun
tions of pD∗±

T , ηD∗± ,
zD∗± , Q2, y and x in the same binning and kinemati
 range as in Se
tion 7.11.2.The results are shown in Figure 7.25. Only statisti
al un
ertainties are given. Thesystemati
 un
ertainties partially 
an
el in the ratio and no dedi
ated studies wereperformed for this purpose. The 
urrent measurement shows that the ratio σe−p/σe+pis 
onsistent with unity within the quoted statisti
al un
ertainties, 
on�rming thatthe observation at HERA I was due to a statisti
al �u
tuation. 95



CHAPTER 7. MEASUREMENT OF D∗± MESON PRODUCTION IN DIS7.12 SummaryMeasurements of D∗± produ
tion in deep inelasti
 s
attering based on the fullHERA II statisti
s of 363 pb−1 are presented. The measurements were performed byre
onstru
ting D∗ mesons from the de
ay mode D∗± → D0(D̄0) π±
s . The kinemati
region 
overed by the measurements is 5 < Q2 < 1000GeV2 and 0.02 < y < 0.7with 1.5 < pD∗±

T < 20 GeV and |ηD∗±| < 1.5. A new method for the extra
tion ofthe D∗ yields was developed that allowed to redu
e the statisti
al un
ertainty ofthe 
ombinatorial ba
kground with respe
t to the previous results [61, 74, 125℄. Theunderstanding of the systemati
 e�e
ts was also signi�
antly improved, for examplethrough 
orre
tions to the D∗ peak tail. Ine�
ien
ies of the tra
k re
onstru
tionrelated to the hadroni
 intera
tions as well as trigger related ine�
ien
ies wereimplemented in order to obtain the 
orre
t a

eptan
e 
orre
tions. The di�ra
tive
harm produ
tion was in
luded in the MC simulation for a better des
ription of thehadroni
 system by the simulations.Di�erential 
ross se
tions as fun
tions of pD∗±

T , ηD∗± , zD∗± , Q2, y and x werepresented as well as double-di�erential 
ross se
tions in bins of Q2 and y. Thetheoreti
al NLO QCD predi
tions des
ribe the measurements within the quotedun
ertainties. The 
urrent ZEUS measurements show the same pre
ision as theH1 measurements in the same phase spa
e. As the measurement was performedin the 
ommon phase spa
e, agreed by the H1 and ZEUS 
ollaborations, further
ombinations or 
omparisons are mu
h simpli�ed. The present measurement showsmu
h smaller statisti
al un
ertainties than any of the previous measurements byZEUS. Unfortunately, dire
t 
omparisons to the previous results is not possible atthe level of visible 
ross se
tions as they were performed in a di�erent phase spa
eand binning.

96



Chapter 8Measurement of F cc̄
2Measurements of 
harm produ
tion 
an be performed with di�erent experimentalmethods as well as with di�erent analysis te
hniques and in di�erent parts of phasespa
e [61, 108, 130, 137, 149, 150℄. Thus, any 
omparisons or 
ombinations of resultsare only possible on
e the measurements are extrapolated to the full or a 
ommonphase spa
e.In this 
hapter the extra
tion of the 
harm 
ontribution to the proton stru
ture,F2,see Chapter 2, is presented. The results are based on the double-di�erential 
ross se
-tion measurements of D∗± produ
tion in DIS, presented in Chapter 7. The double-di�erential 
ross se
tions in Q2 and x of cc̄ pair produ
tion 
an be written as:

d2σcc̄

dx dQ2
=

2πα2
em

xQ4
(1 + (1 − y)2)

[

F cc̄
2 (x,Q2) − y2

1 + (1 − y)2
F cc̄

L (x,Q2)

]

, (8.1)where F cc̄
2 is the 
harm 
ontribution to the in
lusive stru
ture fun
tion F2 and F cc̄

Lis the 
harm 
ontribution to the longitudinal stru
ture fun
tion FL originating fromthe ex
hange of longitudinally polarised photons. The latter is only relevant at high-
y and its 
ontribution is small in the kinemati
 range of this analysis of the order ofa few per
ent [152℄.8.1 Extra
tion te
hniquesThe 
harm 
ontribution to the proton stru
ture fun
tion, F cc̄

2 , 
an be expressedin terms of redu
ed 
ross se
tions as
σcc̄

red(x,Q2) = F cc̄
2 (x,Q2) − y2

1 + (1 − y)2
F cc̄

L (x,Q2). (8.2)The redu
ed 
ross se
tions of 
harm produ
tion 
an be obtained by the extrapolationof the double-di�erential 
ross se
tions to the full phase spa
e using theoreti
al97



CHAPTER 8. MEASUREMENT OF FCC̄
2predi
tions. In the present measurement the extrapolation from the visible D∗±produ
tion 
ross se
tion in the phase spa
e 1.5 < pD∗±

T < 20GeV and |ηD∗±| < 1.5to the full D∗ kinemati
 range was done using the HVQDIS predi
tions des
ribed inChapter 7. The beauty 
ontribution to D∗ produ
tion, σbeauty, was subtra
ted fromthe visible D∗ 
ross se
tion, σvis, by using the predi
tions from the RAPGAP MCgenerator s
aled up by kb
F = 1.6, see Chapter 7. Thus, the extrapolation pro
edurewas done a

ording to the formula

σcc̄
red(x,Q2) =

(

σvis − σbeauty
vis

)

(

σcc̄
red(x,Q2)

σvis

)

Hvqdis

. (8.3)The referen
e x,Q2 points at whi
h the σred were extra
ted, are 
hosen to be
lose to the average x and Q2 inside ea
h measured bin. The extrapolation fa
tor isde�ned as
ǫ =

1

A
, (8.4)where the A is the kinemati
 a

eptan
e 
al
ulated as

A =
σvis

σcc̄
. (8.5)The resulting ǫ ranges from up to 40% at low y, low Q2, to 15% at high y and high

Q2.The un
ertainty of the extrapolation was obtained by varying the parameters ofthe NLO QCD predi
tions used for the extrapolation. The variation was obtaineda

ording to the pres
ription of [146℄ with the ex
eption that the experimental un
er-tainties of the PDFs were negle
ted. The theoreti
al un
ertainty evaluation in [146℄di�ers from the one used for the 
omparisons to the single- and double-di�erential
ross se
tions. An additional un
ertainty was obtained from the un
ertainty onthe subtra
ted beauty 
omponent that was varied by ±50%. The treatment of thes
ale un
ertainties, fa
torisation and renormalization, di�ers from the one used to
ompare to the double-di�erential 
ross se
tions. In this 
ase the s
ales were var-ied simultaneously. Those two un
ertainties, the s
ale un
ertainty from the NLO
al
ulation for the 
omparisons and the s
ale un
ertainty of the extrapolation, re-fer to di�erent aspe
ts. For the former one, the des
ription of the absolute 
rossse
tion values is ne
essary, while for the latter only the des
ription of the shape isimportant.8.2 Combined measurements of F cc̄
2Before dis
ussing the result of the present measurement of F cc̄

2 it is worthwhile to
over previous measurements that will be 
ompared to the 
urrents ones. Re
ently98



8.3. THEORETICAL PREDICTIONSthe H1 and ZEUS 
ollaborations made a 
ombination of the published measure-ments of 
harm produ
tion in DIS, see Chapter 3, from the HERA I and HERA IIperiods [146℄. Measured redu
ed 
ross se
tions for 
harm produ
tion were obtainedin the kinemati
 range of 2.5 6 Q2 6 2000 GeV2 and 3 · 10−5 6 x 6 5 · 10−2. The
ombination yielded a twi
e better pre
ision than any of the individual input datasets.The 
ombined measurements were used to perform a QCD analysis, yielding ameasurement of the running 
harm quark mass in the MS s
heme using the FFNS�t
mc(mc) = 1.26 ± 0.05(exp) ± 0.03(mod) GeV, (8.6)where only experimental and model un
ertainties are listed. Also a �t was per-formed to determine the optimal value of the 
harm mass parameter, Mc, for anumber of heavy �avour treatment s
hemes. The in
lusion of the 
harm data intoparton distribution fun
tion �ts introdu
ed further 
onstraints on the PDFs. Thus,the un
ertainty on the gluon distribution fun
tion was redu
ed, mostly due to aredu
tion in the parametrisation un
ertainty 
oming from the 
onstraints that the
harm data put on the gluon through the γ g → cc pro
ess. The un
ertainty ofthe 
harm sea distribution, xc̄, was redu
ed be
ause of redu
tion of the variation ofMc. The un
ertainty on the xū and xd̄ sea distributions also de
reased through the
onstraints on xŪ and xD̄ 
oming from the in
lusive data.8.3 Theoreti
al predi
tionsFor the purpose of global 
omparisons, the theoreti
al 
al
ulation of σcc̄ wereperformed in the generalised-mass variable-�avour-number s
heme (GM-VFNS), ex-plained in Chapter 3. The transition region between massive, Q2 ≤ m2

c , and mass-less, Q2 ≫ m2
c , 
al
ulations, was interpolated using the RT �standard� [153, 59℄variant of the GM-VFNS at NLO, 
orresponding to O(α2

s) for the massive part and
O(αs) for the massless part. The HERAPDF1.5 [154℄ parton density �t to in
lusiveDIS HERA data was used for the PDFs. For the 
entral predi
tion a spe
ial setwith mc = 1.5GeV was used [155, 136℄, whi
h is more symmetri
 with respe
t tothe 
harm mass variation than the default value of mc = 1.4 GeV that was releasedwith HERAPDF1.5. Note that HERAPDF1.5 does not in
lude any of the 
harmmeasurements.The un
ertainty of the predi
tions was estimated as the sum of the experimental,parametrisation and model un
ertainties used in the PDF �t added in quadrature.The largest un
ertainty 
omes from the variation of the 
harm mass parameter by
±0.15GeV around the value of mc = 1.5GeV. It was treated as a model un
ertainty.However, this is 
orrelated with the variation of the parameter Q2

0 = 2.0 GeV2 at99



CHAPTER 8. MEASUREMENT OF FCC̄
2whi
h the PDF is parametrised. When the parameter was varied upwards, Q2

0 =
2.5GeV2, the mass of 
harm quark was in
reased to mc = 1.6GeV due to thresholde�e
ts of the heavy �avour treatment s
heme.8.4 ResultsResults of the measurement of the 
harm 
ontribution to the proton stru
tureby re
onstru
ting the full kinemati
 de
ay mode of D∗± mesons are presented inTable 8.1 in terms of redu
ed 
ross se
tions, σcc̄

red.Figure 8.1 shows the measurement as a fun
tion of x for a given value of Q2.The predi
tions from HERAPDF1.5 presented in Se
tion 8.3 are 
ompared to the
urrent measurements and found to be in agreement. It is worth to noti
e that theHERAPDF1.5 was extra
ted from HERA measurements that do not 
ontain any ofthe 
harm data.Also, the 
ombined previous measurements from HERA (see Se
tion 8.2) are
ompared to the present ones. Two measurements are in very good agreement.The D∗ results from ZEUS show a similar pre
ision in some of the points as the
ombined measurements. Therefore, further 
onstraints on the PDFs and furtherimprovement of the un
ertainty of the 
harm measurement 
an be obtained byin
luding the present measurement to the �nal 
ombination from HERA.Figure 8.2 shows the 
urrent D∗ results 
ompared to the re
ent ZEUS measure-ment of 
harm produ
tion with re
onstru
tion of D± mesons [108, 156℄. The twomeasurements are in good agreement. The D∗ measurement has a better signal toba
kground ratio, and is therefore more pre
ise.8.5 SummaryThe extrapolation of measurement of 
harm produ
tion of this thesis to the fullphase spa
e was presented. The measurement is in agreement with re
ent 
ombinedresults from the H1 and ZEUS experiments and with the latest ZEUS results from
D±. The D∗ results alone have similar pre
ision as the 
ombined ones.The HERAPDF1.5 predi
tions for redu
ed 
harm 
ross se
tions des
ribe theresults. The measurement will serve as a valuable input for future HERA 
ombined
harm measurements and 
an further improve the gluon PDF and the measurementof the 
harm quark mass parameter.
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8.5. SUMMARY
Q2 (GeV2) x σcc̄

red δstat. (%) δsyst. (%) δtheo. (%)7 0.00160 0.057 23.1 +17.0
−18.0

+18.1
−9.70.00080 0.124 10.0 +9.3

−9.1
+10.0
−5.40.00050 0.166 6.1 +6.7

−7.1
+8.7
−4.70.00030 0.191 5.4 +5.5

−4.7
+7.3
−5.20.00013 0.258 7.1 +6.0

−5.1
+10.8
−9.012 0.00300 0.098 13.9 +16.4

−12.3
+19.2
−9.70.00150 0.153 6.6 +6.7

−5.6
+9.4
−6.50.00080 0.177 5.9 +4.4

−4.3
+8.1
−4.70.00050 0.244 5.2 +4.5

−3.6
+6.0
−4.90.00022 0.350 7.5 +6.6

−5.0
+8.1
−7.118 0.00450 0.081 14.9 +16.1

−12.2
+16.9
−9.50.00250 0.169 6.5 +6.2

−7.3
+8.0
−6.70.00135 0.202 5.7 +4.7

−4.7
+7.9
−5.10.00080 0.224 6.1 +4.9

−4.4
+5.9
−5.00.00035 0.343 7.8 +5.7

−6.7
+6.5
−6.832 0.00800 0.068 29.2 +17.6

−18.5
+14.6
−10.80.00550 0.160 7.0 +7.5

−8.1
+9.1
−6.20.00240 0.238 5.5 +4.4

−4.3
+7.6
−4.10.00140 0.277 5.3 +4.1

−3.4
+6.5
−4.40.00080 0.412 6.4 +6.4

−4.5
+5.6
−5.460 0.01500 0.068 37.9 +35.4

−17.9
+15.1
−8.60.00800 0.176 9.7 +8.0

−7.3
+6.6
−5.60.00500 0.169 8.8 +4.9

−4.6
+6.4
−4.70.00320 0.273 6.0 +5.3

−3.9
+6.5
−5.00.00140 0.359 8.2 +6.6

−5.6
+5.7
−5.7120 0.01000 0.141 11.5 +7.6

−4.2
+7.0
−6.20.00200 0.329 18.2 +7.6

−7.8
+7.1
−6.9200 0.01300 0.191 15.5 +4.8

−6.3
+5.6
−5.40.00500 0.275 19.4 +6.6

−4.9
+7.8
−8.0350 0.02500 0.113 26.6 +8.2

−10.0
+5.8
−6.00.01000 0.234 24.2 +8.7

−5.1
+9.6
−9.2Table 8.1: The redu
ed 
ross se
tions, σcc̄

red(x, Q2, s), with statisti
al, systemati
 and the-oreti
al un
ertainties. 101
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Figure 8.1: Redu
ed 
ross se
tions of 
harm produ
tion, σcc̄
red, as fun
tions of x for givenvalue of Q2. The measurement of this thesis is marked with bla
k �lled points.The inner error bars represent the full experimental un
ertainty, while theouter line in
ludes the extrapolation un
ertainty. The red open points are theHERA 
ombined measurements with inner error bars 
orresponding to the un-
orrelated part of the un
ertainty. Theoreti
al predi
tions from HERAPDF1.5are shown as bla
k solid line for the 
entral values, with 
olour bands 
orre-sponding to di�erent parts of the predi
tion un
ertainties. The largest band onthe HERAPDF1.5 predi
tion represents the total un
ertainty whi
h in
ludesthe experimental, parametrisation and the model un
ertainty of the PDF �t,in
luding the 
harm mass variations. Also shown is the sum in quadratures ofall un
ertainties ex
luding those involving the 
harm mass variations, and theexperimental un
ertainty on the PDFs.
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Figure 8.2: Redu
ed 
ross se
tions of 
harm produ
tion, σcc̄
red, as fun
tions of x for givenvalues of Q2. The measurement of this thesis is marked with bla
k �lled points,the HERA 
ombination results are shown as red open points. The latest ZEUSmeasurement with D± mesons are shown as blue open squares. The predi
tionsfrom HERAPDF1.5 are shown as 
olour bands as in Figure 8.1.
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Chapter 9Con
lusionsIn this thesis measurement of the produ
tion of 
harm quarks in deep-inelasti
s
attering at HERA at the 
entre-of-mass energy of 318 GeV is presented. Theanalysis was performed on data 
olle
ted with the ZEUS dete
tor during 2004-2007 with an integrated luminosity of 363 pb−1. Charm quarks were tagged bythe presen
e of D∗± mesons. The latter were measured from the full kinemati
re
onstru
tion of the de
ay 
hannel D∗± → D0/D̄0 π± with the subsequent de
ay of
D0 (or D̄0) to K∓ π±. The visible phase spa
e of the measurement was 5 < Q2 <
1000GeV2 0.02 < y < 0.7 with Q2 being the ex
hanged photon virtuality and ybeing the inelasti
ity. The visible D∗± kinemati
 phase spa
e was determined by thetransverse momentum 1.5 < pD∗±

