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AbstratMeasurements of harm prodution in deep-inelasti sattering at HERA at aentre-of-mass energy of 318GeV are reported in this thesis. The analysis was per-formed using the data olleted with the ZEUS detetor during the years 2004 to2007, orresponding to an integrated luminosity of 363 pb−1. The prodution ofharm quarks was studied through the full kinemati reonstrution of D∗± mesonsin the deay hannel D∗± → D0/D̄0 π±. The studies have been performed for vir-tualities of the exhanged photon of 5 < Q2 < 1000GeV2 and inelastiities of
0.02 < y < 0.7. The visible D∗± kinemati phase spae is de�ned by the trans-verse momentum range, 1.5 < pD∗±

T < 20GeV, and by the pseudorapidity region,
|ηD∗±| < 1.5, of the produed D∗± mesons. The total visible ross setion for D∗±prodution as well as single- and double-di�erential ross setions were measuredand ompared to the orresponding D∗± measurements performed by the H1 ol-laboration in the same phase-spae region. The measurements are well desribedby NLO QCD preditions. The double-di�erential ross setions were exploited toextrat the harm ontribution to the proton struture funtion, F cc̄

2 , expressed interms of the redued harm-prodution ross setions, σcc̄
red, and ompared to thepreditions from HERAPDF1.5 and to the reent measurements from the H1 andZEUS ollaborations.



ZusammenfassungIn dieser Arbeit wird eine Messung der Produktion von Charmquarks in tief-unelastisher Streuung mit einer Shwerpunktsenergie von 318 GeV bei HERA pr�a-sentiert. Die Analyse wurde mit Daten durhgef�uhrt, die mit dem ZEUS-Detektorin den Jahren 2004 bis 2007 aufgenommen wurden und einer integrierten Lumi-nosit�at von 363 pb−1 entsprehen. Die Produktion von Charmquarks wurde unter-suht indem die Kinematik der D∗± -Mesonen in der Zerfallskette D∗± → D0/D̄0 π±vollst�andig rekonstruiert wurde. Die Untersuhung wurde dabei in einer Region desPhasenraumes durhgef�uhrt, die durh Shnitte auf die Virtualit�at Q2 des ausge-taushten Bosons von 5 < Q2 < 1000GeV2 und durh Shnitte auf die Inelastizit�atvon 0.02 < y < 0.7 gekennzeihnet ist. Der sihtbare kinematishe Phasenraumder produzierten D∗± -Mesonen wurde von ihrem Transversalimpuls von 1.5 <
pD∗±

T < 20GeV und von ihrer Pseudorapidit�at von |ηD∗±| < 1.5 bestimmt. Dersihtbare vollst�andige Wirkungsquershnitt sowie einfah- und doppelt-di�erentielleWirkungsquershnitte f�ur die Produktion von D∗± -Mesonen wurde gemessen unddie Ergebnisse mit denen der H1-Kollaboration im gleihen Phasenraumbereih ver-glihen. Des Weiteren wurden theoretishe QCD-Vorhersagen in n�ahst-f�uhrenderOrdnung mit den hier pr�asentierten ZEUS-Ergebnissen verglihen. Die doppelt-di�erentiellen Wirkungsquershnitte wurden verwendet um den Beitrag der Charm-produktion F cc̄
2 zur Strukturfunktion des Protons zu bestimmen, wobei diese Gr�oßemit Hilfe des reduzierten Wirkungsquershnittes σcc̄

red beshrieben wurde. Zus�atzlihwurde die in dieser Arbeit gemessene Strukturfunktion F cc̄
2 mit der Vorhersage vonHERAPDF1.5 und mit neusten Messungen von H1 und ZEUS verglihen.



"Mr. Spok, the women on your planet are logial. That'sthe only planet in the galaxy that an make that laim." �Kirk (Elaan of Troyius)Star Trek
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IntrodutionEver sine the time began, people were eager to learn more about the miro-world, the intriaies of matter not observable by the naked eye. Nowadays, thefundamental onstituents of matter are the subjet of the �eld of partile physis.The Standard Model of partile physis desribes all known phenomena onnetedto 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. Theprodution of hadrons ontaining harm and beauty quarks is of partiular interest,beause of the presene of the hard sale oming from the quark mass. Suh a hardsale ensures the appliability of perturbative alulations.In order to study the properties of heavy quarks and the fores that bind them,hadrons are produed in high-energy ollisions whih are provided by partile ael-erators. Partiles are either aelerated and sent onto a �xed target or two beamsare aelerated and brought to ollision. There were many aelerators built overthe last years, among them the Stanford Linear Collider (SLC) at SLAC, the LargeEletron Positron ollider (LEP) at CERN, TEVATRON at Fermilab, HERA atDESY and the Large Hadron Collider (LHC) at CERN. Among them, HERA wasthe only eletron-proton ollider in the world. At HERA eletron and proton beamswere ollided at a entre-of-mass energy of √s = 318GeV. The aelerator was inoperation for 15 years, aumulating almost 0.5 fb−1 of integrated luminosity perexperiment. The HERA-ollider physis-program [1℄ was very rih, inluding manydi�erent proesses aessible by probing the proton with eletrons. It inludeddeep-inelasti sattering, photoprodution and di�rative proesses, widening theobservable phase spae to large photon virtualities up to 30 000GeV2 and smallBjorken x, down to 10−6. Deep-inelasti sattering proesses are espeially inter-esting, as they allow measurements of the proton struture. The gluon ontent isaessible through heavy quark prodution as the dominating prodution proess isboson gluon fusion. HERA events ontaining heavy quarks are haraterised by thepresene of multiple hard sales, whih in ase of the deep-inelasti proesses aregiven by the photon virtuality, by the mass of the heavy quark and by the transversemomenta of the produed quarks. These ompeting sales are a hallenge for theorresponding perturbative QCD alulations.The work presented in this thesis is a study of the ontribution of harm quark1



TABLE OF CONTENTSto the proton struture funtion, F cc̄
2 . The harm quarks are tagged though theirfragmentation to D∗± mesons. The prodution of D∗± mesons in deep-inelastisattering at HERA was studied to extrat F cc̄

2 . For the reonstrution of D∗±mesons, the so-alled �golden� deay hannel with three partiles in the �nal statewas hosen. The measurements were performed with the ZEUS detetor and werebased on data olleted during the HERA II running period with an integratedluminosity of 363 pb−1. This way of measuring open harm prodution has proven tobe the most preise at HERA. The results presented here are signi�antly improvedwith respet to previous ZEUS measurements due to larger statistis, new signalextration methods, and improved alibration of the ZEUS detetor.The thesis is arranged as follows. First, Chapters 1�3 ontain a brief theoretialoutline whih is neessary to understand the onlusions derived from the stud-ies. Chapter 4 and 5 are devoted to the basi desription of the ZEUS detetorand reonstrution of events, respetively. Chapter 6 ontains a desription of theMonte Carlo proesses that were used to simulate ep ollisions. Chapter 7 desribesthe presented analysis: the event seletion, the method of the D∗± signal extra-tion, orretions to the aeptane, systemati unertainties and the result of the
D∗± prodution 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 detetor development for the future LinearCollider within the PLUME projet as the tehnial task. The results of thesestudies are presented in Appendix A.

2



Chapter 1The Standard Model of partilephysisA brief overview of the theoretial framework is neessary to understand thedisussions and results presented in this thesis.The urrent understanding of partile physis strongly relies on the so-alledStandard Model [2℄. It is a quantum �eld theory that provides a desription of theknown phenomena of partile physis. The Standard Model (SM) onsists of sev-eral elements that desribe di�erent fores whih all rely on gauge and symmetrypriniples. Eletromagneti and weak interations enter the Standard Model as theGlashow-Salam-Weinberg model of eletroweak fores [3, 4℄ and the strong fore isdesribed by Quantum Chromodynamis [5℄. The purely eletromagneti part ofthe eletroweak fore is well desribed by Quantum Eletrodynamis (QED) whihgeneralises the lassial theory of eletromagnetism by Maxwell to beome a quan-tum �eld theory. QED desribes the interation between harged spin-1/2 partilesand photons. An example of a QED proess is eletron-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 weakinteration [6℄ is responsible e.g. for the β deay of a neutron, n → p e−ν̃e and it isbased on the more omplex symmetry group SU(2).The partile ontent of the Standard Model is presented by 12 fermions alledquarks and leptons that are listed in Table 1.1. The fores are mediated by bosons:massless photons and gluons for the eletromagneti and strong interations, re-spetively, and massive W±, Z0 bosons for the weak interation. In this model, allfermions obtain their masses by interating with the Higgs �eld [7℄. The spontaneoussymmetry breaking onneted to the Higgs �eld is responsible for the mass of the
W±, Z0 bosons. The SM is well tested experimentally and the only missing pieeis the Higgs boson. Reently 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 Fore Range, (m)
γ 0 0 1 eletromagneti ∞
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 partiles and fore 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 disovery of non-zero neutrino masses made a modest extension neessary.Despite its great popularity the SM is not able to explain the presene of dark matterand does not take into aount the gravitational fore.1.1 Theory of eletroweak interationsThe theory of eletroweak interations (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 projetion as I3. The Gell-Mann-Nishijima relation reads I3 = Q−Y/2, where Q is the eletri harge of the partile(see Table 1.1) and Y is its weak hyperharge (see Table 1.2). The SU(2) symmetrytransformations at di�erently on left- and right-handed fermion �elds. The left-handed �elds, I=1/2, form three generation of doublets:
(
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. (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 projetion I3 and hyperharge Y for the left- and right-handed partiles.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 vetor �elds assoiated with the generators of the SU(2) group and Bµis one vetor �eld assoiated with the hyperharge group U(1).

• LF represents the kineti part of the fermion Lagrangian and the interationbetween 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 salar 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 interation of the salar�eld. For µ2, λ > 0, the potential has a �Mexian hat� shape with it minimumat φ†φ = 2µ2/λ. This orresponds to the ground state vauum.Through the mehanism of spontaneous symmetry breaking [7℄, the gauge�elds Wµ, Bµ beome the �physial� 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 vetor boson plane, produing 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 interations between the Higgs andfermions �elds through whih fermions aquire their masses [2, 15℄.1.2 Quantum ChromodynamisQuantum hromodynamis (QCD) [16℄ is a non-Abelian gauge theory based onthe SU(3) symmetry group. It desribes strong interations 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 atson the quark �elds only. Colour is exhanged through eight gluons whih arry botholour and anti-olour and belong to the adjoint representation of the olour groupSU(3). In addition to the olour harge, eah quark also arries a �avour u, d, s, ,b and t. For eah 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 matries. In the Lagrangian (1.3) the �rst term represents thequark �eld and the seond represents quark-gluon and gluon-gluon interations. 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 approahes how to treat the quark masses will be disussed later.The e�etive strong oupling onstant αs depends on the energy sale of theinteration. This is referred to as running of αs, see Figure 1.2. At small sale thestrong oupling onstant beomes large, whih is referred to as the on�nement,while at large sale αs beomes small, whih is alled asymptoti freedom [17℄. Thelatter an be explained by the gluon self-oupling and allows perturbative tehniques

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 funtion of the respetive energysale Q.to be used in alulations at large energy sales. Con�nement arises sine the forebetween two olour harges grows with rising distane, produing new quark pairsbefore any of the existing ones an be separated. Therefore, only olourless objets,i.e. mesons (qq̄ states) and baryons (3-quark states), are observed experimentally.1.2.1 Perturbative QCD and renormalization saleQCD an in general only be treated perturbatively. At high energies, the QCDLagrangian an be evolved into a series with respet to αs. In perturbative QCD(pQCD), any ross setion, σ, is thus expressed as:
σ =

n
∑

i=0

ciα
i
s, (1.4)where n is the order of the alulation and the oe�ients ci an be alulatedfrom the relevant Feynman diagrams. The number of diagrams inreases with risingorder. Therefore, theoretial alulations 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 spae of the loops in Figure 1.3 will inludein�nite momenta of the virtual loop whih 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 orretions for a)gluon and b) quark loop orretions to the gluon propagator ) vertex betweenthree gauge bosons.infrared divergenies [16℄. Those divergenies an be removed via hanging the di-mension of the spae-time integration from four to 4 − ǫ in the trajetory 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. Thepresription for this is referred to as renormalization sheme [18℄, that introdues arenormalization sale, µR. There are several presriptions for the renormalization.The on-shell sheme [19℄ that an be used for the mass renormalization and themodi�ed minimal subtration, MS, sheme [20, Chapter 9℄ that an serve either forquark mass or αs renormalization. The hoie of the renormalization sale, µR, isa priori not �xed. In theoretial alulations to all order, the value of µR does nota�et the result for any physial observable, M , thus:
µ2

R

dM

dµ2
= 0. (1.5)At n large enough, any hanges in the alulation of M , due to introdution 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 funtion of QCD. The b oe�ients arealulable 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 alulation. At higher orders, the bi oe�ientsdepend expliitly on the renormalization sheme that is used. Numerially, the valueof the strong oupling is usually given at the referene sale µR = MZ0 , from whihit is possible to obtain its value at any other sale 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 sale. The value of ΛQCD orresponds tothe sale 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 alulate β(αs)n→∞, renormalization sale dependeniesare introdued, therefore the hoie 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 theoretial preditions withexperimental data. There are two main approahes to treat quark masses, so-alled�pole� and �running� quark masses.The pole mass, mq, is based on the onept of a �free� quark. In this ase,the quark momentum pq is substituted by the quark mass mq, p2
q = m2

q at eahquark pole in the propagator in the on-shell renormalization sheme. This de�nitionintrodues dependenies on ΛQCD

mq
[21℄. The pole mass annot be used to arbitrarilyhigh auray in pQCD beause of non-perturbative infrared e�ets in QCD.In the MS sheme, the mass depends on the sale 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. Itbasially 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 sales of hiral symmetry breaking of ≈ 1GeV [25, 10℄. The onstituent massvalues are not diretly related to the LQCD mass parameters. They are only validwithin the models that introdue them.