T < 20GeV and by the pseudorapidity |ηD∗±| < 1.5.This 
orresponds to the 
ommon phase spa
e agreed upon between the H1 and ZEUS
ollaborations. A new method to extra
t D∗± signal was used whi
h resulted in aredu
tion of the statisti
al un
ertainty with respe
t to previous analyses of this kindin addition from the redu
tion from the higher luminosity. In line with the improvedpre
ision, systemati
s e�e
ts that were previously not 
onsidered were investigated.The full visible 
ross se
tion of D∗± produ
tion was measured to be
σvis(D∗) = 5.31 ± 0.08 (stat.) +0.27

−0.22(syst.) nb.Single-di�erential 
ross se
tions of D∗± produ
tion were measured as a fun
tionof Q2, y and x and also as a fun
tion of pD∗±

T , ηD∗± and zD∗± . The results were
ompared to theoreti
al predi
tions at next-to-leading order of αs by HVQDIS. Thetheory des
ribes the pD∗±

T and ηD∗± di�erential 
ross se
tions within the quotedun
ertainties, while for the zD∗± distribution, the predi
tion does not fully des
ribethe shape of the distribution. This may indi
ate some imperfe
tion of the treatmentof fragmentation in theory.Double-di�erential 
ross se
tions in 31 bins of Q2 and y were measured and
ompared to the D∗± measurements published by the H1 
ollaboration in the samephase spa
e. The two measurements are in good agreement and have similar pre
i-105



CHAPTER 9. CONCLUSIONSsion. Theoreti
al NLO QCD predi
tions des
ribe the measured ZEUS results withinthe un
ertainties.The double-di�erential 
ross se
tions were used to extra
t the 
harm 
ontribu-tion to the proton stru
ture fun
tion F2, F cc̄
2 expressed in terms of the redu
ed
harm produ
tion 
ross se
tions, σcc̄

red. The redu
ed 
ross se
tions were extra
tedfrom the visible 
harm 
ross se
tions by extrapolation to the full D∗± phase spa
e.The results were 
ompared to the predi
tions from HERAPDF1.5. The predi
tionsdes
ribe the data. Also, the results were 
ompared to the re
ent HERA 
ombina-tion measurement whi
h does not 
ontain the ZEUS D∗± results presented here.The two results are in good agreement and have a similar pre
ision. Re
ently, alsonew measurements of 
harm produ
tion tagged by D+ mesons with ZEUS wereperformed. Those results are in agreement with the one presented here. The D∗±measurements are signi�
antly more pre
ise. The 
urrent ZEUS results will improvefuture 
ombination of the HERA 
harm measurements.
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Appendix APower pulsing studies for thePLUME proje
tIn this 
hapter power pulsing studies in the 
ontext of a vertex dete
tor fora future Linear Collider (LC) are summarised. The studies for this report wereperformed with a single sili
on pixel sensor 
hip 
alled MIMOSA26. The basi

on
epts of CMOS te
hnology, the MIMOSA26 
hip and di�erent methods of powerpulsing are dis
ussed. Investigation of the di�erent methods was performed with a
55Fe radioa
tive sour
e.A.1 The PLUME proje
tIn this studies the main fo
us was put on future tra
king dete
tors within theframework of dete
tors at the International Linear Collider (ILC) [157℄. A linearele
tron-positron 
ollider will be one of the possible a

elerator ma
hines in thepost-LHC era. It will be dedi
ated to study physi
s phenomena with high pre
ision.At the ILC a pre
ise re
onstru
tion of se
ondary verti
es is one of the key issues.An ex
ellent single hit resolution of about 2 µm for a tra
k momentum of p = 1 GeVand the impa
t parameter resolution of √(5 µm)2 + ( 10 µm

p sin(θ2/3)
)2) [157℄ is required.Another very important milestone is the re
onstru
tion of parti
les with shortlife times, like B and D mesons. They have to be pre
isely dete
ted within theinnermost layers of the tra
ker that en
lose the beam pipe, the vertex dete
tor.Thus, the amount of material in the tra
ker should be low enough not to in�uen
e thetra
k re
onstru
tion performan
e with multiple hadroni
 intera
tions. Therefore,the material budget for the vertex dete
tor is proposed to be ∼ 0.1% of the radiationlength, X0, per layer. This limitation is really signi�
ant with respe
t to e.g. presentATLAS inner tra
ker, where it is up to 30 % of X0 in the 
entral tra
king region [158℄.The physi
al prospe
ts are 
hallenging on the dete
tor side and has triggered many107



APPENDIX A. POWER PULSING STUDIES FOR THE PLUME PROJECT
Figure A.1: ILC ma
hine time stru
ture at 5 Hz repetition rate. Every 199 ms a bun
htrain 
omes. The bun
h train 
onsists of ∼ 3000 bun
hes and has a durationof 0.95 ms.
ontinuing resear
h and development groups around the globe.Due to high power dissipation, sili
on dete
tors are heating up and typi
allya
tive 
ooling with 
ooling pipes are used to transport the heat away from thedete
tor. Su
h 
ooling pipes introdu
e a lot of material into a vertex dete
tor andare not an option for a vertex dete
tor at the ILC and other means of 
ooling orpower redu
tion have to be investigated.A

ording to the ILC ma
hine time stru
ture, there will be a bun
h train every200ms, giving a repetition rate of 5Hz, see Figure A.1. Between the bun
h trainsare non-bun
h periods of a 199ms length. That rises the possibility to use the non-bun
h periods to 
ool down the dete
tors by turning them o� for a 
ertain time.Su
h a power 
y
ling method is 
alled Power Pulsing (PP). There is no 
ommonlyapproved s
heme to do power pulsing yet and thus the te
hni
al realisation need tobe de�ned.Pixel Ladder with Ultra-low Material budget (PLUME) is a dedi
ated R&Dproje
t aiming to produ
e a demonstrator ladder for the vertex dete
tor for theInternational Linear Dete
tor (ILD) by the end of 2012 [159℄. A goal of this proje
tis to study the power pulsing possibilities of MIMOSA26 implemented in su
h aladder. In the s
ope of the presented resear
h, three types of possible PP methodsfor a single dete
tor 
hip are dis
ussed.The ladder 
on
ept for PLUME is shown in Figure A.2. There are two modules,ea
h equipped with six MIMOSA26 sensors thinned down to 50 µm and glued ontothe supportive sili
on 
arbide foam forming a sandwi
h-type stru
ture. More detailsabout the pixel sensors will be given as follows. The sensitive length of the ladderis 12.5 
m with a thi
kness of 2mm and the a
hieved material budget is 0.3 % of
X0 (for the two layers) of the radiation length. Several studies [160℄ for the laddervalidation su
h as ladder design, test of the dete
tor performan
e under the parti
letest beam 
onditions, investigation of the thermal dissipation along the ladder areongoing. Also me
hani
al stability of the ladder under operation in magneti
 �eldand simulations of the ladder geometry are also subje
ts of the resear
h. Finally,the investigation of a MIMOSA26 
hip behaviour under power pulsing 
onditions is108



A.2. MIMOSA26

Figure A.2: PLUME double-sided ladder design.the subje
t of the present studies.A.2 MIMOSA26A MIMOSA26 
hip is a Monolithi
 A
tive Pixel Sensor (MAPS) [161℄ where thesensitive area and the readout ele
trons are grown together on one substrate. The
hip is based on the CMOS te
hnology substrate with p- and n-tubes, implantedin lightly doped p-epitaxial sili
on, grown on a highly-doped p-substrate. A logi
element of CMOS-type 
ontains both n- and p-type MOS transistors [162℄, 
allednMOS and pMOS respe
tively. The nMOS has negative free 
harge 
arriers, whilepMOS has positive ones.Ea
h MOS element has a sandwi
h-like stru
ture made by 
ondu
ting and insu-lating materials as shown in Figure A.3(a). It 
onsists of the 
ondu
ting gate, builtup from polysili
on, the sili
on bulk (body) and the glass insulator. The gate servesas a 
ontrol input. Two transistor types, nMOS and pMOS, operate with di�erentlogi
, des
ribed in the following. The body of nMOS is grounded (VGND ∼ 0 V ),thus the p-n jun
tions between the sour
e and the body and between the drain and
(a) (b)Figure A.3: (a) Stru
ture of a single MOS element. (b) Stru
ture of a single CMOSelement.
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APPENDIX A. POWER PULSING STUDIES FOR THE PLUME PROJECTthe body make a reverse-bias diode [163℄. When there is a rising voltage on thegate the nMOS element is open, and if the gate is at ground voltage, the element is
losed or OFF. For the pMOS the bulk is at high potential, VDD, and if the voltageon the gate is also high, the transistor goes OFF and gets ON when the gate voltagestarts to drop.The 
ombined CMOS element, see Figure A.3(b), takes an advantage of usingboth MOS transistor types, thus providing a stable logi
 zero if pMOS is OFF, anda stable logi
 one, when nMOS is OFF. CMOS-type transistors have low power
onsumption, thus, elements operate at low voltages and show low level of noise.A MIMOSA26 
hip is only one type in the MIMOSAs series. Its sensitive layer ismade of a jun
tion between the n-well and the p-type epitaxial layer. The prin
ipleof dete
tion of 
harged parti
les is illustrated in Figure A.4(a). An in
oming parti
leprodu
es ele
tron-hole pairs in the epitaxial layer. The ele
trons di�use thermallyinside the layer whi
h lies between the two highly-doped zones, the substrate andthe p-wells. The 
on
entration of dopants in the latter is three orders of magnitudehigher than in the epitaxial layer. That translates into a potential barrier at theregion boundaries. As a 
onsequen
e, ele
trons remain inside the epitaxial layer.N-wells 
olle
t the ele
trons passing in their neighbourhood. The density of then-wells is the leading parameter for the sensor spatial resolution.A MIMOSA26 
onsists of 576×1152 pixels with a pit
h size of a 18.4 µm. The a
-tive area is (10.6× 21.2)mm2. Ea
h pixel of MIMOSA26 in
ludes ampli�
ation and
orrelated double sampling (CDS). Ea
h 
olumn of pixels ends with a dis
riminatorperforming the analogue to digital 
onversion. The information from the pixels withzero signal is suppressed in order to in
rease the readout frequen
y [164℄. It is builtin the bottom of the sensitive matrix and the 
orresponding algorithm of the zero-suppression is invoked after the analogue-to-digital 
onversion. An embedded JTAG

(a) (b)Figure A.4: (a) Illustration to the parti
le dete
tion prin
iple with MIMOSA. (b) Aphoto of a MIMOSA26 
hip with a s
hemati
 layout drawn on top.
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Figure A.5: Pixel 
ir
uit of MIMOSA26 analogue readout part. The forward-biaseddiode is shown on the top of the Figure and the n-well diode is shown inthe bottom of the Figure.
ontroller allows for a 
ommuni
ation between the 
hip and a 
omputer for syn
hro-nisation and proper programming. MIMOSA26 operates with nominal frequen
y of80MHz. A typi
al MIMOSA26's single-point resolution is 3.2 µm [165℄.In addition, the MIMOSA26 
hip was equipped with analogue readout mountedin the most left part of the 
hip. In this readout mode, ea
h pixel is read out bya simple 
ir
uit, shown in Figure A.5. The 
harge is 
olle
ted via the n-well diodeand loaded into the parasiti
 
apa
ity of the pixel. Two voltages drops are beingmeasured, the one on the 
apa
itor and the one on the forward-biased diode. Thelatter is used to reset the pixel signal to 
ompensate for leakage 
urrent. Sin
ethe reset pro
edure is mu
h slower than the readout frequen
y, the generated signal
harge remains in the pixel for several readout 
y
les. The optimal readout frequen
yis 20MHz for the analogue readout mode. In 
ase of analogue readout no zerosuppression and on-
hip 
orrelated double-sampling is performed. The output data
ontain the raw signal from ea
h pixel.The internal registers [166℄ of the MIMOSA26 
hip, e.g. the bias and otherregisters 
an be a

essed and are fully adjustable via the 
ontrol interfa
e usingJTAG [167℄. Su
h registers in
lude the so-
alled BIAS_DAC register. It simulta-neously sets the 19 DAC registers whi
h 
ontrol the voltage and 
urrent bias onthe digital-to-analog 
onverters (DAC) and dis
riminators. One of those registersis 
alled IAnaBUF. It 
ontrols the 
urrent bias at the analogue bu�er. Another setof registers, 
alled RO_MODE1, 
ontrol the analogue part of the 
hip by assertingampli�ers voltages. The set of registers 
alled SEQENCER_PIX_REG 
ontrol thepixel readout and dis
riminators sequen
e. 111



APPENDIX A. POWER PULSING STUDIES FOR THE PLUME PROJECTA.3 Experimental setup

Figure A.6: S
hemati
 drawing of the experimental setup for the power pulsing studiesat DESY.For the very �rst steps of power pulsing studies the analogue readout was 
hosenin order to have a good understanding of the e�e
t of power pulsing on the rawsignal itself.The Data A
quisition System (DAQ) used for the presented studies is shown inFigure A.6. The full DAQ 
onsists of:
• Two USB Imager Boards [168℄ (one with an additional built up board). Ea
hboard has four ADC with a 256Kb memory bu�er. The data from thoseboards are sent to the PC via USB2.0 ports;
• MIMOSA26 
hip thinned down to 50µm;112
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• Digital auxiliary board, through whi
h the digital part of the 
hip was powered,programmed and 
ontrolled.
• Analogue auxiliary board, whi
h was used to send the data from the analoguepart of the 
hip to the Imager boards. The powering of the analogue line wasalso sent via this board;
• JTAG programming board, whi
h provided a 
ommuni
ation between the 
om-puter and the registers of the 
hip through the JTAG proto
ol. Its interfa
eis used to setup the dis
riminator thresholds and other 
on�guration settings,and initialise the 
hip for power pulsing. The sensor is programmed when the
lo
k is a
tive;
• Personal 
omputer under the WINDOWS XP operating system. The DAQand JTAG software were run on this PC. The data transmitted from the DAQboards were stored on the lo
al PC hard drive;
• Analogue power 
ontrol box;
• VME 
rate for powering the Imager Boards.
• Frequen
y generator to provide a 20MHz 
lo
k for the 
hip.The syn
hronisation was performed by the Imager Boards though via an Ethernetinterfa
e.There are two possibilities for the 
hip readout, one is to read the full sensor(an array of 576 × 1152 pixels) and the se
ond is to read only the last eight lines(an array of 576 × 8 pixels). Te
hni
ally it is not possible to sele
t eight parti
ularlines. The basi
 idea of the 
urrent power pulsing studies is to determine the 
hipresponse with time. That is why only the se
ond readout possibility is feasible dueto a memory la
k in Imager Board ADCs. Therefore, with eight-
hannel readoutmode (one line per 
hannel) it is possible to monitor a 
hip with 455 time frames,i.e. 256·1024 bytes

576 rows
= 455.The MIMOSA26's internal 
lo
k 
y
le translates to 209.7ms (ILC readout 
y
leis 200ms) with 1 readout frame 
orresponding to 0.46ms. Later on the frame itselfwill be used as an observable for the time 
hara
terisation.A so-
alled "speak" signal is provided by the DAQ to indi
ate that the data fromthe 
hip should be pro
essed by the DAQ. The 
hip provides the data only whilethe DAQ system tells it to do so by asserting the speak signal. The speak systemis provided by the DAQ to initiate the readout of the data. So the frame end isde�ned by the DAQ system. The frame is 
ompleted when the speak rising edgehas arrived.In the present studies the speak signal was also used to generate a power pulsingrequest input (PPRI), see Figure A.7. The duration and the shift of the PPRI with113
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Figure A.7: Illustration of the power pulsing request (PPRI) syn
hronisation with theDAQ signal (Speak). The start of the power pulsing is delayed with respe
t tothe Speak signal. The duration of the PPRI signal 
orresponds to the powero� time.respe
t to the speak signal 
an be 
ontrolled with the analogue power 
ontrol boxand monitored with an os
illos
ope.There are two possible data taking modes with this analogue readout. One ofthem is the power pulsing s
an, where only eight last lines of the 
hip are read out.The se
ond is the so-
alled full-
hip-s
an, in whi
h an array of 1152 × 576 is readout step by step by eight ADCs. The latter one is used for test purposes and 
annot be used for the power pulsing studies due to a memory de�
it.Raw data from the 
hip are not zero-suppressed in the 
ase of the analoguereadout. It 
ontains all available information from the dis
riminators. There is alsoa possibility to store the PPRI signal by repla
ing the output of one of the readout
hannels. Usually, the last 
hannel was used for these purposes. More details aboutthe used data format in the output 
an be found in Appendix I.A.4 Data analysisThe analysis pro
edure was inherited from the previous studies with the previoustype of a MIMOSA 
hip [169℄. In the 
ase of the analogue readout, the signalfrom a single MIMOSA26 
hip 
onsists of two 
omponents. The �rst one is READ
omponent that 
orresponds to the 
harge 
olle
ted on a 
apa
itor1. The se
ond oneis the CALIB 
omponent; it 
orresponds to the output signal in a pixel right beforea spe
ial reset signal, whi
h sets the a diode 
apa
itan
e to zero. The di�eren
eof those two 
omponents de�nes raw signal. This te
hniques is 
alled CorrelatedDouble Sampling (CDS). More details 
an be found in [170℄.The analysis pro
edure of a raw data 
ontains the following steps:1
aused by an ionising parti
le or any noise that is higher than the dis
riminator threshold114
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Figure A.8: Illustration of the pedestal distribution and the level of noise.
• O�set estimation. In the 
ase when ele
troni
s has no leakage 
urrent, theoutput of a dete
tor will always be zero if no ionising parti
le passes throughit. In reality there is an o�set from zero, whi
h is 
alled the pedestal, shown inFigure A.8. The full width at half maximum of the pedestal distribution is as-signed to the noise level. To estimate the pedestal and noise, it is ne
essary totake non-physi
al events, e.g data with no radioa
tive sour
e or no light expo-sure (MIMOSA26 is sensitive to photons) and than do the 
al
ulation on pixel-by-pixel basis. The pedestal is de�ned as pi =

PN
k=1(ri

k)

N
, where N is the numberof idle events, ri

k is the raw signal in pixel i in event k. The noise is de�ned asthe standard deviation of the pedestal, ni =
√

N
N−1

√

1
N

∑N

k=1(r
k
i )

2 − (pi)2.

(a) (b)Figure A.9: (a) The noise and (b) the pedestal maps for a eight-line readout mode.The last 
olumn was used to store the PPRI signal, therefore is notshown.
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APPENDIX A. POWER PULSING STUDIES FOR THE PLUME PROJECTFigure A.9 demonstrates the pedestal and noise maps for the 
ase of the read-out of the eight last 
olumns. The noise is almost homogeneously distributedin the pixels, while the pedestal strongly di�ers from ADC to ADC of theDAQ boards.
• Clusters formation. For sear
hes of an indi
ation of an ionising parti
le, thepedestals need to be subtra
ted from the raw signal pixel-by-pixel. Afterwards,the sear
h for a seed pixel needs to be performed. The seed pixel is the onein whi
h the signal-to-noise ratio is above a 
ertain value: S/N = rseed

nseed
> Vthr.where r is a pedestal-free output from the pixel and n is a pixel noise. Thesear
h for the seed pixel starts from the one with the highest S/N . Afterwards,a 
luster of 3x3 pixels is formed around the seed pixel.

• Physi
al signal extra
tion. The distribution of r in seed pixels representsthe spe
tra of an ionising sour
e.A.5 55Fe γ-sour
e studiesThere are several ways to test dete
tor performan
e. The �rst one is to irradiateit with a radioa
tive sour
e. The se
ond way is to irradiate the dete
tor with beam ofparti
les of known energy and position. The present studies were performed with a
55Fe γ-sour
e. It has two emission lines, Kα with E = 5.89 keV, emission probabilityis P = 24.4%, and Kβ with E = 6.49 keV and P = 3.4%. An example of the rawdete
tor signal is demonstrated in Figure A.10. Most sizable spikes 
orrespond tohits produ
ed by a γ- photons.As mentioned before, for the power pulsing studies only 1/144 of the sensitive
hip area was used. Therefore, the number of events with real hits was signi�
antlyredu
ed. The event re
onstru
tion was performed as dis
ussed in the previous se
-tion. Figure A.11 shows the spe
trum of a 55Fe sour
e taken with the MIMOSA26
hip. This spe
trum represents the 
harge a

umulated in a seed pixel over 3000of events. The spe
trum was �tted with a Double-Gauss fun
tion. The �t parame-ters provide all the ne
essary information to perform the 
hip 
alibration (ADC-to-
harge 
onversion). In sili
on, the energy required to produ
ed an ele
tron-hole pairis 3.6 eV. Therefore, Kα (Kβ) photon 
an produ
e about 1640 (1830) ele
tron-holepairs.As for the power pulsing studies only the analogue part of the 
hip was used, the
hip 
alibration was not performed and all the working units are given in 
ounts ofADC (a.u.). The 
onversion 
an always be done using parameters extra
ted fromthe �t.116
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Figure A.10: An example of a 55Fe event for the s
an readout mode. Only the CDSinformation without any analysis steps is depi
ted. Only half of the pixel ar-ray is shown. The spikes show the possible re
onstru
ted hits in the dete
tor
aused by 55Fe γ-rays.A.6 Power Pulsing StudiesMIMOSA26 
hip was not designed for an optimal operation under power pulsing
onditions. Nevertheless, the 
hip has 
ertain programmable registers that 
an beused to perform and study the power pulsing. At this stage of studies, the 
hipresponse is the subje
t of interest.On
e a 
hip is 
ompletely powered o�, about 100ms are needed to re-
on�gurethe 
hip via the JTAG 
ontrol. This would not be very e�e
tive 
ompared to the199ms between the bun
h trains of the ILC time stru
ture. Thus, a di�erent way ofredu
ing the power 
onsumption needs to be introdu
ed. Three di�erent methodsof power pulsing were developed by the CMOS group at Strasbourg for a single 
hipdete
tor with the analogue readout. 117
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Figure A.11: The spe
trum of 55Fe sour
e. Dashed line 
orresponds to a �t with adouble-Gaussian fun
tion. The �rst peak 
orresponds to the Kα line and these
ond to Kβ .A.6.1 Power Pulsing IIt is possible to introdu
e a bias to the MIMOSA26 registers [166℄. In this way,the value of the InaBUF register was set to 0. That did not result in a visiblepower pulsing. Another possibility is to swit
h some of the ampli�ers and dis
rimi-nators to the stand-by mode for some moment by 
hanging the other register values.Therefore, the power pulsing was performed by de
reasing the voltage of the dis
rim-inators, thus powering o� the pixel ampli�ers. In this 
ase, all dis
riminators are setto the so-
alled �stand-by� mode. This was done by setting the EnDis
riPwrSaveand EnDis
riAOP registers from the RO_MODE1 
ontrols to zero. This methodis referred as PPI. The results of the noise and pedestal evolution with time (framenumber) are shown in Figure A.12. This does not result in a signi�
ant power 
on-sumption redu
tion, but gives at least a visual representation of the studies. The118



A.6. POWER PULSING STUDIES
hip is not really o� (and is not supposed to). There are four frames of the o�-timeindi
ated with splashes in the pedestal and noise distributions.

(a)

(b)Figure A.12: Evolution of the 
hip 
hara
teristi
s with time under power pulsing 
on-ditions of type I: (a) noise time line, (b) pedestal time line. One frame
orresponds to 1µs.The peak position of the Kα line of the 55Fe sour
e together with the peak widthwere re
onstru
ted on a frame-by-frame basis. The result is shown in Figure A.13.Due to time 
onsuming 
al
ulations, the frames between dashed lines were not takeninto a

ount.After an introdu
tion of a small bias to the 
hip registers, the 
hip 
omes to the119
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(a)

(b)Figure A.13: Evolution of the of the 55Fe spe
trum 
hara
teristi
s with time under powerpulsing 
onditions of type I: (a) position of the peak, (b) width of the peak.One frame 
orresponds to 1µs. The dashed lines show the beginning and theend of the power pulsing.nominal operation within �ve frames. The dissipative stru
ture of the pedestal timeline is presented before and after the power pulsing 
y
le. That may indi
ate aninappropriate 
hip 
on�guration.
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A.6. POWER PULSING STUDIESA.6.2 Power Pulsing II

(a)

(b)Figure A.14: Evolution of the 
hip 
hara
teristi
s with time under power pulsing 
on-ditions of type II: (a) noise time line, (b) pedestal time line. One frame
orresponds to 1µs.The se
ond power pulsing method is performed by 
hanging the sequen
e ofthe signal sampling by setting the SEQENCER_PIX_REG registers, POWERON1and POWERON2, to 0. This disables some part of the internal pixel readout logi
.As part of the pro
ess, the reset signal in the pixel is shifted in time with respe
tto the nominal readout mode. The pedestal and noise time evolution is shown inFigure A.14. After the power pulsing stop was rea
hed, the o�set 
hara
teristi
s121



APPENDIX A. POWER PULSING STUDIES FOR THE PLUME PROJECTdo not re
over to their nominal values independently of the ADC. Figure A.14(a)shows the results for ADC0. During the analysis of data taken with a radioa
tivesour
e, the following was dis
overed. Only one out of �ve events was useful. Therest events had extremely high values of either noise or pedestal.

(a)

(b)Figure A.15: Evolution of the 55Fe spe
trum 
hara
teristi
s with time under power puls-ing 
onditions of type II: (a) position of the peak, (b) width of the peak. Oneframe 
orresponds to 1µs. The dashed lines show the beginning and the endof the power pulsing.This explains why the statisti
al un
ertainties, as well as the �u
tuations shownin Figure A.15, are larger after the PP stops. It is not 
lear why the 
hip shows122
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h a kind of response. Additional tests proved that it is not due to the analysispro
edure. The measurements taken with an on-line monitor of the DAQ system
learly showed the saturation of the 
hip response.A.6.3 Power Pulsing IIIFor the �rst two power pulsing methods dis
ussed above, the 
hip 
on�gurationwas 
hanged in order to provide a power pulsing possibility. Here, the third methodof power pulsing is presented. It is performed via the analogue power 
ontrol box.The pulsing of the power is performed by swit
hing on and o� the analogue powersupply. The digital part of the 
hip stays powered on without any 
hanges to theregisters. This method is the most e�
ient in terms of the redu
tion of power
onsumption among the others des
ribed above.Figure A.16 shows the time evolution of the pedestal and the noise. From the�gure it is seen that the power drops with some delay with respe
t to the PP start.The delay is ∼ 20 µs. The same delay is present for the power up. The pedestalre
overy takes 35 frames, i.e. ∼ 35 µs, with a faster re
overing of the noise.Another aspe
t of the 
hip validation under the PP 
onditions is the peak widthand the 
harge 
olle
ting fa
tor demonstrated as the peak position. Figure A.17shows that the 
hip re
overy is �nished at frame 250 within the statisti
al un
er-tainties. This agrees with the value of 35 µs from the pedestal evolution. Thus, the
hip ful�ls the requirements of the ILC time stru
ture within PPIII.A.7 Summary and outlookThe studies of the MIMOSA26 
hip response under di�erent power pulsing pos-sibilities were presented within the framework of the PLUME proje
t. The mea-surements were based on the analogue readout of the 
hip. Three di�erent powerpulsing methods were 
onsidered. Even though the MIMOSA26 was not optimisedfor the operation under power pulsing 
onditions, it showed a su�
iently stable be-haviour under PPPIII, thus ful�lling the requirements from the ILC. The studiespresented here give only the �rst glimpse towards the �nal validation of the possibil-ity to operate the PLUME ladder under power pulsing 
onditions. Further studiesare ne
essary. For example, the response of a single 
hip with the digital readout
ould be one of the next steps. Beside that, a new su�
ient power pulsing methodfor the full ladder equipped with six 
hips should also be introdu
ed.
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(a)

(b)Figure A.16: Evolution of a 
hip 
hara
teristi
s with time under power pulsing 
onditionsof type III: (a) noise time line, (b) pedestal time line. One frame 
orrespondsto 1µs.
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(a)

(b)Figure A.17: Chara
teristi
s of the 55Fe spe
trum evolution with time under power puls-ing 
onditions of type III: (a) position of the peak, (b) width of the peak.One frame 
orresponds to 1µs. The dashed lines show the beginning and theend of the power pulsing.
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Appendix BIn
lusive DIS 
ontrol distributions
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Figure B.1: Comparison of the MC (yellow shaded area) distribution of E − pz of theevent, measured energy of the s
attered ele
tron, Ee′ , the s
attered ele
tronangle, Θe′ , and DIS kinemati
 variables, Q2 and y, with data (�lled point) afterthe DIS sele
tion (see Chapter 7.2). For the MC the in
lusive NC ARIADNEsimulations were taken. No D∗ sele
tion was applied.
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Appendix C
D∗ and D0 spe
traThe D∗ signal extra
tion pro
edure did not in
lude any �t of the D∗ peak.Therefore in this appendix the basi
 
hara
teristi
s of the mass spe
tra are givenfor D∗ and it's de
ay produ
t D0 . Figure C.1(a) shows the ∆M spe
trum in dataof D∗ �tted with a modi�ed Gaussian 
onvoluted with the Granet fun
tion G′(x),de�ned in Se
tion 7.3:Gaussmod(x) = A · e−0.5·|x−B

C
|
1+ 1

1+0.5|x−B
C

|

, (C.1)where x = |∆M −mπ|. The 
hoi
e of the Modi�ed Gaussian is somewhat histori
al.It was heavily used in the ZEUS experiment in order to des
ribe peak tails withrespe
t to the standard Gaussian. A, B, C are the free parameters of the χ2 �t,where A stands for the amplitude, B for the peak position and C is the width of themodi�ed Gaussian.Figure C.1(b) shows the mass spe
trum in the data of the D∗ de
ay produ
t
D0 �tted also with the modi�ed Gaussian 
onvoluted with a se
ond order polyno-mial for the 
ombinatorial ba
kground des
ription. The ex
ess of the 
orre
t-sign
andidates over the 
ombinatorial ba
kground, WS, in the mass region below the
D0 mass is due to partly re
onstru
ted de
ays, mostly D0 → K+ π− π0.Table C.1 shows the mass and width parameters of the D∗ and D0 spe
traobtained from the �t. The µ parameter is 
ompared to the PDG2012 mass �t