9





Chapter 2Proton struture funtionIn this hapter, deep-inelasti sattering proesses and their relation to protonstruture funtions are explained. Proton struture funtions were introdued aftermeasurements [26℄ revealed an internal struture. To study this internal struture,the proton has to be probed with energeti partiles. A ommon approah is touse leptons (eletrons, muons or neutrinos) as the probe. This an either be doneby sending a lepton beam onto a nuleoni target [27℄ or by olliding eletron andproton beams as done at HERA [1, 28℄.2.1 Deep inelasti satteringDeep-inelasti sattering (DIS) of leptons o� a hadroni target are widely usedin high energy partile experiments to study the internal struture of the nuleonand to test di�erent theoretial approahes. The leading order Feynman diagramof this proess is shown in Figure 2.11. The inoming lepton interats via bosonexhange with the proton and the latter is being broken and a new hadroni �nalstate is reated. If the exhange ours via one of the harged vetor bosons, this isa harge-urrent (CC) interation, and the sattered lepton beomes a neutrino oforresponding �avour. If the exhange ours via a virtual photon or Z0 boson, theproess is alled neutral-urrent (NC). Only NC proesses will be onsidered fromhere on.DIS an be haraterised by the following kinemati variables, assuming thatthe momenta of the inoming partiles are muh higher than their masses, suh thatmasses an be negleted. 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 sattering in ep ollisions. The inominglepton is marked with e± and the sattered lepton e± or neutrino (depending onthe type of the proesses) is marked with e′, νe. The proton and the hadronisystem are marked with p and X orrespondingly and the momenta are givenin brakets.where h and l are the 4-momentum of the inoming proton and the inoming lepton.The squared momentum of the exhanged boson is given by
Q2 = −q2 = −(l − l′)2, (2.2)where l′ is the 4-momentum of the sattered lepton. Q2 is referred to as the virtualityof the boson. The Bjorken saling variable [29℄, x, an be written as:

x =
Q2

2h · (l − l′)
. (2.3)It desribes the fration of the proton momentum arried by the struk quark withinthe Quark Parton Model (see Setion 2.2). The inelastiity, y, of an event is:

y =
h · (l − l′)

h · l . (2.4)It denotes the fration 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 introdued by R. Feynman [30℄. Aordingto this model the proton onsists of free point-like partiles alled partons. Eah of12



2.2. QUARK PARTON MODEL
u

d

g

u

p

Figure 2.2: Illustration of the possible quantum �utuations inside a proton.those partons arries a fration, 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 negleted. Therefore the Bjorken saling variable beomes x = ξifor a struk massless parton i. The parton density of a parton i in the proton isdesribed by parton distribution funtions (PDF), fi(x). It denotes the density ofpartons that have momentum in the range of ξi ± dξi. At large Q2 the stati QPMan be re-formulated as follows. The proton is made up of valene 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 nuleon belong to the sea distributions, whilethe quark distributions have both valene 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 nuleon momentum isarried by gluons. Thus, gluons inside the proton are also treated as onstituentpartons. The pure QPM model does not take into aount interations between thepartons inside a nuleon. An example of suh interations an be seen in Figure 2.2.The fat that quarks are on�ned also needs to be onsidered. Therefore the naiveQPM should be re�ned aording to QCD. 13



CHAPTER 2. PROTON STRUCTURE FUNCTION
H1 and ZEUS
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5Figure 2.3: Combined HERA inlusive NC redued ross setions (�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 theoretial preditions from HERA-PDF1.0 [28℄.2.3 Proton struture funtionsThe di�erential ross setion in Q2 and x of the inlusive Neutral Current proess(see Setion 2.1) for eletron proton ollisions an be expressed in terms of the protongeneralised struture funtions, �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)
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2.3. PROTON STRUCTURE FUNCTIONS
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Figure 2.4: Longitudinal struture funtion measured by the H1 (�lled points) and ZEUS(open points) ollaborations ompared to di�erent theoretial preditions [33℄.where Y± = 1 ± (1 − y)2 and α is the eletromagneti oupling onstant. The gen-eralised struture funtions an be expressed as linear ombination of ontributionsfrom pure photon, pure Z boson exhanges and Z-photon interferene.At HERA energies, F̃2 omponent is the dominant one. It an be written interms of the ontributions arising from pure γ exhange, F γ
2 , (see Figure 2.1 for theFeynman diagram of the DIS proess), γZ interferene, F γZ , and pure Z exhange,

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 vetor ouplings of the eletron 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, beause it only beomes importantat Q2 & M2

Z . F γZ
2 beomes important when Q2 approahes M2

Z . HERA data isdominanted by F γ
2 .�FL is alled longitudinal struture funtion. 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 struture funtions redued ross setions, σ̃, are disussed. Byremoving the kineti term in front of F̃2, the redued ross setion 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 redued ross setions of the NC DIS proess atHERA [28℄ over a wide kinemati range.Bjorken predited a saling of the ross setion suh that it only dependenton x [29℄. The data presented in Figure 2.3 show that suh a saling is only anapproximation. There is a Q2 dependene and it hanges with x. This is desribedby QCD. Measurements of the proton struture funtions serve as an input for theextration of parton distribution funtions that are universal for all proesses.2.4 Parton distributions and QCD dynamisThe higher the virtuality, Q2, of the exhanged boson, i.e the smaller the wavelength of the probe, the more detailed the interior of the proton an be studied,revealing the e�ets of the interations between the partons. For example, thestruk valene quark may radiate a gluon (see Figure 2.2) before the interationwith the vetor boson. It an also happen that a gluon produes a qq̄ pair of seaquarks and one of those beomes struk. Therefore PDFs an not be as simple asa number of partons of a ertain type within a nuleon momentum fration range.Thus, the quark momentum distribution inside a proton and the struture funtionsare also dependent on Q2. This is referred to as Q2 evolution.One of the possible approahes to desribe Q2 evolution is the DGLAP formal-ism [37℄. The quark distributions are desribed 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 frations ξ ∈ [x···1] thatontribute to gluon radiation and g(ξ,Q2) is the distribution of gluons produingquark-anti-quark pairs. The Pqiqj

(z) are alled splitting funtions. They give theprobability of a parton pj to emit a parton pi with the momentum fration z = x
ξ
of

pj. The gluon distribution, g(x,Q2), due to gluon radiation of quarks and gluons isdesribed 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 analytial expressions for the splitting funtions are known up to O(α2
s). Theyan be found in [32℄ together with more details about the PDFs.Other approahes to QCD evolution like BFKL [38℄ are available. In the BFKLapproah an evolution in x instead of Q2 is performed on the gluon distribution only.Yet another approah is CCFM [39℄, where the parton evolution is treated in both

x and Q2 and relies on a di�erent sheme of parton emission for quarks and gluons.So far, no onvining experimental evidene that BFKL or CCFM dynamis beingbetter than DGLAP were shown.2.5 Fatorisation theoremThe PDFs themselves are not diret experimental observables. The fatorisationtheorem [40, 41℄ provides the onnetion between the measured ross setions oflepton-hadron DIS proesses desribed by the struture funtions and the PDFs, fi.Aordingly, the proton struture funtion 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 proess alulable in QCD. The µR is the renormalization sale (seeSetion 1.2.1) and µF is alled fatorisation sale. The PDFs, fi, are also dependenton the sales µR and µR in this ansatz. The fatorisation theorem presents the rosssetion of an ep proess as a onvolution of partially non-perturbative PDFs at longdistanes and perturbative partoni ross setions at short-distanes.The matrix elements (oe�ient funtions) Ci have expansions in powers of

αs(µR) in the pQCD approah. The µF represents the sale at whih the shortand long distane proesses an be separated. As in the ase of renormalization, themeasured ross setions should not depend on the hoie 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 funtion at leading order in αs. 17



CHAPTER 2. PROTON STRUCTURE FUNCTIONDue to the trunation of the perturbative hain the Ci will remain dependent onthe fatorisation sale. Therefore the hoie of µF should be made arefully. Often,
µF is set to be equal to µR, but the possibility of separating those two sales is alsoan option as they refer to di�erent aspets of the alulation.2.6 HERAPDFWhile the Q2 expansion is alulable through the DGLAP evolution, the x de-pendene of the PDFs must be measured. Di�erent physis proesses an onstraindi�erent parts of the PDFs at some referene sale. Thus, the inlusive DIS neutral-and harge-urrent ross setions [42, 43℄, are espeially 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 unertaintiesof the ratio of u to d quark ontent. Inlusive jet ross setion 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 extrat PDFs:ABKM [46℄, CTEQ [47℄, MSTW [48℄, NNPDF [49℄. The ollaborations make di�er-ent hoies in the seletion of data sets and in the way PDFs are treated within thetheory. The details are beyond the sope of this disussion.
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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 sale Q2
0 = 1.9 GeV2hosen 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 valene upand down quark distributions, respetively, 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 fration 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 respetively taking into aount heavy �avour ontributions. Thefull sea parton distribution is denoted as xS = 2x(Ū + D̄). The strong ouplingonstant 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 sheme setting µR = µF = Q. Figure 2.5 shows the obtained PartonDistributions in the framework of HERAPDF1.5. There it is visible that the valenequarks are aessible 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 desription of heavy �avour,  and b, prodution in
ep ollisions through neutral-urrent interations. The main emphasis is plaed onharm quark prodution, as it is the main subjet of this thesis. The most relevanttheoretial aspets of the heavy quark treatment in QCD are also overed.3.1 Heavy �avour prodution in e±p ollisionsIn eletron-proton ollisions the harm and beauty quarks are mostly reated bythe boson-gluon fusion proess (BGF), where the virtual exhange photon interatswith a gluon in the proton produing a heavy quark-anti-quark pair. Thereforeharm prodution measurements are sensitive to the gluon ontent of the proton.The Feynman diagram of the BGF proess is shown in Figure 3.1(a) with an exampleof cc̄ prodution. The prodution of heavy �avour quarks, like  and b in BGF, isonly possible when the entre-of-mass energy of the photon-gluon system, ŝ, exeedsthe squared mass of the qq̄ pair:

ŝ = (γ∗g)2 > 4m2
q. (3.1)At HERA ollider energies, harm quark prodution is strongly favoured over beautydue to the large mass of the beauty quark, mb ≈ 4.75GeV. In either ase, mqintrodue a hard sale that allows perturbative tehniques to be applied down tothe prodution threshold. In DIS interations, yet another hard sale is introduedby Q2. That an lead to ompliations of the theoretial preditions due to log Q2

m2
qterms. This is referred to as the multiple hard sale problem. In this respet, themeasurement of heavy �avour prodution provides a stress test for QCD. It wasshown that the harm ontribution to the inlusive struture funtion F2 is sizeable,from 10 to 30% [51℄, and therefore needs to be properly treated. 21



CHAPTER 3. HEAVY FLAVOUR
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c̄Figure 3.1: Feynman diagrams of harm prodution in ep ollisions via a) boson-gluonfusion and b) via photon oupling to a sea-type harm quark in the proton.Heavy �avour photoprodution. Proesses are alled photoprodution (PHP)when the virtuality of the exhanged photon is lose to zero, Q2 ≈ 0GeV2. Thenit is usually said that the exhange was done via a quasi-real photon, or photon-proton ollisions took plae. Typial diagrams for heavy quark prodution in suhkind of interations are shown in Figure 3.2. There are two omponents of PHP-like proesses: diret photoprodution when the inoming photon has a point-likestruture and resolved photoprodution when the photon itself shows an intrinsihadroni struture via �utuation into a quark-anti-quark pair and gluons.The diret proesses are alulable via the perturbative QCD approah, while theresolved omponent alulations are done via the onvolution of non-perturbationphoton PDFs [52℄ with matrix elements of the partoni ross setions.Heavy �avour fragmentation. As quarks are on�ned, studies of heavy quarksare possible through the measurement of hadrons ontaining heavy �avours, like D
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p pFigure 3.2: Feynman diagrams of the photoprodution proesses: a) diret and b) re-solved omponents.
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3.2. TREATMENT OF HEAVY FLAVOUR PRODUCTION IN QCDor B mesons. The hadronisation proess of the transition of a harm quark to a Dmeson is not alulable with pQCD and should be extrated from experiment [53℄. Inthe hadronisation proess two main notions are introdued. One is alled fragmen-tation fration, f(c → H), that haraterises the probability of a quark to hadroniseinto a partiular olourless objet, H. The other is the fragmentation funtion orprobability density distribution, D(z), where z is the fration 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 theoretial alulations ofheavy �avour prodution ross setions 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 prodution in QCDThere are several ways to embed heavy �avour quark prodution into pQCDalulations. Among them:
• Fixed Flavour Number Sheme (FFNS) [57℄. In this approah heavyquarks,  and b, are always treated as massive fermions. They are produedin the hard interation proess 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 prodution, the -quark an also be treated as light. For the perturbativeseries of the alulations in this approah ompliations arise from the preseneof multiple hard sales. Thus at very high Q2, in higher orders of the αs23



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

m2
c
an beome large. Therefore,this sheme is expeted to be most preise at Q2 ≈ m2

c,b. In pratie, thesheme works in the whole HERA kinemati region.
• Variable Flavour Number Sheme (VFNS) [58℄ In this sheme, 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 Sheme (ZM-VFNS) [59℄. Thissheme 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 funtions, Ci (see Chapter 2) of the perturbative expansion areoupled diretly 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 inreases by one to nf + 1 disontinuouslyat the threshold. Thus, the sheme works at large Q2, while for the thresholdregions has inorret behaviour.
• General Mass Variable Flavour Number Sheme (GM-VFNS) [60℄. Thisapproah 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.Aording to this, the number of ative �avours hanges with Q2 and thereforea areful treatment of the transition region is neessary, whih introduessheme dependent ambiguities.3.3 D∗ mesonsHeavy �avours an be studied through the reonstrution of heavy quark mesons.For the analysis of this thesis harm quarks were tagged by the reonstrution of

D∗± mesons with invariant mass of 2010.38 ± 0.13MeV [10℄. There are three deaymodes 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 partiular deay mode. For the presentedstudies the D∗+ mesons and their harge onjugates were reonstruted from thedeay hannel (3.5) with a subsequent deay of D0 → K− π+. The probability ofthe latter deay is (3.88± 0.05) %. Thus, the branhing ratio of the full deay hain24
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Figure 3.3: Quark level diagram of D∗+ meson deay to D0 and π+ with a subsequentdeay of D0 to K− π+.is (2.627± 0.053) %. The quark level diagram of the reonstruted deay hannel isshown in Figure 3.3. The D∗+ deays strongly into a D0 and the latter deays to aKaon and pion through the weak interation. Thus the life time of D∗ mesons is veryshort (∼ 10−21 s), while the life time of D0 is about 10−13s. The deay of the D∗−an be dedued from the same diagram by replaing quarks by the orrespondinganti-quarks. As the masses of D∗ and D0 mesons are very lose, the pion of the
D∗ deay is often alled the �slow� pion beause the relative fration of momentumarried by this partile is small.There were several previous measurements of D∗± prodution at HERA. Fig-ure 3.4 shows the measured di�erential ross setion of D∗± meson prodution indeep-inelasti sattering at HERA from the previous ZEUS measurement [61℄, as afuntion of the exhanged photon virtuality, Q2, Bjorken x, transverse momentum,
pD∗

T pseudorapidity of D∗ , ηD∗ . The measurements were performed on HERA Idata.
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Chapter 4Experimental setupThis hapter ontains a brief desription of the HERA aelerator and the ZEUSdetetor. Emphasis is plaed on the most relevant omponents of the detetor thatwere used for the measurements disussed in this thesis.4.1 HERA olliderThe Hadron Eletron Ring Aelerator (HERA) [62℄ was so far the only eletron-proton ollider in the world. It was in operation from 1992 till 2007 and loated ina tunnel 15 to 30 meters underground in Hamburg. The ring had a irumferene

Figure 4.1: Shemati overview of the HERA aelerator faility 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. Eletrons or positrons1 with the energy of 27.5GeV were ollided withprotons of the energy 920GeV (820GeV before 1998). Eletrons, e, and protons, p,had separate storage rings and were injeted into HERA from the pre-aeleratorsystem at energies Ee = 12GeV and Ep = 40GeV, see Figure 4.1. Protons were heldon the irular orbit using superonduting magnets [63℄ operating at a temperatureof 4.4K with a magneti �eld strength of B=4.68T. For the eletron beam nominalonduting dipole magnets with B = 0.16T were used. Colliding partiles weregrouped in bunhes with a time distane between two bunhes of 96 ns and a spaedistane of 30m. During nominal operation around 220 bunhes were irulatingin the storage rings. Eletrons and protons were ollided at two experimental hallswhere the general purpose detetors H1 and ZEUS were installed. In addition, theHERMES experiment was taking data from ollisions of the eletron beam with agas target to study the spin struture of the nuleons. Another experiment HERA-Bdireted the proton beam on a arbon, tungsten or titanium target with the goal tostudy heavy �avour physis.There were two main data taking periods during the HERA operation: HERA I(1992-2000) [64℄ and HERA II (2002-2007). For the latter, detetor upgrades wereperformed [65℄ and spin rotators for the eletron beam were installed, introduing alongitudinal polarisation of 40% on average. Figure 4.2 shows the integrated lumi-1From here on, the lepton beam is referred to as eletron, while both e−p and e+p ollisionsare meant.28
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Figure 4.3: ZEUS oordinate system. Arrows from the left and from the right show thediretion of eletron 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 reorded. 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, respetively.In the years 2005 and 2006 the eletron 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 detetorThe ZEUS detetor [66℄ was loated 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 Interation Point (IP). The x axis is pointing right to the entreof the aelerator ring, the y axis pointing upwards and the z axis is pointing inthe proton beam diretion. In spherial oordinates the radial distane is de�ned asusual. The azimuthal angle, φ, is the angle between the projetion of a vetor intothe XY plain and the x axis. The polar angle, θ, is the angle between a vetor andthe z axis. The ZEUS detetor has a full overage of the azimuthal angle.The di�erenes between eletron and proton beam energies resulted in a largeboost of the entre-of-mass system in the diretion of the proton beam and a largeforward-bakward asymmetry of the partile prodution. Therefore, the ZEUS de-tetor had more sensitive material in the forward region. The terms forward (bak-ward) region denote the positive (negative) z diretion. 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 detetor in the XY projetion is depited in Figure 4.4 and in the XZ29
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Figure 4.4: ZEUS detetor projetion to XZ plane.projetion in Figure 4.52. The main omponents starting from the most inner partwere:
• Miro-Vertex Detetor (MVD), see Setion 4.2.1.1. The silion strip detetorwas mounted3 during the luminosity upgrade shutdown in order to aess thelife-time information of the short-living partiles and to improve the trakingresolution with respet to HERA I.
• Central Traking Detetor (CTD), see Setion 4.2.1.2. A ylindrial drifthamber enlosing the MVD and serving for the measurement of hargedtraks.
• Forward Traking Detetor (STT), see Setion 4.2.1.3. A straw tube drifthamber was installed to measure traks in the forward region not aessibleby the CTD.
• Solenoid [67℄. A magnet with the �eld strength of 1.43T that was surroundingthe trakers allowing trak momentum measurements.
• The Uranium Calorimeter (CAL), see Setion 4.2.2, that onsisted of threedi�erent parts: Rear (RCAL), Barrel (BCAL ) and Forward (FCAL) alorime-ters with additional devies for a more preise reonstrution of the position2The pitures show the ZEUS detetor 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 detetor projetion to XY plane.of the sattered eletron Hadron Eletron Separator and Strip Rear TrakingDetetor.
• 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 partiles not stopped in the CAL. Thispart of the detetor is referred to as Baking Calorimeter (BAC).
• Muon hambers [68℄. Speially dediated detetors plaed inside and outsidethe BAC.
• The VETO wall [69℄ was situated at z = −7.5m. Its main purpose was toprotet the entral detetor against partiles from the beam halo aompanyingthe proton bunhes by absorbing the bakground partiles.
• The C5 ounter [70, 71℄ was mounted at z = 1.2m and onsisted of 2 × 2sintillator layers interleaved with layers of tungsten. It was used to moni-tor beam-gas interations from eletron or proton beams, to measure bunharriving times and to determine the interation position.
• Luminosity monitors, see Setion 4.2.3. 31
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Figure 4.6: ZEUS Miro-vertex detetor layout along the beam pipe.4.2.1 Traking system4.2.1.1 MVDThe Miro-vertex detetor [72℄ was installed during the upgrade shutdown inorder to improve and extend the existing traking system. Thus, making possiblereonstrution of signatures from long-living partiles with a life time τ & 10−13 s.The position resolution was less than 20 µm. The MVD was omposed of single-sided silion strip sensors onsisting of 320 µm of n-type material with 20µm pith
p+ strips implanted on top. More tehnial details an be found in [73℄.When a harged partile passes through the sensitive area, eletron-hole pairsare generated in the n-type bulk. The holes drift to the p-type strips whih 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 diretion) and a barrel (BMVD,entral) setion (Figure 4.6). The barrel setion was about 65 m long and onsistedof three layers of silion strip sensors arranged in ylindrial planes surrounding theinteration point and in planar wheels in the forward region. The size of the MVDwas ditated by the dimensions of the inner wall of the CTD that had a diameterof 32.4 m. An example of a barrel module is depited in Figure 4.7(b). It onsistedof two (6.42× 6.42) m2 sensors of silion glued together side-by-side. The strips inone sensor were parallel to the beam line and those in the other were perpendiular.The BMVD modules were organised in 30 ladders and arranged in three ylindriallayers, see Figure 4.7(a) (most inner layers had fewer ladders due to the elliptialshape 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 silion 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 diretion [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 trak separation of 200µm and an e�ieny of trak reonstrution of morethan 95%. However, the MVD introdued additional material, thus inreasing theprobability of a partile to interat hadronially with material of the traking system(see Chapter 7.5.2).4.2.1.2 CTDThe Central Traking Detetor (CTD) [76℄ was the main tool to measure theposition, diretion, momentum and energy loss of traks. It was a ylindrial multi-wire drift hamber �lled with a gas mixture of Ar (83%), Ethane (14%) and CO2(3%) and water. The CTD ative 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 theinteration point. The polar angle overage was 15◦< θ < 164◦.When an inident harged partile travels through the CTD volume it ionises thegas produing eletron-ion pairs. The eletrons drift towards the positively hargedsense wires whereas the positive ions move to the negative anodes. Through thelarge eletri �eld at the surfae, eletrons ause further showering, thus amplifyingthe signal that an be measured by the readout eletronis. The high magneti�eld produes large deviations from radial eletron drift. The CTD was designedto operate with an angle between the eletron drift veloity and the eletri �eld(the Lorentz angle) of 45◦ [77℄. The ell struture of the CTD was adapted for thisaordingly.

Figure 4.7: (a) Barrel part of the MVD projeted to XY plane and (b) single MVDdetetor module.
33
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Figure 4.8: ZEUS Central Traking detetor otant.The CTD wires were arranged into nine onentri super-layers (SL) numberedonseutively 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 inlination (stereo SL), see Figure 4.8. Three-dimensional information
(r, φ, z) was extrated 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�erene in time between the arrival of the pulses at eah end of the wireyielding a resolution of ∼ 4 m. CTD based information was strongly used in many�rst level triggers where the main bakground rejetion was done.The ombined traking 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�ets the position resolution, whereas the seond and third terms orrespondto the multiple sattering e�ets before and after the CTD volume respetively.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 Traker (STT). The STT [81℄ overed the region of 5◦ < θ < 25◦. The34
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Figure 4.9: ZEUS Straw Tube Traking detetor 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 respetto eah other, to provide a three-dimensional reonstrution. Figure 4.9 shows theSTT together with the other trakers. 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 physis is a tool to measure energies of hargedand neutral partiles. With a su�ient segmentation of the alorimeter some reon-strution of the position and diretion of a partile an also be performed. When apartile travels through the absorbing material of a alorimeter it reates plenty ofseondary partiles whih again provoke the reation of new partiles, thus makinga asade alled partile shower. This means that an inident partile leaves its en-ergy in the detetor that is onverted to a measurable signal. A partile an undergoboth eletromagneti (EM) and nulear (hadroni) interations. EM proesses aremore likely to our at short passing distanes, i.e. with small interation length
λ4, whereas hadroni proesses take plae at larger λ. Thus, two types of partileshowers are diserned.The ZEUS alorimeter (CAL) [84℄ was a sampling and ompensating alorimeter.4The mean free path of a partile between interations. 35
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Figure 4.10: (a) Forward/Rear ZEUS alorimeter module and (b) Barrel ZEUS alorime-ter module.A single CAL module had a sandwih struture with a heavy but insensitive absorberof 3.3mm thik depleted uranium5, interleaved with lighter sensitive material madeof an organi sintillator (SCSN-38 type) of 2.6mm. Compensation refers to anequal response to EM and hadroni showers and was ahieved by tuning the ratioof absorber to sintillator. Due to the presene of neutrinos, muons, slow neutronsor nulear proesses that did not result in a measurable signal, the ratio betweenmeasured and inident 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 shemati drawing of a single FCAL module. The full FCAL onsistedof 23 single modules plaed vertially next to eah other. One module had awidth of 20 m and a length of up to 4m arranged in three units. The unitlosest to the interation point had a depth of 0.96 λ and is referred as FEMC(forward eletromagneti alorimeter), with a ell size of (10 × 20) m2. Theother two units were arranged onseutively 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 plaed in the entral region, 36.7◦ < θ < 129.1◦, ov-ered the full azimuthal angle and had 32 wedge-shape modules. One suh598.1% 238U, 1.7% Nb, 0.2%235U.36



4.2. ZEUS DETECTORBCAL module is depited 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 detetor part had3 setions. The eletromagneti unit had a depth of 0.85 λ (BEMC) and twohadroni units BHAC1 and BHAC2 had a depth of 2 λ eah.
• The RCAL overed the region of 128.1◦ < θ < 176.5◦. It had almost thesame struture as FCAL with a di�erene in the size of the eletromagnetiell (REMC) that was (5 × 20) m2. The RCAL had only one hadroni unitalled RHAC.In order to improve the identi�ation of eletromagneti objets a Hadron Ele-tron Separator (HES) [87℄ was installed in the rear and forward alorimeter parts.It onsisted of two layers of silion pads with area (3 × 3) m2 providing a spatialresolution of about 0.9 m for a single hit. A Small angle Rear Traking Dete-tor(SRTD) [88℄ was installed in the RCAL setion overing the RCAL in the rangeof 162◦ < θ < 176◦. The SRTD onsisted of two layers of sintillator strips orientedperpendiular to eah other.Under test beam onditions, the ZEUS alorimeter had a resolution [85℄ of ele-tromagneti energy reonstrution of

σel

E
=

18%√
E

, (4.2)and for hadroni energy
σhad

E
=

35%√
E

, (4.3)where E is the measured partile energy in GeV. The alorimeter was alibrated ona day-by-day basis during its operation using 228U deays with an auray of 1%.4.2.3 Luminosity measurementA preise knowledge of the luminosity is required for the preise determinationof a ross setion assoiated with any proess. The value of the luminosity, L, givesthe proportionality between the number of interation per seond, dR/dt, and theross setion σ:
dR/dt = L × σ. (4.4)At ollider experiments the luminosity needs to be monitored for eah bunh ross-ing. At ZEUS the luminosity had been measured via investigation of the Bethe-Heitler(B-H) bremsstrahlung proess [89℄:

ep → e′p γ. (4.5)37
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Figure 4.11: Shemati drawing of the ZEUS luminosity system at HERA II.This proess is well understood from QED, and has a high rate and an auratelyalulable ross setion. The luminosity was alulated 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 Spetrometer (SPEC) [90℄ and the Photon Calorimeter (PCAL) [91℄.The SPEC was loated 100m away from the interation point6 and onsistedof two sampling alorimeters that were deteting eletron-positron pairs from thephoton onversion. The typial aeptane of the SPEC was 30% and only 10%of the photons were onverted, therefore the detetor 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 detetor omponents was proessed by a ompli-ated data aquisition system (Figure 4.12). The main omponents were the triggersystem [92℄, front-end eletronis and data storage devies. Triggers played a veryimportant role as they provided the deision on whether an event is seleted to bereorded. At HERA beam ollisions took plae every 96 ns. The potential inomingdata rate was thus 106 events/s. Not all of those events were produed by the phys-ial proesses sientists want to study. The main soures of bakground were beam-gas interations, proton beam halo events, synhrotron radiation, osmi-induedevents 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 inreasing level the preision as well as the omplexity of thealgorithms applied to the data inreased. An event only was stored to dis if all6Beam was already bent away at that point.38
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Figure 4.12: Shemati drawing of the ZEUS data aquisition system.three levels aepted it as a andidate event of interest for physis 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 suh that the rate of positivedeisions was kept below the maximum input rate aeptable by the seond leveltrigger, e.g. below 1 kHz. As it was not possible to take an immediate deision duringthe bunh rossing the data were put to a pipeline. Information from separate FLTomponents arrived within 2 µs after the bunh rossing and was passed to the GlobalFLT (GFLT), where a typial deision time was around 4 µs. The input to the FLTonsisted of unalibrated detetor data only available in oarse gain resolution. Itsalgorithms were able to alulate only global event properties like:
• energy deposits in the EMC or HAC parts of the alorimeter ells with thespei�ation of the position (BCAL, RCAL, FCAL); 39
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• basi identi�ation of lusters with energy deposits left by eletrons or muons;
• trak multipliities with the implementation of di�erent trak qualities [94℄.In addition, bakground rejetion was done by using CTD z-by-timing, CAL timingand veto detetor information. The �rst level trigger had 64 trigger slots (bits)devoted to di�erent physial proesses. The di�erent slots had di�erent alorimeterthresholds and traking requirements.4.2.4.2 SLTThe Seond 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 detetor information and simple trakreonstrution algorithms. As in the ase of the FLT single module, deisions weresent to the Global SLT (GSLT). The typial proessing time was 7 µs. At thisstage basi eletron identi�ation, trak and vertex reonstrution as well as E − pzinformation was available. For fast traking data proessing the Global TrakingTrigger (GTT) was developed. It onsisted of two parts: a �barrel algorithm� basedon the trak information from the CTD and MVD to obtain a global piture of thetrak topology in the barrel region and a �forward algorithm� that used informationfrom forward MVD and STT. GTT improved the vertex resolution and the trak�nding e�ieny 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 proessing, the full detetor resolution and segmentation was reahable withomplex reonstrution algorithms running on a dediated omputer farm. Plentyof trigger slots were developed to study partiular physis proesses, e.g. inlusiveDIS, di-jet prodution and the prodution of di�erent heavy-�avour mesons.
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Chapter 5General event reonstrutionThe raw data from the detetor ontain an assembly of signals from the detetoromponents. Before doing any physis analysis on the data those signals shouldbe used to extrat general harateristis of an event. In this setion the basionepts of general-purpose algorithms for the trak, vertex and energy reonstru-tion are desribed. This hapter also ontains the explanation of sattered eletronidenti�ation that is relevant for the measurement of DIS proesses.5.1 TrakingAt ZEUS eah trak is parametrised [98℄ with �ve parameters, the ovarianematrix and a point of referene (Figure 5.1). For the parametrisation funtion ofthe trajetory of a harged partile in a solenoidal magneti �eld, a helix was hosen.