σmod, MeV µ, MeV µ(PDG2012), MeV
D∗ 0.46 ± 0.01 145.42 ± 0.01 145.421 ± 0.010

D0 12.75 ± 0.23 1862.71 ± 0.23 1864.86 ± 0.13Table C.1: Summary table of D∗ and D0 spe
tra (statisti
al un
ertainty only) in dataobtained from the �t 
ompared to the PDG2012.
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APPENDIX C. D∗ AND D0 SPECTRA
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(b)Figure C.1: (a) D∗ spe
trum shown for the D0 mass range 1.80 < MD0

< 1.92GeV. (b)
D0 spe
trum shown for the ∆M D∗ mass window 143.2 < ∆M < 147.7MeV.The dashed pink lines represent the values of the �t at the bin 
entres.values. The mass of the D∗ agrees with PDG2012, where the D0 is slightly lower,but 
ompatible within systemati
 un
ertainty.
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Appendix DISOe 
orre
tionThe 
orre
tion, I<, >(yel), was assigned as a weight to the dete
tor level eventsonly in the MC as a fun
tion of event inelasti
ity, yel, re
onstru
ted with the Ele
tronmethod.For RunNr < 60400 the 
orre
tion reads as:
I<(yel) = 0.996 + 0.02753 · yel − 0.311 · y2

el + 1.453 · y3
el − 3.41 · y4

el + 2.736 · y5
el.For RunNr > 60400 the 
orre
tion reads as

I>(yel) = 0.998 + 0.02644 · yel − 0.196 · y2
el + 0.835 · y3

el − 2.04 · y4
el + 1.706 · y5

el.The e�e
t on the double-di�erential 
ross se
tions in Q2 and y is given in Figure D.1.
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APPENDIX D. ISOE CORRECTION
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Figure D.1: E�e
t of the ISOe 
orre
tion on double-di�erential 
ross se
tions in bins of
Q2, y, de�ned as σcorr−σnorm

σnorm
.
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Appendix EPhotoprodu
tion event sele
tionThe produ
tion of 
harm quarks in high energy ep 
ollisions at HERA is dom-inated by photoprodu
tion events, where the ele
tron or positron is s
attered ata small angle and not registered in the dete
tor. The kinemati
 region of photo-produ
tion events usually de�ned as Q2 < 1 GeV2. The main produ
tion pro
essas in the 
ase of DIS events is photon gluon fusion where the photon intera
tsdire
tly with the gluon from the proton produ
ing a cc̄ pair, γg → cc̄. In the pho-toprodu
tion regime, apart from the 
ontribution from the dire
t pro
esses with apoint-like photon, resolved photoprodu
tion also gives a signi�
ant 
ontribution tothe heavy �avour produ
tion. In resolved pro
esses, the in
oming photon �u
tuatesin a hadroni
 state and behaves as a sour
e of partons. Those partons intera
t withthe partons in the proton, g g → cc̄.To study photoprodu
tion pro
esses the same data as des
ribed it Se
tion 7 wereused with additional data 
oming from 03p period. The full luminosity of the PHPdata sample is 372 pb−1. For the Monte Carlo simulation the Pythia generator wasused. It in
ludes dire
t and resolved photon pro
esses in equal proportions both for
harm and beauty �avour produ
tion. The MC was generated in the full Q2 range,but only events with Q2 < 1.5 GeV2 were 
onsidered in the analysis. As in the DIS
ase, only eight sele
ted D-meson de
ays were stored in the MC in order to simplifyand speed up the analysis pro
edure.The following 
riteria were used to sele
t photoprodu
tion events:
• The energy of the 
entre-of-mass of the photon boson system,

W =
√

2 · Ep · (E − pz), was re
onstru
ted using the information from EFOs,
130 < W < 300GeV;

• No SINSTRA ele
tron with E > 5 GeV and probability, P > 0.9;
• |Zvtx| < 30
m.For the D∗ re
onstru
tion the same algorithm as in the 
ase of DIS events was used.The D∗ 
andidates were required to have: 133



APPENDIX E. PHOTOPRODUCTION EVENT SELECTION
• The transverse momentum of the D∗ 
andidate 1.9 < pD∗±

T < 20 GeV. Thelower edge is di
tated by the trigger threshold and the upper edge by availablestatisti
s;
• The pseudorapidity of the D∗ 
andidate should be |ηD∗±| < 1.6 in order to
over the barrel region of the dete
tor;
• The invariant mass of the D∗ de
ay produ
t, D0 
andidate, should be in theregion from 1.8GeV to 1.92GeV;
• The transverse momenta of D0 de
ay produ
ts, K± and π±, should be

pK
T > 0.4GeV and pπ

T > 0.4GeV respe
tively.
• The transverse momentum of the slow pion pπs

T > 0.12GeV;
• pD∗

T /ET > 0.12, where pD∗

T is the transverse momentum of the D∗ 
andidateand the ET is the transverse energy of the hadroni
 system measured by theCAL ex
luding the 
one of ten degrees around the beam pipe; This 
ut wasintrodu
ed in order to in
rease signal-to-ba
kground ratio the 
ut on pD∗

T /ET >
0.12 was introdu
ed;

• All three tra
ks that form a D∗ 
andidate should pass at least three CTDsuper-layers and at least one MVD layer.The re
onstru
tion of PHP events strongly relies on the measurement of thehadroni
 system, while in the DIS 
ase event re
onstru
tion relies of the re
onstru
-tion of the s
attered ele
tron. Thus, the e�
ien
y of the PHP trigger slots is lowerwith respe
t to the DIS ones. For the PHP events sele
tion the following triggerslots were used as logi
al OR:
• HFL01. Logi
al OR of all available D-meson related triggers in PHP;
• HFL05. Photoprodu
tion events with two jets with transverse energy of ET >

4.5 GeV and E − pz < 100GeV and pz/E < 0.95;
• HFL21. Two jets and at least one of the D mesons from HFL01. The bothjets were required to have ET > 3.5GeV.
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Appendix FDouble-di�erential 
ontrol plots
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Figure F.1: Comparisons of the D∗ yields, ∆N , in MC with respe
t to the data in Q2, ydouble di�erential bins. The MC 
ontains the same sub-
omponents as inFigure 7.18(a).
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Appendix GTails 
orre
tion
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Figure G.1: Tails 
orre
tion, expressed as a di�eren
e between the fra
tion of missedevents outside the sele
tion window in data and in Monte Carlo simulations,as a fun
tion of pD∗

T for DIS sample (�lled red points) and photoprodu
tionsample (open squares). Ea
h plot represents di�erent width of D∗ ∆M sele
-tion window. The lower edge of the window is 145.42 − N · 0.46MeV and theupper edge is 145.42 + N · 0.46MeV, where N is given in the title.
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APPENDIX G. TAILS CORRECTION
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Figure G.2: Tails 
orre
tion as in Figure G as a fun
tion of ηD∗ for DIS sample (�lledred points) and photoprodu
tion sample (open squares) for di�erent widthof D∗ ∆M sele
tion window. The lower edge of the window is 145.42 − N ·
0.46MeV and the upper edge is 145.42 + N · 0.46MeV.
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Appendix HBreakdown of systemati
sThis Appendix lists all systemati
 un
ertainties dis
ussed in Chapter 7. All un-
ertainties are presented in per
ent, the sign of ea
h un
ertainty is also preserved.Luminosity and bran
hing ratio un
ertainties are not listed in tables as they did notenter the �nal systemati
 un
ertainty. Un
ertainty of +2 % of D0 tails was also notin
luded in the tables below, but was a

ounted for in the �nal numbers. The e�e
tof the η re-weighting variation, δ12, and e�e
t of ISOe 
orre
tions were not takeninto a

ount and therefore not listed due to their negligible e�e
t.
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APPENDIXH.BREAKDOWNOFSYSTEMATICS
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−0.0

+0.1

−0.0

+1.9

−1.8

+1.2

−1.2-0.50 : -0.25 +0.1

−0.1

+0.3

−0.5

+0.2

−0.2

+0.6

−0.6

+2.4

−2.4

+0.2

−0.2

+0.3

−0.6

+0.5

−0.6

+1.4

−0.0

+0.7

−0.7

+0.7

−0.0

+0.0

−0.0

+0.2

−0.0

+1.8

−1.7

+1.2

−1.2-0.25 : 0.00 +0.1

−0.0

+0.3

−0.2

+0.3

−0.1

+1.7

−1.7

+2.3

−2.3

+0.3

−0.3

+0.3

−0.6

+0.4

−0.5

+0.5

−0.0

+0.5

−0.5

+1.1

−0.0

+0.0

−0.4

+0.0

−0.5

+1.8

−1.7

+1.1

−1.10.00 : 0.25 +0.2

−0.1

+0.4

−0.3

+0.6

−0.0

+0.2

−0.2

+2.2

−2.2

+0.0

−0.1

+0.2

−0.5

+0.3

−0.4

+1.5

−0.0

+0.6

−0.6

+1.1

−0.0

+0.0

−0.3

+0.0

−1.1

+1.8

−1.7

+1.1

−1.10.25 : 0.50 +0.1

−0.1

+0.3

−0.3

+0.2

−0.1

+0.4

−0.4

+2.4

−2.4

+0.2

−0.2

+0.2

−0.4

+0.1

−0.1

+1.3

−0.0

+0.5

−0.5

+1.0

−0.0

+0.1

−0.0

+0.9

−0.0

+1.8

−1.7

+1.1

−1.10.50 : 0.75 +0.0

−0.1

+0.3

−0.2

+0.5

−0.2

+0.3

−0.3

+2.7

−2.7

+0.1

−0.1

+0.2

−0.4

+0.4

−0.5

+1.5

−0.0

+0.7

−0.7

+0.5

−0.0

+0.5

−0.0

+0.7

−0.0

+1.8

−1.7

+1.2

−1.20.75 : 1.00 +0.0

−0.1

+0.2

−0.2

+0.1

−0.1

+0.4

−0.4

+3.2

−3.2

+0.5

−0.5

+0.2

−0.3

+0.3

−0.4

+1.5

−0.0

+0.8

−0.8

+0.6

−0.0

+0.0

−0.0

+0.0

−1.2

+1.8

−1.8

+1.2

−1.21.00 : 1.25 +0.1

−0.1

+0.5

−0.2

+0.3

−0.0

+1.3

−1.3

+3.8

−3.8

+0.1

−0.1

+0.2

−0.4

+0.4

−0.5

+1.2

−0.0

+0.6

−0.6

+0.3

−0.0

+0.0

−0.6

+0.0

−1.6

+1.8

−1.8

+1.5

−1.51.25 : 1.50 +0.0

−0.0

+0.0

−0.1

+0.3

−0.1

+1.2

−1.2

+4.7

−4.7

+0.5

−0.6

+0.2

−0.4

+0.7

−0.8

+1.6

−0.0

+0.3

−0.3

+0.1

−0.0

+1.1

−0.0

+3.8

−0.0

+1.9

−1.9

+1.9

−1.9

zD
∗

δ1 δ2 δ3 δ4 δ5 δ7 δ8 δ9 δ10 δ11 δ13 δ14 δ15 δ16 δ18−190.00 : 0.10 +2.8

−4.7

+1.4

−0.7

+0.0

−0.3

+0.0

−0.0

+3.4

−3.4

+0.0

−0.2

+0.9

−1.8

+1.5

−1.9

+5.0

−0.0

+0.3

−0.3

+2.4

−0.0

+1.5

−0.0

+1.6

−0.0

+2.4

−2.3

+2.1

−2.10.10 : 0.20 +3.5

−2.8

+0.6

−0.8

+0.3

−0.0

+0.1

−0.1

+2.9

−2.9

+0.2

−0.2

+0.6

−1.2

+0.8

−1.0

+2.0

−0.0

+0.6

−0.7

+1.3

−0.0

+0.0

−0.3

+0.1

−0.0

+2.2

−2.1

+1.2

−1.20.20 : 0.32 +2.2

−2.2

+0.5

−0.5

+0.1

−0.0

+1.5

−1.5

+2.9

−2.9

+0.1

−0.1

+0.4

−0.9

+0.9

−1.1

+1.4

−0.0

+1.0

−1.1

+0.9

−0.0

+0.1

−0.0

+0.0

−0.4

+2.0

−2.0

+0.8

−0.80.32 : 0.45 +0.6

−0.1

+0.4

−0.3

+0.3

−0.0

+0.0

−0.0

+2.9

−2.9

+0.1

−0.1

+0.2

−0.4

+0.5

−0.6

+1.2

−0.0

+1.2

−1.2

+0.8

−0.0

+0.0

−0.3

+0.4

−0.0

+1.8

−1.8

+0.7

−0.70.45 : 0.57 +1.1

−1.5

+0.3

−0.3

+0.2

−0.1

+0.6

−0.6

+2.9

−2.9

+0.1

−0.0

+0.1

−0.1

+0.2

−0.2

+0.5

−0.0

+1.0

−1.0

+1.5

−0.0

+0.3

−0.0

+0.0

−0.4

+1.7

−1.6

+0.8

−0.80.57 : 0.80 +4.0

−3.5

+0.2

−0.3

+0.2

−0.0

+0.1

−0.1

+2.9

−2.9

+0.1

−0.1

+0.1

−0.2

+1.2

−1.0

+1.8

−0.0

+0.1

−0.1

+2.5

−0.0

+0.1

−0.0

+0.0

−0.5

+1.5

−1.5

+1.0

−1.00.80 : 1.00 +4.8

−5.6

+0.2

−0.2

+0.0

−0.1

+1.3

−1.3

+3.1

−3.1

+0.1

−0.3

+0.0

−0.0

+4.2

−3.4

+3.7

−0.0

+1.2

−1.3

+2.7

−0.0

+1.8

−0.0

+0.0

−0.1

+1.4

−1.4

+3.7

−3.7Table H.1: Systemati
 un
ertainties given in % for the di�erential 
ross-se
tions in bins of pD∗

T , ηD∗
, zD∗ . δ6, δ12, δ17 and δ20were skipped intentionally. They are ±1.9%,±0.5%, +2.0% and 1.5%, respe
tively (independently of the kinemati
range).
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Q2, GeV2 δ1 δ2 δ3 δ4 δ5 δ7 δ8 δ9 δ10 δ11 δ13 δ14 δ15 δ16 δ18−195.00 : 8.00 +0.5

−0.9

+3.2

−3.2

+1.5

−1.1

+2.7

−2.7

+3.0

−3.0

+0.1

−0.1

+0.6

−1.2

+0.3

−0.3

+0.2

−0.0

+1.6

−1.5

+1.6

−0.0

+0.4

−0.0

+0.0

−0.6

+2.1

−2.1

+1.2

−1.28.00 : 10.00 +0.2

−0.4

+1.0

−1.1

+0.3

−0.4

+2.7

−2.7

+3.0

−3.0

+0.1

−0.1

+0.3

−0.6

+0.6

−0.7

+1.5

−0.0

+1.8

−1.6

+1.2

−0.0

+0.5

−0.0

+0.9

−0.0

+2.1

−2.0

+1.3

−1.310.00 : 13.00 +0.4

−0.2

+0.3

−0.7

+0.0

−0.8

+0.3

−0.3

+3.0

−3.0

+0.1

−0.1

+0.2

−0.5

+0.0

−0.0

+1.5

−0.0

+1.1

−1.0

+1.1

−0.0

+0.5

−0.0

+0.0

−0.6

+2.1

−2.0

+1.2

−1.213.00 : 19.00 +0.1

−0.1

+0.9

−0.1

+0.0

−0.2

+0.4

−0.4

+3.0

−3.0

+0.0

−0.1

+0.3

−0.5

+0.0

−0.0

+0.6

−0.0

+3.2

−3.2

+1.1

−0.0

+0.0

−0.3

+0.0

−0.7

+2.0

−1.9

+1.0

−1.019.00 : 27.50 +0.1

−0.0

+0.6

−0.7

+0.0

−0.0

+0.0

−0.0

+2.9

−2.9

+0.1

−0.1

+0.3

−0.5

+0.1

−0.1

+1.6

−0.0

+1.6

−1.5

+1.0

−0.0

+0.2

−0.0

+0.1

−0.0

+1.9

−1.8

+1.0

−1.027.50 : 40.00 +0.0

−0.1

+1.2

−1.0

+0.0

−0.0

+0.0

−0.0

+2.9

−2.9

+0.1

−0.1

+0.2

−0.5

+0.1

−0.1

+1.5

−0.0

+0.9

−0.8

+1.1

−0.0

+0.3

−0.0

+0.0

−0.2

+1.7

−1.7

+1.0

−1.040.00 : 60.00 +0.3

−0.3

+1.2

−1.4

+0.0

−0.0

+0.0

−0.0

+2.9

−2.9

+0.4

−0.4

+0.2

−0.4

+0.2

−0.2

+0.8

−0.0

+3.4

−3.6

+1.0

−0.0

+0.0

−0.3

+0.0

−1.8

+1.6

−1.5

+1.1

−1.160.00 : 100.00 +1.1

−0.8

+2.2

−2.8

+0.0

−0.0

+0.0

−0.0

+2.9

−2.9

+0.4

−0.5

+0.1

−0.2

+0.7

−0.6

+4.6

−0.0

+1.9

−2.1

+1.4

−0.0

+0.0

−0.5

+1.0

−0.0

+1.5

−1.4

+1.2

−1.2100.00 : 200.00 +0.4

−0.6

+3.0

−1.7

+0.0

−0.0

+0.0

−0.0

+2.9

−2.9

+1.3

−1.5

+0.3

−0.5

+0.0

−0.0

+2.6

−0.0

+1.1

−1.2

+1.4

−0.0

+0.0

−0.6

+2.7

−0.0

+1.3

−1.3

+1.4

−1.4200.00 : 1000.00 +1.1

−1.2

+1.9

−3.0

+0.0

−0.0

+0.0

−0.0

+2.8

−2.8

+0.9

−1.0

+0.3

−0.6

+0.2

−0.3

+0.2

−0.0

+0.5

−0.6

+0.7

−0.0

+0.0

−0.0

+3.5

−0.0

+1.3

−1.2

+2.2

−2.2y δ1 δ2 δ3 δ4 δ5 δ7 δ8 δ9 δ10 δ11 δ13 δ14 δ15 δ16 δ18−190.02 : 0.05 +10.8

−8.4

+7.1

−4.5

+0.4

−0.0

+0.9

−0.9

+4.2

−4.2

+0.0

−0.0

+0.3

−0.6

+4.3

−3.4

+3.8

−0.0

+0.0

−0.0

+1.9

−0.0

+0.5

−0.0

+0.0

−1.7

+2.1

−2.0

+3.3

−3.30.05 : 0.09 +3.4

−3.9

+1.6

−2.2

+0.4

−0.2

+1.6

−1.6

+3.4

−3.4

+0.0

−0.0

+0.0

−0.0

+0.8

−0.7

+2.4

−0.0

+0.6

−0.6

+0.0

−1.4

+0.0

−0.1

+0.0

−0.9

+2.0

−1.9

+1.2

−1.20.09 : 0.13 +1.0

−1.4

+0.7

−0.7

+0.3

−0.0

+0.4

−0.4

+2.9

−2.9

+0.0

−0.0

+0.0

−0.0

+0.3

−0.4

+0.9

−0.0

+0.9

−0.9

+0.0

−0.5

+0.0

−0.0

+0.0

−0.3

+1.9

−1.8

+1.0

−1.00.13 : 0.18 +0.7

−0.2

+0.4

−0.4

+0.3

−0.1

+0.6

−0.6

+2.6

−2.6

+0.0

−0.0

+0.0

−0.0

+0.6

−0.8

+1.6

−0.0

+0.7

−0.7

+0.0

−3.2

+0.1

−0.0

+0.9

−0.0

+1.9

−1.8

+0.9

−0.90.18 : 0.26 +0.5

−0.2

+0.2

−0.0

+0.2

−0.0

+1.0

−1.0

+2.7

−2.7

+0.1

−0.1

+0.1

−0.1

+0.5

−0.6

+1.9

−0.0

+0.8

−0.8

+1.3

−0.0

+0.0

−0.0

+0.1

−0.0

+1.8

−1.8

+0.9

−0.90.26 : 0.36 +0.6

−1.1

+0.4

−0.5

+0.3

−0.0

+0.0

−0.0

+2.8

−2.8

+0.0

−0.1

+0.3

−0.5

+0.9

−1.0

+1.7

−0.0

+1.0

−1.0

+0.4

−0.0

+0.1

−0.0

+1.1

−0.0

+1.8

−1.7

+0.9

−0.90.36 : 0.50 +2.1

−1.4

+0.9

−0.3

+0.1

−0.2

+0.1

−0.1

+3.1

−3.1

+0.1

−0.2

+0.8

−1.6

+0.4

−0.5

+1.2

−0.0

+0.9

−0.9

+0.9

−0.0

+0.0

−0.7

+0.0

−0.8

+1.8

−1.7

+1.0

−1.00.50 : 0.70 +5.2

−5.1

+0.0

−0.8

+0.1

−0.1

+0.2

−0.2

+3.2

−3.2

+0.5

−0.6

+1.2

−2.5

+0.0

−0.1

+1.7

−0.0

+0.6

−0.6

+5.8

−0.0

+1.5

−0.0

+0.0

−1.4

+1.7

−1.7

+1.4

−1.4x δ1 δ2 δ3 δ4 δ5 δ7 δ8 δ9 δ10 δ11 δ13 δ14 δ15 δ16 δ18−190.000080 : 0.000400 +1.6

−1.3

+1.7

−1.8

+0.6

−0.0

+1.2

−1.2

+3.1

−3.1

+0.1

−0.1

+0.8

−1.7

+0.8

−1.0

+1.6

−0.0

+1.8

−1.6

+1.8

−0.0

+0.4

−0.0

+0.0

−0.9

+2.0

−1.9

+0.9

−0.90.000400 : 0.001600 +0.4

−0.6

+0.3

−0.2

+0.3

−0.0

+0.5

−0.5

+2.9

−2.9

+0.1

−0.1

+0.2

−0.5

+0.4

−0.5

+1.8

−0.0

+1.4

−1.3

+0.8

−0.0

+0.1

−0.0

+0.0

−0.2

+2.0

−1.9

+0.6

−0.60.001600 : 0.005000 +0.8

−0.6

+1.5

−1.5

+0.0

−0.1

+0.0

−0.0

+2.9

−2.9

+0.1

−0.1

+0.1

−0.1

+0.4

−0.3

+0.9

−0.0

+0.7

−0.7

+1.8

−0.0

+0.0

−0.0

+0.3

−0.0

+1.7

−1.6

+0.7

−0.70.005000 : 0.010000 +1.4

−1.2

+3.7

−3.2

+0.0

−0.1

+0.1

−0.1

+3.1

−3.1

+0.2

−0.3

+0.0

−0.1

+0.1

−0.1

+0.7

−0.0

+0.2

−0.2

+1.9

−0.0

+0.0

−0.9

+1.4

−0.0

+1.4

−1.4

+1.3

−1.30.010000 : 0.100000 +3.6

−3.9

+6.6

−5.9

+0.0

−0.1

+0.3

−0.3

+3.3

−3.3

+0.1

−0.2

+0.2

−0.3

+0.8

−0.8

+0.4

−0.0

+0.7

−0.8

+1.1

−0.0

+0.0

−0.9

+1.8

−0.0

+1.3

−1.2

+2.3

−2.3Table H.2: Systemati
 un
ertainties given in % for the di�erential 
ross-se
tions in bins of Q2, y, x. δ6, δ12, δ17 and δ20were skipped intentionally. They are ±1.9%,±0.5%, +2.0% and 1.5%, respe
tively (independently of the kinemati
range).
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APPENDIXH.BREAKDOWNOFSYSTEMATICS
Q2 y δ1 δ2 δ3 δ4 δ5 δ7 δ8 δ9 δ10 δ11 δ13 δ14 δ15 δ16 δ18−195 : 9 0.020 : 0.050 +10.5

−12.3

+1.8

−0.0

+2.6

−2.9

+9.0

−9.0

+2.5

−2.5

+0.0

−0.0

+0.0

−0.0

+4.2

−4.2

+1.8

−0.0

+0.1

−0.1

+2.2

−0.0

+0.0

−7.0

+0.0

−3.4

+2.5

−2.4

+8.8

−8.80.05 : 0.09 +3.5

−4.0

+5.1

−4.8

+2.0

−4.3

+6.6

−6.6

+2.1

−2.1

+0.1

−0.1

+0.0

−0.0

+2.3

−1.9

+3.0

−0.0

+0.8

−0.7

+0.0

−1.6

+0.7

−0.0

+0.0

−1.9

+2.4

−2.2

+3.5

−3.50.09 : 0.16 +1.5

−3.4

+3.3

−4.0

+1.9

−1.6

+1.1

−1.1

+1.8

−1.8

+0.1

−0.1

+0.0

−0.0

+0.6

−0.8

+1.8

−0.0

+1.5
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ertainties given in % for the double di�erential 
ross-se
tions in bins of Q2, y. δ6, δ12, δ17 and δ20were skipped intentionally. They are ±1.9%,±0.5%, +2.0% and 1.5%, respe
tively (independently of the kinemati
range).
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Appendix IData format explanation

Figure I.1: Data format at analoguereadout of MIMOSA26 
hip.Eight ADCs read informa-tion in parallel. The DAQstores the data from ea
hADC 
onsequently, ADC byADC. First 112 bits are re-served for the event headerand the last eight bits forthe event trailer. Beside theADC 
ounts, primary CDSinformation is also availablein 8 bits only. The CDS in-formation was omitted.
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APPENDIX I. DATA FORMAT EXPLANATION

Figure I.2: Illustration to the full 
hip s
an mode data format with eight ADCs. Thus1152 lines of MIMOSA26 
hip with 576 pixels in ea
h line are read out by a
onsequen
e of eight 
hannels. Ea
h 
hannel reads 576 pixels.
144



Bibliography[1℄ B. H. Wiik, �Weak intera
tion physi
s at HERA�,Nu
l. Phys. B (Pro
. Suppl.) 19 (1991) 461.[2℄ W. N. Cottingham, D. A. Greenwood, �An Introdu
tion to the Standard Model of Par-ti
le Physi
s�, 2nd edn., (Cambridge University Press, Cambridge, 2007), 292 pages.[3℄ S. L. Glashow, �Partial-symmetries of weak intera
tions�,Nu
l. Phys. 22 (1961) 579-588.[4℄ S. Weinberg, �A Model of Leptons�, Phys. Rev. Lett. B 19 (1967) 1264.[5℄ H. Fritzs
h, M. Gell-Mann, P. Minkowski, �Ve
torlike weak 
urrents and new elemen-tary fermions�, Phys. Lett. B 59 (1975) 256.[6℄ E. C. G. Sudarshan and R. E. Marshak, �Chirality Invarian
e and the Universal FermiIntera
tion�, Phys. Rev. 109 (1958) 1860.[7℄ P. W. Higgs, �Broken Symmetries and the Masses of Gauge Bosons�,Phys. Rev. Lett. 13 (1964) 508.[8℄ CMS Collaboration, S. Chatr
hyan et al., �Observation of a new boson at a mass of125 GeV with the CMS experiment at the LHC �, Phys. Lett. B 716 (2012) 30.[9℄ ATLAS Collaboration, G. Aad et al., �Observation of a new parti
le in the sear
h forthe Standard Model Higgs boson with the ATLAS dete
tor at the LHC �,Phys. Lett. B 716 (2012) 1.[10℄ J. Beringer et al. (Parti
le Data Group), �Review of Parti
le Physi
s�,Phys. Rev. D 86, (2012) 010001.[11℄ Ch. Kraus et al., �Final results from phase II of the Mainz neutrino mass sear
hingfor tritium β de
ay�, Eur. Phys. J. C 40 (2003) 447.[12℄ K. Assamagan et al., �Upper limit of the muon-neutrino mass and 
harged pion massfrom momentum analysis of a surfa
e muon beam�, Phys. Rev. D 53 (1996) 6065.[13℄ R. M
Nulty, �A review of (MeV range) tau neutrino masses�,Nu
l. Phys. B(Pro
. Suppl.) 76 (1999) 409. 145

http://dx.doi.org/10.1016/0920-5632(91)90221-Y
http://dx.doi.org/10.1016/0029-5582(61)90469-2
http://dx.doi.org/10.1103/PhysRevLett.19.1264
http://dx.doi.org/10.1016/0370-2693(75)90040-4
http://dx.doi.org/10.1103/PhysRev.109.1860.2
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1140/epjc/s2005-02139-7
http://dx.doi.org/10.1103/PhysRevD.53.6065
http://dx.doi.org/10.1016/S0920-5632(99)00502-2


BIBLIOGRAPHY[14℄ I. C. Bro
k, T. S
hoerner-Sadenius, �Physi
s at the Teras
ale�, (Wiley-VCH, Berlin,2011), 476 pages.[15℄ F. S
hle
k, �Ele
troweak and Strong intera
tions. Phenomenology, Con
epts, Models�,3rd edn., (Springer-Verlag, Berlin Heidelberg, 2012), 441 pages.[16℄ R. K. Ellis, W. J. Stirling, B. R. Webber, �QCD and 
ollider physi
s�, CambridgeMonographs on Parti
le Physi
s, Nu
lear Physi
s and Cosmology (No. 8), (CambridgeUniversity Press, Cambridge, 1996), 435 pages.[17℄ D. J. Gross, �The dis
overy of asymptoti
 freedom and the emergen
e of QCD�,Pro
. Natl. A
ad. S
i. U.S.A. 102 (2005) 9099.[18℄ G. `t Hooft, M. Veltmann, �Regularization and renormalization of gauge �elds�,Nu
l. Phys. B 44 (1972) 189.[19℄ M. B�ohm, H. Spiesberger, W. Hollik, �On the 1-Loop Renormalization of the Ele
-troweak Standard Model and its Appli
ation to Leptoni
 Pro
esses�,Forts
hr. Phys. 34 (1986) 687.[20℄ S. Narison, �QCD as a Theory of Hadrons. From Partons to Con�nement�, (Cam-bridge University Press, Cambridge, 2004), 812 pages.[21℄ R. Tarra
h, �The polemass in perturbative QCD�, Nu
l. Phys. B 183 (1981) 384;I. I. Bigi, M. A. Shifman, N. G. Uraltsev, A. I. Vainshtein, �Pole mass of the heavyquark: Perturbation theory and beyond �, Phys. Rev. D 50 (1994) 2234.[22℄ S. Alekhin, S. Mo
h, �Heavy-quark deep-inelasti
 s
attering with a running mass�,Phys. Lett. B 699 (2011) 345.[23℄ J. A. M. Vermaseren, S. A. Larin, T. van Ritbergen, �The 4-loop quark mass anoma-lous dimension and the invariant quark mass�, Phys. Lett. B 405 (1997) 327.[24℄ K. Melnikov, T. van Ritbergen, �The three-loop relation between the MS and the polequark masses�, Phys. Lett. B 482 (2000) 99.[25℄ M. D. S
adron, F. Kleefeld, G. Rupp, �Constituent and 
urrent quark masses at low
hiral energies�, Europhys. Lett. 80 (2007) 51001,pre-print arXiv:0710.2273 [hep-ph℄.[26℄ E. D. Bloom et al., �High-Energy Inelasti
 e-p S
attering at 6 ◦and 10 ◦�,Phys. Rev. Lett. 23 (1969) 930.[27℄ L. W. Whitlow, E. M. Riordan, S. Dasu, �Pre
ise measurements of the proton anddeuteron stru
ture fun
tions from a global analysis of the SLAC deep inelasti
 ele
trons
attering 
ross se
tions�, Phys. Lett. B 282 (1992) 475.146

http://dx.doi.org/10.1073/pnas.0503831102
http://dx.doi.org/10.1016/0550-3213(72)90279-9
http://dx.doi.org/10.1002/prop.19860341102
http://dx.doi.org/10.1016/0550-3213(81)90140-1
http://dx.doi.org/10.1103/PhysRevD.50.2234
http://dx.doi.org/10.1016/j.physletb.2011.04.026
http://dx.doi.org/10.1016/S0370-2693(97)00660-6
http://dx.doi.org/10.1016/S0370-2693(00)00507-4
http://dx.doi.org/10.1209/0295-5075/80/51001
http://arxiv.org/abs/0710.2273
http://dx.doi.org/10.1103/PhysRevLett.23.930
http://dx.doi.org/10.1016/0370-2693(92)90672-Q