Figure 5.1: The projetion of a trak helix onto the XY plane.
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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 diretion vetor of the helix at the point-of-losest approah. Q is the hargeof a partile and R is the loal radius. The full parametrisation onsists of �veparameters:

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

2
− θ), the angle of the dip with respet to the XY plane.The �rst three parameters speify a irle in the XY plane and the last two �x theloation.The trak �nding routine is based on the data from the three traking de-tetors: STT, CTD and MVD. The proedure starts with hit reonstrution ineah traking detetor separately. Then a pattern reognition 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. Itsonnetion to the interation point with the help of an approximate estimation ofthe momentum and harge of the trak gives roughly the path and diretion alongwhih a searh for further mathing hits is performed. Thus, hits are ontinuouslypiked up until a road from the STT or CTD through the MVD to the interationpoint is �lled. Some traks with multiply shared hits oasionally are removed.Traks that have hits only from one of the traking detetors are also stored andalled CTD or MVD-only traks.As the next step, the so-alled rigorous trak �t [99℄ was performed. In thisapproah, inhomogeneities of the magneti �eld, multiple sattering and the parti-le energy loss were onsidered. The �tting proedure was based on the Kalman�lter [100℄ tehnique. Outlier hits were rejeted during the trak �t and hene thetrak quality was further improved.After all traks have been found, the primary and seondary2 verties an bereonstruted. As in the ase of trak reonstrution, vertex reonstrution has two1For the forward region.2Those that originated from the deay of long-lived partiles or the interation of partiles withthe detetor material.42



5.2. ENERGY FLOW OBJECTS

Figure 5.2: (a) Shemati drawing to illustrate the island determination proedure.Shaded irles represent the energy deposits in the alorimeter ell. The size ofthe irles represent the amount of energy deposit. The ell assoiations to theloal maximum are shown with arrows. (b) Shemati drawing of EFO islandwith traks mathed to it.stages: �nding and �tting. Vertex �nding involves the identi�ation of the traksbelonging to the same deay vertex while the vertex �tting implies the estimationof the vertex position as well as the trak parameters at the vertex. The primaryvertex reonstrution initially assumes that a primary vertex lies along the protonbeam-line3. Traks with a ommon vertex are ombined and a χ2 �t is performedto determine the vertex position. The verties with the best χ2 are stored. Afterthe primary vertex was found outliers are being removed and a searh for seondaryverties is performed.5.2 Energy Flow objetsIn order to improve the reonstrution of the event kinematis, an algorithm thatombines information from the traking and alorimeter system was used to extratenergy deposits aused by hadrons in the ZEUS detetor. The method onstrutsEnergy Flow Objets (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 reonstrution of the CAL3In addition, beam spot onstraints an be used, where the beam spot is the entre of theelliptial intersetion of the e and p beams determined every 2000 events. 43



CHAPTER 5. GENERAL EVENT RECONSTRUCTIONangular information. This is performed by searhing a seed ell with the highestenergy deposit and then assoiating neighbouring ells to it to form an island.Seond, the ell islands undergo the luster searh in (θ, φ). This proedurestarts from the most outer part of the CAL, moves inward to the beam pipe, andalulates the angular separation between the islands. As a result, 3D objets arebuilt with the entre of the island, that is alulated 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, traks are mathed to the islands. Charged traks with amomentum 0.1 < pT < 20GeV that were �tted to a vertex and passed at least fourCTD super-layers are extrapolated to the surfae of the CAL taking the magneti�eld into aount. A math is found if the distane of the losest approah betweenthe trak and the position of the island is less than 20 m. The trak is also mathedif it is loated inside the island.For the harged traks assoiated to the island, CTD information was used for theenergy assignment by the riteria of the best resolution. For non-mathed trakstraking information was used to derive the energy by assuming that the trakomes from a harged pion partile. For the non-mathed islands, only the CALmeasurements are used, assuming that deposits were aused by a neutral partile.In the ase that three or more traks are mathed to the island, only the CALinformation is used. For the reonstrution of the energy of the sattered eletronalso the CAL information is used. More details an be found in [102℄.In the measurements presented in this thesis EFOs were used for the reonstru-tion of hadroni energy.5.3 Eletron reonstrutionThe measurement and identi�ation of the sattered eletron is essential forstudies of Neutral-Current DIS proesses. At ZEUS several software algorithmswere developed to reonstrut sattered eletrons alled SINISTRA [103℄, EM andELEC5 [104℄. Eah �nder was optimised either for a partiular phase spae or for apartiular proess. For the urrent analysis eletrons identi�ed with the SINISTRAneural network �nder were used.A sattered eletron passing through the alorimeter reates an eletromagnetishower. Most of its energy will be measured in the EMC ells with a small leak-age fration towards HAC ells. Identi�ation starts from the searh of the ellwith maximum energy deposit to form a ell island with a similar approah as theone explained for EFOs in the previous setion. One 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 eletrons. The �nder obtains asigni�antly smaller probability for eletrons with low energy (< 10GeV) beauseit gets harder to disentangle eletron energy deposits from hadroni ones like π±.Also a ontamination from photons misidenti�ed as eletrons an take plae. TheSINISTRA neural network was optimised for eletron 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 sattering angle θe of an eletron andidate, the x and yoordinates of an eletron energy deposit, were reonstruted using the SRTD (if aneletron was inside its geometrial over) or HES detetors. If the eletron trak wasmeasured by the CTD, this information was also used for additional onstraints. Inthe ase that none of the above information was available the geometrial entre ofthe CAL ell was taken for the x and y oordinates. More tehnial details an beobtained from [105℄.5.4 Reonstrution of kinemati variablesThere are several methods for the experimental reonstrution of the main kine-mati variables for the DIS proesses disussed in Setion 2.1. After �nding a an-didate for the sattered eletron and reonstrution of the hadroni system it ispossible to dedue the variables Q2, x , y. Di�erent methods show di�erent resolu-tions in di�erent regions of the kinemati phase spae. Therefore, it is important to�gure out whih of the methods is the best for this analysis.

• The Eletron method is based on the measured eletron 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 inoming eletron(or positron) energy, E ′
e and θe are the sat-tered eletron energy and angle. This method relies strongly on the measure-ment of the eletron energy and position (see Chapter 5.3) and beause of thepeuliarities of the ZEUS detetor, those measurements are more preise inthe rear region, therefore this method is optimal for low Q2.

• The Double-angle method is based on the reonstrution of the angle of thesattered eletron θel and the angle of the hadroni system γhad. The variables45



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

Px,had
2 + Py,had

2 and δhad =
∑

had(Ehad − Pz,had). The hadroniangle 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 sales,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 reonstrution. It is widely used in analyses where the satteredlepton is not deteted like harged-urrent DIS proesses or in photoprodu-tion.
• The Sigma method. This method ombines information from the eletronand 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 eletronand Jaquet-Blondel methods. One of the disadvantages is its high sensitivityto the eletron energy sale.
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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 reonstrution methods.The blak solid line represents the Eletron 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 deision whih 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 detetor level reonstruted 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 diretly measurable quantity,it is alulated with the energy of entre-of-mass onstraint, Q2 = sxy. The xresolution then diretly depends on the Q2 and y resolutions. The width and themean value of the resolution distribution both serve as an input for the hoie 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 performane for Q2 and y aordingto the riteria desribed 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: desription of the detetor responses, optimisation of theevent seletion without experimental bias, preditions for various physial proesseset.6.1 Detetor simulationAny measurement of the ross setion with any experimental tool requires theknowledge of the fration of event rate that this tool is able to detet. This quantityis alled aeptane. For this purpose in high energy physis Monte Carlo [106℄simulations are used.The simulation involves several steps. First events from ep ollisions1 are gen-erated aording to some theoretial model. Then, generated events are passedthrough a virtual detetor and data aquisition system in order to simulate the de-tetor response. In the end the same physial analysis is performed on the MonteCarlo data as on real experimental data. The ZEUS detetor with a full desrip-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 physisanalysis. At the last stage generated events are passed through the reonstrutionprogram ZEPHYR. For more details see [108℄ (Chapter 4).Events generated with Monte Carlo methods and passed through the full sim-ulation and reonstrution hain are used to extrat the detetor aeptane thatenters diretly into the ross setion de�nition (see Chapter 7.8). It is importantthat the detetor response and the physial proesses of the simulation re�et those1or any other proess 49



CHAPTER 6. MONTE CARLO SIMULATIONSof the experimental data.The di�erent stages of the basi event generation are depited in Figure 6.1.At the �rst stage a alulation of the leading-order matrix elements of the hardsattering proess is performed. At the seond stage the prodution of parton emis-sions in the initial or �nal state is done through parton showering (PS) aording toDGLAP bakward (for the initial state) and forward (for the �nal state) evolution(see Chapter 2). PS stops when a prede�ned ut-o� sale is reahed. At this pointparton density funtions enter the generation proesses. At the last stage all pro-dued partons undergo the hadronisation proedure 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 sattering heavy �avour BGF reation, see Setion 2.1, wassimulated with RAPGAP 3.0 [110℄ using massive matrix elements. QED radiationproesses were taken are of by the embedded HERACLES interfae in RAPGAP.Besides the diret boson-gluon fusion proess (Figure 6.1), where the exhangedphoton is a point-like partile, resolved proesses with the photon showing hadronstruture (Figure 6.2 (a)) were also onsidered. Thus the RAPGAP simulation of
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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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CHAPTER 6. MONTE CARLO SIMULATIONS
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Chapter 7Measurement of D∗± mesonprodution in DISThis hapter overs the measurement of harm prodution in ep ollisions atHERA in deep-inelasti proesses using the D∗± �nal state. This measurementserves as a test of pQCD due to the presene of the multiple hard sales like pT , Q2and mc. As was mentioned in Chapter 3, harm quarks are mainly produed viaboson-gluon fusion.The measurements is done via the full kinemati reonstrution of the D∗± deaydisussed in Chapter 3 are done. In the �nal state there are three harged partiles,
K∓, π± and π±

s , whih implies lower ombinatorial bakground with respet to otherhannels. As the masses of D∗ and D0 mesons are very lose, the pion of the D∗deay is often alled the �slow� pion as the relative fration of momentum arriedby this partile is small. The limited phase spae for �slow� pions translates into anadvantage of the usage this hannel as it redues the ombinatorial bakground. Thereonstruted deay of hannel is alled �golden� deay hannel. When the D∗ ismentioned both harge states are onsidered.7.1 Data and Monte Carlo samplesIn this setion a desription of the data samples used for the measurement isgiven together with the �nal luminosity values and unertainties. It also ontainsexplanations of the normalization of eah sub-sample and the desription of therelevant MC samples.7.1.0.4 Experimental dataDi�erent data taking periods (see Chapter 4) had some di�erenes 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 prodution in DIS. The last row shows thesum after the appliation of the orretions listed in the 4th olumn.about the statistis olleted during HERA II that was used in the urrent measure-ment expressed in terms of integrated luminosity (olumn 2). The total number ofreorded events,Nev, is also given. For the improvement of the luminosity values,a orretion fator listed in the fourth olumn was applied on a sample-by-samplebasis [118℄. The unertainty of the luminosity measurement (after the orretion)is listed in the olumn number �ve. The full luminosity unertainty of the data set04-07p was alulated as a linear sum of the individual absolute unertainties 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 prodution in DIS overseveral proesses: DIS and di�rative DIS heavy �avour reation, photoprodutionheavy �avour reation. The MC was generated in suh 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 hargeonjugates from eight deay hannels were seleted: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 SELECTIONProess Generator ∫

L, pb−1 Q2, GeV2DIS diret (, b) RAPGAP 3.0 1373 Q2 > 1.5DIS resolved (, b) RAPGAP 3.0 1373 Q2 > 1.5Di�rative DIS diret (, b) RAPGAP 3.0 1640 Q2 > 1.5Di�rative DIS resolved (, b) RAPGAP 3.0 1640 Q2 > 1.5Photoprodution diret (, b) Pythia 6.22 1600 Q2 > 0, full rangePhotoprodution 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 seletion of the so-alled dangerous [119℄ bakgrounds was performed.These are bakgrounds whih arise from other deay modes of the same D mesonsand "similar" deay modes of other D mesons. The simulation of the full ombinato-rial bakground is not neessary for the present analysis, as the D∗ signal extrationtehnique implies bakground subtration. Additionally, an inlusive 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 reonstrution. The sample has approximatelythe same luminosity as the data.7.2 DIS events seletionDeep-inelasti events were seleted with the following requirements:

• Data olleted after the run 48600 were seleted. In earlier runs, the detetorhad very ompliated and unstable trigger settings.
• At least one sattered eletron identi�ed with SINISTRA (see Setion 5.3)with energy Ee > 10GeV and probability2 Pe > 0.9. This ensures that theeletron �nder works well.
• 40 < E − pz < 70GeV, where the sum E − pz =

∑

(Ei − Ei · θi) runs overall EFO objets (see Setion 5.2) and Ei is the energy deposit left in the EFOand pz is the momentum projetion on the z diretion measured in the EFO.The lower boundary was seleted to rejet photoprodution events. The higherboundary ensures rejetion of osmi ray bakground events and overlappinginterations.
• The reonstruted sattered eletron 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 �duial uts to the eletronposition due to the detetor onstrution 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 ryogenisof the solenoid;the Craks ut, √x2 + y2 > 175 cm and z < −153 m removes eletronsdeteted in the region of RCAL that is partially shaded by the BCAL.

• The position of the primary vertex, |Zvtx| < 30 m, selets events in the nom-inal region of ep interations, exluding so-alled satellite events [120℄.
• Required trigger slots:� First-Level trigger slots. They are based on general bakground rejetionriteria and a very preliminary sattered eletron reonstrution. TheFLT uts are omposed of alorimeter, CTD traking and veto detetorinformation. The last two FLT seletion riteria an be found in [108℄and only CAL-based uts are desribed here as they are relevant for thedata understanding improvements performed in this analysis.FLT 30 requires an eletromagneti 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 Setion 7.5) was present with AND logi. In orderto have the orret aeptane alulation, events for whih one of theFLT 30 threshold was set to in�nity (mainly 0607p period) were exludedif they were triggered by FLT 30 only beause this e�et is not properlysimulated by the MC;FLT 36 repeats the FLT 30 logi with the exeption 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;� Seond-Level trigger slots. There was no partiular SLT trigger hainseletion that implies the OR logi of all SLT trigger slots that passedthe FLT seletion riteria and required by TLT.� Third-Level trigger slots:HFL02 (valid for all data taking periods) selets harmed hadrons inDIS with at least one TLT level reonstruted D-meson andidate. There56



7.3. D∗MESON SELECTIONwere 17 dediated D-meson reonstrution slots available and HFL02 usesall of them. As an example, the D∗ TLT uts were: at least 3 traks 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 seletion basedon the information measured by alorimeter, 30 < E− pz < 100GeV and
E ′

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

Q2 > 6GeV2 (the value of Q2 reonstruted online on the TLT level maydi�er from the one used in the �nal analysis) and at least one trak 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 appliability of the SINISTRA eletron �nder. Athigher Q2 values the sattered eletron is being deteted in the FCAL region,where the SINISTRA �nder does not work well. Another limitation omesfrom the available statistis.
• yJB > 0.02 ensures that the hadroni system was measured preisely and

yel < 0.7 ensures that the sattered eletron does not enter the FCAL region.
• For ertain run ranges in the 06e and 0607p data periods, eletron andidatesreonstruted 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�ieny was not orretlyreprodued [121℄ by MC for these andidates.The orresponding ontrol distributions of NC inlusive DIS ARIADNE MCompared to the data after the urrent DIS seletion an be found in Appendix B.This MC sample was not used to measure the ross setions of the D∗ prodution.7.3 D∗meson seletion
D∗mesons (see Chapter3) were identi�ed using the so-alled �golden� deay han-nel with three harged partiles in the �nal state. D∗ deays to D0 and �slow� pion57



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

) (MeV)πM(K
1400 1500 1600 1700 1800 1900 2000 2100 2200

C
om

bi
na

tio
ns

 p
er

 4
 M

eV

0

200

400

600

800

1000

1200

1400

1600

1800

2000

π K→ 0D

-1ZEUS D* 363 pb

Wrong-sign combinations

Signal region

ZEUS

Figure 7.1: Mass spetrum of the reonstruted D0 oming from D∗ deays for ∆Mseletion window of 143.2 < M(Kππs) − M(Kπ) < 147.7MeV. The orretsign ombinations are marked with �lled points, the wrong harge ombinationsare marked with open blue points. The D0 seletion window is highlighted asthe shaded area.with the subsequent deay of the D0 to a Kaon and a pion:
D∗± → D0 π±

s

→֒ K∓ π±.Due to the di�erene in mass between the D∗ and the D0 , whih is just above thepion mass, only a small fration of the D∗ momentum is transferred to the pion inthis deay, and therefore the designation �slow� is used.The D∗ searh starts with ombining two oppositely harged traks into a D0 an-didate. Those traks 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), isalulated. The D∗ andidates are formed from the two traks from the D0 deayand an additional harged trak with π mass assignment and pT > 0.12GeV. Allthree traks should originate from the same primary vertex as D∗ deays stronglyto D0 (see Chapter 3). The life-time information from the MVD ould also be58