BIBLIOGRAPHY[28℄ H1 and ZEUS Collaborations, F. D. Aaron et al., �Combined measurement and QCDanalysis of the in
lusive e+−p s
attering 
ross se
tions at HERA�,JHEP 01 (2010) 109.[29℄ J. D. Bjorken, �Inequality for Ba
kward Ele
tron- and Muon-Nu
leon S
attering atHigh Momentum Transfer �, Phys. Rev. 163 (1967) 1767.[30℄ R. P. Feynman, �Very High-Energy Collisions of Hadrons�,Phys. Rev. Lett. 23 (1969) 1415.[31℄ T. Ei
hten et al., �Measurement of the neutrino-nu
leon and antineutrino-nu
leontotal 
ross se
tions�, Phys. Lett. B 46 (1973) 274.[32℄ A. M. Cooper-Sarkar, R. C. E. Devenish, A. De Roe
k, �Stru
ture Fun
tions of theNu
leon and their Interpretation�, DESY Note No. DESY-97-226, 1997,Int. J. Mod. Phys. A 13, (1998) 3385.[33℄ F. D. Aaron et al., �Measurement of the In
lusive ep± S
attering Cross Se
tion at HighInelasti
ity y and of the Stru
ture Fun
tion FL � Eur. Phys. J. C 71 (2011) 1579.[34℄ F. Janus
hek, �Measurement of e+p neutral 
urrent deep-inelasti
 s
attering with alongitudinally polarised positron beam and x-ray radiation damage for sili
on sensors�,PhD thesis, Hamburg University (2011), DESY-THESIS-2012-012,http://www-library.desy.de/prepar
h/desy/thesis/desy-thesis-12-012.pdf.[35℄ S. Z. Habib, �Unpolarized Neutral Current e±p Cross Se
tion Measurements at the H1Experiment, HERA�, PhD thesis, Hamburg University (2009),DESY-THESIS-2009-039,http://www-library.desy.de/prepar
h/desy/thesis/desy-thesis-09-039.pdf.[36℄ C. G. Callan, Jr. and D. J. Gross, �High-energy Ele
troprodu
tion and the Constitutionof the Ele
tri
 Current�, Phys. Rev. Lett. 22 (1969) 156.[37℄ V. N. Gribov, L. N. Lipatov, �Deep inelasti
 ep s
attering in perturbation theory�,Sov. J. Nu
l. Phys. 15 (1972) 438;L. N. Lipatov, �The parton model and perturbation theory�,Sov. J. Nu
l. Phys. 20 (1975) 94;G. Altarelli, G. Parisi, �Asymptoti
 freedom in parton language�,Nu
l. Phys. B 126 (1977) 298;Y. Dokshitzer, �Cal
ulation of the stru
ture fun
tions for deep inelasti
 s
attering and
e+e− annihilation by perturbation theory in Quantum Chromodynami
s�,Sov. Phys. JETP 46 (1977) 641.[38℄ E. A. Kuraev, L. N. Lipatov, V. S. Fadin, �Multi-Reggeon pro
esses in the Yang-Millstheory�, Sov. Phys. JETP 44 (1976) 443; 147

http://dx.doi.org/10.1007/JHEP01(2010)109
http://dx.doi.org/10.1103/PhysRev.163.1767
http://dx.doi.org/10.1103/PhysRevLett.23.1415
http://dx.doi.org/10.1016/0370-2693(73)90702-8
http://dx.doi.org/10.1142/S0217751X98001670
http://dx.doi.org/10.1140/epjc/s10052-011-1579-4
http://www-library.desy.de/preparch/desy/thesis/desy-thesis-12-012.pdf
http://www-library.desy.de/preparch/desy/thesis/desy-thesis-09-039.pdf
http://dx.doi.org/10.1103/PhysRevLett.22.156
http://dx.doi.org/10.1016/0550-3213(77)90384-4


BIBLIOGRAPHYE. A. Kuraev, L. N. Lipatov, V. S. Fadin, �The Pomeran
huk singularity in nonabeliangauge theories�, Sov. Phys. JETP 45 (1977) 199;I. I. Balitsky, L. N. Lipatov, �The Pomeran
huk Singularity in Quantum Chromody-nami
s�, Sov. J. Nu
l. Phys. 28 (1978) 822.[39℄ M. Ciafaloni, �Coheren
e e�e
ts in the initial jets at small Q2�,Nu
l. Phys. B 296 (1998) 49;S. Catani, F. Fiorani, G. Mar
hesini, �QCD 
oheren
e in initial state radiation�,Phys. Lett. B 234 (1990) 339;M. Catani, F. Fiorani, G. Mar
hesini, �Small-x behaviour of initial state radiation inperturbative QCD�, Nu
l. Phys. B 336 (1990) 18.[40℄ J. C. Collins, D. E. Soper, �Parton distribution and de
ay fun
tions�,Nu
l. Phys. B 194 (1982) 445.[41℄ G. Sterman, �Partons, Fa
torization and Resummation�, Le
tures at the Theoreti
alAdvan
ed Study Institute (TASI95), pre-print arXiv:hep-ph/9606312.[42℄ H1 Collaboration, F. D. Aaron et al., �In
lusive Deep Inelasti
 S
attering at High Q2with Longitudinally Polarised Lepton Beams at HERA�,DESY Note No. DESY-12-107, 2012, JHEP 09 (2012) 061.[43℄ ZEUS Collaboration, H. Abramowi
z et al., �Measurement of high-Q2 neutral 
urrentdeep inelasti
 e+p s
attering 
ross se
tions with a longitudinally polarised positronbeam at HERA�, submitted to Eur. Phys. J. C, manus
ript ID EPJC-12-08-066,pre-print arXiv:1208.6138 [hep-ex℄;ZEUS Collaboration, H. Abramowi
z et al., �Measurement of high-Q2 
harged 
urrentdeep inelasti
 s
attering 
ross se
tions with a longitudinally polarised positron beam atHERA�, Eur. Phys. J. C 70 (2010) 945.[44℄ CMS Collaboration, S. Chatr
hyan et al., �Measurement of the Ele
tron Charge Asym-metry in In
lusive W Produ
tion in pp Collisions at √s = 7TeV �,Phys. Rev. Lett. 109 (2012) 111806;M. Vesterinen, �Single W and Z boson produ
tion properties and asymmetries�, toappear in pro
eedings of Ren
ontres de Moriond 2011,pre-print arXiv:1105.5783 [hep-ex℄.[45℄ CDF Collaboration, T. A�older et al., �Measurement of the Strong Coupling Constantfrom In
lusive Jet Produ
tion at the Tevatron pp Collider �,Phys. Rev. Lett. 88 (2002) 042001;ZEUS Collaboration, H. Abramowi
z et al., �In
lusive-jet photoprodu
tion at HERAand determination of αs�, Nu
l. Phys. B 864 (2012) 1.148

http://dx.doi.org/10.1016/0550-3213(88)90380-X
http://dx.doi.org/10.1016/0370-2693(90)91938-8
http://dx.doi.org/10.1016/0550-3213(90)90342-B
http://dx.doi.org/10.1016/0550-3213(82)90021-9
http://arxiv.org/abs/hep-ph/9606312
http://dx.doi.org/10.1007/JHEP09(2012)061
http://arxiv.org/abs/1208.6138
http://dx.doi.org/10.1140/epjc/s10052-010-1498-9
http://dx.doi.org/10.1103/PhysRevLett.109.111806
http://128.84.158.119/abs/1105.5783v1
http://dx.doi.org/10.1103/PhysRevLett.88.042001
http://dx.doi.org/10.1016/j.nuclphysb.2012.06.006


BIBLIOGRAPHY[46℄ S. Alekhin, J. Bl�umlein, S. Klein, S. Mo
h, �3-, 4-, and 5-�avor next-to-next-to-leadingorder parton distribution fun
tions from deep-inelasti
-s
attering data and at hadron
olliders�, Phys. Rev. D 81 (2010) 014032.[47℄ J. Pumplin, A. Belyaev, J. Huston, D. Stump, W.-K. Tung, �Parton distributions andthe strong 
oupling: CTEQ6AB PDFs�, JHEP, 02 (2006) 032.[48℄ A. D. Martin, W. J. Stirling, R. S. Thorne, G. Watt, �Parton distributions for theLHC �, Eur. Phys. J. C 63 (2009) 189.[49℄ NNPDF Collaboration, R. D. Ball, et al., �A �rst unbiased global NLO determinationof parton distributions and their un
ertainties�, Nu
l. Phys. B 838 (2010) 136.[50℄ H1 Collaboration, F. D. Aaron et al., ZEUS Collaboration, I. Abt et al., �CombinedMeasurement of Neutral and Charged Current Cross Se
tions at HERA�,preliminary results, H1prelim-10-142, ZEUS-prel-10-018; H1prelim-11-042,ZEUS-prel-11-002.[51℄ ZEUS Collaboration, J. Breitweg et al., �Measurement of D∗± produ
tion and the
harm 
ontribution to F2 in deep inelasti
 s
attering at HERA�,Eur. Phys. J. C 12 (2000) 35.[52℄ L. E. Gordon, J. K. Storrow, �The parton distribution fun
tions of the photon and thestru
ture fun
tion F γ
2 (x, Q2)�, Z. Phys. C 56 (1992) 307.[53℄ ZEUS Collaboration, S. Chekanov et al., �Measurement of the 
harm fragmentationfun
tion in D* photoprodu
tion at HERA�, JHEP 04 (2009) 082.[54℄ C. Peterson, D. S
hlatter, I. S
hmitt, P. M. Zerwas, �S
aling violations in in
lusive

e+e− annihilation spe
tra�, Phys. Rev. D 27 (1983) 105.[55℄ M. G. Bowler, �e+e− produ
tion of heavy quarks in the string model �,Z. Phys. C 11 (1981) 169.[56℄ V. G. Kartvelishvili, A. K. Likhoded, V. A. Petrov, �On the fragmentation fun
tionsof heavy quarks into hadrons�, Phys. Lett. B 78 (1978) 615.[57℄ M. Gl�u
k,E. Reya,M. Stratmann, �Heavy quarks at high energy 
olliders�,Nu
l. Phys. B 422 (1994) 37;M. Gl�u
k, E. Reya, A. Vogt, �Dynami
al parton distributions of the proton and small-xphysi
s�, Z. Phys. C 67 (1995) 433;H. L. Lai, W. K. Tung, �Charm produ
tion and parton distributions�,Z. Phys. C 74 (1997) 463.[58℄ J. C. Collins, W. K. Tung, �Cal
ulating heavy quark distributions�,Nu
l. Phys. B 278 (1986) 934;R. S. Thorne, �Variable-�avor number s
heme for next-to-next-to-leading order �,Phys. Rev. D 73 (2006) 054019. 149

http://dx.doi.org/10.1103/PhysRevD.81.014032
http://dx.doi.org/10.1088/1126-6708/2006/02/032
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://dx.doi.org/10.1016/j.nuclphysb.2010.05.008
http://dx.doi.org/10.1007/s100529900244
http://dx.doi.org/10.1007/BF01555529
http://dx.doi.org/10.1088/1126-6708/2009/04/082
http://dx.doi.org/10.1103/PhysRevD.27.105
http://dx.doi.org/10.1007/BF01574001
http://dx.doi.org/10.1016/0370-2693(78)90653-6
http://dx.doi.org/10.1016/0550-3213(94)00131-6
http://dx.doi.org/10.1007/BF01624586
http://dx.doi.org/10.1016/0550-3213(86)90425-6
http://dx.doi.org/10.1103/PhysRevD.73.054019


BIBLIOGRAPHY[59℄ R. S. Thorne, R. G. Roberts, �Ordered analysis of heavy �avor produ
tion in deep-inelasti
 s
attering�, Phys. Rev. D 57 (1998) 6871.[60℄ M. Kr�amer, F. I. Olness, D. E. Soper, �Treatment of heavy quarks in deeply inelasti
s
attering�, Phys. Rev. D 62 (2000) 096007.[61℄ ZEUS Collaboration, S. Chekanov et al., �Measurement of D∗± produ
tion in deepinelasti
 e±p s
attering at HERA�, Phys. Rev. D 69 (2004) 012004.[62℄ B. H. Wiik, �HERA: The a

elerator and the physi
s�,A
ta Phys. Polon. B 16 (1985) 127.[63℄ B. Parker et al., �HERA Luminosity upgrade super
ondu
ting magnet produ
tion atBNL�, IEEE Trans. Appl. Super
ond. 11 (2001) 1518, Brookhaven National Labora-tory Report No. BNL-68284, 2000.[64℄ G.-A. Voss and B. H. Wiik, �The Ele
tron-Proton Collider HERA�,Annu. Rev. Nu
l. Part. S
i 44 (1994) 413.[65℄ U. S
hneekloth, �HERA luminosity upgrade�, DESY internal report, unpublished.[66℄ ZEUS 
ollaboration, �ZEUS blue book �, DESY, unpublished, available athttp://www-zeus.desy.de/bluebook/bluebook.html.[67℄ E. A
erbi et al., �Thin and 
ompensating solenoids for ZEUS dete
tor �,IEEE Trans. Magn. 24 (1988) 1354.[68℄ G. Abbiendi et al., �The ZEUS barrel and rear muon dete
tor �,Nu
l. Instrum. Meth. A 333 (1993) 342.[69℄ R. Szwed, �The VETO WALL dete
tors for ZEUS �, ZEUS Internal Note No. ZEUS-89-098, 1989, unpublished.[70℄ W. S
hott, �The C5 Counter �, ZEUS Internal Note No. ZEUS-95-039, 1995, unpub-lished.[71℄ J. A. Crittenden, W. Hain, U. S
hneekloth, U. Wollmer and C. Youngman, �The C5upgrade�, ZEUS Internal Note No. ZEUS-01-002, 2001, unpublished.[72℄ V. Chio
hia, �The ZEUS mi
ro-vertex dete
tor �,Nu
l. Instrum. Meth. A 501 (2003) 60.[73℄ E. N. Ko�eman, �A sili
on mi
ro vertex dete
tor for the ZEUS experiment�,Nu
l. Instrum. Meth. A 453 (2000) 89.[74℄ P. D. Allfrey, �Measurement of 
harmed hadron produ
tion in e±p deep inelasti
 s
at-tering with the ZEUS dete
tor �, PhD thesis, University of Oxford (2007),http://ora.ox.a
.uk/obje
ts/uuid:5ab29a9
-75b2-46df-872b-399b834
b5e6.150

http://dx.doi.org/10.1103/PhysRevD.57.6871
http://dx.doi.org/10.1103/PhysRevD.62.096007
http://dx.doi.org/10.1103/PhysRevD.69.012004
http://dx.doi.org/10.1109/77.920064
http://dx.doi.org/10.1146/annurev.ns.44.120194.002213
http://www-zeus.desy.de/bluebook/bluebook.html
http://dx.doi.org/10.1109/20.11490
http://dx.doi.org/10.1016/0168-9002(93)91176-N
http://dx.doi.org/10.1016/S0168-9002(02)02011-9
http://dx.doi.org/10.1016/S0168-9002(00)00611-2
http://ora.ox.ac.uk/objects/uuid:5ab29a9c-75b2-46df-872b-399b834cb5e6


BIBLIOGRAPHY[75℄ D. Dannheim, �The sili
on strip dete
tors of the ZEUS mi
rovertex dete
tor �, Diplomathesis, Hamburg University (1999), DESY-THESIS-99-027,http://www-library.desy.de/prepar
h/desy/thesis/desy-thesis-99-027.ps.gz.[76℄ C. B. Brooks et al., �Development of the the ZEUS 
entral tra
king dete
tor �,Nu
l. Instrum. Meth. A 283 (1989) 477.[77℄ D. Bailey, R. Hall-Wilton, �Experien
e with the ZEUS 
entral tra
king dete
tor �,Nu
l. Instrum. Meth. A 515 (2003) 37.[78℄ B. Foster et al., �The performan
e of the ZEUS 
entral tra
king dete
tor z-by-timingele
troni
s in a transputer based data a
quisition system�,Nu
l. Phys. B (Pro
. Suppl.) 32 (1993) 181.[79℄ R. H. Wilthon et al., �The CTD resolution�, ZEUS Internal Note No. ZEUS-99-024,1999, unpublished.[80℄ A. Spiridonov, �RTFIT news: tra
k resolution�, Internal ZEUS 
ollaboration meetingpresentation on Feb. 11, 2011, unpublished, available athttps://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?�d=12065.[81℄ S. Fourletov, �Straw tube tra
king dete
tor (STT) for ZEUS �,Nu
l. Instrum. Meth. A 535 (2004) 191.[82℄ E. Hilger, �The ZEUS uranium-s
intillator 
alorimeter for HERA�,Nu
l. Instrum. Meth. A 257 (1987) 488.[83℄ P. de Jong, �The measurement of the hadroni
 energy �ow and jet produ
tion with theZEUS 
alorimeter in deep inelasti
 s
attering events at HERA�, PhD thesis, Universityof Amsterdam (1993).[84℄ A. Andersen et al., �Response of a uranium-s
intillator 
alorimeter to ele
trons, π andprotons in the momentum range 0.5 − 10 GeV/c�,Nu
l. Instrum. Meth. A 290 (1990) 95.[85℄ A. Andresen et al., �Constru
tion and beam test of the ZEUS forward and rear
alorimeter �, Nu
l. Instrum. Meth. A 309 (1991) 101.[86℄ M. Derri
k et al., �Design and 
onstru
tion of the ZEUS barrel 
alorimeter �,Nu
l. Instrum. Meth. A 309 (1991) 77.[87℄ ZEUS Collaboration, M. Derri
k et al., �Measurement of elasti
 Omega photoprodu
-tion at HERA�, Z. Phys. C 73 (1996) 73, DESY Note No. DESY-96-159, 1996,pre-print arXiv:hep-ex/9608010.[88℄ A. Bamberger et al., �The small angle rear tra
king dete
tor of ZEUS �,Nu
l. Instrum. Meth. A 401 (1997) 63.[89℄ H. Bethe, W. Heitler, �On the Stopping of Fast Parti
les and on the Creation ofPositive Ele
trons�, Pro
. R. So
. Lond. A 146 (1934) 83. 151

http://www-library.desy.de/preparch/desy/thesis/desy-thesis-99-027.ps.gz
http://dx.doi.org/10.1016/0168-9002(89)91403-4
http://dx.doi.org/10.1016/j.nima.2003.08.127
http://dx.doi.org/10.1016/0920-5632(93)90023-Y
https://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?fid=12065
http://dx.doi.org/10.1016/j.nima.2004.07.212
http://dx.doi.org/10.1016/0168-9002(87)90952-1
http://dx.doi.org/10.1016/0168-9002(90)90347-9
http://dx.doi.org/10.1016/0168-9002(91)90095-8
http://dx.doi.org/10.1016/0168-9002(91)90094-7
http://arxiv.org/abs/hep-ex/9608010
http://dx.doi.org/10.1016/S0168-9002(97)01029-2
http://dx.doi.org/10.1098/rspa.1934.0140


BIBLIOGRAPHY[90℄ M. Helbi
h, �The spe
trometer system for measuring ZEUS luminosity at HERA�,Nu
l. Instrum. Meth. A 565 (2006) 572.[91℄ J. Chwastowski, �Aerogel Cherenkov dete
tors for the luminosity measurement atHERA�, Nu
l. Instrum. Meth. A 504 (2003) 222.[92℄ R. Carlin, �The trigger of ZEUS, a �exible system for a high bun
h 
rossing rate
ollider �, Nu
l. Instrum. Meth. A 379 (1996) 542.[93℄ S. Silverstein et al., �The ZEUS 
alorimeter �rst level trigger �,Nu
l. Instrum. Meth. A 360 (1995) 322.[94℄ P. D. Allfrey, �The design and performan
e of the ZEUS global tra
king trigger �,Nu
l. Instrum. Meth. A 580 (2007) 1257.[95℄ H. Uijterwaal, �Global Se
ond Level Trigger for ZEUS �, PhD thesis, University ofAmsterdam (1992).[96℄ U. Behrens, L. Hagge, Th. S
hli
hting, W. Vogel, �The eventbuilder of the ZEUSdete
tor �, Nu
l. Phys. B (Pro
. Suppl.) 32 (1993) 346.[97℄ S. Bharda et al., �The ZEUS third-level trigger system�,Comput. Phys. Commun. 57 (1989) 321.[98℄ G. Hartner, �VCTRAK Brie�ng, Program and Math�, ZEUS Internal Note No.ZEUS-98-058, 1998, unpublished.[99℄ A. Spiridonov, �Mathemati
al Framework for Fast and Rigorous Tra
k Fit for theZEUS Dete
tor �, DESY Note No. DESY-08-182, 2008, pre-print arXiv:0812.1245.[100℄ R. E. Kalman, �A new approa
h to linear �ltering and predi
tion problems�,Trans. ASME J. Basi
 Eng. D 82 (1960) 35, available athttp://www.
s.un
.edu/ wel
h/kalman/media/pdf/Kalman1960.pdf.[101℄ N. Tuning, �ZUFOs: Hadroni
 Final State Re
onstru
tion with Calorimeter, Tra
k-ing and Ba
ksplash Corre
tion�, ZEUS Internal Note No. ZEUS-01-021, 2001, unpub-lished, available athttp://www-zeus.desy.de/ sunil/slana_do
s/zufos_tuning_2001.ps.gz.[102℄ B. Reisert, �CAL Energy S
ale Calibration�, Internal ZEUS FL group presentationon Jan. 22, 2008, unpublished, available athttps://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?�d=9870.[103℄ H. Abramowi
z, A. Caldwell, R. Sinkus, �Neural network based ele
tron identi�
ationin the ZEUS 
alorimeter �, Nu
l. Instrum. Meth. A 365 (1995) 508.[104℄ A. L�opez-D�uran Viani, S. S
hlenstedt, �Ele
tron �nder e�
ien
ies and impurities.A 
omparison between SINISTRA95, EM and EMNET �, ZEUS Internal Note No.ZEUS-99-077, 1999, unpublished.152

http://dx.doi.org/10.1016/j.nima.2006.06.049
http://dx.doi.org/10.1016/S0168-9002(03)00794-0
http://dx.doi.org/10.1016/0168-9002(96)00559-1
http://dx.doi.org/10.1016/0168-9002(94)01618-6
http://dx.doi.org/10.1016/j.nima.2007.06.106
http://dx.doi.org/10.1016/0920-5632(93)90045-8
http://dx.doi.org/10.1016/0010-4655(89)90236-1
http://arxiv.org/abs/0812.1245
http://www.cs.unc.edu/~welch/kalman/media/pdf/Kalman1960.pdf
http://www-zeus.desy.de/~sunil/slana_docs/zufos_tuning_2001.ps.gz
https://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?fid=9870
http://dx.doi.org/10.1016/0168-9002(95)00612-5


BIBLIOGRAPHY[105℄ T. Doeker, A. Fray, M. Nakao, �Ele
tron position re
onstru
tion - update of theELECPO routines�, ZEUS Internal Note No. ZEUS-94-123, 1994, unpublished.[106℄ S. Weinzierl, �Introdu
tion to Monte Carlo methods�, NIKHEF Report No. 00-012,pre-print arXiv:hep-ph/0006269.[107℄ �GEANT Dete
tor Des
ription and Simulation Tool �, GEANT3 des
ription, CERN,Geneva (1993).[108℄ M. Lisovyi, �Measurement of Charm Produ
tion in Deep Inelasti
 S
attering usingLifetime Tagging for D± Meson De
ays with the ZEUS Dete
tor at HERA�, PhDthesis, Hamburg University (2011), DESY-THESIS-2011-033,http://www-library.desy.de/prepar
h/desy/thesis/desy-thesis-11-033.pdf.[109℄ T. Sj�ostrand, L. L�onnblad, S. Mrenna, �Pythia 6.2 Physi
s and Manual �,pre-print arXiv:hep-ph/0108264.[110℄ H. Jung, �Hard di�ra
tive s
attering in high energy ep 
ollisions and the Monte CarloGenerator RAPGAP �, Comput. Phys. Commun. 86 (1995) 147.[111℄ CTEQ Collaboration, H. L. Lai et al., �Global QCD analysis of parton stru
ture ofthe nu
leon: CTEQ5 parton distributions�, Eur. Phys. J. C 12 (2000) 375.[112℄ M. Gl�u
k, E. Reya, A. Vogt, �Parton stru
ture of the photon beyond the leadingorder �, Phys. Rev. D 45 (1992) 3986.[113℄ ZEUS Collaboration, S. Chekanov et al., �Measurement of the open-
harm 
ontribu-tion to the di�ra
tive proton stru
ture fun
tion�, Nu
l. Phys. B 672 (2003) 3.[114℄ H1 Collaboration, C. Adlo� et al., �In
lusive Measurement of Di�ra
tive Deep In-elasti
 ep S
attering�, Z. Phys. C 76 (1997) 613.[115℄ DELPHI Collaboration, P. Abreu et al., �Tuning and Test of Fragmentation ModelsBased on Identi�ed Parti
les and Pre
ision Event Shape Data�,Z. Phys. C 73 (1996) 11.[116℄ L. L�onnblad, �Ariadne version 4 � A program for simulation of QDC 
as
ades im-plementing the 
olour dipole model �, Comput. Phys. Commun. 71 (1992) 15.[117℄ G. Gustafson, U. Pettersson, �Dipole formulation of QCD 
as
ades�,Nu
l. Phys. B 306 (1988) 746.[118℄ V. Drugakov, �Luminosity Measurement�, Internal ZEUS 
ollaboration presentationon Feb. 10, 2010, unpublished, available athttps://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?�d=11450.[119℄ L. K. Gladilin, Private 
ommuni
ation, DESY. 153

http://arxiv.org/abs/hep-ph/0006269
http://www-library.desy.de/preparch/desy/thesis/desy-thesis-11-033.pdf
http://arxiv.org/abs/hep-ph/0108264
http://dx.doi.org/10.1016/0010-4655(94)00150-Z
http://dx.doi.org/10.1007/s100529900196
http://dx.doi.org/10.1103/PhysRevD.45.3986
http://dx.doi.org/10.1016/j.nuclphysb.2003.09.001
http://dx.doi.org/10.1016/0010-4655(92)90068-A
http://dx.doi.org/10.1016/0550-3213(88)90441-5
https://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?fid=11450


BIBLIOGRAPHY[120℄ J. Grebenyuk, P. Kaur Devgun, �FL extension from the shifted vertex �, paper inpreparation, presentation on O
t. 10, 2012, unpublished, available athttps://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?�d=12842.[121℄ P. Rolo�, �Measurement of 
harm and beauty produ
tion in deep inelasti
 s
atteringat HERA�, PhD thesis, Hamburg University (2011), DESY-THESIS-2011-049,http://www-library.desy.de/prepar
h/desy/thesis/desy-thesis-11-049.pdf.[122℄ ZEUS Collaboration, S. Chekanov et al., �Measurement of D± and D0Produ
tion in Deep Inelasti
 S
attering Using a Lifetime Tag at HERA�,Eur. Phys. J. C 63 (2009) 171.[123℄ A. Geiser, Private 
ommuni
ation, DESY.[124℄ L3 Collaboration, M. A

iarri et al., �Measurement of in
lusive D∗± produ
tion intwo-photon 
ollisions at LEP �, Phys. Lett. B 467 (1999) 137;ATLAS Collaboration, �Measurement of D∗ meson produ
tion 
ross se
tions in pp
ollisions at √
s = 7TeV with the ATLAS dete
tor �, ATLAS Internal Note No.ATLAS-CONF-2011-017, 2011, available athttp://
dsweb.
ern.
h/re
ord/1336746/�les/ATLAS-CONF-2011-017.pdf?version=1.[125℄ W. Dunne, �Measurements of D∗Produ
tion in Deep Inelasti
 S
attering at HERA�,PhD thesis, University of Glasgow (2007),http://ppewww.physi
s.gla.a
.uk/ bdunne/thesis/thesis.pdf.[126℄ A. Savin, �CFLT RCAL Isoe during 2004-2005 running period �, Internal ZEUS trig-ger group presentation on De
. 14, 2005, unpublished, available athttps://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?�d=6137;A. Savin, �CFLT/CFLTp Status Report�, Internal ZEUS 
ollaboration meeting pre-sentation on O
t. 16-21, 2006, unpublished, available athttps://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?�d=7960.[127℄ O. Ba
hynska, �D* in DIS: systemati
 e�e
ts� Internal ZEUS Heavy Flavour groupmeeting presentation on June 16, 2012, unpublished, available athttps://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?�d=12759.[128℄ O. Behnke, �Tra
k e�
ien
y tests with K0

s de
ays�, Internal ZEUS heavy �avor grouppresentation on Mar. 25, 2010, unpublished, available athttps://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?�d=11566.[129℄ W. Erdmann, �Untersu
hung der Photoproduktion von D∗-Mesonen am ep- Spei
her-ring HERA�, PhD thesis, ETH Zuri
h (1996),http://dx.doi.org/10.3929/ethz-a-001609482.[130℄ V. Libov, �Measurement of 
harm and beauty produ
tion in DIS at HERA�, PhDthesis in preparation, Hamburg University, DESY.154

https://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?fid=12842
http://www-library.desy.de/preparch/desy/thesis/desy-thesis-11-049.pdf
http://dx.doi.org/10.1140/epjc/s10052-009-1088-x
http://dx.doi.org/10.1016/S0370-2693(99)01153-3
http://cdsweb.cern.ch/record/1336746/files/ATLAS-CONF-2011-017.pdf?version=1
http://ppewww.physics.gla.ac.uk/~bdunne/thesis/thesis.pdf
https://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?fid=6137
https://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?fid=7960
https://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?fid=12759
https://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?fid=11566
http://dx.doi.org/10.3929/ethz-a-001609482