7.4. D∗ SIGNAL EXTRACTION METHODused to reonstrut D0 from seondary verties in order to redue bakground [122℄.In the ase of D∗ mesons this introdues more systemati unertainties than thestatistial gain [123℄. Therefore the life-time information was not used. In addition,all three traks should pass at least three �rst CTD super-layers, whih implies
|ηK,π,πs | < 1.75. After all these steps the invariant mass, M(Kππs), of the D∗ isalulated.After D∗ andidates have been found, the following kinemati phase spae se-letion 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 advaned features of the D∗measurement is the possibility to estimatethe ombinatorial bakground by ombining traks with equal harges into �D0�andidates and then form a �D∗ � by adding another πs. The harge of the πstrak orresponds to the opposite harge of the fake D∗ meson andidate. Thosebakground andidates are alled Wrong-Sign (WS) ombinations, while the signalandidates are referred as Corret-Sign (CS) ombinations. The WS bakgroundusually desribes the shape of the CS signal [124℄. The mass spetrum of D∗ mesonis usually represented as the spetrum of ∆M = M(Kππs) − M(Kπ) in order toimprove the mass resolution. The D∗ spetrum for all reonstruted D∗ andidatesis shown in Figure 7.2, showing a lear D∗± peak.The mass spetrum of the reonstruted D0 from D∗ deay is depited in Fig-ure 7.1. The WS distribution provides an estimate of ombinatorial bakground.The exess of orret-sign andidates in the MKπ distribution at lower masses thanthe D0 peak is due to partly-reonstruted D0 deay modes, mostly D0 → K−π+π0in whih π0 was not identi�ed.7.4 D∗ signal extration methodThe proedure for the extration of the D∗ yields may di�er from analysis toanalysis [125℄. It an be done by subtrating the WS spetrum with a propernormalisation, or by the approximation of the D∗ andidate mass spetra with afuntion. In this analysis a hybrid tehnique was used. This tehnique ombines both�tting and bakground subtration. Aording to the method, the �t is performedin order to desribe the bakground. The usage of both CS and WS distributionallows dereasing the statistial unertainty beause those are two independent datasamples, and therefore the �t proedure is alled a simultaneous �t. Thus the shapeof the bakground �t funtion is derived from the WS and the normalisation from59
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x = |∆M − mπ|,was used for WS (long-dashed line in Figure 7.2). For the CS spetrum, a relativenormalisation parameter D was used (solid line in Figure 7.2) for the same Granetfuntion:
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 exeption of some orners of phase spae (low y, low Q2), where thestatistis of the events was small, e.g. less than 100 entries in the mass spetra.Then, a Poisson-Likelihood method was used.After the �t, the integral of the �t funtion is alulated in the ∆M seletionregion and subtrated from the orret-sign ombinations. The seletion region was
143.2 < ∆M < 147.7MeV (shaded area in Figure 7.2).The possibility of �tting D∗ peak was disarded, as in this ase the �t3 does notdesribe the peak tails whih leads to a strong dependene on the hoie of the �tfuntion.The usage of the hybrid method leads to a redution of the statistial unertaintywith respet to the wrong-harge subtration method. Thus, for the wrong hargesubtration method the relative unertainty is 1.7% and for the hybrid method it is1.4% 4. The unertainty is redued beause the bakground predition unertaintyis redued, beoming the one from the �t, and �utuations are smoothed out. Thetotal signal (Figure 7.2) in data is ND∗

= 12893 ± 185.More information about the D∗ and D0 spetra an be found in Appendix C.7.5 Corretions applied to Monte Carlo simulationsMost of the the time for any detetor simulation some simpli�ations are made,therefore not all detetor features an be simulated with the full auray. Thissetion desribes the orretions applied to the simulated events in order to obtaina orret aeptane.7.5.1 ISOe orretionsIn the previous, Setion 7.2, the FLT level seletion was desribed. One ofthe riteria given there is an eletron isolation, ISOe. The basi priniple of thisalgorithm is illustrated in Figure 7.3. The ISOe algorithm analyses energy depositsin a blok of 4 × 4 CAL ells (blak quadrants in the piture). A 2 × 2 subsetionof the setion of the blok 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 ativity, meaning that the energy depositswere less than some external threshold. When all these riteria are ful�lled, the3Several di�erent �t funtions were tested and none of them gave a satisfatory desription ofthe peak tails.4The gain on the statistial unertainty was larger for the signal extration in a partiular 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�ieny of the FLT slotsusing the ISOe requirement was found [126℄. The detetor simulation did not fullydesribe this ine�ieny, thus introduing a bias to the aeptane alulations.Therefore, dediated studies are neessary. The relevant e�ieny 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 theurrent analysis that does not rely on the ISOe riteria. Thus, it was used as a
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7.5. CORRECTIONS APPLIED TO MONTE CARLO SIMULATIONS

Figure 7.5: The same ratio as in Figure 7.4 as a funtion of the reonstruted eletronposition xe and ye for RunNr < 60400 (∼ 04p-06e data periods). The olourpalette represents the ratio ǫdata
ǫmc

.monitor trigger whih is 100 % e�ient with respet 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 reonstrution relies on the outer part of the RCALindependently on what is happening in the inner part of the RCAL that has its ownine�ieny.The e�ieny was alulated separately for the data and for the MC. The ratioof the two is the subjet of interest, beause it represents the relative ine�ienyof the MC simulation with respet 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 whih orrespondsto the gap between two RCAL modules. This ine�ieny a�ets mostly low Q2events. The ine�ieny 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 fration of 06p.The ratio was realulated after removing the badly simulated region and theremaining ine�ieny is shown in Figure 7.6 for the run range before and after run60400. The �nal ISOe orretion was implemented as follows. Events that were nottriggered by FLT44 and had an eletron reonstruted in the region of failure, 26.5 <
x < 29.5 cm, |y| < 10 cm, were removed from the analysis. After the exlusion63
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(a)

(b)Figure 7.6: (a) Residual ine�ieny of the ISOe simulation after utting away the regionof failure for the period RunNr < 60400 as a funtion (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 eah plot and listed in Appendix D.64



7.5. CORRECTIONS APPLIED TO MONTE CARLO SIMULATIONS

, GeVD*
T

p

2 3 4 5 6 7 8 910 20

no
m

σ
no

m
σ-

co
rr

σ

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

 D*η

-1.5 -1 -0.5 0 0.5 1 1.5

no
m

σ
no

m
σ-

co
rr

σ

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

2, GeV2Q

10 210 310

no
m

σ
no

m
σ-

co
rr

σ

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

y

0.1 0.2 0.3 0.4 0.5 0.6 0.7

no
m

σ
no

m
σ-

co
rr

σ

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

x

-410 -310 -210 -110

no
m

σ
no

m
σ-

co
rr

σ

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

D*z

0 0.2 0.4 0.6 0.8 1

no
m

σ
no

m
σ-

co
rr

σ

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

Figure 7.7: The e�et of the ISOe orretion, σorr−σnom
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(b)Figure 7.8: Fration of hadroni interations, Ihad, for (a) K+ (red dashed line) and K−(blue solid line), Ihad = IK , and for (b) pions, Ihad = Iπ, for an integratedpartile momentum.details and the e�et of the orretion on the double-di�erential ross setions aregiven in Appendix D.First level triggers had also uts based on traking information. Thus, the FLTtraking e�ieny were also studied. It was found that MC simulations desribe thedata well, therefore no orretion is needed [127℄.7.5.2 Traking orretionsAnother very important aspet of understanding the aeptane is the simulationof the traking performane. There are a few soures that ause a traking ine�-ieny like dead material, performane of the traking detetors, trigger e�ieny,trak reonstrution software features. In [128℄, the relative trak ine�ieny in thedata with respet to the MC for traks with pT < 0.26 GeV was estimated with
K0

S deaying into two pions. The experimental tehnique of the alulation of thee�ieny versus partile momentum is explained in [129℄. The resulting orretionwas implemented as a weight to the MC detetor level events as a funtion 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 funtion assumed to be unity for pπs
T > 0.26 GeV. Theorretion improved the MC desription of the data for low-momentum D∗s with

pD∗
T < 2.5 GeV.66



7.5. CORRECTIONS APPLIED TO MONTE CARLO SIMULATIONSAny traking detetor introdues additional material, where a partile an inter-at with a nuleus from the medium. This an ause imperfetions in the detetorsimulation due to systematis of the model that is used to desribe hadroni inter-ations. For the ZEUS traking system the simulation shows an underestimationof the hadroni interations by 40% for traks with pT < 1.5GeV estimated usingexlusive ρ0 deays [130℄, taking into aount that the dead material distribution isreasonably desribed by the MC [131℄. The transverse momentum threshold an berelated to the GEANT3 GHEISHA hadroni shower pakage. It uses experimentaldata for pion and proton ross setions on nulei for a partile momentum startingfrom 2GeV. Below that some �reasonable� approximation is used [107℄. Therefore,two possible thresholds an be onsidered, either for the traks with pT < 1.5GeVor p < 2GeV.The value of the orretion, W , should be alulated for eah partile that isbeing onsidered in the analysis by onvolving a probability of a partile to interathadronially, I, with a fration of hadroni interation 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 trak [132℄. The orretionshould be applied to the detetor-level MC events.Thus, for the ase of the D∗ deay onsidered in this thesis, the orretion wasde�ned as
Whad = (1 − WK) · (1 − Wπ) · (1 − Wπs), (7.5)where WK = ε·IK

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

1−Iπ
is the orretion 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�et on the ross setion 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 interation probability is larger. For the �nalresults, the pT threshold-like orretion was applied.7.5.3 Tails orretionsAs was explained in Setion 7.3, the D∗ deay topology is haraterised by thepresene of a �slow� pion trak with low momentum produed lose to the threshold.In the ZEUS detetor, traks with momentum above 0.1 GeV an be reonstruted.The lower the momentum of a partile, the more sensitive it is to multiple satteringinterations, and therefore the reonstruted momentum will di�er from the original.For the D∗ measurement, a ut pπs
T > 0.12 GeV was used for the seletion. 67
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Figure 7.9: E�et of the traking orretion de�ned as σorr−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 setions in bins of pD∗

T , ηD∗ , Q2, y, x, z
D∗ .Misreonstruted �slow� pions an ause a di�erent mass assignment for the D∗reonstrution by enlarging the width of the ∆M spetrum, see Figure 7.10. Thisenlargement is alled tail of the peak. It is important to hek how well these e�etsare simulated by the MC.For the ZEUS detetor simulation the M�oliere approah [133℄ was used for themultiple sattering model. By omparing the tails in D∗ ∆M spetra in the dataand in the MC a sizeable di�erene was found. However, MC does not fully desribethe size of the e�et, an attempt to pin down the origin of the tails using the MCshowed that they are aused by badly reonstruted D∗s, due to the �slow� pion andnot beause of the bakground [134℄.For the disrimination variable of the tails, the fration of missed events, κ,outside the seletion region was de�ned under the assumption that any exess over68
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κ =

NΣ − Nσi

NΣ

. (7.6)Here, NΣ is the number of D∗s extrated using the widest D∗ seletion region of
140 < ∆M < 150 MeV whih orresponds to a 10σ width of the full D∗ spetrum.Outside this region it is assumed that there is no D∗ signal. The value of σ =
0.46 MeV is extrated from the �t with a Modi�ed Gaussian, see Appendix C. Nσiis the number of D∗s extrated in the onsidered seletion region. A san of the tailontribution 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 orretion is needed. It an be de�ned as κdata − κmc.The presene of the tails is also relevant for the D∗ reonstrution in photopro-dution (PHP). The triggered rate of the D∗ prodution in PHP is approximatelythree times higher than the one in DIS. Therefore the ontribution to the D∗ spetratails was also extrated from the D∗s produed in the PHP proesses. For moredetails about the D∗ seletion in PHP, see Appendix E and [135℄. 69
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7.5. CORRECTIONS APPLIED TO MONTE CARLO SIMULATIONS
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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 fators, 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 onstrution, after thereweighting, the agreement between MC and data beame signi�antly better.
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• The beauty omponent, Nb, was normalised by a fator kb

F = 1.6 onsistentlywith the ZEUS measurements [137, 138, 139℄.
• Di�rative events, Ndiff , were normalised with a fator 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�rative 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�rative omponent of the DIS events dominates in theregion of ηmax < 2. In that region the RAPGAP MC underestimates the on-tribution from the di�rative proesses. This was taken into aount duringthe evaluation of systemati unertainties.
• The hadron-like resolved photon proesses in DIS were only inluded to eval-uate a model systemati unertainty.
• Photoprodution events, generated with Pythia, Nphp, were normalised to themeasured ross setion of D∗ mesons in photoprodution proesses [141℄ with

kphp
F = 0.9.

• The total harm ontribution from non-di�rative and di�rative 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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7.7. ACCEPTANCE, PURITY, EFFICIENCYFigures 7.19(a) and 7.19(b) show the distributions of the transverse momentumand pseudorapidity for the D∗ deay produts: K± , π± and π±
s . The ontroldistributions of the D∗ prodution in bins of Q2 and y an be found in Appendix F.Overall the MC desribes the data well, suh that the aeptane an be reliablyalulated.7.7 Aeptane, purity, e�ienyAnother important aspet of the analysis related to the MC simulation is theestimation of migrations. Due to resolution e�ets, the reonstruted value of phys-ial observable may not be exatly the same as the one generated. Thus, e.g. anevent instead of being reonstruted in the region ς ends up in the region ς + δςintroduing the so-alled migration. The lower the migrations e�ets the higher isthe purity of the reonstruted signal.Aeptane is de�ned as A =

ND∗

reco

ND∗

gen

, (7.10)where ND∗

gen is the generated number of D∗s , deaying to K∓ π± π±
s (beforepassing the detetor simulation) and ND∗

reco is the number of reonstruted D∗s(at the detetor 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 reonstruted inthe same bins aording to the mathing riteria. The mathing was donevia angles aording to ∆R =

√

(φgen − φreco)2 + (|ηgen| − |ηreco|)2, where
φreco, ηreco are the azimuthal angle and pseudorapidity of the reonstruted
D∗ and φgen, ηgen of the generated one. The mathing sueeded if∆R < 0.025.The higher is the purity, the lower are the migrations.E�ieny is de�ned as E = A · P. It is a fration of generated events that werereonstruted out of the total generated events.Figure 7.20 shows the values of purity, aeptane and e�ieny for every bin of

pD∗±

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



CHAPTER 7. MEASUREMENT OF D∗± MESON PRODUCTION IN DISreweightings disussed earlier in the text. The values of purity are found to besatisfatory for the measurement of D∗ prodution in DIS. The overall aeptaneof the detetor is 25%, while it goes down to 15% at low pD∗±

T and rises up to 40%at high pD∗±

T . The ine�ienies are mainly aused by the transverse momentum andpseudorapidity uts on the deay produts.
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7.8. CROSS SECTION DEFINITION7.8 Cross setion de�nitionIn this setion the de�nition of measured D∗ prodution ross setions is de-sribed. The kinemati region of the measured ross setions is:
5 < Q2 < 1000 GeV2,

0.02 < y < 0.7,

|ηD∗| < 1.5,

1.5 < pD∗

T < 20 GeV.The di�erential ross setion of the D∗ prodution in a given bin of the measuredobservable ζ, orreted 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 photoprodution bakground estimated with the PythiaMC and normalised as disussed in Setion 7.6;
L is the integrated luminosity of the data olleted by ZEUS, see Setion 7.1;
∆ζ is the bin width of the measured observable ζ;
ε is the aeptane of the detetor in the given bin of ζ, extrated from the MCand de�ned as in Setion 7.7. The ontribution from B-hadrons to D∗ mesonprodution is inluded in the aeptane;
CQED is the orretion to the QED Born level ross setion. The inoming or sat-tered eletron (positron) an undergo QED proesses emitting a photon, thusintroduing a bias to its initial or �nal energy. The orretion is de�ned as

CQED =
σBorn

vis

σRad
vis

, (7.13)where σBorn
vis is the RAPGAP ross setion is the seleted kinemati regionwithout inluding QED radiation, but keeping the �ne struture onstant,

αEM , running and σRad
vis is the RAPGAP ross setion with QED radiationturned on [108, 121℄. Typially, the QED orretion ranges from 1 to 2% ;BR is the D∗ branhing ratio of the onsidered deay 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 setions were measured in the ommonbinning of the two experiments ZEUS and H1, whih simpli�es the ombination andomparison and later ombination of the measurements.7.9 Systemati unertaintiesIn this setion a desription of the systemati unertainties of the measured rosssetion is given. The unertainties themselves were alulated as δ = σsyst−σnom

σnom
,where σnom is the nominal ross setion and σsyst is the ross setion after the mod-i�ation of the seletion, extration proedures et. on a bin-by-bin basis. The �nalsystemati unertainty was alulated by summing up in quadratures the individualunertainties. In the following, the onsidered soures of the systemati unertaintiesare listed. The e�et on the full visible ross setion is given in brakets.