BIBLIOGRAPHY[131℄ M. Corradi, �Che
k of material and hadroni
 intera
tions with se
ondary verti
es�,Internal ZEUS heavy �avor group presentation on Jun. 27, 2012, unpublished,available athttps://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?�d=12760.[132℄ A. Spiridonov, �Mapping of tra
king e�
ien
y with VMCU utility�, Internal ZEUSheavy �avor group presentation on Apr. 4, 2012, unpublished, available athttps://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?�d=12691.[133℄ G. Moli�ere, �Theorie der Streuung s
hneller geladener Teil
hen II. Mehrfa
h- undVielfa
hstreuung�, Z. Naturfors
h. 3a (1950) 78;C. T. Case, E. L. Battle, �Moli�ere's Theory of Multiple S
attering�,Phys. Rev. 169 (1968) 201.[134℄ A. Salii, �D* in photoprodu
tion. Tails of peak �, Internal ZEUS heavy �avor grouppresentation on De
. 15, 2010, unpublished, available athttps://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?�d=11999.[135℄ O. Ba
hynska, �Measurement of the D∗± protoprodu
tion with ZEUS dete
tor atHERA�, Master thesis, Taras Shev
henko National University of Kyiv (2009) (inUkrainian), unpublished.[136℄ M. Corradi, Private 
ommuni
ation, DESY.[137℄ ZEUS Collaboration, S. Chekanov et al., �Measurement of 
harm and beauty produ
-tion in deep inelasti
 ep s
attering from de
ays into muons at HERA�,Eur. Phys. J. C 65 (2010) 65, pre-print arXiv:0904.3487 [hep-ex℄.[138℄ ZEUS Collaboration, H. Abramowi
z et al., �Measurement of beauty produ
tion indeep inelasti
 s
attering at HERA using de
ays into ele
trons�,Eur. Phys. J. C 71 (2011) 1573, pre-print arXiv:1101.3692 [hep-ex℄.[139℄ ZEUS Collaboration, S. Chekanov et al., �Measurement of beauty produ
tion in deepinelasti
 s
attering at HERA�, Phys. Lett. B 599 (2004) 173,pre-print arXiv:hep-ex/0405069.[140℄ V. Sola, �In
lusive di�ra
tive 
ross se
tions in deep inelasti
 ep s
attering at HERA�,PhD thesis, University of Torino (2012), DESY-THESIS-2012-008,http://www-library.desy.de/prepar
h/desy/thesis/desy-thesis-12-008.pdf.[141℄ ZEUS Collaboration, S. Chekanov et al., �Di�erential 
ross se
tions of D∗± photo-produ
tion in ep 
ollisions at HERA�, Phys. Lett. B 401 (1997) 192,pre-print arXiv:hep-ex/9704011.[142℄ ZEUS Collaboration, H. Abramowi
z et al., �Measurement of high-Q2 neutral 
urrentdeep inelasti
 e+p s
attering 
ross se
tions with a longitudinally polarised positronbeam at HERA�, DESY Note No. DESY-12-145, 2012,pre-print arXiv:1208.6138 [hep-ex℄. 155

https://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?fid=12760
https://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?fid=12691
http://dx.doi.org/10.1103/PhysRev.169.201
https://www-zeus.desy.de/zems/ZEUS_ONLY/display_from_link.php?fid=11999
http://dx.doi.org/ 10.1140/epjc/s10052-009-1193-x
http://arxiv.org/abs/0904.3487
http://dx.doi.org/10.1140/epjc/s10052-011-1573-x
http://arxiv.org/abs/1101.3692
http://dx.doi.org/10.1016/j.physletb.2004.08.048
http://arxiv.org/abs/hep-ex/0405069
http://www-library.desy.de/preparch/desy/thesis/desy-thesis-12-008.pdf
http://dx.doi.org/10.1016/S0370-2693(97)00422-X
http://arxiv.org/abs/hep-ex/9704011
http://arxiv.org/abs/1208.6138


BIBLIOGRAPHY[143℄ S. Shimizu, �Measurement of the Longitudinal Stru
ture Fun
tion FL at HERA�,PhD thesis, University of Tokyo (2009),http://www-zeus.desy.de/physi
s/sfe/theses/shimaFL.pdf.[144℄ M. Paterno, �Cal
ulating E�
ien
ies and Their Un
ertainties�, Fermilab InternalNote No. FERMILAB-TM-2286-CD, 2003, available athttp://home.fnal.gov/ paterno/images/e�
.pdf.[145℄ B. W. Harris, J. Smith, �Heavy-quark 
orrelations in deep-inelasti
 ele
troprodu
-tion�, Nu
l. Phys. B 452 (1995) 109;B. W. Harris, J. Smith, �Invariant mass distribution for heavy quark-anti-quark pairsin deep inelasti
 ele
troprodu
tion�,Phys. Lett. B 353 (1995) 535,Phys. Lett. B 359 (1995) 423 (erratum).[146℄ H1 and ZEUS Collaborations, F. D. Aaron et al., �Combination and QCD analysisof 
harm produ
tion 
ross se
tion measurements in deep-inelasti
 ep s
attering atHERA�, DESY Note No. DESY-12-172, submitted to Eur. Phys. J. C.[147℄ H1 and ZEUS Collaborations, F. D. Aaron et al., �Combined measurement and QCDanalysis of the in
lusive e±p 
ross se
tions at HERA�, JHEP 1 (2010) 109.[148℄ E. Lohrmann �A Summary of Charm Hadron Produ
tion Fra
tions�,pre-print arXiv:1112.3757 [hep-ex℄.[149℄ O. Ba
hynska, M. Corradi, A. Gizhko, �Measurement of D∗± produ
tion in deepinelasti
 s
attering at HERA�, paper in preparation, internal No. ZEUS-prel-11-012.[150℄ H1 Collaboration, F. D. Aaron et al., �Measurement of D∗± Meson Produ
tion andDetermination of F cc̄
2 at low Q2 in Deep-Inelasti
 S
attering at HERA�,Eur. Phys. J. C 71 (2011) 1769.[151℄ H1 Collaboration, F. D. Aaron et al., �Measurement of the D∗ meson produ
tion 
rossse
tion and F cc̄

2 , at high Q2, in ep s
attering at HERA�, Phys. Lett. B 686 (2010) 91.[152℄ A. V. Kotikov, A. V. Lipatov and N. P. Zotov, �The 
ontribution of o�-shell gluonsto the longitudinal stru
ture fun
tion FL�, Eur. Phys. J. C 27 (2003), 219;K. Daum et al., Pro
eedings of the workshop on �Future physi
s at HERA�, eds. G. In-gelmann, A. De Roe
k and R. Klanner, pre-print arXiv:hep-ph/9609478.[153℄ R. S. Thorne, R. G. Roberts, �A pra
ti
al pro
edure for evolving heavy �avour stru
-ture fun
tions�, Phys. Lett. B 421 (1998) 303.[154℄ V. Rades
u, �HERA Pre
ision Measurements and Impa
t for LHC Predi
tions�,Moriond QCD 2011 
onferen
e, La Thuile, Italy, 2011,pre-print arXiv:1107.4193 [hep-ex℄;156

http://www-zeus.desy.de/physics/sfe/theses/shimaFL.pdf
http://home.fnal.gov/~paterno/images/effic.pdf
http://dx.doi.org/10.1016/0550-3213(95)00256-R
http://dx.doi.org/10.1016/0370-2693(95)00571-2
http://dx.doi.org/10.1016/0370-2693(95)01084-4
http://dx.doi.org/10.1007/JHEP01(2010)109
http://arxiv.org/abs/1112.3757
http://dx.doi.org/10.1140/epjc/s10052-011-1769-0
http://dx.doi.org/10.1016/j.physletb.2010.02.024
http://dx.doi.org/10.1140/epjc/s2002-01107-1
http://arxiv.org/abs/hep-ph/9609478
http://dx.doi.org/10.1016/S0370-2693(97)01580-3
http://arxiv.org/abs/1107.4193


BIBLIOGRAPHYK. Lipka, �Re
ent results from HERA and their impa
t for LHC �, 2011 Hadron Col-lider Physi
s symposium (HCP-2011), Paris, Fran
e, 2011,pre-print arXiv:1201.4486[hep-ex℄.[155℄ A. Cooper-Sarkar, Private 
ommuni
ation, DESY.[156℄ M. Lisovyi, O. Zenaiev, �Measurement of D± produ
tion in deep inelasti
 ep s
atter-ing with the ZEUS dete
tor at HERA�, paper in preparation.[157℄ �International Linear Collider Referen
e Design Report�, available athttp://www.linear
ollider.org/about/Publi
ations/Referen
e-Design-Report.[158℄ �The material budget of the ATLAS inner dete
tor �, Report No. LHCC 98-18,INDET-NO-207, 1998.[159℄ A. Nomerotski et al., �PLUME 
ollaboration: Ultra-light ladders for linear 
ollidervertex dete
tor �, Nu
l. Instrum. Meth. A 650 (2011) 208,URL http://www.iph
.
nrs.fr/plume.html.[160℄ J. Baudot et al., �Development of Single- and Double-sided Ladders for the ILDVertex Dete
tors�, pre-print arXiv:1203.3689 [physi
s.ins-det℄.[161℄ R. Tur
hetta et al., �A monolithi
 a
tive pixel sensor for 
harged parti
le tra
kingand imaging using standard VLSI CMOS te
hnology�,Nu
l. Instrum. Meth. A 458 (2001) 677.[162℄ N. H. E. Weste, D. Harris, �CMOS VLSI design. A Cir
uits and System Perspe
tive�,3rd edn., (Addison Wesley Publishing Company, 2004). 800 p.[163℄ J. Sparkes, �Semi
ondu
tor Devi
es�, 2nd edn., (CRC Press, 1994), 240 pages.[164℄ A. Himmi, G. Dozire, O. Torheim, C. Hu-Guo, M. Winter, �A Zero SuppressionMi
ro-Cir
uit for Binary Readout CMOS Monolithi
 Sensors�, TWEPP-09: Topi
alWorkshop on Ele
troni
s for Parti
le Physi
s, available athttp://
dsweb.
ern.
h/re
ord/1235850/�les/p426.pdf?version=1.[165℄ C. Hu-Guo et al., �First reti
ule size MAPS with digital output and integrated zerosuppression for the EUDET-JRA1 beam teles
ope�,Nu
l. Instrum. Meth. A 623 (2010) 480.[166℄ �MIMOSA 26 User Manual �, available athttp://www.iph
.
nrs.fr/IMG/pdf/M26_UserManual_light.pdf.[167℄ �IEEE Standard Test A

ess Port and Boundary-S
an Ar
hite
ture�, IEEE StandardNo. 1149.1-1999 (2000), URL 10.1109/IEEESTD.2001.92950.[168℄ K. Jaaskelainen, �IMAGER 12-bit digitizer-
ontroller 
ard with USB 2.0 
onne
tion�,Internal Note, IPHC Strasbourg, 2009. 157

arXiv:1201.4486
http://www.linearcollider.org/about/Publications/Reference-Design-Report
http://dx.doi.org/10.1016/j.nima.2010.12.083
http://www.iphc.cnrs.fr/plume.html
http://arxiv.org/abs/1203.3689
http://dx.doi.org/10.1016/S0168-9002(00)00893-7
http://cdsweb.cern.ch/record/1235850/files/p426.pdf?version=1
http://dx.doi.org/10.1016/j.nima.2010.03.043
http://www.iphc.cnrs.fr/IMG/pdf/M26_UserManual_light.pdf
file:10.1109/IEEESTD.2001.92950


BIBLIOGRAPHY[169℄ D. Contarato, �Sili
on Dete
tors for Parti
le Tra
king at Future High-Energy Physi
sExperiments�, PhD thesis, Hamburg University (2005),http://www-library.desy.de/prepar
h/desy/thesis/desy-thesis-05-044.pdf.[170℄ M. Tabet, �Double Sampling Te
hniques for CMOS Image Sensors�, PhD thesis,University of Waterloo (2002),http://www.
se.yorku.
a/visor/pdf/Tabet_PhD_thesis.pdf.

158

http://www-library.desy.de/preparch/desy/thesis/desy-thesis-05-044.pdf
http://www.cse.yorku.ca/visor/pdf/Tabet_PhD_thesis.pdf


BIBLIOGRAPHYA
knowledgmentsThe way through this thesis was not an easy one. It was full of interesting adventuresin the physi
s world. This thesis would not been 
ompleted without great support fromthe people I was working with.First of all, I would like to express my gratitude to Dr. A
him Geiser for the possibilityto do resear
h within the ZEUS 
ollaboration and for guiding me through the resear
h.Thank you for reading the text of this thesis from the very beginning. Your �First 
onvin
eyourself, then you will 
onvin
e the others� will stay with me forever.Great Thanks goes to Dr. Massimo Corradi for sharing with me the work on the
D∗ analysis. Your guidan
e and support were 
onstantly giving me inspiration. I learnt alot during the time of our 
ooperation.Another huge Thank You goes to Dr. Iris Abt. Dear Iris, you were there for me when Idesperately needed an advi
e or a 
heer up. Thank you for all the support with the analysisand with this thesis.I want to address my Thank You to Prof. Ewald Paul for the proof-reading of thethesis.I would also like to thank Prof. Erika Garutti and Dr. A
him Geiser for agreeing to referthe dissertation, and Prof. Brian Foster and Dr. Thomas S
h�orner-Sadenius for agreeingto refer the disputation.Also, I would like to express my gratitude to Olaf Behnke and Misha Lisovyi for ni
eand fruitful dis
ussions. I have learnt a lot from you. Misha, thank you for making allyour 
omments to the analysis and for noti
ing things that I was not aware of. AdditionalThanks goes to J�org Behr for the help with my German. I would also like to thankAndrii Gizhko for the se
ond analysis and for sharing with me those harsh times duringthe release of the preliminary results.Dear Uli, Dear Artem, thank you for all the ni
e time in the lab. That was amusing.Also, I want to thank Dr. Volodymyr Aushev who opened for me a window to the worldof parti
le physi
s.The time I spent in the ZEUS 
ollaboration would not be that fun without my friends.Dear Inna and Denis, thank you for listening all my 
omplaints and whining, you reallyhelped me to keep going. Dear Anastasia and Julia, thank you for all the ni
e 
hats, teadrinking time and friendship. Dear Friederike, thank you for being the best o�
e-mate.Dear Slava, thank you for being my bro in the 
harm physi
s analysis. Dear Maxim, thankyou being my old good friend and for the funny skype 
hats a

ompanied with the guitarplay.My dear mother, thank you for your indefe
tible understanding and for the support.You understand me more than anyone on the Earth. Forgive me, that I was not alwaysaround. My dear father, I wished you 
ould see me now...My dear Sanya, thank you for being patient, supportive and helpful at ever stage of thisthesis. And thank you for sitting next to me till after midnight and for our long debuggingsessions. Thank you for pushing me to keep going and for all the ni
e and warm surpriseswhi
h were melting my heart.

159


	Introduction
	The Standard Model of particle physics
	Theory of electroweak interactions
	Quantum Chromodynamics
	 Perturbative QCD and renormalization scale
	Quark masses


	Proton structure function
	Deep inelastic scattering
	Quark Parton Model
	Proton structure functions
	Parton distributions and QCD dynamics
	Factorisation theorem
	HERAPDF 

	Heavy flavour
	Heavy flavour production in ep  collisions 
	Treatment of heavy flavour production in QCD
	D* mesons

	Experimental setup
	HERA collider
	ZEUS detector
	Tracking system
	Calorimetry system
	Luminosity measurement 
	Trigger system


	General event reconstruction
	Tracking
	Energy Flow objects
	Electron reconstruction
	Reconstruction of kinematic variables 

	Monte Carlo simulations
	Detector simulation
	RAPGAP
	PYTHIA
	ARIADNE

	Measurement of D* meson production in DIS
	Data and Monte Carlo samples
	DIS events selection
	D*meson selection
	D*signal extraction method
	Corrections applied to Monte Carlo simulations
	ISOe corrections
	Tracking corrections
	Tails corrections
	Monte Carlo reweighting

	Control distributions
	Acceptance, purity, efficiency
	Cross section definition
	Systematic uncertainties
	Theoretical predictions
	Results
	Total D* cross section
	Single- and double-differential D* cross sections 
	e+/e-p asymmetry

	Summary

	 Measurement of F2c 
	Extraction techniques
	Combined measurements of Fc2 
	Theoretical predictions
	Results
	Summary

	Conclusions
	Power pulsing studies for the PLUME project
	The PLUME project
	MIMOSA26
	Experimental setup
	Data analysis
	 55Fe -source studies
	Power Pulsing Studies
	Power Pulsing I
	Power Pulsing II
	Power Pulsing III

	Summary and outlook

	Inclusive DIS control distributions
	D* and D0 spectra
	ISOe correction
	Photoproduction event selection
	Double-differential control plots
	Tails correction
	Breakdown of systematics
	Data format explanation