• Experimental apparatus:1. δ1, energy sale of measured hadrons. To aount for the di�erenes of thehadron energy reonstrution in the detetor with respet to the MonteCarlo simulation, the E − pz of the hadron system was shifted by ± 2%in the Monte Carlo aording to the presription [142℄ (±0.5%);2. δ2, energy sale of the reonstruted eletron. E ′
e was shifted by ± 1%to aount for the di�erenes of the reonstruted eletron energy in thedetetor with respet to the MC simulation for E ′

e > 10GeV aordingto [143℄ (±1.1%);3. δ3, eletron position. The alignment of the SRTD detetor is known up to2mm. Therefore, to aount for possible di�erenes 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, reonstrution of DIS events. The size of the box ut of (15 ×15) m2was varied in order to aount 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 statistis in the low y, low Q2 bins. Thismakes this systemati unertainty statistis dependent. Therefore onlythe down variation, reduing by 1 m, was onsidered and the e�et wassymmetrised (±0.3%);5. δ5, the traking e�ieny orretion. The orretion due to hadroniinteration desribed in Setion 7.5.2 was varied by ±50% (±3%);82



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

F was varied by ±50 % to over all beauty measurements by ZEUS(±0.1%);2. δ8, the photoprodution ontribution. The normalisation fator kphpF wasvaried by ±100 % (±0.2%);3. δ9, the di�rative ontribution. The normalisation fator kdi�F for thedi�rative events was varied by ±50 % in order to over previous ZEUSmeasurements [113℄ and to over the tendeny preferred by the ZEUSdata, see Setion 7.6 (±0.5%);4. δ10, the resolved ontribution. Proesses where the inoming photon hasnon point-like struture were inluded into the aeptane alulations.The MC reweighting funtion for η and fators for pD∗

T , Q2 were realu-lated in order to make the MC desribe the data (±1%);5. δ11, the pD∗

T ,Q2 distribution reweighting. Reweighting fators were variedby ±0.5 ·wpT ,Q2 to aount for possible shape di�erenes of the distribu-tions, see Setion 7.5.4 (±0.8%);6. δ12, the ηD∗ distribution reweighting. Reweighting fators were varied by
±0.5 · wη to aount for possible shape di�erenes in the distributions(<±0.1%);7. δ13, the reweighting of the inelastiity distribution. RAPGAP has atendeny to underestimate D∗ prodution 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 unertainty only δ13 was used instead of δ12 as it gave bigger e�et(±0.7%).

• D∗ signal extration proedure:1. δ14, �t unertainty. The Granet bakground funtion, see Setion 7.4,was replaed by the funtion f ′(x) = A · x 3
2 + B · x + C · x 1

2 + D, where
x = ∆ M −mπ± . This funtion desribes the WS and gives a reasonablequality of the �t (±0.2%);2. δ15, another �t unertainty. 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∗ unertainty of the orretion for missed events outside the sele-tion region, tails orretion. The orretion funtion, see Setion 7.5.3,Equation 7.7, t(x) was varied by ±
√

( δa2

x
)
2
+ δb2, where δa and δb arethe orresponding parameter unertainties taken from the �t used to de-termine t(x) (±4%);4. δ17, D0 seletion. The single-sided unertainty of +2% was applied ineah bin of the ross setion to aount for the D0 tails, see Setion 7.5.3.

• Aeptane orretion unertainty:1. δ18, statistial unertainty of MC sample, used for the alulation of theaeptane, alulated with the binomial statistis approah as desribedin [144℄ (±1%);2. δ19, statistial unertainty of the QED orretion fators, alulated withthe binomial statistis approah based on the additional RAPGAP MCsamples used to determine the QED orretion (<±0.1%).
• δ20, branhing ratio unertainty from the PDG is 1.5%. As in the ase for theluminosity measurement, it is listed separately.The unertainties of the ISOe orretion and absolute traking e�ieny orretionare found to be negligible (<0.5%) and thus were not onsidered. The full breakdownof the systemati unertainties for eah bin is given in Appendix H.7.10 Theoretial preditionsThe D∗ prodution in DIS was alulated at next-to-leading order (NLO), O(α2

s),in the �xed-�avour-number sheme (FFNS) (see Chapter 3). Both the single anddouble di�erential D∗ prodution ross setions were alulated with the HVQDISprogram [145℄.The input parameters of the HVQDIS program were taken from the presriptionof the HERA ombination group [146℄:
• the pole harm quark mass was set to mc = 1.50GeV;
• the renormalization and fatorisation sales 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 setions for c quark pro-dution. Therefore a fragmentation model [146℄ was implemented to allow aomparison to the measured D∗ ross setions.The longitudinal fragmentation was performed in the γ∗p entre of mass frameusing the fragmentation funtion of Kartvelishvili, see Chapter 3, whih isontrolled 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 funtion are reported in Table 7.4. Moredetails about the fragmentation proedure an be found in [146℄;
• Transverse fragmentation was implemented assigning to the hadron a trans-verse momentum, kT , with respet to the harm quark diretion aording to

f(kT ) = kT exp(−2kT /〈kT 〉), with 〈kT 〉 = 0.35 ± 0.15 GeV;
• The fration 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∗± prodution was extrated from RAP-GAP BGF MC proesses and was added to the preditions by HVQDIS, asthe beauty quark ontribution is a part of the ross setion 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 funtion used for the alulation of D∗±meson prodution. The �rst olumn shows the ŝ range, with ŝ1 = 70±40GeV2.The partiular value of αK for eah ŝ range is given in the seond olumn.The unertainties of the theoretial alulations were estimated by varying thesetup parameters of the HVQDIS program, the e�et on the total visible ross setionis given in brakets:
• The fragmentation sale was varied by a fator two up and down (+11

−16 %);
• The renormalization sale was varied by a fator two up and down indepen-dently of the fragmentation sale (+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 funtion ŝ range and αK were varied asgiven in Table 7.4 (+3

−2%) ;
• Variation of strong oupling onstant by ±0.002 (< ±1 %);
• The PDF unertainties were alulated aording to the HERAPDF1.0 pre-sription [147℄ and found to be negligible.The total systemati unertainty of the predition was obtained by summing up alllisted e�ets in quadratures.7.11 Results7.11.1 Total D∗ ross setionThe ross setion of D∗± meson prodution in DIS was measured for the visiblekinemati phase spae listed in Setion 7.8, orreted 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 preditions by HVQDIS program with thesettings parameters listed in the previous setion, the total visible ross setion isfound to be

σvis(D∗)HVQDIS =
[

5.1 +1.0
−1.1 (theory un.)] nb. (7.15)The theoretial preditions desribe the measured visible ross setion of the D∗±prodution in DIS within the quoted theoretial and experimental unertainties.7.11.2 Single- and double-di�erential D∗ ross setionsSingle- and double-di�erential ross setions of the D∗± prodution in deep-inelasti sattering were measured in the ommon phase spae agreed by the twoollaborations H1 and ZEUS [149℄. The measurement is based on the full availablestatistis from HERA II with an integrated luminosity of 363 pb−1. The phase spaeof the measurement is de�ned in Setion 7.8.Figure 7.21 shows the single-di�erential ross setions as funtions of D∗ ob-servables: pD∗±

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

T , while theyremain almost �at with ηD∗± . The theoretial QCD preditions in next-to-leading86



7.11. RESULTSorder, as desribed in Setion 7.10, are ompared to the measured ross setions andfound to be in good agreement within the quoted unertainties. The preditionsdo not fully desribe the measured ross setions in all zD∗± bins. This may sug-gest that the fragmentation treatment may require further investigations from thetheoretial point of view. The Monte Carlo preditions for the BGF proess fromRAPGAP are also shown in Figure 7.21. The RAPGAP preditions are only LO,therefore they were saled up by 10% for the harm part in order to agree with thefull visible ross setion, see Setion 7.11.1. The beauty omponent was saled by afator of 1.6 as disussed in Setion 7.6. The MC preditions follow the measureddata in shape.Figure 7.22 shows the single-di�erential ross setions as a funtion of Q2, yand x. The ross setion falls with rising Q2 by three orders of magnitude. Asimilar behaviour is seen with respet to x. As in the ase of the D∗ observablesthe NLO QCD preditions desribe the measured ross setions within the quotedunertainties.The values of the ross setions as well as the unertainties are reported inTables 7.5 and 7.6.Figure 7.23 shows the double-di�erential ross setion of D∗± prodution in deep-inelasti sattering in Q2 and y for Q2 < 100GeV2. The previous measurementperformed in the same �ommon� phase spae by the H1 ollaboration at low Q2 [150℄are ompared to the urrent results. The H1 results are the most preise singlemeasurement of D∗± prodution in DIS so far. The two data sets are in a goodagreement and have similar preision. As in the ase of single-di�erential rosssetions, the NLO alulations desribe the data reasonably well.Figure 7.24 shows the double-di�erential ross setion of D∗± prodution in deep-inelasti sattering in Q2 and y for the region 100 < Q2 < 1000GeV2. As in thelow Q2 ase, the NLO theoretial preditions desribe the data well. Previous H1measurements in the high Q2 region [151℄ are ompared to the presented ZEUSmeasurements and found to agree within statistial unertainties.The measured double-di�erential ross setion values are reported in Table 7.7.A diret omparison of the D∗± prodution ross setions to the HERA I mea-surements [61℄ is not possible sine the previous measurements were performed in adi�erent phase spae and binning.7.11.3 e+/e−p asymmetryPreviously the ZEUS ollaboration measured the ratio of D∗ prodution in e−pand e+p ollisions [61℄. The measurement was done on HERA I data with a lu-minosity of 79 pb−1. Aording 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 physial proesses that ould explain this di�erene. The result was inter-87
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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 setion of the D∗± prodution 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�erentialross setion, the statistial and systemati unertainties in perent and theQED orretion fators, respetively. The overall normalization unertaintiesfrom luminosity (1.9 %) and branhing ratio (1.5 %) are not inluded. 89
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7.11. RESULTS
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 setion of the D∗± prodution in Q2, y and x bins. SeeTable 7.5 for details.
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Figure 7.24: Double-di�erential ross setion of the D∗± prodution in bins of Q2 and
y for the region of 100 < Q2 < 1000GeV2. The results of this thesis aremarked with �lled blak points. Measurements by the H1 ollaboration areshown as open triangles. In both, the inner error bars represent the statistialunertainties and the outer error bars represent the statistial and systematiunertainties added in quadratures. The NLO QCD theoretial preditionsfrom HVQDIS as well as the saled RAPGAP MC preditions (long-dashedline) are also shown. The saled beauty ontribution from RAPGAP is shownas a separate blue solid line.
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CHAPTER 7. MEASUREMENT OF D∗± MESON PRODUCTION IN DIS
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 setions of the D∗± prodution in bins of Q2 and y. The seondlast olumn reports the ontribution from beauty deays, based on the RAPGAPMC resaled 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 funtion of pD∗±

T , ηD∗± , Q2, y, x and zD∗± . Thevertial lines represent the statistial unertainties of the measurement, whilethe horizontal bars show the bin width and the dashed line is the unity line.
preted as a statistial �utuation. The urrent measurement of D∗ prodution inDIS is based on almost four times higher statistis, 187 pb−1 of the e+p sample and174 pb−1 of the e−p sample. Therefore, the new measurement is able to hek theresult of HERA I.The behaviour of the ratio σe−p/σe+p was measured as funtions of pD∗±

T , ηD∗± ,
zD∗± , Q2, y and x in the same binning and kinemati range as in Setion 7.11.2.The results are shown in Figure 7.25. Only statistial unertainties are given. Thesystemati unertainties partially anel in the ratio and no dediated studies wereperformed for this purpose. The urrent measurement shows that the ratio σe−p/σe+pis onsistent with unity within the quoted statistial unertainties, on�rming thatthe observation at HERA I was due to a statistial �utuation. 95



CHAPTER 7. MEASUREMENT OF D∗± MESON PRODUCTION IN DIS7.12 SummaryMeasurements of D∗± prodution in deep inelasti sattering based on the fullHERA II statistis of 363 pb−1 are presented. The measurements were performed byreonstruting D∗ mesons from the deay mode D∗± → D0(D̄0) π±
s . The kinematiregion 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 extration ofthe D∗ yields was developed that allowed to redue the statistial unertainty ofthe ombinatorial bakground with respet to the previous results [61, 74, 125℄. Theunderstanding of the systemati e�ets was also signi�antly improved, for examplethrough orretions to the D∗ peak tail. Ine�ienies of the trak reonstrutionrelated to the hadroni interations as well as trigger related ine�ienies wereimplemented in order to obtain the orret aeptane orretions. The di�rativeharm prodution was inluded in the MC simulation for a better desription of thehadroni system by the simulations.Di�erential ross setions as funtions of pD∗±

T , ηD∗± , zD∗± , Q2, y and x werepresented as well as double-di�erential ross setions in bins of Q2 and y. Thetheoretial NLO QCD preditions desribe the measurements within the quotedunertainties. The urrent ZEUS measurements show the same preision as theH1 measurements in the same phase spae. As the measurement was performedin the ommon phase spae, agreed by the H1 and ZEUS ollaborations, furtherombinations or omparisons are muh simpli�ed. The present measurement showsmuh smaller statistial unertainties than any of the previous measurements byZEUS. Unfortunately, diret omparisons to the previous results is not possible atthe level of visible ross setions as they were performed in a di�erent phase spaeand binning.
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Chapter 8Measurement of F cc̄
2Measurements of harm prodution an be performed with di�erent experimentalmethods as well as with di�erent analysis tehniques and in di�erent parts of phasespae [61, 108, 130, 137, 149, 150℄. Thus, any omparisons or ombinations of resultsare only possible one the measurements are extrapolated to the full or a ommonphase spae.In this hapter the extration of the harm ontribution to the proton struture,F2,see Chapter 2, is presented. The results are based on the double-di�erential ross se-tion measurements of D∗± prodution in DIS, presented in Chapter 7. The double-di�erential ross setions in Q2 and x of cc̄ pair prodution 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 inlusive struture funtion F2 and F cc̄

Lis the harm ontribution to the longitudinal struture funtion FL originating fromthe exhange 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 perent [152℄.8.1 Extration tehniquesThe harm ontribution to the proton struture funtion, F cc̄

2 , an be expressedin terms of redued ross setions as
σcc̄

red(x,Q2) = F cc̄
2 (x,Q2) − y2

1 + (1 − y)2
F cc̄

L (x,Q2). (8.2)The redued ross setions of harm prodution an be obtained by the extrapolationof the double-di�erential ross setions to the full phase spae using theoretial97



CHAPTER 8. MEASUREMENT OF FCC̄
2preditions. In the present measurement the extrapolation from the visible D∗±prodution ross setion in the phase spae 1.5 < pD∗±

T < 20GeV and |ηD∗±| < 1.5to the full D∗ kinemati range was done using the HVQDIS preditions desribed inChapter 7. The beauty ontribution to D∗ prodution, σbeauty, was subtrated fromthe visible D∗ ross setion, σvis, by using the preditions from the RAPGAP MCgenerator saled up by kb
F = 1.6, see Chapter 7. Thus, the extrapolation proedurewas done aording to the formula

σcc̄
red(x,Q2) =

(

σvis − σbeauty
vis

)

(

σcc̄
red(x,Q2)

σvis

)

Hvqdis

. (8.3)The referene x,Q2 points at whih the σred were extrated, are hosen to belose to the average x and Q2 inside eah measured bin. The extrapolation fator isde�ned as
ǫ =

1

A
, (8.4)where the A is the kinemati aeptane alulated 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 unertainty of the extrapolation was obtained by varying the parameters ofthe NLO QCD preditions used for the extrapolation. The variation was obtainedaording to the presription of [146℄ with the exeption that the experimental uner-tainties of the PDFs were negleted. The theoretial unertainty evaluation in [146℄di�ers from the one used for the omparisons to the single- and double-di�erentialross setions. An additional unertainty was obtained from the unertainty onthe subtrated beauty omponent that was varied by ±50%. The treatment of thesale unertainties, fatorisation and renormalization, di�ers from the one used toompare to the double-di�erential ross setions. In this ase the sales were var-ied simultaneously. Those two unertainties, the sale unertainty from the NLOalulation for the omparisons and the sale unertainty of the extrapolation, re-fer to di�erent aspets. For the former one, the desription of the absolute rosssetion values is neessary, while for the latter only the desription of the shape isimportant.8.2 Combined measurements of F cc̄
2Before disussing the result of the present measurement of F cc̄

2 it is worthwhile toover previous measurements that will be ompared to the urrents ones. Reently98



8.3. THEORETICAL PREDICTIONSthe H1 and ZEUS ollaborations made a ombination of the published measure-ments of harm prodution in DIS, see Chapter 3, from the HERA I and HERA IIperiods [146℄. Measured redued ross setions for harm prodution were obtainedin the kinemati range of 2.5 6 Q2 6 2000 GeV2 and 3 · 10−5 6 x 6 5 · 10−2. Theombination yielded a twie better preision 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 sheme using the FFNS�t
mc(mc) = 1.26 ± 0.05(exp) ± 0.03(mod) GeV, (8.6)where only experimental and model unertainties 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 shemes. The inlusion of the harm data intoparton distribution funtion �ts introdued further onstraints on the PDFs. Thus,the unertainty on the gluon distribution funtion was redued, mostly due to aredution in the parametrisation unertainty oming from the onstraints that theharm data put on the gluon through the γ g → cc proess. The unertainty ofthe harm sea distribution, xc̄, was redued beause of redution of the variation ofMc. The unertainty on the xū and xd̄ sea distributions also dereased through theonstraints on xŪ and xD̄ oming from the inlusive data.8.3 Theoretial preditionsFor the purpose of global omparisons, the theoretial alulation of σcc̄ wereperformed in the generalised-mass variable-�avour-number sheme (GM-VFNS), ex-plained in Chapter 3. The transition region between massive, Q2 ≤ m2

c , and mass-less, Q2 ≫ m2
c , alulations, 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 inlusiveDIS HERA data was used for the PDFs. For the entral predition a speial setwith mc = 1.5GeV was used [155, 136℄, whih is more symmetri with respet tothe harm mass variation than the default value of mc = 1.4 GeV that was releasedwith HERAPDF1.5. Note that HERAPDF1.5 does not inlude any of the harmmeasurements.The unertainty of the preditions was estimated as the sum of the experimental,parametrisation and model unertainties used in the PDF �t added in quadrature.The largest unertainty 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 unertainty.However, this is orrelated with the variation of the parameter Q2

0 = 2.0 GeV2 at99



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

0 =
2.5GeV2, the mass of harm quark was inreased to mc = 1.6GeV due to thresholde�ets of the heavy �avour treatment sheme.8.4 ResultsResults of the measurement of the harm ontribution to the proton strutureby reonstruting the full kinemati deay mode of D∗± mesons are presented inTable 8.1 in terms of redued ross setions, σcc̄

red.Figure 8.1 shows the measurement as a funtion of x for a given value of Q2.The preditions from HERAPDF1.5 presented in Setion 8.3 are ompared to theurrent measurements and found to be in agreement. It is worth to notie that theHERAPDF1.5 was extrated from HERA measurements that do not ontain any ofthe harm data.Also, the ombined previous measurements from HERA (see Setion 8.2) areompared to the present ones. Two measurements are in very good agreement.The D∗ results from ZEUS show a similar preision in some of the points as theombined measurements. Therefore, further onstraints on the PDFs and furtherimprovement of the unertainty of the harm measurement an be obtained byinluding the present measurement to the �nal ombination from HERA.Figure 8.2 shows the urrent D∗ results ompared to the reent ZEUS measure-ment of harm prodution with reonstrution of D± mesons [108, 156℄. The twomeasurements are in good agreement. The D∗ measurement has a better signal tobakground ratio, and is therefore more preise.8.5 SummaryThe extrapolation of measurement of harm prodution of this thesis to the fullphase spae was presented. The measurement is in agreement with reent ombinedresults from the H1 and ZEUS experiments and with the latest ZEUS results from
D±. The D∗ results alone have similar preision as the ombined ones.The HERAPDF1.5 preditions for redued harm ross setions desribe theresults. The measurement will serve as a valuable input for future HERA ombinedharm 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 redued ross setions, σcc̄

red(x, Q2, s), with statistial, systemati and the-oretial unertainties. 101
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Figure 8.1: Redued ross setions of harm prodution, σcc̄
red, as funtions of x for givenvalue of Q2. The measurement of this thesis is marked with blak �lled points.The inner error bars represent the full experimental unertainty, while theouter line inludes the extrapolation unertainty. The red open points are theHERA ombined measurements with inner error bars orresponding to the un-orrelated part of the unertainty. Theoretial preditions from HERAPDF1.5are shown as blak solid line for the entral values, with olour bands orre-sponding to di�erent parts of the predition unertainties. The largest band onthe HERAPDF1.5 predition represents the total unertainty whih inludesthe experimental, parametrisation and the model unertainty of the PDF �t,inluding the harm mass variations. Also shown is the sum in quadratures ofall unertainties exluding those involving the harm mass variations, and theexperimental unertainty on the PDFs.
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8.5. SUMMARY
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Chapter 9ConlusionsIn this thesis measurement of the prodution of harm quarks in deep-inelastisattering at HERA at the entre-of-mass energy of 318 GeV is presented. Theanalysis was performed on data olleted with the ZEUS detetor during 2004-2007 with an integrated luminosity of 363 pb−1. Charm quarks were tagged bythe presene of D∗± mesons. The latter were measured from the full kinematireonstrution of the deay hannel D∗± → D0/D̄0 π± with the subsequent deay of
D0 (or D̄0) to K∓ π±. The visible phase spae of the measurement was 5 < Q2 <
1000GeV2 0.02 < y < 0.7 with Q2 being the exhanged photon virtuality and ybeing the inelastiity. The visible D∗± kinemati phase spae was determined by thetransverse momentum 1.5 < pD∗±

T < 20GeV and by the pseudorapidity |ηD∗±| < 1.5.This orresponds to the ommon phase spae agreed upon between the H1 and ZEUSollaborations. A new method to extrat D∗± signal was used whih resulted in aredution of the statistial unertainty with respet to previous analyses of this kindin addition from the redution from the higher luminosity. In line with the improvedpreision, systematis e�ets that were previously not onsidered were investigated.The full visible ross setion of D∗± prodution was measured to be
σvis(D∗) = 5.31 ± 0.08 (stat.) +0.27

−0.22(syst.) nb.Single-di�erential ross setions of D∗± prodution were measured as a funtionof Q2, y and x and also as a funtion of pD∗±

T , ηD∗± and zD∗± . The results wereompared to theoretial preditions at next-to-leading order of αs by HVQDIS. Thetheory desribes the pD∗±

T and ηD∗± di�erential ross setions within the quotedunertainties, while for the zD∗± distribution, the predition does not fully desribethe shape of the distribution. This may indiate some imperfetion of the treatmentof fragmentation in theory.Double-di�erential ross setions in 31 bins of Q2 and y were measured andompared to the D∗± measurements published by the H1 ollaboration in the samephase spae. The two measurements are in good agreement and have similar prei-105



CHAPTER 9. CONCLUSIONSsion. Theoretial NLO QCD preditions desribe the measured ZEUS results withinthe unertainties.The double-di�erential ross setions were used to extrat the harm ontribu-tion to the proton struture funtion F2, F cc̄
2 expressed in terms of the reduedharm prodution ross setions, σcc̄

red. The redued ross setions were extratedfrom the visible harm ross setions by extrapolation to the full D∗± phase spae.The results were ompared to the preditions from HERAPDF1.5. The preditionsdesribe the data. Also, the results were ompared to the reent HERA ombina-tion measurement whih does not ontain the ZEUS D∗± results presented here.The two results are in good agreement and have a similar preision. Reently, alsonew measurements of harm prodution tagged by D+ mesons with ZEUS wereperformed. Those results are in agreement with the one presented here. The D∗±measurements are signi�antly more preise. The urrent ZEUS results will improvefuture ombination of the HERA harm measurements.
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Appendix APower pulsing studies for thePLUME projetIn this hapter power pulsing studies in the ontext of a vertex detetor fora future Linear Collider (LC) are summarised. The studies for this report wereperformed with a single silion pixel sensor hip alled MIMOSA26. The basionepts of CMOS tehnology, the MIMOSA26 hip and di�erent methods of powerpulsing are disussed. Investigation of the di�erent methods was performed with a
55Fe radioative soure.A.1 The PLUME projetIn this studies the main fous was put on future traking detetors within theframework of detetors at the International Linear Collider (ILC) [157℄. A lineareletron-positron ollider will be one of the possible aelerator mahines in thepost-LHC era. It will be dediated to study physis phenomena with high preision.At the ILC a preise reonstrution of seondary verties is one of the key issues.An exellent single hit resolution of about 2 µm for a trak momentum of p = 1 GeVand the impat parameter resolution of √(5 µm)2 + ( 10 µm

p sin(θ2/3)
)2) [157℄ is required.Another very important milestone is the reonstrution of partiles with shortlife times, like B and D mesons. They have to be preisely deteted within theinnermost layers of the traker that enlose the beam pipe, the vertex detetor.Thus, the amount of material in the traker should be low enough not to in�uene thetrak reonstrution performane with multiple hadroni interations. Therefore,the material budget for the vertex detetor is proposed to be ∼ 0.1% of the radiationlength, X0, per layer. This limitation is really signi�ant with respet to e.g. presentATLAS inner traker, where it is up to 30 % of X0 in the entral traking region [158℄.The physial prospets are hallenging on the detetor side and has triggered many107



APPENDIX A. POWER PULSING STUDIES FOR THE PLUME PROJECT
Figure A.1: ILC mahine time struture at 5 Hz repetition rate. Every 199 ms a bunhtrain omes. The bunh train onsists of ∼ 3000 bunhes and has a durationof 0.95 ms.ontinuing researh and development groups around the globe.Due to high power dissipation, silion detetors are heating up and typiallyative ooling with ooling pipes are used to transport the heat away from thedetetor. Suh ooling pipes introdue a lot of material into a vertex detetor andare not an option for a vertex detetor at the ILC and other means of ooling orpower redution have to be investigated.Aording to the ILC mahine time struture, there will be a bunh train every200ms, giving a repetition rate of 5Hz, see Figure A.1. Between the bunh trainsare non-bunh periods of a 199ms length. That rises the possibility to use the non-bunh periods to ool down the detetors by turning them o� for a ertain time.Suh a power yling method is alled Power Pulsing (PP). There is no ommonlyapproved sheme to do power pulsing yet and thus the tehnial realisation need tobe de�ned.Pixel Ladder with Ultra-low Material budget (PLUME) is a dediated R&Dprojet aiming to produe a demonstrator ladder for the vertex detetor for theInternational Linear Detetor (ILD) by the end of 2012 [159℄. A goal of this projetis to study the power pulsing possibilities of MIMOSA26 implemented in suh aladder. In the sope of the presented researh, three types of possible PP methodsfor a single detetor hip are disussed.The ladder onept for PLUME is shown in Figure A.2. There are two modules,eah equipped with six MIMOSA26 sensors thinned down to 50 µm and glued ontothe supportive silion arbide foam forming a sandwih-type struture. More detailsabout the pixel sensors will be given as follows. The sensitive length of the ladderis 12.5 m with a thikness of 2mm and the ahieved material budget is 0.3 % of
X0 (for the two layers) of the radiation length. Several studies [160℄ for the laddervalidation suh as ladder design, test of the detetor performane under the partiletest beam onditions, investigation of the thermal dissipation along the ladder areongoing. Also mehanial stability of the ladder under operation in magneti �eldand simulations of the ladder geometry are also subjets of the researh. 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 subjet of the present studies.A.2 MIMOSA26A MIMOSA26 hip is a Monolithi Ative Pixel Sensor (MAPS) [161℄ where thesensitive area and the readout eletrons are grown together on one substrate. Thehip is based on the CMOS tehnology substrate with p- and n-tubes, implantedin lightly doped p-epitaxial silion, grown on a highly-doped p-substrate. A logielement of CMOS-type ontains both n- and p-type MOS transistors [162℄, allednMOS and pMOS respetively. The nMOS has negative free harge arriers, whilepMOS has positive ones.Eah MOS element has a sandwih-like struture made by onduting and insu-lating materials as shown in Figure A.3(a). It onsists of the onduting gate, builtup from polysilion, the silion bulk (body) and the glass insulator. The gate servesas a ontrol input. Two transistor types, nMOS and pMOS, operate with di�erentlogi, desribed in the following. The body of nMOS is grounded (VGND ∼ 0 V ),thus the p-n juntions between the soure and the body and between the drain and
(a) (b)Figure A.3: (a) Struture of a single MOS element. (b) Struture 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 islosed 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 poweronsumption, 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 juntion between the n-well and the p-type epitaxial layer. The prinipleof detetion of harged partiles is illustrated in Figure A.4(a). An inoming partileprodues eletron-hole pairs in the epitaxial layer. The eletrons di�use thermallyinside the layer whih lies between the two highly-doped zones, the substrate andthe p-wells. The onentration 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 onsequene, eletrons remain inside the epitaxial layer.N-wells ollet the eletrons 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 pith size of a 18.4 µm. The a-tive area is (10.6× 21.2)mm2. Eah pixel of MIMOSA26 inludes ampli�ation andorrelated double sampling (CDS). Eah olumn of pixels ends with a disriminatorperforming the analogue to digital onversion. The information from the pixels withzero signal is suppressed in order to inrease the readout frequeny [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 partile detetion priniple with MIMOSA. (b) Aphoto of a MIMOSA26 hip with a shemati layout drawn on top.
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A.2. MIMOSA26

Figure A.5: Pixel iruit 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 ommuniation between the hip and a omputer for synhro-nisation and proper programming. MIMOSA26 operates with nominal frequeny of80MHz. A typial 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, eah pixel is read out bya simple iruit, shown in Figure A.5. The harge is olleted via the n-well diodeand loaded into the parasiti apaity of the pixel. Two voltages drops are beingmeasured, the one on the apaitor and the one on the forward-biased diode. Thelatter is used to reset the pixel signal to ompensate for leakage urrent. Sinethe reset proedure is muh slower than the readout frequeny, the generated signalharge remains in the pixel for several readout yles. The optimal readout frequenyis 20MHz for the analogue readout mode. In ase of analogue readout no zerosuppression and on-hip orrelated double-sampling is performed. The output dataontain the raw signal from eah pixel.The internal registers [166℄ of the MIMOSA26 hip, e.g. the bias and otherregisters an be aessed and are fully adjustable via the ontrol interfae usingJTAG [167℄. Suh registers inlude the so-alled BIAS_DAC register. It simulta-neously sets the 19 DAC registers whih ontrol the voltage and urrent bias onthe digital-to-analog onverters (DAC) and disriminators. 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 disriminators sequene. 111



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

Figure A.6: Shemati 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�et of power pulsing on the rawsignal itself.The Data Aquisition 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). Eahboard 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



A.3. EXPERIMENTAL SETUP
• Digital auxiliary board, through whih the digital part of the hip was powered,programmed and ontrolled.
• Analogue auxiliary board, whih 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, whih provided a ommuniation between the om-puter and the registers of the hip through the JTAG protool. Its interfaeis used to setup the disriminator thresholds and other on�guration settings,and initialise the hip for power pulsing. The sensor is programmed when thelok is ative;
• 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 loal PC hard drive;
• Analogue power ontrol box;
• VME rate for powering the Imager Boards.
• Frequeny generator to provide a 20MHz lok for the hip.The synhronisation was performed by the Imager Boards though via an Ethernetinterfae.There are two possibilities for the hip readout, one is to read the full sensor(an array of 576 × 1152 pixels) and the seond is to read only the last eight lines(an array of 576 × 8 pixels). Tehnially it is not possible to selet eight partiularlines. The basi idea of the urrent power pulsing studies is to determine the hipresponse with time. That is why only the seond readout possibility is feasible dueto a memory lak 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 lok yle translates to 209.7ms (ILC readout yleis 200ms) with 1 readout frame orresponding to 0.46ms. Later on the frame itselfwill be used as an observable for the time haraterisation.A so-alled "speak" signal is provided by the DAQ to indiate that the data fromthe hip should be proessed 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) synhronisation with theDAQ signal (Speak). The start of the power pulsing is delayed with respet tothe Speak signal. The duration of the PPRI signal orresponds to the powero� time.respet to the speak signal an be ontrolled with the analogue power ontrol boxand monitored with an osillosope.There are two possible data taking modes with this analogue readout. One ofthem is the power pulsing san, where only eight last lines of the hip are read out.The seond is the so-alled full-hip-san, in whih 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 disriminators. There is alsoa possibility to store the PPRI signal by replaing the output of one of the readouthannels. 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 proedure 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 READomponent that orresponds to the harge olleted on a apaitor1. The seond oneis the CALIB omponent; it orresponds to the output signal in a pixel right beforea speial reset signal, whih sets the a diode apaitane to zero. The di�ereneof those two omponents de�nes raw signal. This tehniques is alled CorrelatedDouble Sampling (CDS). More details an be found in [170℄.The analysis proedure of a raw data ontains the following steps:1aused by an ionising partile or any noise that is higher than the disriminator threshold114



A.4. DATA ANALYSIS

Figure A.8: Illustration of the pedestal distribution and the level of noise.
• O�set estimation. In the ase when eletronis has no leakage urrent, theoutput of a detetor will always be zero if no ionising partile passes throughit. In reality there is an o�set from zero, whih 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 neessary totake non-physial events, e.g data with no radioative soure or no light expo-sure (MIMOSA26 is sensitive to photons) and than do the alulation 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

√
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∑N
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k
i )
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(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 searhes of an indiation of an ionising partile, thepedestals need to be subtrated from the raw signal pixel-by-pixel. Afterwards,the searh for a seed pixel needs to be performed. The seed pixel is the onein whih 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. Thesearh 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.

• Physial signal extration. The distribution of r in seed pixels representsthe spetra of an ionising soure.A.5 55Fe γ-soure studiesThere are several ways to test detetor performane. The �rst one is to irradiateit with a radioative soure. The seond way is to irradiate the detetor with beam ofpartiles of known energy and position. The present studies were performed with a
55Fe γ-soure. 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 rawdetetor signal is demonstrated in Figure A.10. Most sizable spikes orrespond tohits produed by a γ- photons.As mentioned before, for the power pulsing studies only 1/144 of the sensitivehip area was used. Therefore, the number of events with real hits was signi�antlyredued. The event reonstrution was performed as disussed in the previous se-tion. Figure A.11 shows the spetrum of a 55Fe soure taken with the MIMOSA26hip. This spetrum represents the harge aumulated in a seed pixel over 3000of events. The spetrum was �tted with a Double-Gauss funtion. The �t parame-ters provide all the neessary information to perform the hip alibration (ADC-to-harge onversion). In silion, the energy required to produed an eletron-hole pairis 3.6 eV. Therefore, Kα (Kβ) photon an produe about 1640 (1830) eletron-holepairs.As for the power pulsing studies only the analogue part of the hip was used, thehip alibration was not performed and all the working units are given in ounts ofADC (a.u.). The onversion an always be done using parameters extrated fromthe �t.116



A.6. POWER PULSING STUDIES

Figure A.10: An example of a 55Fe event for the san readout mode. Only the CDSinformation without any analysis steps is depited. Only half of the pixel ar-ray is shown. The spikes show the possible reonstruted hits in the detetoraused by 55Fe γ-rays.A.6 Power Pulsing StudiesMIMOSA26 hip was not designed for an optimal operation under power pulsingonditions. 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 subjet of interest.One 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�etive ompared to the199ms between the bunh trains of the ILC time struture. Thus, a di�erent way ofreduing the power onsumption needs to be introdued. Three di�erent methodsof power pulsing were developed by the CMOS group at Strasbourg for a single hipdetetor with the analogue readout. 117
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Figure A.11: The spetrum of 55Fe soure. Dashed line orresponds to a �t with adouble-Gaussian funtion. The �rst peak orresponds to the Kα line and theseond to Kβ .A.6.1 Power Pulsing IIt is possible to introdue 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 swith some of the ampli�ers and disrimi-nators to the stand-by mode for some moment by hanging the other register values.Therefore, the power pulsing was performed by dereasing the voltage of the disrim-inators, thus powering o� the pixel ampli�ers. In this ase, all disriminators are setto the so-alled �stand-by� mode. This was done by setting the EnDisriPwrSaveand EnDisriAOP 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 redution, but gives at least a visual representation of the studies. The118



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

(a)

(b)Figure A.12: Evolution of the hip harateristis with time under power pulsing on-ditions of type I: (a) noise time line, (b) pedestal time line. One frameorresponds to 1µs.The peak position of the Kα line of the 55Fe soure together with the peak widthwere reonstruted on a frame-by-frame basis. The result is shown in Figure A.13.Due to time onsuming alulations, the frames between dashed lines were not takeninto aount.After an introdution 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 spetrum harateristis 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 struture of the pedestal timeline is presented before and after the power pulsing yle. That may indiate 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 harateristis with time under power pulsing on-ditions of type II: (a) noise time line, (b) pedestal time line. One frameorresponds to 1µs.The seond power pulsing method is performed by hanging the sequene 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 proess, the reset signal in the pixel is shifted in time with respetto the nominal readout mode. The pedestal and noise time evolution is shown inFigure A.14. After the power pulsing stop was reahed, the o�set harateristis121



APPENDIX A. POWER PULSING STUDIES FOR THE PLUME PROJECTdo not reover 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 radioativesoure, the following was disovered. 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 spetrum harateristis 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 statistial unertainties, as well as the �utuations shownin Figure A.15, are larger after the PP stops. It is not lear why the hip shows122



A.7. SUMMARY AND OUTLOOKsuh a kind of response. Additional tests proved that it is not due to the analysisproedure. The measurements taken with an on-line monitor of the DAQ systemlearly showed the saturation of the hip response.A.6.3 Power Pulsing IIIFor the �rst two power pulsing methods disussed 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 swithing 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 redution of poweronsumption among the others desribed 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 respet to the PP start.The delay is ∼ 20 µs. The same delay is present for the power up. The pedestalreovery takes 35 frames, i.e. ∼ 35 µs, with a faster reovering of the noise.Another aspet of the hip validation under the PP onditions is the peak widthand the harge olleting fator demonstrated as the peak position. Figure A.17shows that the hip reovery is �nished at frame 250 within the statistial uner-tainties. This agrees with the value of 35 µs from the pedestal evolution. Thus, thehip ful�ls the requirements of the ILC time struture 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 projet. 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 neessary. For example, the response of a single hip with the digital readoutould 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 introdued.
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(a)

(b)Figure A.16: Evolution of a hip harateristis 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: Charateristis of the 55Fe spetrum 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 BInlusive 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 sattered eletron, Ee′ , the sattered eletronangle, Θe′ , and DIS kinemati variables, Q2 and y, with data (�lled point) afterthe DIS seletion (see Chapter 7.2). For the MC the inlusive NC ARIADNEsimulations were taken. No D∗ seletion was applied.
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Appendix C
D∗ and D0 spetraThe D∗ signal extration proedure did not inlude any �t of the D∗ peak.Therefore in this appendix the basi harateristis of the mass spetra are givenfor D∗ and it's deay produt D0 . Figure C.1(a) shows the ∆M spetrum in dataof D∗ �tted with a modi�ed Gaussian onvoluted with the Granet funtion G′(x),de�ned in Setion 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 hoie of the Modi�ed Gaussian is somewhat historial.It was heavily used in the ZEUS experiment in order to desribe peak tails withrespet 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 spetrum in the data of the D∗ deay produt
D0 �tted also with the modi�ed Gaussian onvoluted with a seond order polyno-mial for the ombinatorial bakground desription. The exess of the orret-signandidates over the ombinatorial bakground, WS, in the mass region below the
D0 mass is due to partly reonstruted deays, mostly D0 → K+ π− π0.Table C.1 shows the mass and width parameters of the D∗ and D0 spetraobtained 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 spetra (statistial unertainty only) in dataobtained from the �t ompared to the PDG2012.
129



APPENDIX C. D∗ AND D0 SPECTRA
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(b)Figure C.1: (a) D∗ spetrum shown for the D0 mass range 1.80 < MD0

< 1.92GeV. (b)
D0 spetrum 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 unertainty.
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Appendix DISOe orretionThe orretion, I<, >(yel), was assigned as a weight to the detetor level eventsonly in the MC as a funtion of event inelastiity, yel, reonstruted with the Eletronmethod.For RunNr < 60400 the orretion 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 orretion 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�et on the double-di�erential ross setions 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�et of the ISOe orretion on double-di�erential ross setions in bins of
Q2, y, de�ned as σcorr−σnorm

σnorm
.
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Appendix EPhotoprodution event seletionThe prodution of harm quarks in high energy ep ollisions at HERA is dom-inated by photoprodution events, where the eletron or positron is sattered ata small angle and not registered in the detetor. The kinemati region of photo-prodution events usually de�ned as Q2 < 1 GeV2. The main prodution proessas in the ase of DIS events is photon gluon fusion where the photon interatsdiretly with the gluon from the proton produing a cc̄ pair, γg → cc̄. In the pho-toprodution regime, apart from the ontribution from the diret proesses with apoint-like photon, resolved photoprodution also gives a signi�ant ontribution tothe heavy �avour prodution. In resolved proesses, the inoming photon �utuatesin a hadroni state and behaves as a soure of partons. Those partons interat withthe partons in the proton, g g → cc̄.To study photoprodution proesses the same data as desribed it Setion 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 inludes diret and resolved photon proesses in equal proportions both forharm and beauty �avour prodution. 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 DISase, only eight seleted D-meson deays were stored in the MC in order to simplifyand speed up the analysis proedure.The following riteria were used to selet photoprodution events:
• The energy of the entre-of-mass of the photon boson system,

W =
√

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

• No SINSTRA eletron with E > 5 GeV and probability, P > 0.9;
• |Zvtx| < 30m.For the D∗ reonstrution 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 ditated by the trigger threshold and the upper edge by availablestatistis;
• The pseudorapidity of the D∗ andidate should be |ηD∗±| < 1.6 in order toover the barrel region of the detetor;
• The invariant mass of the D∗ deay produt, D0 andidate, should be in theregion from 1.8GeV to 1.92GeV;
• The transverse momenta of D0 deay produts, K± and π±, should be

pK
T > 0.4GeV and pπ

T > 0.4GeV respetively.
• 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 exluding the one of ten degrees around the beam pipe; This ut wasintrodued in order to inrease signal-to-bakground ratio the ut on pD∗

T /ET >
0.12 was introdued;

• All three traks that form a D∗ andidate should pass at least three CTDsuper-layers and at least one MVD layer.The reonstrution of PHP events strongly relies on the measurement of thehadroni system, while in the DIS ase event reonstrution relies of the reonstru-tion of the sattered eletron. Thus, the e�ieny of the PHP trigger slots is lowerwith respet to the DIS ones. For the PHP events seletion the following triggerslots were used as logial OR:
• HFL01. Logial OR of all available D-meson related triggers in PHP;
• HFL05. Photoprodution 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 respet 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 orretion
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Figure G.1: Tails orretion, expressed as a di�erene between the fration of missedevents outside the seletion window in data and in Monte Carlo simulations,as a funtion of pD∗

T for DIS sample (�lled red points) and photoprodutionsample (open squares). Eah 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 orretion as in Figure G as a funtion of ηD∗ for DIS sample (�lledred points) and photoprodution sample (open squares) for di�erent widthof D∗ ∆M seletion 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 systematisThis Appendix lists all systemati unertainties disussed in Chapter 7. All un-ertainties are presented in perent, the sign of eah unertainty is also preserved.Luminosity and branhing ratio unertainties are not listed in tables as they did notenter the �nal systemati unertainty. Unertainty of +2 % of D0 tails was also notinluded in the tables below, but was aounted for in the �nal numbers. The e�etof the η re-weighting variation, δ12, and e�et of ISOe orretions were not takeninto aount and therefore not listed due to their negligible e�et.
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APPENDIXH.BREAKDOWNOFSYSTEMATICS
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+0.3

−0.4

+1.6

−0.0

+0.7

−0.7

+0.7

−0.0

+0.1

−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 unertainties given in % for the di�erential ross-setions 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%, respetively (independently of the kinematirange).
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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 unertainties given in % for the di�erential ross-setions in bins of Q2, y, x. δ6, δ12, δ17 and δ20were skipped intentionally. They are ±1.9%,±0.5%, +2.0% and 1.5%, respetively (independently of the kinematirange).
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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
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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 eahADC 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 san mode data format with eight ADCs. Thus1152 lines of MIMOSA26 hip with 576 pixels in eah line are read out by aonsequene of eight hannels. Eah hannel reads 576 pixels.
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